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ABSTRACT

A magnetic thin film being ferromagnetic and exhibiting
large spin polarization at room temperature is provided that
comprises a substrate (2) and a Co2Fe(Si,_xAlx) thin film (3)
formed on the substrate (2) where 0<x<1 and wherein the
Co2Fe(Si,_Alx) thin film (3) has a L21 or a B2 structure.
There may be interposed a buffer layer (4) between the substrate (2) and the Co2Fe(Si,_Alx) thin film (3). A tunneling
magnetoresistance effect device and giant magnetoresistance
effect device using such a magnetic thin film exhibit large
TMR and GMR at room temperature, with low electric current and under low magnetic field. Using such a magnetoresistance effect device, a magnetic device and a magnetic
apparatus such as a magnetic sensor, a magnetic head or
MRAM are provided.
30 Claims, 19 Drawing Sheets
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MAGNETIC THIN FILM, AND
MAGNETORESISTANCE EFFECT DEVICE
AND MAGNETIC DEVICE USING THE SAME
TECHNICAL FIELD

5

The present invention relates to a magnetic thin film that
has a large spin polarization and also to a magnetoresistance
effect device and a magnetic device using the same.
10

BACKGROUND ART
In recent years, a giant magnetoresistance (GMR) effect
device consisting of a multi-layered film of ferromagnetic
layer/nonmagnetic metal layer and a ferromagnetic tunneling
junction (MTJ) device comprised of ferromagnetic layer/insulating layer/ferromagnetic layer have been drawing attention as new magnetic field sensors and nonvolatile random
access magnetic memory (MRAM) devices. As giant magnetoresistance effect devices there are known those of CIP (Current in Plane) structure in which an electric current is passed
in a film plane and those of CPP (Current Perpendicular to the
Plane) in which a current is passed in a direction perpendicular to a film plane. Principles of the giant magnetoresistance
effect device reside in spin dependent scattering at an interface between a magnetic and a nonmagnetic layer and also in
contribution of spin dependent scattering in a magnetic material (bulk scattering). Therefore, in general, the giant magnetoresistance effect device of the CPP structure that is effective
in enhancement of the bulk scattering has larger GMR than
that of the giant magnetoresi stance effect device of CIP structure.
As such giant magnetoresistance effect devices, those of
spin valve type in which an antiferromagnetic layer is brought
close to one of ferromagnetic layers to pin spin of the ferromagnetic layer have been used. In the case of spin valve type
giant magnetoresistance effect devices, since the resistivity of
the antiferromagnetic layer is about 200 ltQ•cm or so that is
larger by two orders than that of the GMR film, their GMR
effect have been weakened. The value of magnetoresistance
of the giant magnetoresi stance effect device of spin valve type
and with CPP structure is as small as 1% or lower. Thus, while
giant magnetoresistance effect device of CIP structure have
already been practically used in the read head of a hard disk,
no giant magnetoresi stance effect device of CPP structure has
as yet been brought to practical applications. However, if a
magnetic material such as a half-metal that has a large spin
polarization is developed, its use is expected to bring about
large bulk scattering with the result of a large CPP-GMR
anticipated.
On the other hand, with a MTJ device in which two ferromagnetic layers are controllably magnetized by an external
magnetic field to magnetically orient parallel or antiparallel
to each other to obtain at room temperature what is called the
tunneling magnetoresistance (TMR) effect in which tunnel
currents in directions perpendicular to film plane are different
in magnitude from each other (see Non-patent Reference 1).
It is known that the TMR effect depends on spin polarization
P at an interface between a ferromagnetic and an insulating
material used. With the assumption that the spin polarization
values of two ferromagnetic materials are P, and P2, respectively, it is known that TMR is given by equation (1) (Jullier's
equation) below.
TMR=2P1P2/(1-P1P2)
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where spin polarization P of a ferromagnetic material takes a
value: 0<P<1.

