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MAGNETORESISTIVE ELEMENT AND 
MAGNETORESISTIVE MAGNETIC HEAD, 
MAGNETIC RECORDINGAPPARATUS AND 

MAGNETORESISTIVE MEMORY DEVICE USING 
THE SAME 

TECHNICAL FIELD 

0001. The present invention relates to a magnetoresistive 
element (abbreviated to “MR element” in the following) and 
magnetic devices using the Same. The MR element of the 
present invention is particularly Suitable for a magnetic 
recording/reproducing head for reading information from 
media, Such as magnetic disks, magneto-optical disks and 
magnetic tapes, a magnetic Sensor used in automobiles or the 
like, and a magnetoresistive memory device (i.e., a magnetic 
random access memory, abbreviated to “MRAM” in the 
following). 

BACKGROUND ART 

0002. A multi-layer film in which at least two magnetic 
layerS and at least one non-magnetic layer are Stacked 
alternately can provide a large magnetoresistance effect, 
which is called a giant magnetoresistance (GMR) effect. In 
the multi-layer film, the non-magnetic layer is positioned 
between the magnetic layers (i.e., magnetic layer/non-mag 
netic layer/magnetic layer/non-magnetic layer/ . . . ). The 
magnetoresistance effect is a phenomenon of electrical resis 
tance that changes with a relative difference in magnetiza 
tion direction between the magnetic layers. 
0003) A GMR element uses a conductive material such as 
Cu and Au for the non-magnetic layer. In general, current 
flows in parallel to the film surface (CIP-GMR: current in 
plane-GMR). On the other hand, a GMR element that allows 
current to flow perpendicular to the film Surface is called 
CPP-GMR (current perpendicular to the plane-GMR). The 
CPP-GMR element has a larger magnetoresistance change 
ratio (MR ratio) and a Smaller resistance compared with the 
CIP-GMR element. 

0004. A spin-valve type element, which is one of the 
GMR elements, does not require a large operating magnetic 
field. This element includes a free magnetic layer (a free 
layer) and a pinned magnetic layer (a pinned layer) that 
Sandwich a non-magnetic layer. The spin-Valve type element 
utilizes a change in a relative angle formed by the magne 
tization directions of the two magnetic layers caused by 
magnetization rotation of the free layer. Examples of the 
spin-valve type GMR element include an element that uses 
Fe-Mn, which is an antiferromagnetic material, for a 
magnetization rotation-Suppressing layer and Stacks this 
layer on an Ni-Fe/Cu/Ni-Fe multi-layer film. Though this 
element requires a Small operating magnetic field and is 
excellent in linearity, the MR ratio is small. Another spin 
valve type GMR element has been reported that uses a CoFe 
ferromagnetic material for the magnetic layer and PtMn and 
IrMn antiferromagnetic materials for the antiferromagnetic 
layer, thereby improving the MR ratio. 
0005 To achieve an even higher MR ratio, an element 
that uses an insulating material for the non-magnetic layer 
has been proposed as well. The current flowing through this 
element is a tunnel current, which is transmitted Stochasti 
cally through an insulating layer. The element (referred to as 
a TMR element) is expected to have a large MR ratio as the 
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Spin polarization of the magnetic layers that Sandwich the 
insulating layer increases. Accordingly, a magnetic metal, 
such as Fe, Co-Fe alloy and Ni-Fe alloy, a half-metallic 
ferromagnetic material, or the like is Suitable for the mag 
netic layer. 
0006 When an MR element becomes progressively 
Smaller with an increase in recording density of a magnetic 
head or MRAM device in the future, the MR element is 
required to have an even larger MR ratio. 
0007 To provide a large MR ratio in a device, the MR 
element also needs to have Suppressed degradation of the 
characteristics by heat treatment. The manufacturing proceSS 
of a magnetic head generally includes heat treatment at 
temperatures of about 250 C. to 300° C. For example, there 
have been studies on an MRAM device that is produced by 
forming a TMR element on CMOS. In such a CMOS 
process, the heat treatment at high temperatures of about 
400° C. to 450° C. is inevitable. Though the reason for 
degradation of the MR element by heat treatment is not 
clarified fully at present, diffusion of atoms into the interface 
between a magnetic layer and a non-magnetic layer may 
affect the degradation. 
0008 Depending on a device to be used, care should be 
taken in working temperatures. When mounted on a hard 
disk drive (HDD), the MR element is required to have 
thermal stability at a temperature of about 150 C., which is 
the operating temperature of the HDD. 
0009. As described above, an element having a large 
magnetoresistance change ratio (MR ratio), particularly an 
MR element that can exhibit a high MR ratio even after heat 
treatment, is very important in practical use. However, a 
conventional MR element is insufficient to meet the above 
demand. 

