19

EXCHANGE COUPLING FILM, MAGNETORESISTANCE EFFECT
DEVICE, MAGNETORESISTANCE EFFECTIVE HEAD AND
METHOD FOR PRODUCING EXCHANGE COUPLING FILM
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BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION:

The present invention relates to an exchange cou-
pling film for fixing a magnetization direction of a ferro-
magnetic body, a magnetoresistance effect device
incorporating the same which causes a substantial magnetore-
sistance change with a low magnetic field, a magnetoresis—

tance head incorporating the same which ié suitable for use

in high density magnetic recording and reproduction, and a

~method for producing such an exchange coupling film.

2. DESCRIPTION OF THE RELATED ART:

In recent years, the density of ‘hard disk drives has
been dramatically increased, while reproduction magnetic
heads have also been imprbved dramatically. Among others, a
magne'toresis.tance effect device (hereinéfter, referred to
simply as an "MR device") utilizing a giant magnetoresistance
effedt, which is also called a "spin valve", has been re-
séarc_:hed actively and is expected to have the potential to
significantiy improve the sensitivity of a currently-
employed magnetoresistance effect head. (hereinafter,

- referred to simply as+an "MR head").

A spin valve includes two ferromagnetic layers and a
non-magnetic layer interposed between the ferromagnetic
layers. The magnetization direction of one of the
ferromagnetic layers (hereinafter, referred to also as a
"pinned layef" ) is fixed by an exchange bias magnetic field
from a pinning 1éyér (the ferromagnetic layer and the pinning
layer are referred to collectively as an "exchange coupling

£ilm"). The magnetization direction of the other one of the

ferromagnetic layers (hereinafter, referred to also as a
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"free layer") is allowed to change relatively freely in
response to an external magnetic field. In this way, the
angle between the magnetization direction of the pinned layer
and that of the free layer is allowed to change so as to vary
the electric resistance of the MR device.

A spin valve film has been proposed which utilizes
Ni-Fe for the ferromagnetic layer, Cu for the non-magnefic
layer and Fe-Mn for the pinning layer. The spin val\}e £ilm
provides a magnetoresistance rate of cha_nge (hereinafter,
referred to simply as an "MR ratio") of about 2% (Journal of
Magnetism and Magnetic Materials 93, p. 101, (1991)). When

Fe-Mn is used for the pinning layer, the resulting MR ratio is

small, and the blocking temperature (a tempei‘ature at which
the pinning layer provides no effect of fixing the
magnetization direction of the pinned layer) is not suffi-
ciently high. Moreover, the Fe-Mn film itself has a poor
corrosion resistance. In view of this, other spin valve films
have been proposed which employ pinning layers with materials
other than Fe-Mn.

Among others, a spin wvalve film which employs an
oxide, suclras NiO or a-Fe,0,, for the pinning layer is
expected té realize a dramatically large MR ratio of
about 15% or greater. - |

However, the blocking temperature of NiO is not
sufficiently high. Therefore, the thermal stability of
the MR device employing NiO is undesirable.

When a spin valve film employs a pinning layer of
a-Fe,0,, on the other hand, the reverse magnetic field of
the pinned layer is not sufficiently large when the



10

15

20

25

30

- 3';
pinning layer is thin. Particularly, a spin valve film
having a dual spin valve structure or a spin valve film
where an a-Fe,0, layer is formed on the pinned layer has
a strong tendency that the reverse magnetic field of the
pinned layer obtained in the overlying a-Fe, 0, layer is
insufficient. Moreover, the thermal stability of the a-
Fe,0;-employing spin valve film is also undesirable for
the same reasons as the NiO-employing spin valve film.
Furthermore, the a-Fe,0;-employing spin valve film has

other problems in controlling the anisotropy during

deposition in a magnetic field or during a low-tempera-
ture heat treatment in a magnetic field. |

SUMMARY OF THE INVENTION

According to one aspect of this invention, an
exchange coupling'film includes a ferromagnetic layer and
a pinning layer which is provided in contact with the
ferromagnetic layér for pinning a magnetization direction
of the ferromagnetic layer, the pinning layer including
an (AB),0, layer, wherein: O denotes an oxygen atom;
2.8<x<3.2; and a value t as defined by:

t = (Ra+Ro)/(¥2+(Rb+Ro))

(where Ra, Rb and Ro denote the ion radii of the
atoms A, B énd 0, respectively) '
satisfies 0.8<t<0.97.

In one embodiment of the invention, the (AB),0,
includes an antiferromagnetic layer.

In another embocdiment of the invention, the atom
B of the (AB),0, layer includes a transition metal atom.
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In still another embodiment of the invention, the
atom B of the (AB),0, layer includes an Fe atom. -

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes a rare earth atom.

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes an alkaline-earth

atom.

In still another embodiment of the invention, the
pinning layer includes a layered structure of the (AB),0,
layer and an NiO layer.

In still another embodiment of the invention, the
(AB),0, layer is provided in contact with the ferromagnet-
ic layer.

In still another embodiment of the invention, the
pinning' layer includes a layered structure of the (AB),0,
layer and an Fe-M-O layer (where M = Al, Ti, Co, Mn, Cr,
Ni or V). '

In still another embodiment of the invention, the
Fe-M-0 layer includes an (Fe, M,),0, layer (where M = Al,

' Ti, Co, Mn, Cr, Ni or V, and 0.01sx<0.4).

According to another aspect of this invention, a
magnetoresistance effect device includes a substrate and
a multilayer film. The multilayer film includes at least
two ferromagnetic layers, a non-magnetic layer and a
pinning layer for pinning a magnetization direction of
the ferromagnetic layer. The ferromagnetic layers are
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deposited wvia the non-magnetic 1layer interposed
therebetween. At least one of. the ferromagnetic layers
is a pinned layer whose magnetization direction is fixed
by. the pinning layer which is provided in contact with
the one of the ferromagnetic layers on an opposite side
of another one df the ferromagnetic layers with respect
to the nbn—magnetic layer. At least one of the
ferromagnetic layers is a free layer whose magnetization
direction is allowed to rotate freely. A change in an
angle between the magnetization direction of the pinned
layer and the magnetization direction of the free layer
causes an electric resistance of the device to vary. The

' pinning_ layer includes an (AB),0, layer, wherein: O

denotes an oxygen atom; 2.8<x<3.2; and a value t as
defined by:

= (Ra+Ro)/(¥2+(Rb+Ro))
(where Ra, Rb 'and Ro denote the ion-radii of the
atoms A, B and O, respectively)

satisfies 0.8<t<0.97.

In still another embodiment of the invention, the

pinning layer includes a layered structure of the (AB),0,

layer and-an NiO layer.

In still another embodiment of the invention, the
pinning layer includes é'layered structure of the (AB);%
layer and an Fe-M-0O layer (where M = Al, Ti, Co, Mn, Cr,
Ni or V). | | |

In still another embodiment of the invention, the
atom B of the (AB),0, layer includes a transition metal
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atom.

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes a rare earth atom.

In still another embodiment of the inventidn, the
atom A of the (AB);L layér includes an alkaline-earth

atom.

In still another embodiment of the invention, AB
of the (AB),0, layer includes La, Fe,6 (0.4<y<0.6).

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes an A' atom or an A"
atom, .and the atom B of the (AB),0, layer includes an B’
atom or an B" atom. The A' atom includes a rare earth
atom; the A" atom includes an alkaline-earth atom; the B'
atom includes an Fe atom; and the B" atom includes an Ni

‘or Mn atom.

In still'anothef émbodiment of the invention,_the
A' atom includes an La atom; the A" atom includes an Sr
atom; the B' atom includes an Fe atom; and the B" atom
includes an Ni atom.

In still another embodiment of the invention, the
free layer includes two or more magnetic films deposited
via the non-magnetic layer interposed therebetween.

In still another embodiment of the invention, the
pinned layer includes two magnetic layers having an anti-
ferromagnetic exchange coupling therebetween via the non-
magnetic layer interposed therebetween.
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In still anbther embodiment of the invention, the
multilayer includes a first pinning layer, a first pinned
layer, a first non-magnetic layer, a ferromagnetic free
layer, a éecond non-magnetic layer, a second pinned layer
and a second pinning layer which are deposited in this
order on the substrate. The first pinning layer fixes a
magnetization direction of the first pinned layer. The
second pinning layer fixes a magnetization direction of
the second pinned layer. The first pinning layer in-
cludes the (AB);Ox layer. |

In still another embodiment of the invention, the
second pinning layer includes a T-Mn (where T = Ir, Pt,
Pd, Rh, or Ni).

