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(54) Magnetoresistive element, method for manufacturing the same, and method for forming a
compound magnetic thin film

(57) The invention provides a magnetoresistive ele-
ment in which a pinned magnetic layer (15 or 17) in-
cludes at least one non-magnetic film and magnetic
films, and the magnetic films are coupled with one an-
other by magnetostatic coupling. Furthermore, the in-
vention provides a magnetoresistive element in which
the magnetic films in the pinned magnetic layer (15 or
17) are coupled with on another by magnetostatic or an-
tiferromagnetic coupling generating negative magnetic

coupling. Furthermore, the invention provides a magne-
toresistive element in which at least one of the magnetic
layers (15, 17) includes an oxide ferrite having a plane
orientation with a (100), (110) or (111) plane. A magnetic
field is introduced in the plane. This oxide can be formed
by sputtering with an oxide target while applying a bias
voltage to a substrate including a plane on which the
oxide ferrite is to be formed so as to adjust the amount
of oxygen supplied to the oxide ferrite.
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Description

[0001] The present invention relates to magneto-re-
sistive elements used in reading heads of magnetic re-
cording devices such as for optomagnetic disks, hard
disks, digital data streamers (DDS), or digital VCRs, in
magnetic sensors for detecting rotation speed, and in
magnetic random access memory (MRAM).
[0002] CPP (current perpendicular to the plane)-GMR
elements are magnetoresistive elements using spin-de-
pendent scattering between ferromagnetic layers sand-
wiching a conductive intermediate layer, whereas TMR
elements are magnetoresistive elements using spin tun-
neling between ferromagnetic layers sandwiching an
extremely thin insulating intermediate layer. In both el-
ements, the current flows perpendicular to the film sur-
faces of the multilayer structure. In these elements, to
increase the reproducibility of changes of the magneti-
zation displacement angle, one of the ferromagnetic lay-
ers may be devised as a pinned magnetic layer on which
an antiferromagnetic layer such as FeMn or IrMn is lay-
ered. Also, if a layered ferrimagnetic structure including
antiferromagnetic coupling, for example Co/Ru/Co, is
layered on the antiferromagnetic layer, then the pinning
magnetic field of the pinned magnetic layer can be in-
creased even further.
[0003] Half-metals in which the spin polarization is ex-
pected to be 100% by band calculation have garnered
attention as ferromagnetic materials. In particular for
TMR elements, the magnetic resistance change ratio is
higher, the higher the spin polarization of the ferromag-
netic material is.
[0004] A high thermal resistance is required when the
magneto-resistive element is applied to magnetic
heads, MRAM memory elements or the like. For exam-
ple, if the TMR element is used for an MRAM, a thermal
process at about 400°C is performed in a semiconductor
process of hydrogen sintering or a passivation process.
[0005] However, when an element having an antifer-
romagnetic layer is heated to at least 300°C, the spin
polarization of the magnetic layers decreases due to dif-
fusion of the Mn included in the antiferromagnetic layer,
and the pinning magnetic field is decreased due to the
change of the composition of the antiferromagnetic layer
(see S. Cardoso et.al., J.Appl.Phys. 87, 6058(2000)).
Also, in elements in which a layered ferrimagnetic struc-
ture is layered on an antiferromagnetic material, the lay-
er structure of the layered ferrimagnetic structure is dis-
turbed during thermal processing, so that an increase
of the pinning magnetic field cannot be expected. Thus,
an improvement of the thermal resistance is desired for
magneto-resistive elements. An increase in the thermal
resistance also is desired for CIP (current in plane) -
GMR elements, in which the current flows in the film
plane.
[0006] Furthermore, a high magnetic resistance
change ratio still has not been attained at room temper-
atures with elements using half metals. In particular

when forming an oxide half-metal material by sputtering
with an oxide target, the oxygen amount easily deviates
from the stoichiometric ratio, and it is difficult to obtain
high-quality magnetic thin films. But there is a possibility
that higher magnetic resistance change ratios can be
obtained with magneto-resistive elements using half
metals.
[0007] Furthermore, in particular in TMR elements,
there is the problem that there are sometimes large non-
symmetries in the response to external magnetic fields.
[0008] According to a first aspect of the present inven-
tion, a magnetoresistive element includes an intermedi-
ate layer and a pair of magnetic layers sandwiching the
intermediate layer, and one of the magnetic layers is a
pinned magnetic layer in which magnetization rotation
with respect to an external magnetic field is harder than
in the other magnetic layer. The pinned magnetic layer
includes at least one non-magnetic film and magnetic
films sandwiching the non-magnetic films, and the mag-
netic films are magnetostatically coupled to one another
via the non-magnetic film.
[0009] The magnetic films are magnetized antiparallel
to one another with the non-magnetic film arranged be-
tween them, and the magnetostatic energy forms a
closed magnetic circuit, that is, the magnetic films are
magnetostatically coupled, so that leaking magnetic
fields causing magnetic field shifts in the other magnetic
layer (free magnetic layer) are suppressed. Also in lay-
ered ferrimagnetic structures utilizing antiferromagnetic
coupling that have been used conventionally, the mag-
netization directions become antiparallel. However, lay-
ered ferrimagnetic structures utilize the RKKY effect
(Ruderman-Kittel-Kasuya-Yoshida effect), so that they
are very sensitive to the thickness of the non-magnetic
film. By contrast, when using magnetostatic coupling,
the dependency on the thickness is relatively small. Fur-
thermore, when magnetostatic coupling is used, the
non-magnetic film itself can be thick. Thus, the thermal
stability of the element can be improved by using mag-
netostatic coupling.
[0010] According to a second aspect of the present
invention, a magnetoresistive element includes an inter-
mediate layer and a pair of magnetic layers sandwiching
the intermediate layer, and one of the magnetic layers
is a pinned magnetic layer in which magnetization rota-
tion with respect to an external magnetic field is harder
than in the other magnetic layer. The pinned magnetic
layer includes at least one non-magnetic film and mag-
netic films sandwiching the non-magnetic film, and the
magnetic films are coupled to one another by magneto-
static or antiferromagnetic coupling via the non-magnet-
ic film, and when the magnetic films are magnetic films
that are arranged at positions m (with m being an integer
of 1 or greater) from the intermediate layer, Mm is an
average saturation magnetization of the magnetic films
m and dm is their respective average film thickness,
Mdo is the sum of the products Mmxdm of the magnetic
films with odd m and Mde is the sum of the products
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Mmxdm of the magnetic films with even m, then