If Al oxide film is used as the insulating material constituting a barrier, the maximum value of TMR at room temperature which has been obtained at present is about 60% of that
when CoFeB alloy is used.
MTJ devices at present have been put to practical use in
magnetic heads for hard disks and in the future are expected
of their application to a nonvolatile magnetic random access
memory (MRAM). In the MRAM, MTJ devices are arranged
in a matrix. A magnetic field is applied to them by flowing an
electric current to separately provided wirings so that two
magnetic layers constituting each MTJ device are controlled
parallel or antiparallel to each other to record "1" or "0". Its
readout is performed by utilizing the TMR effect. However,
reducing the devices in size to increase the density of the
MRAM causes noises to grow due to their non-uniformity,
giving rise to the problem that the TMR value is deficient at
present. Thus, the need arises to develop a device that exhibits
a larger TMR.
As is apparent from equation (1), the use of a magnetic
material having P=1 allows expectation that the TMR is infinitely large. A magnetic material satisfying P=1 is termed as
a half-metal. So far, from band structure computations, oxides
such as Fe304, Cr02 , (La Sr)MnO3, Th2MnO7 and
Sr2FeMoO6, half-Heusler alloys such as NiMnSb and fullHensler alloys such as Co2MnGe, Co2MnSi and Co2CrAl
having L21 structure are known as half-metals.
Of late, a large TMR of 200% or more at room temperature
has been attained using MgO barrier and a ferromagnetic
layer of Fe or FeCoB. However, it was utilizing the MgO
barrier and special band structures of the above ferromagnetic
layer. Such a large TMR was attained only with their particular combination. The spin polarization of the ferromagnetic
layer itself is not so large. Indeed, the spin polarization of Fe
is around 0.4 and that of FeCoB is about 0.6. Such a large
TMR can not be obtained by using Al oxide barrier.
In order to have the L21 structure with a full-Heusler alloy,
it is usually necessary that a substrate be heated to 300° C. or
higher, or, after deposition at room temperature, be heattreated at 300° C. orhigher. However, even if the L21 structure
is obtained, there has been no report that a prepared thin film
is recognized as a half-metal at room temperature. In fact, any
of the tunnel junction devices prepared using such a halfmetal materials had unexpectedly low TMRs at room temperature. When Al oxide film was used as a barrier, they were
60 to 70% at the maximum of those of the cases where
Co2MnAl and Co2MnSi Hensler alloys were used. Moreover,
these Hensler alloys containing Mn are liable to be oxidized
at an interface and hardly to have a stabilized TMR. Further,
due to their liability to oxidation they are large in junction
resistance and commonly have a product of resistance and
area (RA) amounting to 107Q im2 or more. Too high the
resistance makes the application to hard disk and mass-storage MRAM difficult.
In practice, it is very difficult to fabricate a thin film of such
a half-metal. The causes are considered to include the susceptibility of property of a half-metal to its composition and
regularity of its atomic arrangement, especially in a tunnel
junction, the difficulty to have the electronic state of a halfmetal at its interface, and also the increase in surface roughness and the interface oxidation caused by heating or heattreating a substrate as necessitated in securing the structure of
a half-metal thin film.
The present inventors had fabricated MTJ devices using
various full-Heusler alloys in the past. We have reported that
when a Co2FeA1 full-Heusler alloy thin film fabricated on a
MgO substrate is used, a TMR of 50% or more at room
temperature is obtained stably (see Non-patent Reference 2).
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It has also discovered that the Co2FeA1 structure then is not of
layer constituting a free layer, an insulating layer constituting
a tunnel layer and a ferromagnetic layer constituting a pinned
L21 but B2 in disordered structure and it is difficult to obtain
layer, in which either of the ferromagnetic layers is comprised
the L21 structure in this composition.
of a Co2Fe(Si1 _xAlx) magnetic thin film (where 0<x<1)
Meanwhile, it has lately been reported that Co2FeSi fullHeusler alloy becomes a half-metal. It has been reported by 5 formed on the substrate and having a L21 or a B2 structure.
Said Co2Fe(Si1 _xAlx) magnetic thin film (where 0<x<1)
the present inventors that this material has the L21 structure
can be used as a free layer. The substrate can be comprised of
easily obtained in bulk and the L21 structure obtained in a thin
any one of thermally oxidized Si, glass, MgO single crystal,
film as well. However, it is reported by the present inventors
GaAs single crystal and A1203 single crystal. A buffer layer
in Non-patent Reference 3 that in a tunnel junction using this
material, the TMR at room temperature is as low as around io may be interposed between the substrate and the Co2Fe(Si,_x
Al') thin film (where 0<x<1), the buffer layer being com40% and no large TMR as expected from the half-metal is
posed of at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and
obtained.
full-Heusler alloy.
Non-patent Reference 1: T. Miyazaki and N. Tezuka "Spin
According to the structure mentioned above, a tunneling
polarized tunneling in ferromagnet/insulator/ferromagnet
junctions", J. Magn. Magn. Mater. 151, pp. 403-410, 1995; 15 magnetoresistance effect device can be provided exhibiting
large TMR at room temperature, with low current and under
Non-patent Reference 2: Okamura et al., Appl. Phys. Lett.,
low external magnetic field.
Vol. 86, pp. 232503-1 to 232503-3, 2005; and
There is also provided in accordance with the present
Non-patent Reference 3: Inomata et al., J. Phys. D, Vol. 39,
invention a giant magnetoresistance effect device characterpp. 816-823, 2006
20 ized in that it comprises a substrate, a ferromagnetic layer
constituting a free layer, a nonmagnetic metal layer and a
DISCLOSURE OF THE INVENTION
ferromagnetic layer constituting a pinned layer, in which
either of the ferromagnetic layers is comprised of a Co2Fe
Problems to be Solved by the Invention
(Sii _xAlx) magnetic thin film (where 0<x<1) formed in a L21
While there have so far existed as mentioned above many 25 or a B2 structure on the substrate, the magnetic thin film
having an electric current flown through in a direction permaterials indicated to be half-metals theoretically, none of
pendicular to a film face thereof.
their prepared thin films has exhibited the half-metal property
Said Co2Fe(Si1 _ lx) magnetic thin film (where 0<x<1)
at room temperature. Thus, there is the problem that such a
can be used as a free layer. The substrate can be comprised of
large TMR as is expected with a half-metal has not been
3o any one of thermally oxidized Si, glass, MgO single crystal,
obtained.
GaAs single crystal and A1203 single crystal. A buffer layer
In view of theproblem mentioned above, the present invenmay preferably be interposed between the substrate and the
tion has for its objects to provide a magnetic thin film of large
Co2Fe(Si,_ lx) thin film (where 0<x<1), and the buffer layer
spin polarization with which a TMR that is larger than that of
is composed of at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy
FeCo or FeCoB alloy conventionally obtained at room temperature and a magnetoresistance effect device such as TMR 35 and full-Heusler alloy.
According to the structure mentioned above, a giant magor GMR device and a magnetic device, using such a magnetic
netoresistance effect device can be provided exhibiting large
thin film, and also to provide a magnetic apparatus such as
GMR at room temperature, with low current and under low
magnetic head or memory, using the same.
external magnetic field.
Means for Solving the Problems
40
The present invention also provides a magnetic device
characterized in that it comprises a substrate and a Co2Fe
Having fabricated a Co2Fe(Sn-A1x) thin film (where
(Si,-, Al') magnetic thin film formed on the substrate where
0<x<1) and a ferromagnetic tunneling junction (MTJ) device
0<x<1 and wherein the Co2Fe(Si, Al,) thin film has a L21 or
and others using the same, the present inventors have discova B2 structure.
ered that said film is ferromagnetic at room temperature and 45
The magnetic device mentioned above preferably comexhibits a large TMR such as to exceed 70% at room temprises a tunneling magnetoresistance effect device or a giant
perature, and are led to accomplish the present invention.
magnetoresistance effect device having a ferromagnetic layer
In order to achieve the object mentioned above, there is
constituting a free layer, in which the free layer is comprised
provided in accordance with the present invention a magnetic
of the Co2Fe(Si1 _lx) magnetic thin film formed on the subthin film characterized in that it comprises a substrate and a 50 strate (where 0<x<1). The substrate may be comprised of any
Co2Fe(Si1 -xA1z) thin film formed on the substrate where
one of thermally oxidized Si, glass, MgO single crystal, GaAs
0<x<1 and wherein the Co2Fe(Si, Al) thin film has a L21 or
single crystal andA1203 single crystal. Between the substrate
a B2 structure.
and the Co2Fe(Si1 _xAlx) thin film (where 0<x<1) there may
In the structure mentioned above, the substrate can be
preferably be interposed a buffer layer which is composed of
comprised of any one of thermally oxidized Si, glass, MgO 55 at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and fullsingle crystal, GaAs single crystal and A1203 single crystal.
Heusler alloy.
Preferably a buffer layer is interposed between the substrate
According to the structure mentioned above, a magnetic
and the Co2Fe(Si1 Alx) thin film, the buffer layer being comdevice can be provided using a magnetoresistance effect
posed of at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and
device exhibiting large TMR or GMR at room temperature,
full-Heusler alloy.
60 with low current and under low external magnetic field.
The thin film ofCo2Fe(Si1 _ lx) (where 0<x<1) according
The present invention further provides a magnetic apparato the present invention which is ferromagnetic at room temtus characterized in that it comprises a substrate and a Co2Fe
perature can be of a half-metal that is high in spin polariza(Si l_ lx) magnetic thin film formed on the substrate where
tion.
0<x<1 and wherein said Co2Fe(SnAlx) thin film has a L21
There is also provided in accordance with the present 65 or a B2 structure.
invention a tunneling magnetoresistance effect device charThe magnetic apparatus mentioned above preferably comacterized in that it comprises a substrate, a ferromagnetic
prises a tunneling magnetoresistance effect device or a giant
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magnetoresistance effect device having a ferromagnetic layer
constituting a free layer, in which the free layer is comprised
of the Co2Fe(SdAl,) magnetic thin film formed on the substrate (where 0<x<1). The substrate may be comprised of any
one of thermally oxidized Si, glass, MgO single crystal, GaAs
single crystal andA1203 single crystal. Between the substrate
and the Co2Fe(Si1 _xAl) thin film (where 0<x<1) there may
preferably be interposed a buffer layer which is composed of
at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and fullHeusler alloy. Preferably the magnetic apparatus is one of
apparatuses of the class that consists of a magnetic sensor, a
hard disk driver (HDD) with a magnetic head, and an MRAM.
Using a magnetoresistance effect device exhibiting large
TMR or GMR at room temperature, with low electric current
and under low external magnetic field in accordance with the
above-mentioned structure, a variety of magnetic apparatus
can be provided such as a MRAM with a large capacity, a
HDD with high density and sensor with a high sensitivity.
Effects of the Invention
As will be appreciated from the foregoing description, a
magnetic thin film using Co2Fe(Si, Alx) (where 0<x<1) having L21 or B2 structure of the present invention exhibits
ferromagnetic properties and has a large spin polarization.
A giant magnetoresistance effect device using a Co2Fe
(Si,-, Al') (where 0<x<1) magnetic thin film having L21 or
B2 structure of the present invention allows an extremely
large GMR to be attained at room temperature, with low
electric current and under low external magnetic field. A
tunneling magnetoresistance effect device likewise allows
having a very large TMR.
If a magnetoresistance effect device of every kind that uses
a magnetic thin film of Co2Fe(Si1 _ lx) (where 0<x<1) having L21 or B2 structure of the present invention is applied to
a variety of magnetic apparatus including a magnetic head of
ultra-high density HDD and a nonvolatile and high-speed
operating MRAM, it is then possible to realize a magnetic
apparatus of small size and high performance. It can be
applied also for a spin injection device that requires small in
saturation magnetization and large in spin polarization
whereby magnetization reversal current by spin injection can
be reduced. In addition to the possibility thus to achieve
magnetization reversal with a reduced power consumption, it
is possible to implement effective spin injection into a semiconductor, leading to the likelihood of a spin-FET being
developed. As such, a magnetic thin film according to the
present invention can be utilized as a key material to develop
a new field of spin electronics.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a cross sectional view of a magnetic thin film
according to a first form of implementation of the present
invention;
FIG. 2 is a cross sectional view of a modification of the
magnetic thin film according to the first form of implementation;
FIG. 3 is a diagrammatic explanatory view of a structure of
Co2Fe(Si, _zAlx) (where 0<x<1) used in the magnetic thin film
according to the first form of implementation;
FIG. 4 is a view illustrating the cross section of a magnetoresistance effect device using a magnetic thin film according to a second form of implementation;
FIG. 5 is a view illustrating the cross section of a modification of the magnetoresistance effect device using the magnetic thin film according to the second form of implementation;
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FIG. 6 is a view illustrating the cross section of an alternative modification of the magnetoresistance effect device
using the magnetic thin film according to the second form of
implementation;
FIG. 7 is a view illustrating the cross section of a magnetoresistance effect device using a magnetic thin film according to a third form of implementation;
FIG. 8 is a view illustrating the cross section of a modification of the magnetoresistance effect device using the magnetic thin film according to the third form of implementation;
FIG. 9 is a graph illustrating results of measurement on
X-ray diffraction of a Co2Fe(Si0.5A10.5) thin film of Example
1;
FIG. 10 is a graph illustrating results of measurement on
X-ray diffraction of a Co2Fe(Si0.5A10.5) thin film of Example

15 2;

FIG. 11 is a graph illustrating a temperature dependence of
the magnetization of the Co2Fe(Si0.5Al0.5) thin film of
Example 2;
FIG. 12 is a graph illustrating a magnetic field dependence
20 of the resistance of a tunneling magnetoresistance effect
device of Example 3 at room temperature;
FIG. 13 is a graph illustrating a temperature magnetic field
dependence of the TMR in the tunneling magnetoresistance
effect device of Example 3;
25
FIG. 14 is a graph illustrating a composition dependence of
the TMR of a Co2Fe(Si1 _xAlx) thin film in the tunneling
magnetoresistance effect device of Examples 3-8 and Comparative Examples 1-2 at room temperature;
FIG. 15 is a graph illustrating dependences at room tem30
perature on film thickness of MgO layer of the TMR and the
junction resistance in a tunneling magnetoresistance effect
device of Example 12;
FIG. 16 is a graph illustrating a temperature dependence of
the TMR in a tunneling magnetoresistance effect device of
35
Example 12 in which MgO had a film thickness of 1.7 nm and
the Co2Fe(Si0.5Al0.5) thin film was heat-treated at temperature of 430° C.;
FIG. 17 is a graph illustrating a magnetic field dependence
of the resistance of the tunneling magnetoresistance effect
40
device at 5K in FIG. 16;
FIG. 18 is a graph illustrating a dependence on heat treatment temperature of the TMR in the tunneling magnetoresistance effect device of Example 12; and
FIG. 19 is a graph illustrating a dependence on heat treatment temperature of the junction resistance in the tunneling
magnetoresistance effect device of Example 12.
DESCRIPTION OF REFERENCE CHARACTERS
50