In still another embodiment of the inventibn, the
second pinning layer includes the (AB),0, layer.

In still another embodiment of the invention, the
first pinning layer or the first and second pinning
layers include a layered structure of the (AB),0, layer

"and an NiO layer.

In still another embodiment of the invention , the
first pinning layer or the first and second pinning
layers include a layered structure of the (AB),0, layer
and an Fe-M-O layer (where M = Al, Ti, Co, Mn, Cr, Ni or
V).

In still another embodiment of the invention, the
Fe-M-0 layer includes an (Fe; M,),0, layer (where M = AJ.,
Ti, Co, Mn, Cr, Ni or Vv, and 0.01<x<0.4).
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In still another embodiment of the invention, the
atom B of the (AB),0, layer includes an Fe atom.

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes a rare earth atom.

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes an alkaline-earth
atom.

In still another embodiment of the invention, AB
of the (AB),0, layer includes La, Fe, (0.4<y<0.6).

In still another embodiment of the invention, the
atom A of the (AB),0, layer includes an A' atom or an A"
atom, and the atom B of the (AB),0, layer includes an B'
atom or an B" atom. The A' atom includes a rare earth
atom; the A" atom includes an alkaline-earth atom; the B'
atom includes an Fe atom; and the B" atom includes an Ni
or Mn atom. |

In still another embodiment of the invention, the

A' atom includes an La atom; the A" atom includes an Sr e

atom; the B' atom includes an Fe atom; and the B" atom
includes an Ni atom. .

. In still another _embodiment of thé invention, the
free layer includes two or ‘more magnetic films deposited
via the non-magnetic layer interposed therebetween. .

In still another embodiment of the invention, the
pinned layer includes two magnetic layers having an anti-
ferromagnetic exchange coupling therebetween via the non-
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magnetic layer interposed therebetween.

According to still another aépect of this inven-
tion, a magnetoresistance effect head includes: a
magnetoresistance effect devide of the present invention;
and a shield gap section for insulating the magnetor-
esistance effect device and the shield section from each
other.

Adcording to still another aspect of this inven-
tion, a magnetoresistance effect head includes: a
magnetoresistance effect device of the present invention;
and'a-yoke section for intrbducing into the magnetor-
esistance éffect device a magnetic field fo be detected.

According to still another aspect of this inven-
tion, a method for producing an exchange coupling film
includes the steps of: heating a substrate to a tempera-
ture of about 300°C or higher;'and-depositing the ex-
change coupling film by a sputtering method using an Ar
gas at a pressure of about 2 mTorr or less..

In order to solve the problems in the-prior art,
the exchange  coupling film of thé present invention is
formed by depositing a ferromagnetic layer and an (AB),0,

'1ayer for fixing the magnetization direction of the

ferromagnetic layer. Herein, O denotes an oxygen atom;
2.8<x<3.2; and a value t as defined by:

t = (Ra+Ro)/(¥2+(Rb+Ro))
(where Ra, Rb and Ro denote the ion radii of the
atoms A, B and O, respectively)
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satisfies 0.8<t<0.97.

The expression (AB),0, indicates that the composi-
tion ratio of the total of the A and B elements with
respect to the O element is 2:X (i.e., (A, B,),0,). While
both of the A element and the B element should be includ-
ed, the ratio between the A element and the B element may
be arbitrary (preferably, such that 0.4<y<0.6). Particu-
larly, when the A element and the B element are included
at a ratio of 1:1, the resultant composition will be
A,B,0,, which will hereinafter represented as "ABO,". A
representative e:_;ample of ABO,, among others, is one which
has a crystalline structure called a'"perovskite struc-~

ture".

When the exchange coupling film is deposited on
a substrate, which has been heated to a temperature of
about 300°C or higher, by sputtering using an Ar gas at
a pressure of about 2 mTorr or less, the exchange cou-
pling film exhibits a greater exchange coupling and
preferable characteristics for use as an MR device.
During the deposition step, it is preferable to apply a
magnetic field in the film plane so as to fix the axis of
easy magnetization. | '

While the above-described (AB){L layer is basi-
cally used as a film to be coupled with the ferromagnetic
layer, desirable structures thereof include the follow-
ing:

(1) An (AB),0, layer in which B-is Fe;
(2) An (AB),0, layer in which A is a rare earth
atom;
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(3) An (AB),0, layer in which A is an alkaline-
earth atom;

(4) A layered structure of an (AB),0, layer and an
NiO layer:

(5) A layered structure of an (AB);& layer and an
Fe-M-O layer (where M = Al, Ti, Co, Mn, Cr, Ni or V); and

(6) A structure of (5), in which the Fe-M-0 layer
is an (Fe, M,)-0 layer (where M = Al, Ti, Co, Mn, Cr, Ni
or V, and 0.01<sx<0.4).

In the MR device of the present invention, the
magnetization direction of - at  least one of the
ferromagnetic layers, which are depositéd together via a
non-magnetic layer interposed therebetween, is fixed by
the pinning layer which is provided in contact with the
one of the-ferromagnetic layers on an opposite side of
another one of the ferromagnetic layers with respect to

-the non-magnetic 1ayer (this ferromagnetic layer is

called a pinned layer). On the other hand, the magneti-
zation direction of at least one of the ferromagnetic
layers is allowed to rotate freely (this ferromagnetic
layer is called a free layer). A change in the angle
between_the magne#¥ization directidn of the pinned layer
and that of the free layer causés an electric resistance
of the device to vary. The pinning layer for fixing the
magnetization direction of the pinned layer may be formed
of the above-described (AB),0, material. While the above-
described (AB),0, layer is basically used for the pinning
layer, desirable structures include the abovefdescribed
structures (1)-(6).

A particularly preferable example of the (AB),0,
layer may be an La, ,Fe O, layer (where 0.4<y<0.6, and
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2.8<x<3.2) in which A is La and B is Fe.

Moreover, the (AB),0, layer may be such that A is
A'A", and B is B'B", wherein A' is a rare earth element
such as Y or La, A" is an alkaline-earth element such as
Ca, Sr or Ba, B' is Fe, and B" is Ni or Mn, for example.
In the case of a composition (A'A"), . (B'B").,0,, Y is
preferably such that 0.4<y<0.6. ' '

A parﬁicularly preferable example may be one in
which A' is La, A" is Sr, B' is Fe, and B" is Ni.

An exemplary structure of the MR. device of the
present invention includes an (AB),0, layer as a first
pinning layer, a first pinned layer of.a ferromagnetic
méterial, a first non-magnetic layer, a free layer of a
ferromagnetic material, a second non-magnetic layer, a
second pinned layer of a ferromagnetic material and a
second pinniﬁg layér which are deposited in this order on
a substrate. While the above-described (AB),0, layer is
basically used for the first pinhing'layer, desirable
structures include the above-described structures (1)-
(6). *Por the second pinning layer, the (AB),0, layer or
any of above-described structures (1)-(6) may be used.
Alternatively, a T-Mn metal antiferromagnetic_film (where
T = Ir, Pt, Pd, Rh, or Ni) may be used.

'Furthermore, the present invention includes the
following two types of MR heads: an MR head which is ob-

‘tained by providing a shieid'section.to the MR device of

the present invention; and an MR head which is provided
with a yoke of a softmagnetic material for introducing
into the MR device a magnetic field to be detected.
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Thus, the invention described herein makes
possible the advantagés of: (1) providing an exchange
coupling film having a good thermal stability and a large
MR ratio; (2) providing an MR device incorporating such
an exchange coupling £ilm; (3) _providing an MR head
incorporating such an MR device; and (4) providing a
method for producing such an MR device.

These and other advantages of the present inven-
tion will become apparent to those skilled in the art
upon reading. and undér_standing the following detailed
description with reference to the accompahying figures..