DISCLOSURE OF THE INVENTION 

0010. Therefore, the present invention employs a ferro 
magnetic material M-X that includes a magnetic element 
M and a non-magnetic element X. An MR element of the 
present invention includes a multi-layer film including at 
least two magnetic layerS and at least one non-magnetic 
layer interposed between the two magnetic layers. The 
resistance value changes with a relative angle formed by the 
magnetization directions of the at least two magnetic layers. 
At least one of the magnetic layers includes a ferromagnetic 
material M-X expressed by Moo-X, Specifically by 
Moo (XXX). 
0011) Here, X is at least one element selected from the 
group consisting of Cu, Ru, Rh, Pd, Ag, OS, Ir, Pt and Au, 
X is at least one element Selected from the group consisting 
of Al, Sc., Ti, V, Cr, Mn, Ga, Ge, Y, Zr, Nb, Mo, Hf, Ta, W. 
Re, Zn and lanthanide series elements (elements of atomic 
number 57 through 71), and X is at least one element 
selected from the group consisting of Si, B, C, N, O, P and 
S. 

0012. Also, a, b, c and d satisfy the following equations: 
0.05s as 60, Osbs 60, Oscs 30, Osds 20, and a-b-c-d. 
0013 All the values used to indicate the compositions in 
this specification are based on atom % (at %). 
0014. The MR element of the present invention can 
provide a large MR ratio. The reason for this is considered 
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to be as follows: the addition of the non-magnetic element 
X causes a change in magnitude of a magnetic moment of a 
magnetic element, which leads to an increase in Spin polar 
ization. To make this effect more conspicuous, it is prefer 
able that a is in the range of 0.05 to 50, particularly in the 
range of 1 to 40. 

0.015 The MR element of the present invention is excel 
lent also in thermal stability. The reason for this is not 
clarified fully at present, but is considered to be as follows: 
the addition of the non-magnetic element X reduces the 
effect of atomic diffusion at the interface between a magnetic 
layer and a non-magnetic layer and thus Stabilizes the 
interface. The MR element of the present invention is 
Suitable for applications of various devices because of its 
excellent thermal stability. 

BRIEF DESCRIPTION OF DRAWINGS 

0016 FIG. 1 is a cross-sectional view showing an 
example of a magnetoresistive element of the present inven 
tion. 

0017 FIG. 2 is a cross-sectional view showing another 
example of a magnetoresistive element of the present inven 
tion. 

0.018 FIG. 3 is a cross-sectional view showing yet 
another example of a magnetoresistive element of the 
present invention. 

0.019 FIG. 4 is a cross-sectional view showing still 
another example of a magnetoresistive element of the 
present invention. 
0020 FIG. 5 is a cross-sectional view showing yet 
another example of a magnetoresistive element of the 
present invention. 

0021 FIG. 6 is a cross-sectional view showing an 
example of a magnetoresistive element of the present inven 
tion that differs from the above. 

0022 FIG. 7 is a cross-sectional view showing an 
example of a magnetoresistive element of the present inven 
tion that includes a plurality of pinned layers. 

0023 FIG. 8 is a cross-sectional view showing another 
example of a magnetoresistive element of the present inven 
tion that includes a plurality of pinned layers. 

0024 FIG. 9 is a cross-sectional view showing an 
example of a magnetoresistive element of the present inven 
tion in which a non-magnetic layer further is Stacked. 

0.025 FIG. 10 is a cross-sectional view showing an 
example of a magnetoresistive element of the present inven 
tion in which an electrode further is provided. 
0.026 FIG. 11 shows an example of a shield-type mag 
netoresistive magnetic head of the present invention. 
0.027 FIG. 12 shows an example of a yoke-type magne 
toresistive magnetic head of the present invention. 
0028 FIG. 13 shows an example of a magnetic recording 
apparatus of the present invention. 

0029 FIG. 14 shows an example of a magnetic memory 
device of the present invention. 
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0030 FIGS. 15A and 15B show examples of writing and 
reading operations of a magnetic memory device of the 
present invention. 
0031 FIGS. 16A and 16B show another examples of 
Writing and reading operations of a magnetic memory device 
of the present invention. 
0032 FIGS. 17A and 17B show yet further examples of 
Writing and reading operations of a magnetic memory device 
of the present invention. 
0033 FIG. 18 shows the relationship between a heat 
treatment temperature and a Standard MR ratio that were 
measured in an example. 
0034 FIG. 19 shows the relationship between a Pt con 
tent and a Standard MR ratio that were measured in an 
example. 