55

1, 5:
2:
3, 16
4:
10, 15, 20:
11:
12, 22:
13:
14:
21:
30,35:

Magnetic thin film
Substrate
Co2Fe(Si1 _XAIz) thin film
Buffer layer
Tunneling magnetoresistance effect device
Insulating layer
Ferromagnetic layer
Antiferromagnetic layer
Electrode layer
Nonmagnetic metal layer
Giant magnetoresistance effect device

60

BEST MODES FOR CARRYING OUT THE
INVENTION
65

An explanation will hereinafter be given in detail of the
present invention with reference to forms of implementation
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thereof shown in the Drawing Figures in which like reference
characters are used to designate like or corresponding components.
At first, a first form of implementation of magnetic thin
film according to the present invention will be shown.
FIG. 1 is a cross sectional view of a magnetic thin film
according to the first form of implementation of the present
invention. In a magnetic thin film 1 of the present invention as
shown in FIG. 1, a thin film 3 of Co2Fe(Si1 _,Al,) having L21
or B2 structure is disposed on a substrate 2. Here, composition xis 0<x<1). The Co2Fe(Si1 _xAlx) thin film 3 is ferromagnetic at room temperature. The Co2Fe(Si1 Al,) thin film 3 on
the substrate 2 may have a film thickness of not less than 1 nm
and not greater than 1 µm.
FIG. 2 is a cross sectional view of a modified magnetic thin
film according to the first form of implementation of the
present invention. As shown in FIG. 2, the magnetic thin film
3 of the present invention in the structure of the magnetic thin
film 1 of FIG. 1 further has a buffer layer 4 interposed between
the substrate 2 and the thin film 3 of Co2Fe(Si1-,Al) (where
0<x<1). Interposing the buffer layer 4 can further improve the
crystal quality of the thin film 3 of Co2 Fe(Si1-,A7x) (where
0<x<1) on the substrate 1 and reduce its surface roughness.
The substrate 2 used in the magnetic thin film 1, 5 may be
of polycrystal of such as thermally oxidized Si or glass or
single crystal of such as MgO, A1203 or GaAs. As the buffer
layer 4, a body-centered cubic crystalline metal such as Cr, V,
Nb, Ta, Fe or FeCo alloy or a full-Heusler alloy may be used.
Providing the buffer layer 4 on the substrate 2 allows fabricating the thin film 3 of Co2Fe(Si1 _ lx) (where 0<x<1) having L21 or B2 structure that is of smooth surface and better
crystal quality.
The film thickness of the thin film 3 of Co2Fe(Si1 _blx)
(where 0<x<1) may be not less than 1 nm and not more than
1 µm. When the film thickness is less than 1 nm and when the
film thickness exceeds 1 µm, then it undesirably becomes
difficult to practically obtain the L21 or B2 structure as
described later and to be applied as a spin device, respectively.
Next, the function of the magnetic thin film of first form of
implementation 1 so constructed as mentioned above will be
explained.
FIG. 3 is an explanatory view diagrammatically illustrating
a structure of Co2Fe(Sil Al) (where 0<x<1) used in the
magnetic thin film according to the first form of implementation of the present invention. The structure as shown is
octuple (twice in lattice constant) of a conventional unit cell
of bcc (body centered cubic lattice) structure.
In the L21 structure of Co2Fe(Si1 Al,), Si andAl atoms are
arranged at positions I in FIG. 3 so that their composition ratio
meets Sil_,Alx (where 0<x<1), and Fe atoms are arranged at
positions II and Co atoms at positions III and IV.
Further, the B2 structure of Co2Fe(Si1 Alx) is that in
which Fe, Si and Al atoms are arranged irregularly at positions I and II in FIG. 3. Then, Si and Al atoms are arranged so
that their composition ratio meets Sil Alx (where 0<x<1).
Next, the magnetic property of the magnetic thin film 1, 5
constructed as above according to the form of implementation
1 will be explained.
The thin film 3 of Co2Fe(Si l Alx) constructed as above is
ferromagnetic at room temperature and it is obtained as the
thin film 3 of Co2Fe(Sil _ 7x) (where 0<x<1) of L21 or B2
structure. If a thin film 3 of Co2Fe(Sil Alx) (where 0<x<1) is
deposited on a heated substrate 2 or the thin film deposited is
heat-treated, there results either L21 or B2 structure depending on the heating temperature. The composition x of Co2Fe
(Si l Alx) thin film 3 was conditioned to be 0<x<1 because
x-0 or 1 does not yield large TMR or GMR in tunneling
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magnetoresistance effect devices or giant magnetoresistance
effect devices of CPP structure.
The B2 and L21 structures of Co2Fe(Si l-,Alz) (where
0<x<1) are similar, but differ from each other in that in the
5 L21 structure, Si (Al) and Fe atoms are regularly arranged and
in the B2 structure they are irregularly arranged. These differences can be measured by X-ray diffraction.
Next, a second form of implementation of the present
invention on a magnetoresistance effect device using a magio netic thin film will be shown.
FIG. 4 is a view illustrating the cross section of a magnetoresistance effect device using a magnetic thin film in accordance with the second form of implementation of the present
15 invention. The magnetoresistance effect device using a magnetic thin film in accordance with the present invention is
shown as a tunneling magnetoresistance effect device. As
shown in FIG. 4, the tunneling magnetoresistance effect
device 10 has a thin film 3 of Co2Fe(Si1 Alx) (where 0<x<1)
20 disposed, e.g., on a substrate 2 and has the structure that an
insulating layer 11 constituting a tunnel barrier, a ferromagnetic layer 12 and an antiferromagnetic layer 13 are deposited
successively in this order thereon.
Here, the antiferromagnetic layer 13 is used for the sake of
25 a structure of what is called spin valve type, for pinning spins
of the ferromagnetic layer 12. In this structure, the thin film 3
of Co2Fe(Si i Al,) (where 0<x<1) is referred to as a free layer
and the ferromagnetic layer 12 as a pinned layer. Note also
that the ferromagnetic layer 12 may be a monolayer or mul30
tilayer structure. The insulator layer 11 may be composed of
A1203, AlO, as an Al oxide or MgO. The ferromagnetic layer
12 may be a CoFe, NiFe or CoFeB layer or a composite layer
of CoFe and NiFe. The antiferromagnetic layer 13 may be
35 composed of IrMn or the like. Furthermore, it is preferred that
the antiferromagnetic layer 13 in the tunneling magnetoresistance effect device 10 has an electrode layer 14 formed
thereon, constituting a protective layer.
FIG. 5 is a view illustrating the cross section of a modifi40 cation of the magnetoresistance effect device using a magnetic thin film in accordance with the second form of implementation of the present invention. A tunneling
magnetoresistance effect device 15 as a magnetoresistance
effect device using a magnetic thin film in accordance with
45 the present invention has a buffer layer 4 and a thin film 3 of
Co2Fe(Sil Alx) (where 0<x<1) disposed on a substrate 2 and
has the structure that an insulating layer 11 constituting a
tunnel barrier, a ferromagnetic layer 12 constituting a pinned
layer, an antiferromagnetic layer 13 and a nonmagnetic elec50 trode layer 14 as a protective layer are deposited successively
in this order. The structure of FIG. 5 is identical to that of FIG.
4 except that the buffer layer 4 is arranged in addition to the
structure of FIG. 4.
FIG. 6 is a view illustrating the cross section of an altema55 tive modification of the magnetoresistance effect device
using the magnetic thin film in accordance with the second
form of implementation of the present invention. A tunneling
magnetoresistance effect device 20 as the magnetoresistance
effect device using the magnetic thin film in accordance with
60 the present invention has the buffer layer 4 and the thin film 3
ofCo2Fe(Si1-A) (where 0<x<1) disposed on the substrate 2
and has the structure that the insulating layer 11 constituting
the tunnel barrier, a thin film 16 of Co2Fe(Si l_ lx) (where
0<x<1), the antiferromagnetic layer 13 and the nonmagnetic
65 electrode layer 14 as the protective layer are deposited successively in this order. The structure of FIG. 6 is identical to
that of FIG. 5 except that the thin film 16 of Co2Fe(Si1_,Al,)
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(where 0<x<1) as the thin film of the present invention is used
Since in a tunneling magnetoresistance effect device 20,
the ferromagnetic layer 16 as the pinned layer is also formed
for the ferromagnetic layer 12 constituting the pinned layer in
of Co2Fe(Si1 _xAlx) (where 0<x<1) having large spin polarFIG. 5.
ization, identically forming the thin film 3 of Co2Fe(Si, Al,)
Note that the ferromagnetic layer 16 as the pinned layer
may be a multi-layered film comprised of a thin film of 5 (where 0<x<1) as the pinned layer and which thus makes the
denominator yet smaller in equation (1) shown above. Thus,
Co2Fe(Si1 _xAlx) (where 0<x<1) and a ferromagnetic layer
the tunneling magnetoresistance effect device 20 makes the
such as of CoFe.
denominator yet smaller in equation (1) shown above, the
A voltage when applied to the tunneling magnetoresi stance
TMR of the tunneling magnetoresistance effect device
effect device 10, 15, 20 is applied between the thin film 3 of
io becomes still larger. Thus, the tunneling magnetoresistance
Co2Fe(Si1 _xAlx) (where 0<x<1) or the buffer layer 4 and the
effect device 20 of the present invention is made well suitable
electrode layer 14. Also, an external magnetic field is applied
for a magnetic device such as MRAM requiring large TMR.