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross—sectional_'diagram illustrat-
ing an exchange coupling film of the present invention;

Figure 2A is a cross-sectional diagram illustrat-
ing an MR device of the present invention;

Figure 2B is a cross-sectional diagram illustrat- -
ing a variation of the MR device of Figure 2A;

Figure 3A is a cross-sectional diagram illustrat-
ing another MR device of the present invention:;

Figure 3B is a cross-sectional diagram illustrat-
ing a variation of the MR device of Figure 3A;

Figure 4 is a cross-sectional diagram illustrat-
ing an MR head of the present invention:;
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Figure 5 is a perspective view illustrating the
MR head of the present invention;

Figure 6 is a cross-sectional view illustrating
the MR head of the present invention along with a magnet-
ic disk;

Figure 7A is a cross-sectional viéw'illustrating
an MR head integrated with a recording head according to

the present invention;

Figure 7B is a cross-sectional view iliustrating
another MR head of the present invention;

Figure 8 is a cross-sectional view illustrating
a yoke-type MR head of the'present invention;

Figure 9 is a flow chart illﬁstrating steps of

prbduding an MR head of the present invention; and

Figure 10 'is a flow chart illustrating steps of
producing an exchange coupling film of the present inven-

“tion. _ L ke

DESCRIPTION OF THE PREFERRED EMBODIMENTS

An MR device and an MR head of the present
invention will now be described with reference to the
accompanying figures.

Figure 1 illustrates a structure of an exchange
coupling film of the present invention. Referring to
Figure 1, an (AB),0, layer 2 and a ferromagnetic film 3
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are deposited in this order on a substrate 1. A feature
of the present invention is the use of an (AB),0, layer as
a pinning layer for applying an exchange bias magnetic
field to the ferromagnetic 'layex;. Desirable structures
of the presént invention include the above-described
structures (1)—(6) . |

| Next, an MR device using such an exchange cou-
pling film will be described in greater detail. '

Figure 2a is a qroéSesectional.view illustrating
a structure of an MR device of the present invention.
Referring to Figure 2R, an (AB),0, layer 2, a pinned
layer 3, a hon-magnetic layer 4 and a free layer 5 are
deposited in +this order on a substrate 1. The
magnetization direction of the pinned layer 3 , which is
a ferromagnetic layer, is fixed by an exchange bias
magnetic field from the (AB),0, layer 2. The free
layer 5, which is another ferromagnetic layer, is magnet-

'ically separated from the pinned layer via the non-

magnétic layer 4, so that the magnetization direction
thereof. is allowed to change‘ relativély freely in re-
sponse to an “external magnetic field. In this way, the
angle befween the magnetization direction of the pinned
layer and that of the free layer is allowed to change so

‘as to vary the electric resistance of the MR device. -

When the MR device is used as an MR sensor, the change in
the electric resistance of the MR devide in response to
an externai magnetic field can be detected as an electri-
cal signal. |

A feature of the present invention is the use of
an (AB),0, oxide layer, which has a high resistance as a
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pinning layer and is capable of controlling the
magnetization direction of a magnetic layer at high
temperatures.

As 1is described above in the prior art section,
a spin valve film using NiO or a-Fe,0, exhibits a large
magnetoresistance ratio (MR ratio). However, in the NiO
of a-Fe,0; spin wvalve, the magnetic field provided for
fixing the pinned layer is insufficient. The tendency is
greater in the a-Fe,0, layer when a-Fe,0, is used for
pinning an upper pinned layer.in a dual structure. NiO
has a disadvantage that it may lose its capability of
pinning'a magnetic layer at a temperature of about 200°

or higher.

In order to solve this problem, the present
invention employs an (AB),0, oxide film as a pinning
layer. In (AB),0,: O denotes an oxygen atom; 2.8<x<3.2;
and a value t as defined by:

t = (Ra+Ro)/(¥2+(Rb+Ro))
_ (where Ra, Rb and Ro denote the ion radii of the
atoms A, B and O, respectively)

satisfies 0.8<t<0.97.

‘When these conditions are not met, there is not
provided a sufficient effect of fixing the magnetization
direction of the magnetic layer. In (AB),0,, "A" denotes
an element which haé a large ion radius, e.g., a rare
earth element such as La, Pr, Nd, Sm or Y, or an alka-
line-earth element such as Ca or Sr. Other desirable
elements include Bi. Moreover, the A element may com-

vy
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prise two elements A' and A", wherein A' is one of the

- rare earth elements and A" is one of the alkaline-earth

elements, for example. Preferably, "B" in (AB),0, is a
transition metal which has a small ion radius. Fe is
particularly preferable for a pinning layer which pro-
vides the pinning effect at-high temperatures. When the
A element comprises two elements, such as A' and A", the
B element may similarly comprise two elements B' (e.g.,
Fe) and B" (e.g., Ni, Mn). A particularly preferable
combination of the elements is A'=La, A"=Sr, B'=Fe and
B"=Ni, fbf example.

Generally, when some of the Fe atoms are substi-
tuted with Ni atoms, or the like, although the MR ratio
would remain at substantially the same level, the level

of the pinning magnetic field, Hp, tends to decrease.

However, this can be solved by substituting some of the
rare earth (e.g., La) atoms with alkaline-earth (e.g.,
Sr) atoms; whefeby the device exhibits satisfactory
characteristics as an MR device. '

Moreover, a pinning layer may be provided as a
multilayer film of the (AB);0, oxide film and the NiO or
Fe-M-0 £film. When NiO is used, preferably, the magneti-
zation direction of the magnetic 1aYer is fixed by the
(AB),0, film, while using NiO as an underlying layer for
the (AB),0, film. By using NiO as an underlying layer, it
is possible to provide a substantial pinning effect even
when the thickness of the (AB)J% film is as small as
about 30 nm or less. However, when NiO is used for
pinning the magnetic layer, the resultant thermal stabil-
ity and the obtained pinning effect would not be as good
as those obtained by the (AB),0, film.
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In the Fe-M-0 film, the M element comprises one
or two element selected from the group consisting of Al,
Ti, Co, Mn, Cr, Ni an¢ V. In order to provide a
satisfactory effect of pinning the pinned layer, the
atomic composition ratio between the metal (Fe+M) and the
oxygen (0O) should be around 2/3.

An atomic composition ratio between O and Fe+M
outside the range of about 1.2 to about 1.6 is not
preferred. The atomic composition ratio between O and
Fe+M less. than about 1.2 results in a poor pinnihg
effect. When the atomic composition ratio between 0O and
Fe+M is greater than about 1.6, the Fe-M-O layer becomes
a weak ferromagnetic body unsuitable for use in an MR
head.

When Cd, Ni, or the 1like, is used as the M
element in the Fe-M-0 film, the spin wvalve film would
provide a greater pinning magnetic field during produc-
tion of the MR de{rice or after al heat treatment.

Among others, Mn and Co are particularly effec-
tive in obtaining a large MR ratid: For a greater
pihning magnetic field, Co is particularly effective. It
is effective to use Al, Ti, Cr or V as the M elemeht so
as to perform an anisotropic control by a low-temperature
heat treatment at a temperature of about 250°C or less.
A desirable composition of the Fe-M-O layer is:

(Fe, M,)-O0 (where M = Al, Ti, Co, Mn, Cr, Ni or V,
and 0.01sx<0.4). '

When x is excessively small, the resulting effect
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is insufficient. When x is excessively large, the

resulting pinning effect may be reduced.

Since the thickness of a shield gap for a high
density recording magnetic head is about 200 nm to about
100 nm, when the (AB),0, film or a layered film of the
(AB),0, film and the NiO or Fe-M-0 film is used in a
shield typé magnetic head, as illustrated in Figure 4,
the thickness d of the (AB),0, film or the layered film
should be about 50 nm or less and, more preferably about
30 nm or less.

Usually, an Ni-Co-Fe alloy layer is suitably used
as the free layer 5 of the spin valve film. Preferably,
the atomic composition ratio of the Ni,Co,Fe, layer may
be: | '

0.6<x<0.9

Osy<0.4

0<z<0.3 (thereby obfaining an Ni—rich soft
magnetic film); or ' '

0<x<0.4

0.2<y<0.95

0<z<0.5 (thereby obtaining a Co-rich film).

A film having such a composition exhibits a low magneto-
striction (1x10°°) which is required for an MR sensor or

_an MR head.