0035 FIG. 20 shows the relationship between a heat 
treatment temperature and a MR ratio that were measured in 
an example. 

0036 FIG. 21 shows the relationship between a heat 
treatment temperature and a MR ratio that were measured in 
another example. 

0037 FIG. 22 shows the relationship between a heat 
treatment temperature and a MR ratio that were measured in 
yet another example. 

0038 FIG. 23 shows the relationship between a heat 
treatment temperature and a MR ratio that were measured in 
yet another example. 

0039 FIG. 24 shows the relationship between a heat 
treatment temperature and a MR ratio that were measured in 
yet another example. 

0040 FIG. 25 shows the relationship between a heat 
treatment temperature and a MR ratio that were measured in 
yet another example. 

0041 FIGS. 26A and 26B are diagrams used to explain 
a shift magnetic field. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

0042. Hereinafter, a preferred embodiment of the present 
invention will be described. 

0043. The non-magnetic element X should be classified 
into three types of X', X and X, and used in an appropriate 
range that has been Set according to each of the types. 
0044) The non-magnetic elements X" are the platinum 
group elements (Ru, Rh, Pd, Os, Ir, and Pt), each of which 
has more Outer shell electrons (d electrons) than Fe has, and 
Cu, Ag and Au, each having tend electrons. In particular, the 
platinum group elements are characterized by showing 
remarkable magnetism when added to the magnetic element 
M and increase the Spin polarization compared with other 
elements. Therefore, they are advantageous in providing a 
higher MR ratio. Since the platinum group elements have a 
large atomic diameter and are Stabilized chemically as well, 
they also are useful in achieving the device process Stability 
in junction configuration of the MR element, i.e., higher 
thermal stability. 
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0045. The non-magnetic elements X are transition metal 
elements, each of which has fewer Outer shell electrons than 
Fe has. Even when these elements are added to the magnetic 
element M, the Spin polarization can be increased to improve 
the MR ratio. 

0046) The non-magnetic elements X are non-metallic 
elements. The addition of theses elements to the magnetic 
element Mallows the material to become microcrystalline or 
amorphous. When these elements are added, the MR ratio 
can be increased by a change in crystal Structure, thus 
Stabilizing the junction configuration. 

0047. When the ferromagnetic material M-X includes 
at least one of X" and X (b+c)0), an MR element having a 
high MR ratio can be provided. In particular, when it 
includes both X" and X (b>0, c>0), an MR element having 
a high MR ratio, excellent thermal stability, and controlled 
magnetic anisotropy can be provided. When the ferromag 
netic material M-X includes at least one of X" and X 
(b+dd0), an MR element having a high MR ratio can be 
provided. In particular, when it includes both X' and X 
(b>0, dd,0), an MR element having a high MR ratio and 
excellent thermal stability can be provided stably and with 
good repeatability. 

0.048. The MR element of the present invention may be a 
spin-Valve type element. The Spin-Valve type element 
includes a free layer and a pinned layer as the magnetic 
layers, and the magnetization of the free layer is relatively 
easier to rotate by an external magnetic field than the 
magnetization of the pinned layer. In this case, the ferro 
magnetic material can be included in at least one of the 
pinned and free layers. When the free layer includes the 
ferromagnetic material M-X, it is easy to improve the Soft 
magnetic characteristics, e.g., to reduce a shift magnetic 
field of the free layer, and to SuppreSS the degradation of the 
Soft magnetic characteristics caused by heat treatment. 
When the pinned layer includes the ferromagnetic material 
M-X, the thermal stability of the MR characteristics is 
improved. Particularly, in a spin-Valve film including an 
Mn-based antiferromagnetic material, the degradation of the 
MR ratio caused by impurity diffusion is Suppressed. In a 
preferred embodiment of the present invention, a pinned 
layer including the ferromagnetic material M-X is depos 
ited between an antiferromagnetic layer including Mn and 
the non-magnetic layer. This element can SuppreSS the 
adverse effect of diffusion of Mn from the antiferromagnetic 
layer. 

0049. The ferromagnetic material M-X also can 
improve the Soft magnetic characteristics of the free layer. 
Specifically, the absolute value of a shift magnetic field of 
the free layer can be reduced to 20 Oe or less, particularly 
to 10 Oe or less. 