inside of and parallel to film planes. The way to flow an
Next, a third form of implementation on the magnetoresiselectric current to the buffer layer 4 and the electrode layer 14
tance effect device using the magnetic thin film of the present
can be to pass the electric current in a direction perpendicular 15 invention will be shown.
to the film planes in a CPP structure.
FIG. 7 is a view illustrating the cross section of a magneHere, the substrate 2 used in the tunneling magnetoresistoresistance effect device using a magnetic thin film in accortance effect device 10, 15, 20 may be of polycrystal such as of
dance with the third form of implementation of the present
thermally oxidized Si or glass or single crystal such as of
invention. The magnetoresistance effect device using a magMgO, A1203 or GaAs. Also, the buffer layer 4 used may be 2o netic thin film in accordance with the present invention is
composed of at least one of Cr, Ta, V, Nb, Ru, Fe, a FeCo alloy
shown as a giant magnetoresistance effect device. As shown
or a full-Heusler alloy. The thin film 3 of Co2Fe(Si1 _xAl )
in the Figure, the giant magnetoresi stance effect device 30 has
(where 0<x<1) may have a film thickness not less than 1 nm
a buffer layer 4 and a thin film 3 of Co2Fe(Si1 _lx) (where
and not more than 1 µm. If the film thickness is less than 1 nm
0<x<1) disposed as a free layer constituting a ferromagnetic
and if the film thickness exceeds 1 µm, then it undesirably 25 body on a substrate 2 and has the structure that a nonmagnetic
becomes difficult to practically obtain the L21 or B2 structure
metal layer 21, a ferromagnetic layer 22 as a pinned layer and
and to be applied as a tunneling magnetoresistance effect
a nonmagnetic electrode layer 14 as a protective layer are
device, respectively.
deposited successively in this order thereon.
A tunneling magnetoresistance effect device 10, 15, 20 of
Here, the giant magnetoresistance effect device has a voltthe present invention so constructed as mentioned above may so age applied between the buffer layer 4 and the electrode layer
be manufactured using a conventional thin film deposition
14 for CPP structure. Also, an external magnetic field is
process such as sputtering, vapor deposition, laser ablation or
applied inside of and parallel to film planes. The way to flow
MBE method and a masking process etc. for forming such as
an electric current to the buffer layer 4 and the electrode layer
an electrode of a given shape.
14 can be to pass the electric current in a direction perpenNext, the operation of the tunneling magnetoresistance 35 dicular to the film planes in a CPP structure, while an electric
effect device 10, 15 as a magnetoresistance effect device
current flows inside of the film planes in a CIP structure for
using the magnetic thin film of the present invention will be
applied voltage in an electrode layer.
explained.
FIG. 8 is a view illustrating the cross section of a modified
In the magnetoresistance effect device 10, 15 using the
giant magnetoresistance effect device using the magnetic thin
magnetic thin film of the present invention in which the two 40 film according to the third form of implementation of the
ferromagnetic layers 3 and 12 are used. As the spin valve type,
present invention. The giant magnetoresistance effect device
spins in one of them 12 (pinned layer) are pinned by the
35 here is identical to the giant magnetoresistance effect
adjacent antiferromagnetic layer 13. When an external magdevice 30 in FIG. 7 except that an antiferromagnetic layer 13
netic field is applied, spins only in the thin film 3 of Co2Fe
is disposed between the ferromagnetic layer 22 and the elec(Si1-xA7x) (where 0<x<1) constituting the other ferromag- 45 trode layer 14 to provide a giant magnetoresistance effect
netic free layer are inverted.
device of spin valve type. Repeated description of the other
The ferromagnetic layer 12 is thus magnetized by
structural details that are identical to those in FIG. 7 is omitexchange interaction with the antiferromagnetic layer 13,
ted.
pinning spins in one direction. Therefore, spins of the thin
The antiferromagnetic layer 13 acts to pin spins of the
film 3 of Co2Fe(Si1 Alz) (where 0<x<1) as the free layer are 5o adjacent ferromagnetic layer 22 constituting the pinned layer.
readily made parallel or antiparallel. As the thin film 3 of
Here, the giant magnetoresistance effect device 30, 35 has a
Co2Fe(Sn_zAl) (where 0<x<1) constituting the ferromagvoltage applied between the buffer layer 4 and the electrode
netic layer has a spin polarization as large as 0.5 or more at
layer 14. Also, an external magnetic field is applied inside of
room temperature, the TMR of the tunneling magnetoresisand parallel to film planes. The way to flow an electric current
tance effect device 10, 15 of the present invention becomes 55 to the buffer layer 4 and the electrode layer 14 can be to pass
extremely large. Since the thin film 3 of Co2Fe(Si1 _lx)
in a direction perpendicular to the film planes in a CPP struc(where 0<x<1) as the free layer is then small in magnetizature, while an electric current flows inside of the film planes in
tion, its demagnetizing field may correspondingly be small,
a CIP structure for applied voltage in an electrode layer.
permitting its magnetization to be inverted under small magThe substrate 2 used in the giant magnetoresistance effect
netic field. Thus, the tunneling magnetoresistance effect 6o device 30, 35 may be of polycrystal such as of thermally
device 10,15 of the present invention is made well suitable for
oxidized Si or glass or single crystal such as of MgO, A1203
a magnetic device such as MRAM requiring its magnetization
or GaAs. Also. The buffer layer 4 used may be composed of
reversal with low electric power.
at least one of Cr, Ta, V, Nb, Ru, Fe, a FeCo alloy or a
Next, the operation of the tunneling magnetoresistance
full-Heusler alloy. The nonmagnetic metal layer 21 used may
effect device 20 as a magnetoresistance effect device using 65 be of Cu, Al, Cr or the like. Also, the ferromagnetic layer 22
the magnetic thin film of the present invention will be
used may be a film of any one of such as CoFe, NiFe and
explained.
Co2Fe(Si1Al,) (where 0<x<1), or a composite film consist-
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ing of such materials. And, IrMn, PtMn or the like may be
used for the antiferromagnetic layer 13.
The thin film 3 of Co2Fe(Si1 _xAlx) (where 0<x<1) may
have a film thickness not less than 1 nm and not more than 1
µm. If the film thickness is less than 1 nm and if the film 5
thickness exceeds 1 µm, then it undesirably becomes difficult
to practically obtain the L2, or B2 structure and to apply as a
giant magnetoresistance effect device, respectively.
The giant magnetoresistance effect device 30, 35 of the
present invention so constructed as mentioned above may be io
manufactured using a thin film deposition process such as
sputtering, vapor deposition, laser ablation or MBE method
and a masking process for forming such as an electrode of a
given shape.
Next, an operation of the giant magnetoresistance effect 15
device 30 as a magnetoresistance effect device using the
magnetic thin film of the present invention will be explained.
The thin film 3 of Co2Fe(Si1 _xAlx) (where 0<x<1) as a ferromagnetic layer being a half-metal, there results an extremely
large magnet resistance or GMR since it is only spins in one 20
direction of the thin film 3 of Co2Fe(Si1_ Al) (where 0<x<1)
that contribute conduction when an external magnetic field is
applied.
Next, an operation of the giant magnetoresistance effect
device 35 as a magnetoresistance effect device using the 25
magnetic thin film of the present invention will be explained.
In this case, the giant magnetoresistance effect device 35 is
the spin valve type. The spins in the ferromagnetic pinned
layer 22 are pinned by the antiferromagnetic layer 13. When
an external magnetic field is applied, spins in the thin film 3 of 30
Co2Fe(Si1_zA1x) (where 0<x<1) as the free layer are made
parallel and antiparallel by the external magnetic field. Further, because it is only spins in one direction of the thin film 3
of Co2Fe(Si1 _xA7x) (where 0<x<1) that contribute conduction, there results an extremely large GMR.
35
Next, a CPP operation of the giant magnetoresistance
effect device 30, 35 as a magnetoresistance effect device
using the magnetic thin film of the present invention will be
explained. In the giant magnetoresistance effect device of
CPP structure in which the resistivity of Co2Fe(Si1_Alx) 40
(where 0<x<1) is equal to or more than that of the antiferromagnetic layer 13, there is little drop in GMR due to the
presence of the antiferromagnetic layer 13 and results large
CPP-GMR.
Next, a fourth form of the implementation on a magnetic 45
apparatus using a magnetoresistance effect device with a
magnetic thin film of the present invention will be shown.
As shown in FIGS. 1 to 8, a magnetoresistance effect
device of every kind using a magnetic thin film of the present
invention has an extremely large TMR or GMR with a low 50
electric current and under a low magnetic field at room temperature. In this case, the ratio of resistance change when an
external magnetic field is applied is given by equation (2)
below. The greater the given value, which acts as GMR or
TMR effect, is the more desirable.
55
Ratio of resistance change=(Maximum resistance—
Minimum resistance)/(Minimum. resistance) (%)

(2)