An amorphous layer, such as a Co-Mn-B layer, a
Co-Fe-B layer, a CO-Nb—Zf layer, or a CO—NbQB 1éyer, or
a layered film of such an amorphous layer and the Ni-Co- .
Fe layer, may alternatively be used as the free layer 5.
In such a case, however, the resistance of the device
will be relatively high. Therefore, it is not very
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suitable for a dual structure, as illustrated in Fig-
ure 3A, but should preferably be used for a structure of
the type as illustrated in Figure 2A.

Preferably, the thickness of the free layer 5 is
in a range between about -1 nm and about 10 nm. When the
free layer 5 is excessively thick, the MR ratio is
reduced due to a shunting effect. When the free layer 5
is excessively thin, the soft magnetic property is
reduced. More preferably, +the thickness of the free

- layer 5 is in ‘a range between about 2 nm and about 7 nm.

Preferred materials fqi‘ the pinned layer 3
include Co, a Co-Fe alloy, an Ni-Fe alloy, or an Ni~Fe-Co
alloy.

A particularly large MR ratio can be obtained
when Co or a Co-Fe alloy is used. In particular, it is
desirable to employ a Co layer 5C at the interface
between a free layer 5A and the non-magnetic layer 4, and
an Ni-Fe-Co layer 5B on the Co layer 5C, as illustrated
in Figure 2B. It is also desirable to employ a Co
layer 5C -at the interface be'tween ~the free layer 5A and
the non-magnetic 1layer 4, and the Ni-Fe-Co layer 5B
substantially in the middle of a free layer 55A, as
illustrated in Figure 3B. |

The pinned layer 3 may be in a mﬁltila'yer struc-
ture includin'g two magnetic layers which have an anti-
ferromagnetic exchange coupling therebetween via the non-
inagnetic layer 4. More particularly, the pinned layer 3
may be a Co/Ru/Co multilayer film, for example. In such
a case, the thickness of Ru needs to be such that there
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is provided an antiferromagnetic exchange coupling
between the two Co films (e.g., about 0.6 nm in this

instance). In the case of a normal MR device, when the
MR device is extremely small, a problem arises where a

magnetic pole occurring at the end surface of the pinned |

layer 3 applies an undesirable bias magnetic field to the
free layer 5. When the pinned layer 3 is formed of two
magnetic layers which have an antiferromagnetic exchange
coupling, substantially no'bias magnetic field is applied
to the free layer 5, thereby solving this problem. -

Preferably, the thickness of the pinned layer 3
is in a i‘ange between about 1 nm and about 10 nm. The MR
ratio is reduced when the .pinned layer 3 is either exces-
sively thin oi: excessively thick. More prefera_bly, the
thickness of the pinned layer 3 is in a range between
about 1 nm and about 5 nm. '

While the non—inag_netic layer 4 between the free
layer 5 and the pinned layer 3 may be made of Cu, Ag, Au,

Ru, or the like, Cu is particularly preferred. The

thickness of the hon—magnetic layer 4 needs to be at

least about 0.9 nm in order to reduce the interaction:

between the two ferrdmagnetic layers (the pinned layer 3
and the free layer 5). When the non-magnetic layer 4 is
excessively thick, the MR ratio is reduced. Therefore,
the thickness of the non-magnetic layer 4 shoﬁld be 10 nm
or less, and mofe preferably about 3 nm or less.

It is also effective to insert an interface
magnetic layer at the interface between one of the
ferromagnetic layers (the pinned layer 3 or the free

~layer 5) and the non-magnetic layer 4 in order to further
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increase the MR ratio of the MR device. When the inter-
face magnetic layer is excessively thick, the sensitivity
of the MR ratio to the magnetic field is reduced. There-
fbre, the thickness of the interface magnetic layer is
preferably about 2 nm or less, and more preferably about
1.8 nm or less. in order for the interface magnetic film
to effectively function, the thickness thereof should be

at least about 0.2 nm, and more preferably about 0.8 nm

or greater. -Preferably, Co or a Co-rich Co-Fe alloy is
used as the material of the interface magnetic film.

Preferably, the substrate 1 has a relatively
smooth surface, and may be a glass substrate, an MgO
substrate, a Si substrate or an Al,0,-TiC substrate. An

.Al,0,-TiC substrate is particularly suitable for producing

an MR head.

Another way to further increase the MR ratio of
the MR device is to form a metal reflective layer on the
free layer 5 in the structure illustrated in Figure 2A.
Preferably, Ag, Au, or the like, is used as the material
of the metal reflective layer.

When the metal reflective layer is excessively
thick, the MR ratio is reduced due to a s_hunting' effect.
Therefore, the thickness of the metal reflective layer is
preferably about 10 nm or less, and more preferably

-about 3 nm or less. When the metal reflective layer is

ekcessivély thin, the resulting effect will not be
sufficient. Therefore, the thickness of the metal
reflective layer should be at least about 0.5 nm or
greater, and more preferably about 1 nm or greater.
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In the example described above in connection with-
Figure 2R, the (AB),0, layer 2, the pinned layer 3, the
non-magnetic layer 4 and the free layer 5 are deposited
in this order on the substrate 1. These layers may
alternatively be deposited in the opposite order (the
free layer 5/ the non-magnetic layer 4/ the pinned layer-
3/ the (AB),0, layer 2) on the substrate 1 directly or
via an underlying layer. This reverse structure results |
in a slightly reduced pinning effect from that obtained
by the structure illﬁstrated in Figure 2A, but can still
be used as an MR 'device and mdy be effective for some
particular device designs. |

~ While a normal spin valve £ilm has been described
above, an MR device 300 'having a dual spin valve struc-
ture, as illustrated in Figure 3a, is also effective,

- particularly for further increasing the MR ratio. In

such a case, an (AB),0, layer, an IrMn layer, an NiMn

_layer, an Fe-M-0 layer, or a compound layer (layered

film) of an Fe-M-0 layer and an (AB)ZO,' layer, can be used
for an uppermost pinning layer 6. An (AB),0, layer or an
Fe-M-0 layer is particularly preferred in order to
further increase the MR ratio.»»In view of an MR device
electrode formation or MR head formation, it is appropri-
ate to use a metal antiferromagnétic-material such as Ni-
Mn, Pd-Mn, Pt-Mn, Ir-Mn, Fe-Ir, Pd-Pt-Mn, Cr-Pt-Mn, Ru-
Rh-Mn, or the like. Among othe'rs, Ni-Mn is believed to
be the most preferred matérial in wview of the heat
resistance. In view of the MR ratio, Ir-Mn is believed.
to be the most preferred material.  Preferably, the

-atomic composition ratio of an Ir,Mn, , layer may be:

0.1<z<0.5.
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In the example illustrated in Figures 3A and 3B,
the (AB),0, layer 2 is deposited first on the substrate 1.
Alternatively, the layers may be deposited on the sub-
strate 1 in the reverse order from the pinning layer 6 to
the pinning layer 2.

While, in the above instance, an (AB),0, film is
used solely as the pinning layer 2, as illustrated in
Figures 1, 3A and 3B, an NiO film and an (AB),0, film, for

" example, may alternatively be layered to form the pinning

layer 2.. When using the NiO/(AB),0, film, it is prefera-
ble in view of the thermal stability and the film flat-
ness t.o'form an NiQO film first on the substrate 1, and
then an (AB),0, film 6n the NiO J.ayér, so that the layer 3
is pinned by the (AB),0, film. In such a case, the
thickness of the NiO film can be about 10 nm, while the
Fe-M-0 film is preferably thicker than the NiO film.

The ‘layers can be formed suitably by a sputtering
method. Sputteﬁr:ing methods which can be used to produce
the MR device of. the present invention include a DC
sputtering method, an RF sputtering method, an ion beam
sputtering method, and the*like. '

An MR head can be produced using the above-
described MR device of the present invention. Figure 5
is a perspective view which illustrates a structure of an

- exemplary hard film bias type MR head 30 of the present

invention. Figure 4 illustrates a cross-sectional view
of Figure\5 as viewed from the direction indicated by an
arrow A in Figure 5. Figure 6 illustrates a cross-
sectional view of Figure 5 taken along a plane indicated
by a broken line B in Figure 5. Figure 4 w111- be mainly
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referred to in the following description.