[0011] In this element, the magnetic films are magnet-
ized antiparallel by antiferromagnetic or magnetostatic
coupling, with non-magnetic films disposed between
them. To completely eradicate the magnetic field leaking
from the pinned magnetic layer, Mde/Mdo should be set
to 1. However, as the result of experiments explained
below, it was found that in particular in TMR elements,
positive magnetic coupling occurs between the pinned
magnetic layer and the free magnetic layer. This cou-
pling causes non-symmetries in the response of the
magnetic resistance to external magnetic fields. In these
elements, it is more advantageous to set Mde/Mdo < 1,
so that a leaking magnetic field canceling the positive
magnetic coupling is generated (causing negative mag-
netic coupling), improving non-symmetries. When the
leaking magnetic field is too large, non-symmetries oc-
cur on the negative coupling side, so that it is preferable
to set Mde/Mdo ≥ 0.6.
[0012] According to a third aspect of the present in-
vention, a magnetoresistive element includes an inter-
mediate layer and a pair of magnetic layers sandwiching
the intermediate layer. At least one of the magnetic lay-
ers includes an oxide ferrite having a plane orientation
with a (100), (110) or (111) plane, and a change in mag-
netic resistance is detected by introducing an external
magnetic field in the plane. The external magnetic field
is preferably introduced in a direction of the axis of easy
magnetization in the plane but the oxide ferrite can be
non-orientated in the plane.
[0013] Examples of oxide ferrites include MnZn fer-
rite, NiZn ferrite and magnetite (Fe3O4). When grown in
an orientated state, oxide ferrites have a relatively high
magnetic resistance change ratio in the (100), (110) or
(111) plane. And when grown epitaxially, the magneti-
zation responsiveness of the magnetic resistance
changes with respect to external magnetic fields is in-
creased by introducing an external magnetic field in the
direction of the axis of easy magnetization.
[0014] Yet another aspect of the present invention
provides a method that is suitable for manufacturing the
elements as described above. This method is suitable
for manufacturing a magnetoresistive element including
an intermediate layer and a pair of magnetic layers
sandwiching the intermediate layer, and at least one of
the magnetic layers includes an oxide ferrite. The meth-
od includes forming the oxide ferrite by sputtering with
an oxide target while applying a bias voltage to a sub-
strate including a plane on which the oxide ferrite is to
be formed so as to adjust an amount of oxygen supplied
to the oxide ferrite from the oxide target.
[0015] When sputtering with oxide targets, tiny com-
position deviations easily deteriorate the properties of
the element. With the above-described method, the

0.5 < Mde/Mdo < 1.

composition control becomes easier, so that the repro-
ducibility of the element increases. This method is also
suitable for other compound magnetic thin films. That is
to say, according to yet another aspect of the present
invention, a method for forming a magnetic compound
film is provided, which includes forming the magnetic
compound film by sputtering with a compound target
while applying a bias voltage to a substrate including a
plane on which the magnetic compound film is to be
formed so as to adjust the amount of at least one select-
ed from oxygen and nitrogen supplied to the magnetic
compound film from the compound target. With this
method, it is possible to obtain compound magnetic thin
films of the desired stoichoimetric ratio with high repro-
ducibility.
[0016] The present invention includes the element
that can be described from two or more of the aspects.
The element of the present invention can include more
layers, for example, two or more non-magnetic layers
and magnetic layers sandwiching the non-magnetic lay-
ers.

Fig. 1 is a diagram illustrating the magnetic field shift
s.
Fig. 2 is a cross sectional view of a magneto-resis-
tive element according to one embodiment of the
present invention.
Fig. 3 is a diagram illustrating a relationship be-
tween the Al thickness for the intermediate film and
the magnetic shift.
Fig. 4A-C are X-ray analysis charts illustrating the
differences of the crystal structure of the Fe oxide
obtained depending on the bias on the substrate,
namely at 0 W (Fig. 4A), at 5W (Fig. 4B), and at
10W (Fig. 4C).
Fig. 5A-B show examples of an M-H curve and an
MR curve when applying an external magnetic field
in certain directions to Fe3O4 formed on an MgO
(100) plane. In Fig. 5A the external magnetic field
is applied from <100> axis direction, and in Fig. 5B
from <110> axis direction.
Fig. 6A-B show examples of an M-H curve and an
MR curve when applying an external magnetic field
in certain directions to Fe3O4 formed on an MgO
(110) plane. In Fig. 6A the external magnetic field
is applied from <110> axis direction, and in Fig. 6B
from <001> axis direction.
Fig. 7A-B show examples of an M-H curve and an
MR curve when applying an external magnetic field
in arbitrary direction to Fe3O4 formed on an MgO
(111) plane.
Fig. 8A-C show anisotropic energy distributions in
various Fe3O4 planes. Fig. 8A shows the distribu-
tion in the (100) plane, Fig. 8B in the (110) plane
and Fig. 8C in the (111) plane.