The equation indicates that a magnetoresistance effect device
using a magnetic thin film of the present invention gives rise
to a large ratio of resistance change when a magnetic field is
applied which is very slightly larger than zero, namely a low
magnetic field.
Exhibiting large TMR or GMR at room temperature, with
low current and under low magnetic field, a magnetoresistance effect device using a magnetic thin film of the present
invention can be used as a magnetoresistance sensor with
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high sensitivity. A tunneling magnetoresi stance effect device
or giant magnetoresistance effect device using a magnetic
thin film of the present invention can be applied to a variety of
magnetic devices.
Exhibiting large TMR or GMR at room temperature, with
low current and under low magnetic field, a magnetoresistance effect device using a magnetic thin film of the present
invention can also be used to form a highly sensitive readout
magnetic head for HDD.
Also, a magnetoresistance effect device using a magnetic
thin film of the present invention can be used, e.g. as a MTJ
device, in a variety of magnetic apparatus such as a MRAM.
The MRAM has MTJ devices arranged in a matrix, and has
external magnetic field applied to them by flowing electric
current to wirings separately provided. Magnetization of the
ferromagnet constituting the free layer in each MTJ device is
thereby controlled to make spins therein mutually parallel
and antiparallel by the external magnetic field and thus to
record "1" and "0". Further, its readout is performed by utilizing the TMR effect.
Also, MTJ devices of CPP structure as magnetoresistance
effect device of the present invention can be reduced in device
area to permit increasing the storage capacity of a magnetic
apparatus such as MRAM or hard disk drive (HDD). Note that
the term "magnetic apparatus" is used to include a magnetic
head, a magnetic recorder of every kind using a magnetic
head, including a MRAM and a hard disk drive as mentioned
above.
EXAMPLE 1
Specific examples of the present invention will be
explained below.
With the use of a high-frequency magnetron sputtering
system, a thin film 3 of Co2Fe(Si0.5AI0.5) having a thickness
of 100 nm was fabricated on a substrate 2 of MgO (001) and
thereafter was heat-treated at a temperature up to 600° C.
maximum.
FIG. 9 illustrates results of measurement on X-ray diffraction of the Co2Fe(Si 0.5A10.5) thin film 3 of Example 1. In FIG.
9, the ordinate axis represents the X-ray diffraction intensity
(in arbitrary scale) and the abscissa axis represents the angle
(in °), namely an angle corresponding to twice the angle of
incidence 0 of the X-ray on the atomic plane. FIG. 9 indicates
a specimen having the Co2Fe(Si0.5A10.5) thin film 3 deposited
at room temperature and specimens having the depositions
and then heat-treated at 500° C. and 600° C., respectively. As
is apparent from FIG. 9, it is seen that the Co2Fe(Si0.5Al0.5)
thin film 3 has a (001) orientation and is epitaxially grown on
the MgO substrate 2 on rotation of 45° in the film plane.
The inserted graph in FIG. 9 illustrates X-ray diffraction
patterns of the specimens having the Co2Fe(Si0.5AI0.5) thin
films 3 formed at room temperature and then heat-treated at
500° C. and 600° C. It shows the X-ray diffraction patterns in
the case where the angle is set at the (111) diffraction line
corresponding to the ordered phase of L2, structure and then
changed by rotation in the film plane. It has been found that
this film has an L21 structure from the observed tetragonal
diffraction pattern.
On the other hand, in the case of the Co2Fe(Si0.5AI0.5) thin
film 3 not heat-treated (not shown), the (111) diffraction
pattern was not observed and the film was found to be of a B2
structure. Thus, it has been found that the Co2 Fe(Si0.5AI0.5)
thin film 3 fabricated on the MgO substrate 2 in Example 1
has the B2 or L21 structure depending on a suitable temperature of heat treatment.
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EXAMPLE 2
A Co2Fe(Si0.5A10.5) thin films 3 of 100 nm thickness was
fabricated in the same manner as in Example 1 except the use
of a buffer layer 4 consisting of Cr. Afterwards it was heattreated at temperature up to 600° C. maximum.
FIG. 10 illustrates results of measurement on X-ray diffraction of the Co2Fe(Si0.5A10.5) thin film 3 of Example 2.
The ordinate and the abscissa axes are same as in FIG. 9. FIG.
10 indicates a specimen having the Co2Fe(Si0.5A10.5) thin
film 3 deposited at room temperature and specimens having
the depositions and then heat-treated at 400° C. and 500° C.,
respectively.
As is apparent from FIG. 10, it is seen that the Co2Fe
(Si05A10s) thin film 3 fabricated in Example 2 has had a (001)
orientation since before the heat treatment and the Cr buffer
layer used improves the (001) orientation.
The inserted graph in FIG. 10 illustrates X-ray diffraction
patterns of the specimens having the Co2Fe(Si0.5A10.5) thin
films 3 formed at room temperature and then heat-treated at
400° C., 450° C. and 500° C. It shows X-ray diffraction
patterns in the case where the angle is set at the (111) diffraction line corresponding to the ordered phase of L21 structure
and then changed by rotation in the film plane. It is seen that
in the Co2Fe(Si0 5A10 s) thin films 3 heat-treated at 450° C. or
more, a (111) diffraction pattern is obtained and a L21 structure is obtained. It has thus been found that in the Co2Fe
(Si0.5A10.5) thin films 3 fabricated by inserting the buffer layer
4 on the MgO substrate in Example 2, the L21 structure is
obtained at a lower temperature than if the buffer layer 4 is not
used.
FIG. 11 shows a temperature dependence of the magnetization of the Co2Fe(Si0.5Al0.5) thin film 3 of Example 2. In
FIG. 11, the ordinate axis represents the magnetization (in
emu/cm3) and the abscissa axis represents the temperature (in
K). The Co2Fe(Si0.5A10.5) thin film 3 was heat-treated at 400°
C. for 1 hour. As is apparent from FIG. 11, it is seen that the
Co2Fe(Si0.5Al0.5) thin film 3 of Example 2 has values of
magnetization of about 1090 emu/cm3 and about 1060 emu/
cm3 in the vicinity of the He temperature and at 300 K,
respectively. It has been found that it has a small change in
magnetization with temperature change and it is a ferromagnet having high Curie temperature.
The inserted graph in FIG. 11 illustrates a magnetization
curve at room temperature of the Co2Fe(Si0.5A10.5) thin film
3 in Example 2. In the inserted graph, the ordinate axis represents the magnetization (in emu/cm3) and the abscissa axis
represents the applied magnetic field H (in Oe). As is apparent
from the inserted graph, it has been found that the Co2Fe
(Si 0.5A10.5) thin film 3 in Example 2 exhibits a soft magnetic
property with a small coercive force.

having a role to pin spin of the CoFe layer and 5 nm of Ta layer
as an electrode layer 14 performing roles also as a protective
layer and further for becoming mask in micro-fabrication
were successively formed by deposition in this order. When
5 the CoFe pinned layer 12 is deposited, heat treatment was
conducted at temperature of 250° C. under a magnetic field.
Specifically, a magnetic field of 2 kOe was applied to develop
an exchange anisotropy in a ferromagnetic layer.
And then, the multi-layered film thus formed by deposition
10
was micro -fabricated by using photolithography and ion milling. Thus, a tunneling magnetoresistance effect device 15 of
spin valve type having a size of 10 µmx10 µm was fabricated.
Magnetic resistance of the tunneling magnetoresistance
15 effect device 15 in Example 3 was measured at room temperature on applying an external magnetic field thereto.
FIG. 12 shows a magnetic field dependence of the resistance of the tunneling magnetoresistance effect device 15 in
Example 3 at room temperature. In the graph, the abscissa
20 axis represents the external magnetic field H (Oe) while the
ordinate axis on the left hand side represents the resistance
(Q) and the ordinate axis on the right hand side represents the
TMR (%) calculated from the measured resistance. The graph
by the solid and dotted lines denotes the resistance value
25 measured as the external magnetic field was swept, exhibiting
a TMR of 75% at room temperature. This TMR value is
higher than those obtained using the conventional CoFe alloy
and CoFeB alloy. Also, junction resistance RA was found to
be as small as RA=1.2x105Q tm2.
30
FIG. 13 is a graph illustrating a temperature magnetic field
dependence of the TMR in the tunneling magnetoresistance
effect device 15 in Example 3. In the graph, the abscissa axis
represents the temperature (in K) and the ordinate axis represents the TMR (%). As is apparent from FIG. 13 it has been
35 found that the TMR obtained was 100% or more at a low
temperature of 50 K, reaching 110% at the maximum. To find
the spin polarization P of Co2Fe(Si0.5Al0.5) using the Jullier
equation (1), it is found that P-0.71. This spin polarization is
a value considerably higher than 0.6 that is the maximum
40 value with the conventional CoFeB alloy.
EXAMPLE 4
A tunneling magnetoresistance effect device 15 of
4 was fabricated in the same manner as in Example
3 except that composition parameter x was 0.1 in Co2Fe(Si fi _x
Al') to constitute the ferromagnetic free layer 3 with a Co2Fe
(Si01Al0 ) thin film. The TMR at room temperature was then
about 63%.