Referring to Figure 4, an MR device section 9 is
interposed between upper and lower shield gaps 14 and 11.
An insulation film such as an Al,0, film, an SiO, film, ah
AlN film, or the like, may be used as the shield gaps 11
and 14. Upper and lower shlelds 15 and 10 are further
provided on the shield gaps 14 and 11, respectively. A
soft magnetic film such as an Ni-Fe alloy film may be
used as the shield material. In order to control the
magnetic domain of the MR device, a bias magnetic field
is applied by a hard bias section 12 made of a material
such as a Co-Pt alloy. While a hard film is used in this
instance for applying a bias magnetlc field, an anti-
ferromagnetic f£ilm such as an Fe-Mn film can similarly be
used. The MR device section 9 is insulated from the
shields 10 and 15 by the shield gaps 11 and.14, and
changes‘in the resistance of the MR device section 9 can
be read by applying an electric current thereto through
a lead section 13.

Since an MR head is a read only head, it is
typically used in combination with an induction head for
writing. Figureé_G, 7 and 7B illustrate a write head
section 31 as well as a read head section 32. Figure 7A
illustrates the same structure as illustrated in Figure 4

with the write head section 31 being additionally provid-

ed thereon. The write head section 31 includes an upper
core 16 which is provided above the upper shield 15 via
a recording gap film 40.

While Figure 7A illustrates an MR head having a
conventional abutted Jjunction, Figure 7B illustrates
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another effective MR head with an overlaid structure in
which a track width 41 can be more precisely controlled.
Therefore, the structure illustrated in Figure 7B may be
able to better account for a track width reduction
resulting from an increase in the recording densif:y.

Now, the recording and reproduction mechanism of
the MR head 30 will be described with reference to
Figure 6. Referring to Figure 6, during a recording
operation, a magnetic flux which is generate_d by an

~electric current _cbnducted through a coil 17 and leaks

through 'a space between the upper core 16 and the upper
shield 15, thereby wrii:ing information on a magnetic
disk 21. The MR head-3 0 moves in a direction indicated
by an arrow ¢ in the figure with respect to the magnetic
disk 21, where it is. possible to reverse a recording
magnetization direction 23 by reversing the direction of
the current flow though the coil 17. When the 'recoi:ding
densitjr is increased, the recording 1ength' (recording
pitch) 22 becom_es shorter, whereby it is necessary to

‘reduce a recording gap length (recording gap pitch) 19

accordingly.

In a repr_od_uction ope_ration, a magnetic flux 24

leaking from a ' recording magnetization section of the
magnetic disk 21 acts upon the MR device section 9

between_ the shields 10 and 15, thereby altering the

resistance of the MR device section 9. Since a current
is conducted to the MR device section 9 through the lead
section 13, a change in the resistance thereof can be
read as a change in the voltage (output) thereof.

Figure 8 illustrates a structure of a yoke-type
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head 80 incorporating the MR device of the present

invention.

Referring to Figure 8, the yoke-type head 80
includes a yoke section 81 made of a soft magnetic film
for guiding to the MR device section 9 a signal magnetic
field to be detected. Since a conductive metal magnetic
film is normally used for the yoke section 81, an insula-
tion film 82 may preferably be provided in order to avoid
short-circuifing between the yoke section 81 and the MR
device section 9. The illustrated insu;atidn film 82 may

.be optional when the MR device section 9 is in a dual

structure, as illustrated in Figﬁré 3A, where the upper
pinning layer employs an oxide insulation film such as
the (AB),0, £ilm or the Fe-M-O film, for example. While
each of the insulation films 14 and 11 in the structure
illustrated in Figure 4 should be a non-magnetic film or
a weak magnetic film which does not adversely influence

the head characteristics, the insulation film 82 of

Figure 8 does not have to be non-magnetic. In particu-
lar, the insulation film 82 may be magnetic in order for
a signal magnetic field guided by the yoke section 81 to
continuously enter the MR device section 9. Thersfore,
when the npper pinning layer of the MR device section 9
employs an (AB),0, film or an Fe-M-O f£ilm, the insulation
film 82 may be optional. Thus, it is suitable for the
illustrated yoke-type head 80 to employ a dual structure
where an .(AB),0, film or an Fe-M-0O film is formed in the

upper portion.

Moreover, ' since the above-described yoke-type
head employs a yoke section, the output thereof may be
lower than that of a head of the type illustrated in



10

15

20

25

30

- 28 -

'Figure 4. However, since the MR device does not have to

be interposed between shield gaps, as in the structure
illustrated in Figure 4, the yoke-type head may be advan-

tageous in realizing a super narrow gap.

Referring to Figure 9, a method for producing the
MR head 30 will now be described.

_ First, the lower shield 10, as illustrated in
Figure 4, is formed on an appropriately processed sub-
strate (S801). Then, the lower shield gap 11 is formed

‘on the lower shield 10 (S802), and an MR device section
_1ayer is fqrméd on the lower shield gap 11 (S803). After
. the MR device section layer is patterned into the MR

device section 9 (8804), the hard bias section 12 (S805)
and the lead sectioh 13 (S806) are formed. Then, the
upper shield gap 14 (S807) and the upper shield 15'(3808)
are formed. Finally, the write head section 31 is
formed, as illustrated in Flgure 78 (s809), thereby
obtaining the MR head 30. '

Referring to Figure 10, a method for producing an
exchange coupling film will now be- described. The
substrate 1, as illustrated in Figuré 1, is heated to a
temperature of about 300°C or hiéher (S901). Then, the
exchange coupling film 100, as illustrated in Figure 1,
is deposited by a sputtering method using an Ar gas af
about 2 mTorr or less (S5902).

_ In view of a future increase in recording density
of hard disk drives, the recording wavelength (recording'
pitch) should be shortened, for which it may be necessary
to shorten the distance d between the shields as illus-
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trated in Figure 4. As can be seen from Figure 4, it may
be necessary to reduce the thickness of the MR device
section 9. Preferably, the thickness of the MR device

‘section 9 should be about 20 nm or less. Since the

pinning layer 2 of an oxide film such as an (AB),0, film

used in the present invention is an insulator, the

'pinning layer 2 can be considered substantially to be a

part of the lower shield gap 11, rather than the .'MR
device section 9. Such a structure is suitable for the
pui‘poses of. the present invention. A conventional a-Fe,0,
film had to have a thickness of about 50 nm or more, and
it was thus diffiéult to use it in a dual structure.

In order to suppress generation of Barkhausen
noise when the magnetization di're_ction of the free layer
rotates, the MR device section 9 preferably has an
arrangenient such that an axis of easy magnetization (also
referred to as an "easy axis") of the free layer 5
(Figures 2A and 3a) is substantially perpendicular to the
direction of a magnetic field of a signal to be detected,
whereas the easy axis of the pinned layer 3 are parallel
to the direction. .

In the above de_scription; a conventional lateral
GMR head has been described. However, the present -
invention can effectively be used in a vertical GMR head.
While the direction of the current flow in the lateral
GMR head is perpendicular to the magnetic field to be
detected, the direction of the current flow in the
vertical GMR head is parallel to the magnetic field to be
detected. |

Examples
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The exchénge coupling film, the MR device and the
MR head of the present invention will now be described by

way of illustrative examples.

Example 1
An exchange coupling film according to Example 1

of the present invention was produced by using a multi-
spuftering apparatus. ABO; (A = La, Pr, Nd, Sm, G4, Tb,
Dy, Y,'.Hb, Bi, Ca, Sr; B = Fe) sintered to a target and
an alloy plate of Co, ,Fe, , were used. '

After a vacuum chamber was exhausted to about
1x10® Torr, an Ar gas was supplied therein so as to
maintain the pressure therein at about 0.8 mTorr while
the exchange couplihg film 100, as illustrérl:ed in Fig-
ure 1, was formed on the glass substrate using a sput-
tering method, thereby producing a sample exchange

coupling film having the structure as illustrated in

Figure 1. The composition of the sample film is shown
below, wherein the respective thicknesses (in nm) of the
layers thereof are shown in parentheses. An RF cathode
was used when ABO; was employed, and a DC cathode was used
when any.-other material was employéd. The ABO, layer had
a thickness of about 50 nm, and the Co-Fe layer had a
thickness of about 10 nm. |

Samples 1 to 13 as specified below were produced,
where B = Fe in each of Samples 1 to 13.