[0017] The following is a description of the preferred
embodiments of the present invention.
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[0018] In the magnetoresistive element with improved
thermal resistance provided by the first aspect of the
present invention, it is desired that the thickness of the
non-magnetic film is adjusted appropriately to achieve
static magnetic coupling between the magnetic films. A
preferable thickness of the non-magnetic film for making
the static magnetic coupling significant to the antiferro-
magnetic coupling is at least 1.5 nm and that for making
the static magnetic coupling dominant is at least 2.6 nm,
although these will depend on the non-magnetic mate-
rial. When the thickness of the non-magnetic film ex-
ceeds 10 nm, the magnetic coupling accordingly be-
comes weaker.
[0019] In this element, it is preferable that that the el-
ement area is not larger than 10 µm2, more preferably
not larger than 1 µm2. Here, "element area" means the
area in the intermediate layer that is perpendicular to
the direction of the current flow, and in a vertical current-
type element, the area of the film surface of the inter-
mediate layer. If the element is made smaller to the point
where this area becomes 10 µm2 or less, then the thick-
ness of the magnetic films becomes relatively large with
respect to the area. Therefore, the demagnetizing field
per magnetic layer becomes large, and the magneto-
static energy per layer becomes large. The magnetiza-
tion directions of the magnetic layers tend to assume an
antiparallel state in order to reduce the magnetostatic
energy, so that an increase of the magnetostatic energy
stabilizes the antiparallel state of the magnetization. In
order to stabilize the magnetization directions even fur-
ther, it is also possible to provide the contour shape of
the pinned magnetic layer with anisotropy. As a favora-
ble contour shape, it is preferable that the ratio of long
axis to short axis is 2 or greater. There is no particular
limitation to the contour shape, and it can be rectangular,
rhombic or elliptical.
[0020] If a magneto-resistive element according to the
second aspect of the present invention is used, then the
magneto-resistive response can be improved. More
specifically, the absolute value of a magnetic field shift
of the other magnetic layer (a free magnetic layer) can
be decreased to not more than 50% of a coercivity of
the free magnetic layer, specifically to 20 Oe or less,
further to 3 Oe or less, or even to substantially 0 Oe.
Here, the magnetic field shift s is defined as

where H1 and H2 are the two magnetic fields at which
the magnetization is zero (M = 0) in the magnetization-
magnetic field curve (M-H curve) showing the relation-
ship between magnetic field (H) and magnetization (M)
(see Fig. 1).
[0021] In a magneto-resistive element, the two mag-
netic fields at which the resistance of the element is the
average value of the maximum and the minimum in the
resistance-magnetic field curve substantially corre-

s = (H1 + H2)/2,

spond to H1 and H2, respectively.
[0022] In this element, the value of Mde/Mdo can be
adjusted as appropriate to decrease the magnetic shift
to the afore-mentioned levels. Consequently, although
the value of Mde/Mdo may differ depending on the level
of positive magnetic coupling in the element, it is usually
preferable that the value of Mde/Mdo is about 0.5 to 0.9.
[0023] If the magnetic films are all soft magnetic lay-
ers, then the magnetization direction on the film tend to
rotate easily in response to external magnetic fields.
Therefore, it is preferable that at least one of the mag-
netic films has a high coercive force, for example at least
500 Oe (39.8 kA/m). Preferable high coercive materials
are CoPt, FePt, CoCrPt, CoTaPt, FeTaPt and FeCrPt,
for example.
[0024] It is also possible to stabilize the magnetiza-
tions coupled in antiparallel by using an antiferromag-
netic layer. In this case, the element of the present in-
vention further includes an antiferromagnetic layer,
leading to an element in which this antiferromagnetic
layer is magnetically coupled with the pinned magnetic
layer. As the antiferromagnetic material, it is possible to
use Cr-containing antiferromagnetic materials ex-
pressed by the composition formula Cr100-xMex (where-
in Me is at least one selected from Re, Ru and Rh, and
0.1 ≤ x ≤ 20, atomic ratio) as well as Mn-containing an-
tiferromagnetic materials such as FeMn and IrMn. Pref-
erable Mn-containing antiferromagnetic materials in-
clude noble metal-based antiferromagnetic materials
expressed by the composition formula Mn100-xMex
(wherein Me is at least one selected from Pd and Pt,
and 40 ≤ x ≤ 55).
[0025] In order to increase the crystallinity of the an-
tiferromagnetic material, it is possible to form the antif-
erromagnetic layer on a primer layer having a crystal
structure and/or a lattice constant similar to those of the
antiferromagnetic material. For example, if the antifer-
romagnetic material is PtMn or PtPdMn, then NiFe or
NiFeCr can be used for the primer layer.
[0026] The following is an example of a preferable
embodiment of a magneto-resistive element in accord-
ance with a third aspect of the present invention. In the
case of magnetite grown epitaxially in the (110) plane
on a substrate or a primer layer, changes in magnetic
resistance can be detected by introducing an external
magnetic field in the range of 30° to 150° in the (110)
plane, taking the <100> axis direction in that plane as 0
degrees. When an external magnetic field is introduced
in this manner, the magnetization responsiveness of the
magnetic resistance changes increases. An oxide ferrite
in which, of the crystal magnetic anisotropic energies,
at least K1 is negative and preferably also K2 is negative
is suitable for this embodiment. In the case of an oxide
ferrite in which K1 is positive and preferably also K2 is
positive, an external magnetic field in the range of 170°
to 190° in the (110) plane should be introduced, taking
the <100> axis direction as 0 degrees.
[0027] In the case of magnetite that has been grown
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epitaxially in the (100) plane, an external magnetic field
in the range of 40° to 50° or 130° to 140° in the (100)
plane should be introduced, taking the <100> axis di-
rection in the (110) plane as 0 degrees. An oxide ferrite
in which, of the crystal magnetic anisotropic energies,
K1 is negative and preferably also K2 is negative is suit-
able for this embodiment. In the case of an oxide ferrite
in which K1 is positive and preferably also K2 is positive,
an external magnetic field in the range of 85° to 95° or
175° to 185° in the (110) plane should be introduced,
taking the <100> axis direction as 0 degrees.
[0028] In the case of magnetite that has been grown
epitaxially in the (111) plane, a high magnetization re-
sponsiveness is attained by detecting changes in the
magnetic resistance by introducing an external magnet-
ic field within an arbitrary angular range within that
plane. Taking the <100> axis direction as 0 degrees, it
is even better to introduce an external magnetic field
from an angle of a range including 30°, 90° or 150° in
the (111) range, preferably substantially one of the an-
gular ranges mentioned above. These preferable em-
bodiments share an oxide ferrite in which at least K2 is
negative. If at least K2 is negative, then, taking the
<110> axis direction as 0 degrees, it is even better to
introduce an external magnetic field from an angle of a
range including 0°, 60° or 120°, preferably substantially
one of the angular ranges mentioned above.
[0029] For magnetite grown aligned in the (100)
plane, the (110) plane or the (111) plane, and for mag-
netite grown without orientation, the external magnetic
field should be introduced at an angle within an arbitrary
range in these planes. In particular, if the average crystal
width of the in-plane direction of Fe3O4 is not more than
10 nm, then the apparent crystal magnetic anisotropic
energy becomes small, so that it is possible to take mag-
netically soft Fe3O4 or a ferromagnetic material having
Fe3O4 as its principal component. This is not limited to
Fe3O4, but is true for all oxide ferrites.
[0030] It has been found that the change rate of the
magnetic resistance tends to grow when an element in-
cluding a d-electron is included in the intermediate layer
adjacent to the oxide ferrite. Elements including d-elec-
trons are the elements with an atom number of 21 or
greater in the periodic table of elements.
[0031] If a compound magnetic thin film including ox-
ygen and/or nitrogen and a transition metal, such as ox-
ide ferrite, is formed by sputtering with a compound
magnetic target, then the oxygen or nitrogen content in
the composition tends to deviate. However, if the com-
pound magnetic thin film is formed while applying a bias
voltage to the substrate or primer onto which it is formed
to control the oxygen and/or nitrogen included in the thin
film, then it is possible to form the compound magnetic
thin film with high reproducibility. This method also can
be combined with reactive sputtering using a sputtering
gas including an inert gas and oxygen and/or nitrogen.
[0032] The application of a bias voltage can be ac-
complished by:

1. Electrically insulating (floating) the substrate from
ground, and controlling the applied bias voltage with
the plasma density, which is determined by the dis-
charge power, gas pressure, etc.;
2. Electrically insulating (floating) the substrate from
ground, and applying a dc or a high-frequency (RF)
bias voltage with an external power source. The RF
bias frequency should be in the ordinarily used
range, for example 10 MHz or higher.

[0033] This method is suitable for RF sputtering, such
as RF magnetron sputtering. When applied to these
sputtering methods, the film formation can be performed
by applying a dc or RF bias voltage to the substrate while
applying an RF voltage to the compound magnetic ma-
terial taken as the target. It is preferable that the supply
of RF voltage to the target and the substrate is synchro-
nized, so as to control the formation of a magnetic de-
terioration layer on the uppermost film surface.
[0034] This film formation method is particularly suit-
able for the formation of oxide magnetic thin films of ox-
ide ferrite or the like. Generally, the oxide magnetic tar-
get has a relatively high electrical resistance, and when
it is used for film formation without bias, too much oxy-
gen tends to be supplied. In order to reduce the oxygen
in the film, it is advantageous to apply a negative bias
voltage, and since the electrical resistance of the film is
high, the application of an RF bias voltage is preferable.
It should be noted, however, that the method for manu-
facturing the above-described element including oxide
ferrite is not limited to the above-described film forming
method. For example, it is also possible to use a com-
pound magnetic target in which the oxygen amount has
been set below the stoichiometric ratio utilizing the com-
position deviation in ordinary sputtering. It is further pos-
sible to use the above-described target and supplement
the lacking oxygen by reactive sputtering.
[0035] To increase the crystallinity of the compound
magnetic thin film, the substrate temperature should be
250°C to 700°C. Since a bias voltage is applied, radia-
tive heating is suitable to heat the substrate.
[0036] The magneto-resistive element explained
above is particularly useful for perpendicular current-
type elements (CPP-GMR elements, TMR elements), in
which the current flows perpendicular to the films in a
multilayered film, but it is also effective for elements in
which the current flows in the film plane (CIP-GMR ele-
ments).
[0037] For the intermediate layer of a TMR element,
it is possible to use a semiconductor or an insulating ma-
terial including at least one element selected from oxy-
gen, nitrogen, carbon and boron. Examples of prefera-
ble materials include SiO2, SiC, Si3N4, Al2O3, AlN,
Cr2O3, TiC, HfO2, HfN, HfC, Ta2O5, TaN, TaC, BN, B4C,
DLC (diamond-like carbon), C60 and mixtures thereof.
[0038] For the intermediate layer of a GMR element,
it is possible to use a semiconductor including a transi-
tion metal. It is also possible to use a conductive com-
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pound including a transition metal and at least one se-
lected from oxygen, nitrogen and carbon. In the case of
a CPP-GMR element, the element area (that is, the area
of the intermediate layer through which current flows)
should be not more 0.1 µm. This is because restricting
the element area increases the electrical resistance of
the element at the same time as its thermal resistance.
It is particularly preferable to use at least one selected
from V, Nb, Ta, Cr, Mo, W, Cu, Ag, Au, Ru, Rh, Ir, Re
and Os for the intermediate layer. As long as the con-
ductivity of these metals is not lost, it is also possible to
use them in the form of oxides, nitrides or carbides. It is
further possible to use a mixture of a transition metal X
and a compound R (at least one selected from SiO2,
SiC, Si3N4, Al2O3, AlN, Cr2O3, Cr2N, TiO, TiN, TiC,
HfO2, HfN, HfC, Ta2O5, TaN, TaC, BN and B4C). Fur-
thermore, sometimes it is also possible to raise the elec-
trical resistance and the thermal resistance of the ele-
ment by devising a multilayer film with at least two lay-
ers, such as X/R.
[0039] For the non-magnetic film, a non-magnetic
conductive material should be used. Examples of pref-
erable materials for a non-magnetic film through which
the magnetic films are magnetostatically coupled in-
clude Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Al, Rh, Pt and Pd.
Examples of preferable materials for a non-magnetic
film through which the magnetic films are coupled by an-
tiferromagnetic coupling include Cr, Cu, Ag, Au, Ru, Rh,
Ir, Re and Os.
[0040] While the thickness of the non-magnetic film
that is preferable for antiferromagnetic coupling also de-
pends on the material, it is roughly 0.2 to 1.3 nm. If the
non-magnetic material is for example Cr, then this thick-
ness is preferably 0.8 to 1.3 nm, whereas for Ru it is
preferably 0.2 to 0.5 nm or 0.6 to 1.0 nm, for Ir it is pref-
erably 0.3 to 0.5 nm, and for Rh it is preferably 0.4 to
0.8 nm.
[0041] There is no particular limitation to the material
and the thickness of the magnetic films, and it is appro-
priate to apply the materials and thicknesses that are
used conventionally. The thickness of the magnetic film
suitable for the magnetostatic coupling is 1.5 to 20 nm.
The thickness less than 1.5 nm reduces lowering of
magnetostatic energy while the thickness more than 20
nm may prevent leaking magnetic fields from coupling.
[0042] It is preferable that the magnetic layers are
made of the following materials at least in the region
within 0.5nm from the interface with the intermediate
layer:

1. Co-based amorphous materials such as CoNbZr,
CoTaZr, CoFeB, CoTi, CoZr, CoNb, CoMoBZr, CoV-
Zr, CoMoSiZr, CoMoZr, CoMoVZr and CoMnB;
2. Fe-based microcrystal materials, such as FeSiNb
or Fe(Si, Al, Ta, Nb, Ti)N;
3. Materials including at least 50wt% of a ferromag-
netic element selected from Fe, Co and Ni, for ex-
ample FeCo alloys, NiFe alloys, NiFeCo alloys, or

ferromagnetic materials such as FeCr, FeSiAl, Fe-
Si, FeAl, FeCoSi, FeCoAl, FeCoSiAl, FeCoTi, Fe
(Ni)(Co)Pt, Fe(Ni)(Co)Pd, Fe(Ni)(Co)Rh, Fe(Ni)
(Co)Ir, or Fe(Ni)(Co)Ru, or dilute magnetic alloys;
4. Nitrides such as FeN, FeTiN, FeAlN, FeSiN, Fe-
TaN, FeCoN, FeCoTiN, FeCoAlN, FeCoSiN, and
FeCoTaN;
5. Fe3O4;
6. Half-metallic materials such as XMnSb (wherein
X is at least one selected from Ni, Cu and Pt), LaS-
rMnO, LaCaSrMnO, CrO2;
7. Spinel oxides such as perovskite oxides, MnZn
ferrite and NiZn ferrite; or
8. Garnet oxides.

[0043] Also possible is a ferromagnetic or ferrimag-
netic material including at least 50wt% of these materi-
als. It should be noted that throughout this specification,
the elements in parentheses are optional elements.
[0044] Fig. 2 shows an example of the configuration
of the elements provided by the present invention. In this
element, a lower electrode also serving as a primer layer
13, a first magnetic layer 17, an intermediate layer 16,
a second magnetic layer 15 and an upper electrode 11
are layered in that order on a substrate 14. A mesa-
shaped element portion made of the magnetic layers
and the intermediate layer is enclosed by an inter-layer
insulating film 12. Either one of the first and second mag-
netic layers can serve as the free magnetic layer (or the
pinned magnetic layer), and either one of the magnetic
layers can include an oxide ferrite. The magnetic layers
and the intermediate layer also can be multilayer films,
and it is further possible to add other layers, such as an
antiferromagnetic layer. The configuration of the ele-
ment is not restricted to the example shown in Fig. 2.
[0045] The magnetic and other layers or films can be
formed by any suitable gas-phase film forming method
known in the art. Examples of suitable methods include
ion beam deposition (IBD), cluster ion beam deposition,
or sputtering methods, such as RF, DC, ECR (electron
cyclotron resonance), helicon, ICP (inductively coupled
plasma) sputtering or sputtering with opposing targets,
MBE (molecular beam epitaxy), or ion plating. In addi-
tion to these PVD methods, it is also possible to use
CVD (chemical vapor deposition) methods, in particular
for making the inter-layer insulating film.
[0046] The intermediate layer, which is a compound
such as an oxide, can be formed directly, if using chem-
ical beam epitaxy, gas source MBE, reactive vapor dep-
osition, reactive sputtering or the like. If the intermediate
layer is formed by a method in which a plasma is gen-
erated (for example reactive sputtering), then a barrier
layer should be formed beforehand on the magnetic lay-
er, to suppress the oxidation of the exposed magnetic
layer. As a barrier layer, an extremely thin layer of, for
example, one to several atoms of Al, Si, Ta, Hf, Nb, V
or Cr is suitable. In reactive vapor deposition, in which
no plasma is generated, it is also possible to protect the
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magnetic layer by forming, for example, an oxide, ni-
tride, carbide or boride layer of about one atom thick-
ness. Instead of directly forming the intermediate layer,
which is a compound, it is also possible to form an ele-
ment contained in the intermediate layer (for example
Al) on the magnetic layer, and form the compound (for
example Al2O3) by exposing this element to an atmos-
phere with atoms, molecules, ions (plasma), or radicals
of a reactive gas including oxygen for example, at a suit-
able pressure and reaction temperature, and for a suit-
able time. It is also possible to form an intermediate layer
of the desired thickness by repeating the process of film
formation and oxidation or the like.
[0047] There is no particular limitation to the method
for processing the element portion into a mesa shape,
and it can be performed by any process that is ordinarily
used for microprocessing, for example physical or
chemical etching, such as ion milling, RIE, EB, or FIB
etching, or photolithography techniques. In order to
make the lower electrode flat, it is also effective to proc-
ess the surface by CMP or cluster ion beam etching to
increase the magnetic resistance change ratio.