45 Example
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EXAMPLE 5

EXAMPLE 3
As Example 3, a tunneling magnetoresistance effect device
(MTJ) 15 of spin valve type as shown in FIG. 5 was fabricated.
First, a Cr buffer layer 4 of 40 nm and a Co2Fe(Si0.5Al0.5)
thin film 3 of 30 nm as a ferromagnetic free layer on the buffer
layer 4 were deposited on a substrate 2 of MgO (001) by using
the magnetron sputtering system. The Co2Fe(Si0.5A10.5) thin
film 3 after deposition was heat-treated at 400° C. to improve
its crystal quality. The heat-treated Co2Fe(Si,.5Al0.5) thin
film 3 had a B2 structure.
Subsequently, 1.2 nm of AlOx layer as a tunneling insulator layer 11, 3 nm of CoFe layer as a ferromagnetic pinned
layer 12,10 nm of IrMn layer as an antiferromagnetic layer 13
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A tunneling magnetoresistance effect device 15 of
Example 5 was fabricated in the same manner as in Example
3 except that composition parameter x was 0.3 in Co2Fe(Si1 _x
Al') to constitute the ferromagnetic free layer 3 with a Co2Fe
(Sfi0 3Al0 7) thin film. The TMR at room temperature was then
about 70%.
EXAMPLE 6
A tunneling magnetoresistance effect device 15 of
Example 6 was fabricated in the same manner as in Example
3 except that composition parameter x was 0.6 in Co2 Fe(Si1 _,
Al') to constitute the ferromagnetic free layer 3 with a Co2Fe
(Si0 6Al0 4) thin film. The TMR at room temperature was then
about 80%.
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EXAMPLE 7

First, 40 nm of a buffer layer 4 consisting of Cr, 30 nm of
Co2Fe(Si0.5Al0.5) layer as a ferromagnetic free layer 3 on the
buffer layer 4, 2 nm of MgO layer as a tunneling insulator
layer 11 and 30 nm of a Co2Fe(Si0.5A10 ) layer were deposited on a substrate 2 of MgO (001) by using the high-frequency magnetron sputtering system. The Co2Fe(Si 0.5Al0.5)
thin film 3 after deposition was heat-treated at 400° C. to
improve its crystal quality. The heat-treated Co2Fe
(SiosAlos) thin film 3 had a B2 structure.
Subsequently, 3 nm of CoFe layer as a ferromagnetic
pinned layer 16, 10 nm of IrMn layer as an antiferromagnetic
layer 13 having a role to fix spin of the pinned layer 16 and 5
nm of Ta layer as an electrode layer 14 performing roles also
as a protective layer and further for mask in micro-fabrication
were deposited successively. And then, magnetic heat treatment was effected at a temperature of 500° C. under a magnetic field, followed by cooling to room temperature to
develop an exchange anisotropy in the pinned layer 16 constituted by the Co2Fe(Si0.5Al0.5) and CoFe layers.
The multi-layered film thus formed by deposition was
micro-fabricated by using photolithography and ion milling.
Thus, a tunneling magnetoresistance effect device 20 of spin
valve type having a size of 10 µmx10 µm was fabricated.
The magnetoresistance of the tunneling magnetoresistance
effect device 20 (MTJ) of spin valve type in Example 9 was
measured at room temperature on applying an external magnetic field thereto. As a result, TMRs as extremely large as
254% at 5 K and 170% at room temperature were obtained.
This also signifies that when a MgO barrier is used as the
tunneling insulator layer 11, equation (1) gives rise to a large
value of 0.75 for the spin polarization of the Co2Fe(Si0.5Al0.5)
thin film 3. Also, junction resistance RA was found to be as
small as RA=0.8x105 62µm2.

A tunneling magnetoresistance effect device 15 of
Example 7 was made in the same manner as in Example 3
except that composition parameter x was 0.7 in Co2Fe(Si,_x
Al') to constitute the ferromagnetic free layer 3 with a Co2Fe
(Si, 7A10 3) thin film. The TMR at room temperature was then
about 77%.
EXAMPLE 8
A tunneling magnetoresistance effect device 15 of
Example 8 was fabricated in the same manner as in Example
3 except that composition parameter x was 0.9 in Co2Fe(Si, _x
Al') to constitute the ferromagnetic free layer 3 with a Co2Fe
(Si, 7A10 3) thin film. The TMR at room temperature was then
about 69%.
Next, comparative examples in comparison with Examples
3 to 8 will be described.
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COMPARATIVE EXAMPLE 1
A tunneling magnetoresistance effect device of Comparative Example 1 was fabricated in the same manner as in
Example 3 except that composition parameter x was 0 in
Co2Fe(Si1 _xAlx) thus to constitute the ferromagnetic free
layer 3 with a Co2FeSi thin film. The TMR at room temperature was then about 41%.

25

30

COMPARATIVE EXAMPLE 2
A tunneling magnetoresistance effect device of Comparative Example 2 was fabricated in the same manner as in
Example 3 except that composition parameter x was 1 in
Co2Fe(Si1 _xAlx) thus to constitute the ferromagnetic free
layer 3 with a Co2FeA1 thin film. The TMR at room temperature was then about 53%.
FIG. 14 is a graph illustrating a composition dependence of
the TMR of a CozFe(Sii _uel,) thin film in the tunneling
magnetoresistance effect devices of Examples 3 to 8 and
Comparative Examples 1 and 2 at room temperature. In the
graph, the abscissa represents composition parameter x and
the ordinate axes represent the TMR (in %). Comparative
Example 1 of Co2FeSi and Comparative Example 2 of
Co2FeAl are shown where in the Co2Fe(Si1 _xAlx), x-0 and
x=1, respectively.
As is apparent from FIG. 14, it has been found that the
tunneling magnetoresistance effect devices in Examples 3 to
8 have TMRs as large as about 63% to 80% maximum when
parameter x in composition Co2Fe(Si1 _xAlx) is 0.1 to 0.9 and
that any of the Hensler alloys according to the present invention exhibits TMRs more than 60%, having high spin polarizability.
On the other hand, it has been found that the tunneling
magnetoresistance effect devices using the Co2FeSi thin film
in Comparative Example 1 and the Co2FeAl thin film in
Comparative Example 2 have TMRs of about 41% and 53% at
room temperature, respectively, both of which are lower than
those of the tunneling magnetoresistance elements using the
thin films 3 of Co2Fe(Si, _ Al,) where 0<x<1 of Examples 3 to
8.
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EXAMPLE 9
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As Example 9, a tunneling magnetoresistance effect device
(MTJ) 20 of spin valve type was fabricated.

EXAMPLE 10
As Example 10, a giant magnetoresistance effect device 35
of spin valve type having CPP structure (CPP-GMR device)
as shown in FIG. 8 was fabricated.
First, 40 nm of a buffer layer 4 consisting of Cr and 30 nm
of a Co2Fe(Si0.5A10 ) thin film 3 as a ferromagnetic free layer
on the Cr buffer layer 4 are deposited on a substrate 2 of MgO
(001) at room temperature by using the high-frequency magnetron sputtering system. The Co2Fe(Si 0.5Al0.5) thin film 3
after deposition was heat-treated at 400° C. to improve its
crystal quality. The heat-treated Co2Fe(Si05A10.5) thin film 3
had a L21 structure.
Subsequently, 3 nm of Cu layer as a nonmagnetic metal
layer 21, 3 nm of CoFe layer as a ferromagnetic pin layer 22,
10 nm of IrMn layer as an antiferromagnetic layer 13 having
a role to pin spin of the CoFe layer 22 and 5 nm of Ta layer as
an electrode layer 14 performing roles also as a protective
layer and further for mask in micro-fabrication were successively deposited.
And then, magnetic heat treatment was effected at temperature of 250° C. under a magnetic field of 2 kOe to develop
an exchange anisotropy in the pinned layer 22 constituted by
the CoFe layer.
The multi-layered film thus formed by deposition was
micro-fabricated by using photolithography and ion milling.
Thus, a giant magnetoresistance effect device 35 of spin valve
type having a size of 10 µmx10 µm was fabricated.
The magnetoresistance of the giant magnetoresistance
effect device 35 of spin valve type having CPP structure in
Example 10 was measured at room temperature on applying
an external magnetic field thereto. As a result, a CPP-GMR of
5% was obtained. This is an extremely large value when the
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fact is taken into account that the conventional giant magnetoresistance effect device of spin valve type having CPP
structure has had only a CPP-GMR value that is less than 1%.
This is the reflection of large spin polarization of the thin film
3 of Co2Fe(Si0.5A10.5) used as the ferromagnetic free layer in
Example 10. Also the contribution is assumed to be that the
Co2Fe(Si0.5A10.5) thin film 3 has a resistivity of about 190
µQ •cm and that IrMn used in the antiferromagnetic layer has
a value of specific resistance that is equal to about 200 µQ •cm.