Sample 1: CoFe(10) _

~ Sample 2: LaBO;(50) / CoFe(10)
Sample 3: PrBO,(50) / CoFe(10)
Sample 4: NABO,(50) / CoFe(10)



10

15

20

- 25

30

- 31 -

Sample 5: SmBO3(.50) / CoFe(10)
Sample 6: GAdBO,(50) / CoFe(10)
Sample 7: TbBO,(50) / CoFe(10)
Sample 8: DyBO,;(50) / CoFe(10)
Sample 9: YBO,(50) / CoFe(10)
Sample 10: HoBO,(50) / CoFe(10)
Sample 11: BiBO,(50) / CoFe(10)
‘Sample 12: CaB0,(50) / CoFe(10)
Sample 13: SrBO,(50) / CoFe(10)

The produced exchange coupling £ilm was -main-
tained in a vacuum at about 200°C for about 1 hour while
applying thereto a magnetic field of about 80 kA/m (about

-1 kOe). Then, the magnetization curve of the exchange

coupling film was measured at room temperature by using

a vibrating sample magnetometer.

As a result, the CoFe film of Sample 1 showed a
coercive fofce Hc of about 600 A/m, whereas all of the
ABO;/CoFe layered films of Samples 2 to 13 showed a coer-
cive force Hc of about 20 kA/m or larger, thus indicating
that there is provided an exchange coupling between ABO,

‘and CoFe to form a film of a large coercive force. =

Example 2 | |
- - Sample MR devices, A(i) (see Table 1 below), as
illustrated in Figure 2A, were produced by using a multi-
sputtering apparétus_ as in Example 1. An Si substrate
was used as the substrate 1, an (AB),0, 1ayér of the type
used in Example 1 was used as the pinning layer 2, and a
Co layer was used as the férromagnetic pinned layer 3.
Moreover, a Cu layer was used as the non-magnetic lay-
er 4, and an Ni, Fe, ,,C0, ,, layer was used as the free
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layer 5. The respective <thicknesses of the layers
thereof were as shown below.

A(i): AB03(35) / CO(Z) / Cu(Z) / Nio..ﬁs_ Feo_zoco°.12(5)
(wherein: i = 0 to 12; and a number in parenthe-
ses denotes a thiqkness in nanometer)

As in 'Example 1, the sample MR device produced as
described above was subjected. to a heat treatment at
about 200°C for about 30 minutes. __

The sample device A(0) empldys a-Fe,0, instead of
ABO; as a comparative example to be compared to the
samples A(1l) to A(12) of the present invention.

In Table 1, A'(1l) denotes a sample which has the
same composition and film thicknesses as those of the
sample A(1), but in which the ABO, film is deposited at
a substrate temperature of about 500°C. |

‘MR characteristics of the produced sample MR
devices were evaluated while applying a maghetic field of
up to about 80 kA/m (or greater for the sample A'(1l)) by

.a DC 4-term_ir_1al method at room temperature. The results

are shown in Table 1 below. For comparison, MR
characteristics of the sample MR device A(0) were also
evaluated in substantially the same manner. As described
above, the sample device A(0) was produced -by using an a-
Fe,0; layer in place of the (AB),0, layer.

Table 1
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Sample No. Pinning layer - MR ratio  Hp(kA/m)

A(0) a~Fe203 13 - 10
A(1) LaBO3 15 45
A(1) LaBO3 18 >80
A2) PrBO3 14 40
A3  NdBOs 14 45
A(4) SmBOs .~ 15 . 50
A(5) * 6dBO3 14 35
AGB) TbBO3 14 .35
A7) DyBO3 14 .35
A(8) Y BO3 15 . 50
A9) HoBO3 14 40
A(10) BiBO; = 14 40
A11) CaBOs 14 40
A(12) 'SrBO3 14 40

As can be seen from the experimental results, a

sample employing an ABO, film has a greater value of Hp.

than that of a sample employing an a-~Fe,0, film.

Moréover, a similar experiment was conducted
while producing a sample AA'(1l) using an A', A",B', B",0,
film, wherein A' = La, A" = Sr, B' = Fe, B" = Ni and
x=0.1, ih place of an -ABO3 film. The composition of the

produced film was as follows:

AA'(1): A'; A".B'| B",0,(50) / Co(2) / Cu(2) /

Ni, 68F€0,20C00.12(5) )
(wherein a number in parentheses denotes a

thickness in nanometer)
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As in Example 1, the sample MR device prbduced as
described above was subjected to a heat treatment at
about 200°C for about 30 minutes. MR characteristics of
the produced sample MR devices were evaluated while
applying a magnetic field of up to about 80 kA/m (or
greater for the sample AA'(1l)) by a DC 4-terminal method
at room temperature. As a result, the MR ratio was about
16%, and Hp was about 40 kA/m, indicating again that the
sample devices have satisfactory characteristics. |

Sample devices B(1i) were produced, while using
Co(2) / Ru(0.6) / Co(2) with an anti_ferromagnetic ex-
change coﬁpling for the pinned layer in place of Co(2) .

B(i): ABO;(35) / Co(2) / Ru(0.6) / Co(2) / Cu(2)
/ Nig ggFey 20C00.12(5) -

Regarding the ABO,(35) layer, the sample devices
B(i) (1 = 1 to 12) employ the same pinning layers as
those of the A(i) (1 = 1 to 12), respectively. The
characteristics of the sample devices B(i) were evaluéted
in substantially the same manner as for the sample
devices A(i). ~-The sample devices B(i) had MR ratios
which are reduced by about 2%, on average, from those of
the respective sample devices A(i), but the ‘sample
devices B(i) had Hp values which all were about 100 kA/m

.or greater. It was also observed tl{at there is substan-

tially no bias influence on the free layer due to the

magnetic pole occurring atl the end surface of the pinned
layer.

Sample devices B'(1i) were further produced, where
the same films as those listed in Table 1 were used for
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the pinning layers, and the free layer includes a blural-
ity of magnetic layers deposited via the non-magnetic

layer.

B'(i): ABO,(35) / Co(2) / Cu(2) /

- Nij ggFey 20C00.12(2.5 ) / Cu(l) / Nig ggFeq 50C0q.12(2.5)

Characteristics of the produced sample devices
B'(1i) were evaluated in substantially the same manner as
fo: the sample devices A(i). The ABO,;(35) layer employed
the same pinning layers as'.. those of the sample devices
A(1l) to A(1l2) listed in Table 1.

‘As a result, the sample device B'(i) of the

present invention had substantially the same MR ratio and

substantially the same Hp value with an improved soft
magnetic property of' the free layer. In particular, the
co'erciv'e. force of the soft magnetic layer was reduced
from about 800 A/m to about 400 A/m. Thus, it is possi-
ble to improve the soft magnetic property of the free
layer and the magnetic field sensitivity of the device by
forming the free layer from two or more magnetic films

" layered via a non-magnet’id layer.

Example 3 .
MR heads as illustrated in Figure 4 were produced

while using the sample devices B(i: i = 1 to 12) and. the
sample device B(0) (comparative example) for the MR'
device section 9, and the characteristics thereof were
evaluated.

In each of the produced MR heads, an Al,0;-TiC
material was employéd for the substrate, an Ni, ;Fe, , alloy
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for the shields 10 and 15, and Al,0, for the shield
gaps 11 and 14. Moreover, a Co-Pt alloy was used for the
hard bias section 12, and Au for the lead section 13.
The magnetic films were provided with an anisotropy in
such a way that the easy axis of the pinned layer 3 was
substantially parallel to the direction of a magnetic
field of a signal to be detected, whereby the easy axis
of the free layer 5 was substantially perpendicular to
the direction of the magnetic field of the signal to be
detected. This was achieved by first subjecting the
produced MR device to a heat treatment at about 250°C in
a magnetic field so as to define the direction of the
easy axis of the pinned layer 3, and then further sub-
jecting the produced MR device to a heat treatment at
about 180°C so as to define the direction of the easy
axis of the free layer 5.