Working Examples

Working Example 1

[0048] The following samples were produced by mag-
netron sputtering on a thermally oxidized Si substrate.

Sample 1: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Al2O3
(1)/CoFe(3)/Ru(0.8)/CoFe(3)/PtMn(20)/Ta(3)
Sample 2: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Al2O3
(1)/CoFe(7)/Ta(3)
Sample 3: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Al2O3
(1)/CoFe(3)/Ta(3)/CoFe(10)/Ta(3)
Sample 4: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Al2O3
(1)/CoFe(3)/Ta(3)/CoPt(4.4)/Ta(3)
Sample 5: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Al2O3
(1)/CoFe(3)/Ta(3)/CoFe(3)/PtMn(20)/Ta(3)
Sample 6: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Cu
(2.2)/CoFe(3)/Ta(3)/CoFe(3)/PtMn(20)/Ta(3)

[0049] The numbers in parentheses denote the film
thicknesses (in nm; this is also true in the following).
Here, Ta(3)/Cu(50)/Ta(3) serves as a lower electrode
and primer layer, CoFe(3)/Ru(0.8)/CoFe(3)/PtMn(20)/
Ta(3) is a pinned layer with layered ferrimagnetic struc-
ture, CoFe(3)/Ta(3)/CoPt(4.4), CoFe(3)/Ta(3)/CoFe(3)
and CoFe(3)/Ta(3)/CoFe(10) are pinned magnetic lay-
ers using magnetostatic coupling, Al2O3 and Cu are in-
termediate layers, and the rest are free magnetic layers
(except the outermost layer of Ta(3), which is a protec-
tive film). The coercive force of the CoPt(4.4) is 500 Oe.
[0050] After forming these films, a thermal process is
performed for 1.5 hours at 400°C in a magnetic field of
5 kOe (398 kA/m). Next, using steppers, the element
area, which is the area through which the current flows

in the intermediate layer, is micro-processed to a mesa
shape of 0.1 to 20 µm2 with an aspect ratio of 4: 1. Sub-
sequently, the inter-layer insulating film and the upper
electrode were formed, yielding a vertical current-type
magneto-resistive element. It should be noted that the
longitudinal direction of the element was set to the di-
rection in which the magnetic field was applied during
thermal processing.
[0051] Table 1 shows the magnetic resistance change
ratio (MR value) measured by applying an external mag-
netic field of ±1000 Oe (79.6 kA/m) in the longitudinal
direction of the resulting elements.

[0052] Compared to Sample 1, which includes a lay-
ered ferrimagnetic structure, and Sample 2, which uses
a coercive force difference due to shape anisotropies, it
can be seen that at element areas of 10 µm2 or less,
Samples 3 to 6 had higher MR values. It seems that the
MR values of Samples 3 to 6 are higher than that of
Sample 2, because the influence of the magnetic field
leaking into the free magnetic layer is decreased by the
magnetostatic coupling. In Samples 4 and 5, an antifer-
romagnetic material or a high coercivity material is used,
so that there is only a small dependency of the MR value
on the element area. Sample 6, which uses Cu for the
intermediate layer, includes an antiferromagnetic mate-
rial, but as the element area becomes smaller, the cur-
rent per area effectively increases, so that the depend-
ency on the element area is large.
[0053] Then, the MR value when changing the film
thickness X of the Ta of the non-magnetic film was ex-
amined for with the following film configuration. Table 2
shows the results. The conditions under which these el-
ements were prepared were similar to the above, includ-
ing the parameters for the thermal processing, and the
element aspect ratio was also 4 : 1. The element area
was set to 0.1 µm2.
Sample 7: Ta(3)/Cu(50)/Ta(3)/CoFe(3)/Al2O3(1)/
CoFe(3)/Ta(X)/CoFe(3)/PtMn(20)/Ta(3)

Table 1

Sample No. element area (µm2)

0.1 0.5 2 10 20

1 16 17 18 19 20

2 25 21 18 15 12

3 35 31 23 20 17

4 36 35 29 27 26

5 40 39 34 32 29

6 27 25 22 20 13

(MR value: %)
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[0054] High MR values are attained when the film
thickness of the non-magnetic film is in a range in which
the magnetostatic coupling is dominant (preferably
about 2.6 to 10 nm). As a result of similar experiments,
it was found that a preferable thickness for the magnetic
layers is in the range of 1.5 to 20 nm. Furthermore, a
similar tendency is also observed in similar experiments
with the ferromagnetic materials, non-magnetic materi-
als and high coercivity materials (antiferromagnetic ma-
terials) mentioned above.