corresponding junction resistances then obtained. Circles
(0) indicate the TMRs obtained when no heat treatment was
applied on the Co2Fe(Si0.5A10.5) layer 3.
As is apparent from FIG. 15, it was found that the tunneling
magnetoresi stance effect device 20 in Example 12 had TMRs
of 70%, 210%, 175%, 113% and 108% when the MgO layer
11 therein had film thicknesses of 1.5 nm, 1.7 nm, 2 nm, 2.2
nm and 2.5 nm, respectively. They had the maximum TMR
(210%) obtained when the MgO layer 11 was of 1.7 nm
thickness. It is found that these TMR values are all higher than
those when no heat treatment was applied on the Co2Fe
(Si 05A10 5) thin film 3.
The tunneling magnetoresistance effect device 20 in
Example 12 had junction resistances of 2x103Qim2,
7x103Qim2, 1x105Qim2, 2x106Qim2 and 2x107Qim2,
when the MgO layer 11 therein had film thicknesses of 1.5
nm, 1.7 nm, 2 nm, 2.2 nm and 2.5 nm, respectively. It has been
found that the j unction resistance increases logarithmically as
the film thickness of the MgO layer 11 is increased.
FIG. 16 is a graph illustrating a temperature dependence of
the TMR in the tunneling magnetoresistance effect device of
Example 12 in which MgO layer 11 had a film thickness of 1.7
nm and the Co2Fe(Si0.5A10.5) thin film 3 was heat-treated at
temperature of 430° C. In the graph, the ordinate axis represents the TMR (in %) and the abscissa axis represents the
measurement temperature (in K).
As is apparent from FIG. 16, it has been found that the
TMR is 220% at room temperature and as the temperature is
lowered, it has a value as very high as 390% at measurement
temperature of 5 K. Using the Jullier equation (1) to find the
spin polarizability of the Co2Fe(Si0.5A10.5) thin film 3, it is
shown that P-0.81. This value of spin polarization is seen to
be higher than that calculated in Example 3.
FIG. 17 shows a magnetic field dependence of the resistance at 5 K of the tunneling magnetoresistance effect device
in FIG. 16. The abscissa axis represents the external magnetic
field H (in Oe), the ordinate at the left hand side is the resistance (in Q) and the ordinate axis at the right hand side
represents the TMR (in %) calculated from the measured
resistance. The solid and broken lines in the graph denote the
resistance obtained when the external magnetic field is swept.
This yielded a TMR of 390% at 5 K. This TMR value was
larger than that in the case where the conventional CoFe or
CoFeB alloy was used.
FIG. 18 shows a dependence on heat treatment temperature
of the TMR in the tunneling magnetoresi stance effect device
20 of Example 12. In the graph, the ordinate axis represents
the TMR (in %) at room temperature and the abscissa axis
represents the heat treatment temperature (in ° C.). Black
squares (■), black circles (•) and black triangles (A) are
plotted to indicate values when the MgO layer as the tunneling insulator layer 11 has thicknesses of 1.5 nm, 2 nm and 2.5
nm, respectively.
As is apparent from FIG. 8, TMR with the MgO layer 11
having a film thickness of 1.5 nm was about 50%, about 55%,
about 60%, about 70%, about 55%, about 48%, about 52%
and about 22% when the Co2Fe(Si0.5A10.5) thin film 3 was
heat-treated at temperature of 275° C., 300° C., 350° C., 375°
C., 400° C., 425° C., 450° C. and 475° C., respectively. TMR
then with the Co2Fe(Si0.5A10.5) thin film 3 not heat-treated
was about 45%.
TMR with the MgO layer 11 having a film thickness of 2
nmwas about 63%, about 70%, about 83%, about 92%, about
103%, about 123%, about 147%, about 172%, about 175%
and about 158% when the Co2Fe(Si0.5A10.5) thin film 3 was
heat-treated at temperature of 275° C., 300° C., 350° C., 375°
C., 400° C., 425° C., 450° C., 475° C., 500° C. and 525° C.,

10

EXAMPLE 11
Giant magnetoresistance effect devices 35 of spin valve
type in CPP structure in Example 11 were fabricated in the
same manner as in Example 10 except that parameter x in
composition Co2Fe(Si1_xAlx) constituting a ferromagnetic
free layer 3 was taken from various values between 0 and 1,
excluding 0.5 of Example 10. It has been found that any of
their CPP-GMRs is not less than 3%, much larger than those
of the conventional giant magnetoresistance effect devices of
spin valve type in CPP structure in which the ferromagnetic
free layer was constituted with a conventional alloy.

15

20

EXAMPLE 12
25

As Example 12, a tunneling magnetoresistance effect
device of spin valve type (MTJ) 20 was fabricated in the same
manner as in Example 9.
First, 40 nm of a buffer layer 4 consisting of Cr, 30 nm of
Co2Fe(Si0.5A10.5) layer as the ferromagnetic free layer 3 on
the buffer layer 4, a MgO layer as the tunneling insulator layer
11 and 5 nm of a Co2Fe(Si0.5A10.S) layer were deposited on a
substrate 2 of MgO (001) by using the high-frequency magnetron sputtering system. The Co2Fe(Si0.5A10.5) thin film 3
after deposition was heat-treated at 400° C. to improve its
crystal quality. The heat-treated Co2Fe(Si0.5A10.5) thin film 3
had a B2 structure.
Subsequently, 3 nm of CoFe layer as a ferromagnetic
pinned layer 16, 10 nm of IrMn layer as an antiferromagnetic
layer 13 having a role to pin spin of the pinned layer 16 and 2
nm of Ta layer as an electrode layer 14 performing roles also
as a protective layer and further for mask in micro-fabrication
were successively deposited.
And then, magnetic heat treatment was effected at various
temperatures to develop an exchange anisotropy in the pinned
layer 16 constituted by the Co2Fe(Si0.5Al0.5) and CoFe layers.
The multi-layered film thus formed by deposition was
micro-fabricated by using photolithography and ion milling.
Thus, a tunneling magnetoresistance effect device of spin
valve type 20 having a size of 10 µmx10 µm was fabricated.
Example 12 differs from the tunneling magnetoresistance
effect devices 20 of spin valve type in Example 9 that it alters
the thickness of the MgO layer as the tunneling insulator layer
11 and changes the heat treatment temperature for the Co2Fe
(Si0.5A10.5) layer 3 as the ferromagnetic free layer to be from
275° C. to 525° C. at intervals of about 25° C.
FIG. 15 illustrates dependences on film thickness of MgO
layer 11 of the TMR and the junction resistance at room
temperature in the tunneling magnetoresistance effect device
20 of Example 12. In the graph, the abscissa axis represents
the film thickness (in nm) of the MgO layer 11 while the
ordinate axis at the left hand side represents the TMR (in %)
and the ordinate axis on the right hand side represents the
junction resistance (in Q tm2). Black circles (•) and white
triangles (A) are plotted to indicate the largest TMRs obtained
when the Co2Fe(Si0.5Al0.5) layer 3 was heat-treated and the
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respectively. TMR then with the Co2Fe (Si 0.5A10.5) thin film
3 not heat-treated was about 50%.
TMR with the MgO layer 11 having a film thickness of 2.5
nm was about 30%, about 35%, about 45%, about 52%, about
58%, about 72%, about 90%, about 110%, about 110% and 5
about 90% when the Co2Fe(Si,.5AI0.5) thin film 3 was heattreated at temperature of 275° C., 300° C., 350° C., 375° C.,
400° C., 425° C., 450° C., 475° C., 600° C. and 525° C.,
respectively. TMR then with the Co2Fe(Si0.5A , ) thin film 3
not heat-treated was about 23%.
10
From the results mentioned above, it is seen that whichever
thickness the MgO layer 11 has, the TMR increases as the
heat treatment temperature is raised and, becoming maximum at different temperature for a thickness of the MgO layer
11, then decreases. With a thickness of 1.5 nm of the MgO 15
layer 11, it is seen that the TMR becomes maximum when the
heat treatment temperature is 375° C. and, standing higher
than where no heat treatment is effected until heat treatment
temperature of about 425° C. is reached. When the heat treatment is effected at temperature of more than about 425° C., 20
TMR becomes lower than where no heat treatment is conducted.
With thicknesses of 2 nm and 2.5 nm of the MgO layer 11,
the TMR becomes maximum when the heat treatment temperature is 500° C. Especially where the thickness of theMgO 25
layer 11 is 2 nm, the TMR can have values of about 75% to
175% at heat treatment temperatures of 300° C. to 525° C.
Note also that where the thickness of the MgO layer 11 is
1.7 nm though not illustrated, a TMR value of 200% or more
was attained at the maximum at heat treatment temperature of 30
430° C.
FIG. 19 shows a dependence on heat treatment temperature
of the junction resistance in the tunneling magnetoresistance
effect device 20 of Example 12. In the graph, the ordinate axis
represents the junction resistance (in Q tm2) and the abscissa 35
axis represents the heat treatment temperature (in ° C.). Black
squares (■), black circles (•) and black triangles (A) are
plotted to indicate values when the MgO layer as the tunneling insulator layer 11 has thicknesses of 1.5 nm, 2 nm and 2.5
nm, respectively.
40
As is apparent from FIG. 19, with a film thickness of 1.5 nm
of the MgO layer 11, the junction resistance was about 2x103
Q tm2 identical to where no heat treatment was effected in all
the cases where the Co2Fe(Si0.5AI0.5) thin film 3 was heattreated at temperature of 275° C., 300° C., 350° C. and 375° 45
C. The junction resistance was about 1.5x1o Q tm2 when the
heat treatment temperature was 400° C., 425° C. and 450° C.
The junction resistance was about 1 x 103 Q im2 when the heat
treatment temperature was 475° C.
With a film thickness of 2 nm of the MgO layer 11, the 50
junction resistance was about 5x104 Q tm2 identical to where
no heat treatment was effected in all the cases where the
Co2Fe(Si0.5A10.5) thin film 3 was heat-treated at temperature
of 275° C., 300° C., 350° C., 375° C. and 400° C. It has been
found that the junction resistance is about 6x104 Q tm2, 55
7x104 Qim2, 8x104 Q tm2 and 1x105 Q tm2 when the heat
treatment temperature is 425° C., 450° C., 475° C., 500° C.
and 525° C., respectively. It has also been found that the
junction resistance increases with rise in temperature at the
heat treatment temperature of 400° C. or more.
60
With a film thickness of 2.5 nm of the MgO layer 11, the
junction resistance was about 2x107 Q tm2 identical to where
no heat treatment was effected in all the cases where the
Co2Fe(Si0.5A10.5) thin film 3 was heat-treated at temperature
of275°C.,300°C.,350°C.,375°C.,400°C.and425°C.It 65
has been found that the junction resistance was about 2.5 xi o
Q im2, about 3x107 Q im2, about 3x107 Q im2 and about