The respective outputs of the produced MR heads
were evaluated while conducting a DC current as a sense.
current through these MR heads and applying an alternat-
ing signal magnetic field of about 3 kA/m thereto. The
output of the MR head employing the MR device B(i) of the
present invention was compared with that of the MR head
employing the comparative MR device B(0). The results
are shown in Table 2 below.
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Table 2

Sample No. 'P.inning layer Relative- output(dB)

B(0) a—Fes03 0
B(1) laBOs +2
B(2) PrBO3 : +1
B(3). NdBO3 O
B(4) - -SmBO3z | 42
B(5) 6dBO3 +1
B() ~ TbBO3 +1
B(7)  DyBOz -+
B(8) Y BOs +2
BO)  HoBOs +1
B(10) BiBO; +1
B(11)  CaBO; 41
B(12) = SrBO O

.Thus, it has been confirmed that the MR head of
the present invention can produce a greater output as
compared with that'from the conventional MR head. When
the characteristics were measured after applying an
external magnetic field of about 20 kA/m, the outpuf of
the MR head employing the comparative MR device B(0)

became unstable, while the output of the MR head employ-
.ing any of the MR devices B(1l) to B(12) of the present

invention was stable.

Example 4

Spin valve films C(i) of a composite type includ-

-ing a free layer and a ‘pinning layer were produced in

substantially the same manner as in Example 2. A compos-
ite type layer of an NiO layer and an ABO, layer was
employed for the respective pinning layers, while a
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composite type layer of CoFe and NiFe was employed for
the free layer. The Cu layer provided at the end of each

sample film is an antioxidation film.

C(i): NiO(10) / AB03(20) / Coy_gsFeg. 15(2) / Cu(2.2)
/ Coq gsFeg.15(1) / Ni, Fe, 2(5) / Cu(l)

As in Example 1, the sample films produced as’
described above were subjected to a heat treatment at
about 200 C for about 30 minutes. MR character:LStics of
the produced sample films were evaluated in substantlally
the same manner as in Example 2. The results are shown
in Table 3 below. o |

Table 3

‘Sample No.  ABO3 layer MR ratio Hp(kA/m)

c(1) LaBO3 18 45
C(2) PBOs 17 40
C(3) NdBO3 17 45
c4) SmBO3 18 50
C(5) GdBO; 17 35
c(6) * TbBO3 16 35
C(7) DyBO3 16 35
C(8) Y BO3 18 50
C(9) HoBO3 16 40
c(10) BiBOs - 16 40
C(11)  ."caBOz - 17 40 -

c(12) SrB03 17 40
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As can be appreciated from comparison between the
results shown in Table 3 with those shown in Table 1,
substantially the same level of Hp values can be obtained
even when providing the free layer as a composite layer,
thereby increasing the MR ra"l:io, while providing- the

- pinning layer as a composite laYer, thereby reducing the

thickness of the pinning layer.

Example 5
As in Example 1, dual spin valve films D(i), E(i)

"'and F(i), as illustrated in Figure 3A, were produced.

D(i): ABO,(30) / Co(3) /. Cu(2.5) / Co(l) /
Ni, gFeo(5) / Co(l) / Cu(2.5) / Co(3) / Ir-Mn(8)

E(1): ABO(30) / Co(3) / Cu(2.5) / Co(l) /
Nig sFe, ,(5) / Co(1l) / Cu(2.5) / Co(3) / Fe-Co-0(30)
i F(i): AB0,(30) / Co(3) / Cu(2.5) /. Co(l) /
Nig gFe, ,(5) / Co(1l) / Cu(2.5) / Co(3) / ABO,(30)

As in Example 1, the sample MR devices produced
as describéd above were subjected to a heat treatment.
Then, MR characteristics thereof were' evaiuated in
substantially the same manner as in Ei:ample 2. The
results are shown in Table 4 below.



- 40 -
Table 4

Sample No.  ABO3 layer MR ratio Hp(2kA/m) |
0

D(1) LaBO3 22
D(2) PrB03 21 20
- 0(3) NdBO3 21 20
D(4) SmBO3 2 20
D(5) GdBOs 21 20
D(6) TBOs 20 20
Dé7) DyBO3 20 . 20
D(8 .Y BO3 22 20
_D(9 HoBO3 20 20
- D(10) BBOs 20 20
“D(11) - - CaBO3 21 20
D(12) SrBO3 2. 20
Sample No.  ABOs layer MR ratio Hp(kA/m)
E(1) - LaBO3 28 40
E(zg PrBO3 27 35
E§3 NdBO3 27 40
E(4)  SmBO; - 28 45
E(5) GdBO3 27 30
E(6) TbBO3 26 30
| E$7) DyBO3 26 30
E8) . Y BOs 28 45
E(9) HoBO3 2% 35
E(10) BiBO; 2 35
E(H; ‘ - CaBO3 27 35
E(12) SrB0s . 27 3B
Sample No. ~ ABO3 layer MR ratio - Hp(kA/m)
F(1) LaBO3 29 45
F(2 PrB03 28 - 40
F(3) NdBOz © 28 45
F(4) SmBO03 29 50
ng) 6dBO;3 28 35
08 TBO; . . 27 35
Fé7 DyBO3 2735
F(8 YBOs . 29 50
F(9 HoBO3 27 40
F(10 BiBO3 27 40
F(11 CaBO3 28 40

F(12) SrBOs 28 40
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As can be appreciated from the results shown in
Table 4, an extremely large MR ratio can be obtained with
an MR device according to this example of the present
invention, which had not been realized by the convention-
al MR devices. This appears to be due to the fact that
the magnetiZation.direction.of the pinned layer 3 is well
fixed by a large pinning effect of the pinning layer 2
shown in Figure 3B, thereby achieving satisfactory
magnetization antiparallelism between pinned layer 3 and
the free layer 5.

The sample devices D(i) showed to have slightly
smaller MR ratios and small Hp values. This is due to
the use of IrMn for the upper pinning layer. However,

‘the sample devices D(i) are advantageous in that it is

relatively easy to form the uppef lead section (13 in
Figure 4) of the MR device section when producing an MR
head since the upper layer is a metal layer.

Example 6
A yoke type head, as illustréted in Figure 8, was
produced while using the'samp1e~MR device F(8). An Al-O
super thin film about 2 nm thick produced by a plasma
oxidation method was used for the insulation film sec-
tion 82 in the structure illustrated in Figure 8.
A Co-Nb-Zr-type amorphous alloy layer having a

high transmissivity was used for the yoke section 8l. A
comparison was made between the output of the yoke-type
MR head of this example and that of a comparative MR head
B(0) of Example 3 shown in Table 2. The comparison
showed that the output of the yoke-type MR head of this
example was increased by'about +3db from that of the
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comparative MR head.

‘The exchange coupling film employing a pinning
layer made of an oxide of the present invention can
provide a large pinning magnetic field. Moreover, the MR
device employing the same can provide a large MR ratio
and a large pinning magnetic field as compared with those
provided by the conventional MR device, thereby realizing
an MR head having a high output and stable characteris-
tics. '

Various other modifications will be apparent to

and can be readily made by those skilled in the art

without departing from the scope and 'spirit of this
invention. Accordingly, it is not intended that the
scope of the claims appended hereto be limited to the
description as set forth herein, but rather that the
claims be broadly construed. '
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WHAT IS CLAIMED IS:

1. An exchange coupling film, comprising a ferromagnetic
layer and a pinning laYer which is provided in contact
with the ferromagnetic léyer'for pinning a magnetization
direction of the ferromagnetic layer, the pinning layer
comprising an (AB){kflayer, wherein:
O denotes an oxygen atom;
'2.8<x<3.2; and '
a value t as defined by:
t = (Ra+Ro)/(¥2:(Rb+Ro)) _
(where Ra, Rb and Ro denote the ion radii of-_
the atoms A, B and O, respectively)
satisfies 0.8<t<0.97.

2. An exchange coupling film according to claim 1,
wherein the (AB),0, comprises an antiferromagnetic layer.

3. An exchange coupling film according to claim 1,
wherein the atom B of the (AB)0, layer comprises a
transition metal atom.

4. An exchange coupling film according to claim 1,
wherein the atom B of the (AB),0, layer comprises an Fe

atom.

5. An exchange coupling £film according . to claim 1,
wherein the atom A of the (AB),0, layer comprises a rare
earth atom.