Working Example 2

[0055] An element having the following film configu-
ration was produced on a thermally oxidized Si sub-
strate.

Ta(3)/Cu(500)/Ta(3)/CoFe(3)/Ru(0.7)/CoFe(3)/
Al2O3/CoFe(3)/NiFe(4)/Ta(3)
[0056] Changing the film thickness of the Al that is ap-
plied for forming the Al2O3 layer, the respective M-H
curves were measured to determine the magnetic field
shifts. The results are shown in Fig. 3. As the film thick-
ness of the Al becomes thinner, the magnetic field shifts
increase. The reason for this is not entirely clear, but it
seems that as the Al2O3 layer becomes thinner, orange
peel coupling between the free magnetic layer and the
pinned magnetic layer causes positive magnetic cou-
pling between the two magnetic layers.
[0057] Next, setting the Al film thickness to 0.7 nm,
elements having the following film configuration were
produced.

Sample 11: Ta(3)/Cu(500)/Ta(3)/CoFe(3)/Ru
(0.7)/CoFe(5)/Al2O3/CoFe(3)/NiFe(4)/Ta(3)
Sample 12: Ta(3)/Cu(500)/Ta(3)/CoFe (3)/Ru
(0.7)/CoFe(3)/Al2O3/CoFe(3)/NiFe(4)/Ta(3)

[0058] When the M-H curves of these two elements
were measured, it was found that the magnetic field shift
was suppressed in Sample 11, but tended to increase
in Sample 12. When the multilayer film in Sample 11 was
processed into a mesa shape and the MR value was
measured, an MR value of 30% was obtained at an RA
(normalized bonding resistance) of 15 Ωµm2. The mag-

 Table 2

Ta film thickness (nm) MR(%)

1 20

1.5 35

3 40

5 41

10 35

20 25

netic field shift was suppressed to substantially 0 Oe.
[0059] Thus, especially when the film thickness of the
intermediate layer is thin, magnetic field shifts are sup-
pressed when the product of film thickness and satura-
tion magnetization of the magnetic films on the side of
the intermediate layer is large. As a result of even more
detailed experimentation, it was found that when Mde/
Mdo is more than 0.5 and less than 1, a magneto-resis-
tive element with little magnetic shift can be obtained.

Working Example 3

[0060] Using an Fe3O4 target, an Fe oxide film was
produced by RF magnetron sputtering at room temper-
ature on a thermally oxidized Si substrate. During the
film formation, an RF bias of 0, 5 or 10 W was applied.
Figs. 4A to 4C show the results of the X-ray analysis of
the resulting Fe oxide films. Fe2O3 was formed at an RF
bias of 0 W, Fe3O4 was formed at 5W, and FeO was
formed at 10W. Thus, as the bias increased, the amount
of oxygen decreased. Observing the (111) plane parallel
to the substrate surface, it could be confirmed that the
Fe3O4 oriented itself in the (111) plane. Moreover, from
measuring the M-H curve, it was found that the Fe3O4
was not oriented inside the film surface. Forming Fe3O4
at different substrate temperatures, it was found that it
is easy to form Fe3O4 with high crystallinity in a sub-
strate temperature range of 250°C to 700°C.
[0061] Setting the substrate temperature to 300°C
and forming a Pt film of 300 nm film thickness on the
thermally oxidized Si substrate, an Fe3O4 film of 50 nm
film thickness was formed at a bias of 5 W. Then, after
returning the substrate temperature to room tempera-
ture, an Al2O3 film was formed, and a CoFe film of 20
nm film thickness was layered on top of that. The MR
value of this multilayer film was measured to be about
3%. This value was constant, regardless of the direction
of the applied magnetic field.
[0062] Multilayer films were formed, as described
above, on the (100), (110) and (111) planes of an MgO
substrate. The M-H curves of the multilayer films and
the MR curves after microprocessing them are shown
in Figs. 5 to 7. Figs. 5A to 5B show the results when
applying an external magnetic field in <100> or <010>
axis direction in the (100) plane, Figs. 6A to 6B show
the results when applying an external magnetic field in
<110> or <001> axis direction in the (110) plane, and
Figs. 7A to 7B show the results when applying an exter-
nal magnetic field of arbitrary orientation in the (111)
plane.
[0063] The highest MR was obtained when applying
an external magnetic field in <110> axis direction in the
(110) plane. This result suggests that the highest MR is
attained when applying an external magnetic field in the
direction regarded as the axis of easy magnetization, as
can be seen from the anisotropic energy distribution
charts (Figs. 8A to 8C) of the films. When using for a
device a material that has a relatively large crystal mag-
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netic anisotropy while having a high spin polarization,
such as Fe3O4, then the material does not undergo mag-
netic saturation in practical magnetic field ranges when
using the axis of hard magnetization. Therefore, it be-
comes difficult to attain a high MR.
[0064] Moreover, as shown by experimentation as de-
scribed above, the MR is further improved when using
an intermediate layer containing elements with d elec-
trons (such as Ta) in the portion adjacent to the oxide
ferrite.
[0065] With the present invention, thermal resistance
is improved by introducing magnetostatic coupling into
the pinned magnetic layer of the magnetoresistive ele-
ment. Moreover, with the present invention, magnetic
field shifts are reduced by generating negative coupling
in the magnetic layers of the pinned magnetic layer of
the magnetoresistive element. Furthermore, with the
present invention, a magnetoresistive element with high
MR can be provided by specifying the direction in which
an external magnetic field is applied to the oxide ferrite.
And, with the present invention, compound magnetic
thin films with excellent properties, such as oxide ferrite
films, can be formed with high reproducibility by adjust-
ing the amount of oxygen or the like by applying a bias
voltage to the substrate.