20
4x107 Q tm2, when the heat treatment temperature was 450°
C., 475° C., 500° C. and 525° C., respectively. It has also been
found that the junction resistance increases with rise in temperature at the heat treatment temperature of 425° C. or more.
From the results mentioned above, it is seen that up to 400°
C. if the heat treatment temperature is increased in Example
12, the junction resistance remains unchanged and almost the
same as that where no heat treatment is effected. With a film
thickness of 1.5 nm of the MgO layer 11, it has be found that
the junction resistance decreases when the heat treatment
temperature is 400° C. or more. On the other hand, with film
thicknesses of 2 nm and 2.5 nm of the MgO layer 11, the
junction resistance increases when the heat treatment temperature is 400° C. or more. It has also been found that as the
thickness of the MgO layer 11 is increased, the junction
resistance increases.
It should be understood that the present invention is not
limited to the specific forms of implementation described
above, and various modifications are possible within the
scope of the invention set forth in the appended claims. For
example, in the case of a tunneling magnetoresistance effect
device, a specific composition of Co2Fe(Si1 _xAlx) (where
0<x<l) thin film 3 constituting a free layer and a specific
thickness of a tunnel insulating layer can be suitably designed
so that a desired TMR can be attained, which are, needless to
say, encompassed within the scope of the present invention.
INDUSTRIAL APPLICABILITY
A magnetic thin film and a magnetoresistance effect device
and a magnetic device using the same in accordance with the
present invention, which give rise to large TMR and GMR
under low magnetic field at room temperature, are suitable for
use as magnetic detectors for a variety of electronic instruments and industrial equipments of many kinds and further
for medical electronic equipment, which are required to
detect magnetic field and to sense magnetic reversal.
What is claimed is:
1. A magnetic thin film characterized in that it comprises a
Co2Fe(Sd_xAlx) magnetic thin film formed on a substrate,
wherein said Co2Fe(Si1 _ lx) magnetic thin film has a crystal
structure of L21 or B2 and wherein 0<x<l .
2. The magnetic thin film as set forth in claim 1, characterized in that said substrate is comprised of any one of thermally
oxidized Si, glass, MgO single crystal, GaAs single crystal
and A1203 single crystal.
3. The magnetic thin film as set forth in claim 1 or claim 2,
characterized in that a buffer layer is interposed between said
substrate and said Co2Fe(Si1_zAIz) magnetic thin film.
4. A tunneling magnetoresistance effect device characterized in that it comprises a substrate, a ferromagnetic layer
constituting a free layer, an insulating layer constituting a
tunnel barrier, and a ferromagnetic layer constituting a pinned
layer, in which:
either of said ferromagnetic layers is comprised of a Co2Fe
(Sil _xAlx) magnetic thin film (where 0<x<l) formed on
said substrate and having a crystal structure of L21 or B2.
5. A tunneling magnetoresistance effect device characterized in that it comprises a substrate, a ferromagnetic layer
constituting a free layer, an insulating layer constituting a
tunnel barrier and a ferromagnetic layer constituting a pinned
layer, in which:
said ferromagnetic layer constituting a free layer is comprised of a Co2Fe(Si1-xAIx) magnetic thin film (where
0<x<l) formed on said substrate and having crystal
structure of L21 or B2.
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6. The tunneling magnetoresistance effect device as set
17. The magnetic apparatus as set forth in claim 16, charforth in claim 4 or claim 5, characterized in that said substrate
acterized in that said magnetic apparatus comprises a tunnelis comprised of any one of thermally oxidized Si, glass, MgO
ing magnetoresistance effect device or a giant magnetoresissingle crystal, GaAs single crystal and A1203 single crystal.
tance effect device having said Co2Fe(Si1 Alx) magnetic thin
7. The tunneling magnetoresistance effect device as set 5 film as a ferromagnetic layer for said tunneling magnetoreforth in any one of claim 4 to claim 5, characterized in that a
sistance effect device or said giant magnetoresistance effect
buffer layer is interposed between said substrate and said
device.
Co2Fe(Si1 _xAl) magnetic thin film (where 0<x<1).
18. The magnetic apparatus as set forth in claim 16 or claim
8.A giant magnetoresistance effect device characterized in
17, characterized in that said substrate is comprised of any
that it comprises a substrate, a ferromagnetic layer constitut- io one ofthermally oxidized Si, glass, MgO single crystal, GaAs
ing a free layer, a nonmagnetic metal layer, and a ferromagsingle crystal and A1203 single crystal.
netic layer constituting a pinned layer, in which:
19. The magnetic apparatus as set forth in any one of claim
either of said ferromagnetic layers is comprised of a Co2Fe
16 to claim 17, characterized in that a buffer layer is inter(Si l_ lx) magnetic thin film (where 0<x<1) formed on
posed between said substrate and said Co2Fe(Sil _ lx) magsaid substrate and having crystal structure of L21 or B2, 15 netic thin film (where 0<x<1).
said magnetic thin film having an electric current flown
20. The magnetic apparatus as set forth in any one of claim
therethrough in a direction perpendicular to a film face
16 to claim 17, characterized in that said magnetic apparatus
thereof.
is one of apparatuses of the class which consists of a magnetic
9. A giant magnetoresistance effect device characterized in
sensor, magnetic head, a hard disc driver and an MRAM.
that it comprises a substrate, a ferromagnetic layer constitut- 20
21. The magnetic thin film as set forth in claim 3, characing a free layer, a nonmagnetic metal layer and a ferromagterized in that said buffer layer is composed of at least one of
netic layer constituting a pinned layer, in which:
Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and full-Heusler alloy.
said ferromagnetic layer constituting a free layer is com22. The tunneling magnetoresistance effect device as set
prised of a Co2Fe(Sil Alx) magnetic thin film (where
forth in claim 7, characterized in that said buffer layer is
0<x<1) formed on said substrate and having crystal 25 composed of at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy
structure of L21 or B2, said magnetic thin film having an
and full-Heusler alloy.
electric current flown therethrough in a direction per23. The giant magnetoresistance effect device as set forth
pendicular to a film face thereof.
in claim 11, characterized in that said buffer layer is com10. The giant magnetoresistance effect device as set forth
posed of at least one of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and
in claim 8 or claim 9, characterized in that said substrate is 30 full-Heusler alloy.
comprised of any one of thermally oxidized Si, glass, MgO
24. The magnetic device as set forth in claim 15, characsingle crystal, GaAs single crystal and A1203 single crystal.
terized in that said buffer layer is composed of at least one of
11. The giant magnetoresistance effect device as set forth
Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and full-Heusler alloy.
in any one of claim 8 to claim 9, characterized in that a buffer
25. The magnetic apparatus as set forth in claim 19, charlayer is interposed between said substrate and said Co2Fe 3 5 acterized in that said buffer layer is composed of at least one
(Si l Al,) magnetic thin film (where 0<x<1).
of Cr, Ta, V, Nb, Ru, Fe, FeCo alloy and full-Heusler alloy.
12. A magnetic device characterized in that it comprises a
26. The tunneling magnetoresistance effect device as set
substrate and a Co2Fe(Sil Alx) magnetic thin film (where
forth in claim 6, characterized in that a buffer layer is inter0<x<1) formed on said substrate and having a crystal strucposed between said substrate and said Co2Fe(Sil Alx) magture of L21 or B2.
4o netic thin film (where 0<x<1).
13. The magnetic device as set forth in claim 12, wherein
27. The giant magnetoresistance effect device as set forth
said magnetic device is a tunneling magnetoresistance effect
in claim 10, characterized in that a buffer layer is interposed
device or a giant magnetoresistance effect device having said
between said substrate and said Co2Fe(Sil Alx) magnetic
Co2Fe(Sil Alx) magnetic thin film as a ferromagnetic layer
thin film (where 0<x<1).
for said tunneling magnetoresistance effect device or said 45
28. The magnetic apparatus as set forth in claim 18, chargiant magnetoresistance effect device.
acterized in that said magnetic apparatus is one of apparatuses
14. The magnetic device as set forth in claim 12 or claim
of the class which consists of a magnetic sensor, magnetic
13, characterized in that said substrate is comprised of any
head, a hard disc driver and an MRAM.
one ofthermally oxidized Si, glass, MgO single crystal, GaAs
29. The magnetic device as set forth in claim 14, characsingle crystal and A1203 single crystal.
50 terized in that a buffer layer is interposed between said sub15. The magnetic device as set forth in any one of claim 12
strate and said Co2Fe(Sil Alx) magnetic thin film (where
to claim 13, characterized in that a buffer layer is interposed
0<x<1).
between said substrate and said Co2Fe(Sil Alx) magnetic
30. The magnetic apparatus as set forth in claim 18, charthin film (where 0<x<1).
acterized in that a buffer layer is interposed between said
16. A magnetic apparatus characterized in that it comprises 55 substrate and said Co2Fe(Si l Alx) magnetic thin film (where
a substrate and a Co2Fe(Sil _ lx) magnetic thin film (where
O<x<1).
0<x<1) formed on said substrate and having a crystal structure of L21 or B2.