6. An exchangé coupling film' according to claim 1,
wherein the atom A of the (AB),0, layer comprises an alka- .
line-earth atom.
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7. An -exchange coupling film according to c¢laim 1,
wherein the pinning layer comprises a layered structure
of the (AB),0, layer and an NiO layer. '

8. An exchange éoupling. film according to claim 7,
wherein the (AB),0, layer is provided in contact with the
ferromagnetic layer.

9. An exchange coupling' film according to claim 1,
wherein the pihning layer comprises a layered structure
of the (AB),0, 1ayef and an Fe-M-O layer (where M = Al,
-Ti, Co, Mn, Cr, Ni or V). '

10. An exchange coupling film according to claim 9,
wherein the Fe-M-O layer comprises. an (Fe, ,M,),0; layer
(where M = Al, Ti, Co, Mn, Cr, Ni or V, and 0.01<x<0.4).

11. A magnetoresistance' effect device, comprising a
substrate and a multilayer film, wherein:
the multilayér film comprises at least two
ferromagnetic layérs, a non-magnetic layer and a pinning
layer for pinning a magnetization direction of the
ferromagnetic layer; ' |
the ferrbmagnetic layers are deposited wvia the
.- non-magnetic layer interposed therebetween;
atlleast one of the ferromagnetic layers is a
pinned layer whose magnetization direction is fixed by
the pinning layer which is provided in contact with the
one of the ferromagnetic layers on an opposite side of
another one of the ferromagnetic layers with respect to
the non-magnetic layer:; .
at least one of the ferromagnetic layers is a
- free layer whose magnetization direction is allowed to



e

rotate freely;

a change in an angle between the magnetization
direction of the pinned layer and the magnetization
direction of the free layer causes an electric resistance
of the device to vary; and

| the pinning layer comprises an (AB),0, layer,
wherein:
O denotes. an oxygen atom;
2.8<x<3.2; and .
a value t as defined by:
t = (Ra+Ro)/(¥2+(Rb+Ro)) |
(where Ra, Rb and Ro denote the ion radii
of the atoms A, B and O, respectively)
' satisfies 0.8<t<0.97.

12. A magnetoresistance effect device according to
claim 11, wherein the pinning layer comprises a layered

structure of the (AB),0, layer and an NiO layer.

13. A magnetoresistance effect device according to
claim 11, wherein the pinning layer comprises a layered
structure of the (AB),0, layer and an Fe-M-0 layer (where

"M = Al, Ti, Co, Mn, Cr, Ni or V).

14. A magnetoresistance effect device according to
claim 11, wherein the atom B of the (AB),0, layer compris-
es a transition metal atom. '

15. A magnetoresistance effect device according to
claim 11, wherein the atom A of the (AB),0, layer compris-

es a rare earth atom. -

16. A magnetoresistance effect device according to
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claim 11, wherein the atom A of the (AB),0, layer compris-
es an alkaline-earth atom.

17. A magnetoresistance effect device according to
claim 11, wherein AB of the (AB),0, layer comprises La,_,Fe,
(0.4<y<0.6).

18. A magnetoresistapce effect device according to
claim 11, the atom A of the (AB),0, iayer comprising an A'
atom or an A" atom, and the atom B of the (AB),0, layer
comprising an B' atom or an B" atom, wherein:

the A' atom comprises a rare earth atom;

the A" atom comprises an alkaline-earth atom;

the B' atom comprises an Fe atom; and

the B" atom comprises an Ni or Mn atom.

19. A magnetoresistance effect device according to
claim 18, wherein:

the A' atom comprises an La atom;

the A" atom comprises an Sr atom;-'

the B' atom comprises an Fe atom; and

the B" atom comprises an Ni atom. '

20. A magnetoresistance effect device according to
claim 11, wherein the free layer cdmprises two or more
magnetic films deposited wvia the non-magnetic layer
interposed therebetween.

21. A magnetoresistance effect device éccording to
"claim 11, wherein the pinned lajer comprises two magnetic
layers having an antiferromagnetic exchange couplihg
therebetween via the non-magnetic layer interposed therebetween.
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22. A magnetoresistance effect device according to
claim 11, wherein:

the multilayer comprises a first pinning layer,
a first pinned' layer, a first non-magnetic layer, a
ferromagnetic free layer, a second non-magnetic layer, a
second pihned layer and a second pinning layer which are
depdsited in this order on the substfate;

"the first pinning layer fixés a magnetization
direction of .the first pinned layer;

the second pinning layer fixes a magnetization
direction of the second pinned layer; and

‘the first pinning layer comprises the (AB),0,
layer.

. 23. A magnetoresistance effect device:  according to
claim 22, wherein the second pinning layer comprises a T-
Mn (where T = Ir, Pt, Pd, Rh, or Ni).

24. A magnetoresistance effect device according to
claim 22, wherein the second pinning layer comprises the
(AB),0, layer.

25. A magnetoresistance effect device according to
- claim 22,-whe:éin the first pinning layer or the first
-and second pinning layers comprise a layered structure of
the (AB),0, layer and an NiO layer.

26. A 'magnetoresistance effect device according to
claim 22, whereih the first pinning layer or the first
and second pinning layers comprise a layered structure of
the (AB),0, layer and an Fe—M-d layer (where M = Al, Ti,
Co, Mn, Cr, Ni or V). |
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27. A magnetoresistance effect device according to
claim 26, wherein the Fe-M-0 layer comprises an (Fe,_M,),0;
layer (where M = Al, Ti, Co, Mn, Cr, Ni or V, and
0.01<x<0.4). '

28. A magnetoresistance effect device according to
claim 22, wherein the atom B of the (AB),0, layer compris-

es an Fe ato:_n.

29. A magnetoresisi:ance effect de__vfi.ce according to

~claim 22, wherein the atom A of the (AB),0, layer compris-

es a rare earth atom.

30. A magnetbresistance effect device according to
claim 22, wherein the atom A of the ( AB),0, layer compris-
es an alkaline-earth atom. '

31. A magnetoresistance = effect device according to
claim 22, wherein AB of the (AB),0, layer co‘inprises La,_,Fe,
(0.4<y<0.6). ' . ' '

32. A magnetoresistance effect  device | according to -
claim 22, the atom A of the (AB),0, layer comprising an A'
atom or an A" atom, and the atom B of the (AB),0, iayer
comprisihg an B' atom or an B" atom, wherein:

the A' atom comprises a rare eari:h atom;

the A" atom comprises an alkaline-earth atom;

the B' atom comprises an Fe atom; and

the B" atom comprises an Ni or Mn atom.

33. A magnetoresistance effect -device according to
claim 32, wherein:
the A' atom comprises an La atom:
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the A" atom comprises an Sr atom;
the B' atom comprises an Fe atom; and
the B" atom comprises an Ni atom.

34. A magnetoresistance effect device according to
claim 22, wherein the free layer comprises two or more
magnetic films 'deposited via the non-magnetic layer
interposed therebetween.

35. A magnetoresistance effect ,ﬂevice according to
claim 22, wherein the pinned Iayer comprises two magnetic
layers having an antiferromagnetic exchange coupling
therebetween via the non-magnetic layer interposed
therebetween. '

36. A'magnetoresistance effect head, comprising:
a magnetoresistance effect device according to
claim 11; and '
. a shield gap section for insulating'the magnetor-
esistance effect device and the shield section from each
other.

37. A magnetoresistance effect head; comprising:

a magnetofesistance effect device according to
claim 22; and |

a shield gap section for insulating thefmagnetor-

_ esistance effect device and the shield section from each
other. '

38. A magnetoresistance effect head, comprising:

a magnetoresistahce effect device according to
claim 1i; and

a yoke section for introducing into the magnetor-
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esistance effect device a magnetic field to be detected.

39. A magnetoresistance effect head, comprising:

a magnetoresistance effect device according to
claim 22; and-

a yoke section for introducing into the magnetor-
esistance effect device a magnetic field to be detected.

40. A method for producing an exchange coupling film, the
method comprising the steps of:

heating a substrate to a temperature of about
300°C or higher; and _
| ~ depositing the exchange coupling £film by a
sputtering method using an Ar gas at a pressure of about
2 mTorr or less. |