Claims

1. A magnetoresistive element, comprising:

an intermediate layer; and
a pair of magnetic layers sandwiching the inter-
mediate layer;

wherein one of the magnetic layers is a pinned
magnetic layer in which magnetization rotation with
respect to an external magnetic field is harder than
in the other magnetic layer;

wherein the pinned magnetic layer includes at
least one non-magnetic film and magnetic films
sandwiching the non-magnetic film; and

wherein the magnetic films are magnetostat-
ically coupled to one another via the non-magnetic
film.

2. The magneto-resistive element according to claim
1, wherein an element area, which is the area of the
intermediate layer in a plane perpendicular to the
direction in which current flows, is not more than 10
µm2.

3. A magnetoresistive element, comprising:

an intermediate layer; and
a pair of magnetic layers sandwiching the inter-
mediate layer;

wherein one of the magnetic layers is a pinned
magnetic layer in which magnetization rotation with
respect to an external magnetic field is harder than
in the other magnetic layer;

wherein the pinned magnetic layer includes at
least one non-magnetic film and magnetic films
sandwiching the non-magnetic film;

wherein the magnetic films are coupled to one
another by magnetostatic or antiferromagnetic cou-
pling via the non-magnetic film; and

when the magnetic films are magnetic films
that are arranged at positions m (with m being an
integer of 1 or greater) from the intermediate layer,
Mm is an average saturation magnetization of the
magnetic films m and dm is their respective average
film thickness, Mdo is the sum of the products
Mmxdm of the magnetic films with odd m and Mde
is the sum of the products Mmxdm of the magnetic
films with even m, then

4. The magneto-resistive element according to claim
3, wherein an absolute value of a magnetic field shift
of said other magnetic layer that is a free magnetic
layer is not more than 50% of a coercivity of the free
magnetic layer,

where the magnetic field shift is given by the
equation

wherein H1 and H2 (with H1 > H2) are two magnetic
fields at which magnetization becomes zero (M = 0)
in a magnetization-magnetic field curve (M-H curve)
showing the relationship between magnetic field (H)
and magnetization (M).

5. The magneto-resistive element according to any of
claims 1 to 4, wherein at least one of the magnetic
films has a coercivity of at least 500 Oe.

6. The magneto-resistive element according to any of
claims 1 to 5, further comprising an antiferromag-
netic layer, which is magnetically coupled with the
pinned magnetic layer.

7. A magnetoresistive element, comprising:

an intermediate layer; and
a pair of magnetic layers sandwiching the inter-
mediate layer;

wherein at least one of the magnetic layers
includes an oxide ferrite having a plane orientation
with a (100), (110) or (111) plane; and

0.5 < Mde/Mdo < 1.

s = (H1 + H2)/2,
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wherein a change in electric resistance is de-
tected by introducing an external magnetic field in
said plane.

8. The magneto-resistive element according to claim
7, wherein the external magnetic field is introduced
in a direction of the axis of easy magnetization in
said plane.

9. The magneto-resistive element according to claim
8, wherein the oxide ferrite is oriented in the (110)
plane, and, taking the direction of the <100> axis in
that plane as 0°, the external magnetic field is intro-
duced at an angle in a range of at least 30° and at
most 150° in that (110) plane.

10. The magneto-resistive element according to claim
8, wherein the oxide ferrite is oriented in the (100)
plane, and, taking the direction of the <100> axis in
that plane as 0°, the external magnetic field is intro-
duced at an angle in a range of at least 40° and at
most 50° or at least 130° and at most 140° in that
(100) plane.

11. The magneto-resistive element according to claim
8, wherein the oxide ferrite is aligned in the (111)
plane and the external magnetic field is introduced
in that (111) plane.

12. The magneto-resistive element according to claim
7, wherein the oxide ferrite is non-orientated in said
plane.

13. The magneto-resistive element according to any of
claims 7 to 12, wherein the oxide ferrite is magnet-
ite.

14. The magneto-resistive element according to any of
claims 1 to 13, wherein the intermediate layer is
made of a semiconductor or an insulator and in-
cludes at least one element selected from oxygen,
nitrogen, carbon and boron.

15. The magneto-resistive element according to any of
claims 1 to 13, wherein the intermediate layer is
made of a conductive material including a transition
metal.

16. The magneto-resistive element according to claim
15, wherein the element area, which is the area of
the intermediate layer in a plane perpendicular to
the direction in which current flows, is not larger
than 0.1 µm2.

17. A method for manufacturing a magnetoresistive el-
ement comprising an intermediate layer and a pair
of magnetic layers sandwiching the intermediate
layer, wherein at least one of the magnetic layers

includes an oxide ferrite; the method comprising:
forming the oxide ferrite by sputtering with an

oxide target while applying a bias voltage to a sub-
strate including a plane on which the oxide ferrite is
to be formed so as to adjust an amount of oxygen
supplied to the oxide ferrite from the oxide target.

18. The method for manufacturing a magneto-resistive
element according to claim 17, wherein the applied
bias voltage is a high-frequency bias voltage.

19. The method for manufacturing a magneto-resistive
element according to claim 17 or 18, wherein the
substrate temperature is at least 250°C and at most
700°C.

20. A method for forming a magnetic compound film,
the method comprising:

forming the magnetic compound film by sput-
tering with a compound target while applying a bias
voltage to a substrate including a plane on which
the magnetic compound film is to be formed so as
to adjust the amount of at least one selected from
oxygen and nitrogen supplied to the magnetic com-
pound film from the compound target.

21. The method for forming a magnetic compound film
according to claim 20, wherein the applied bias volt-
age is a high-frequency bias voltage.

22. The method for forming a magnetic compound film
according to claim 20 or 21, wherein the substrate
temperature is at least 250°C and at most 700°C.
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