0050 Here, a shift magnetic field is defined by 
Hint=(H+H)/2 

0051 where H and H. (H2H) are two magnetic fields 
indicated by the points on a magnetization-magnetic field 
curve at which the magnetization is Zero. The curve shows 
the relationship between the magnetic field and the magne 
tization when the magnetization of the free layer is reversed 
in the range of the magnetic field over which the magneti 
zation of the pinned layer is not reversed. As shown in FIG. 
26A, the shift magnetic field Hint is an index that represents 
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the amount of shift of the magnetization-magnetic field 
curve (i.e., M-H curve or magnetization curve). Similarly, as 
shown in FIG. 26B, the shift magnetic field Hint also can be 
obtained from two magnetic fields H., H indicated by the 
points on a magnetoresistance curve, corresponding to the 
M-H curve, at which the MR ratio is reduced by half. The 
shift magnetic field is expressed by its absolute value in the 
following. 

0.052 The MR element of the present invention may 
further include an antiferromagnetic layer for Suppressing 
the magnetization rotation of the pinned layer. The antifer 
romagnetic layer may include various antiferromagnetic 
materials. 

0053. The magnetic layer that includes the ferromagnetic 
material M-X may be a Single-layer film or a multi-layer 
film. When the magnetic layer is the multi-layer film includ 
ing magnetic films, at least one of the magnetic films should 
be made of the ferromagnetic material M-X. In particular, 
when the magnetic film in contact with the non-magnetic 
layer is made of the ferromagnetic material M-X, the 
thermal Stability is improved greatly. 
0054 The magnetic layer may be a multi-layer film that 
includes a non-magnetic film and a pair of magnetic films 
Sandwiching the non-magnetic film, and particularly a multi 
layer film that includes a non-magnetic film and a pair of 
magnetic films that are coupled antiferromagnetically or 
magnetostatically via the non-magnetic film. The magnetic 
layer also may be a multi-layer film expressed, e.g., by 
M/M-X, in which the non-magnetic element X is added 
only to a portion of a layer made of the magnetic element M. 
Alternatively, the free layer may be a multi-layer film that 
includes a magnetic film made of M-X and a Soft magnetic 
film formed on the magnetic film, the Soft magnetic film 
being Superior to the magnetic film in its Soft magnetic 
characteristics. This is because the magnetization of the free 
layer rotates more easily The magnetic layer may include an 
interface magnetic film to be formed at the interface with the 
non-magnetic layer or the non-magnetic film. The interface 
magnetic film is expected to provide a higher MR ratio. 
Examples of the interface magnetic film include a film that 
is made of FeO, CrO, or the like and has a thickness of 
about 0.5 to 2 nm. 

0055. The MR element of the present invention can be 
used as both a GMR element and a TMR element. The 
non-magnetic layer is made of a conductive material for the 
GMR element and of an insulating material for the TMR 
element. The preferred conductive material is a material 
including at least one Selected from the group consisting of 
Cu, Ag, Au, Cr and Ru. The preferred insulating material is 
a material including at least one Selected from an oxide, a 
nitride and an oxynitride of Al. 
0056. When current flows perpendicular to the film Sur 
face (TMR element and CPP-GMR element), it is preferable 
that a pair of electrode layers are further deposited So as to 
Sandwich the multi-layer film of magnetic layer/non-mag 
netic layer. 
0057. As the magnetic element M, an element expressed 
by Fe-CoNi may be used. Therefore, the above ferro 
magnetic material also can be expressed by a formula 
Fe-CoNilo-LXXXil. Here, p and q are 
adjusted in the ranges of Osps 1,0s qs 1, and p+qs 1. 
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0.058 When M is a three-component system (0<p-1, 
0<q<1, p+q-1), it is preferable that p and q are in the ranges 
of 0<p<1 and 0<qs 0.9 (more preferably, 0<qs0.65), 
respectively. When M is a two-component System consisting 
of Fe and Ni (p=0, 0<q<1; Fe,Ni), it is preferable that q 
is in the range of 0<ds 0.95. When M is a two-component 
System consisting of Fe and Co (q=0, 0<p<1; Fe-Co.), it 
is preferable that p is in the range of 0<ps 0.95. 

0059) To achieve an even higher MR ratio without 
depending on the magnetic element M, it is preferable that 
X is at least one element Selected from the group consisting 
of V, Cr, Mn, Ru, Rh, Pd, Re, Os, Ir and Pt. 

0060 Since Pt is an element that enables both a high MR 
ratio and excellent thermal Stability, it is preferable to 
include Pt as X. When Pt is used as X, a should be in the 
range of 0.05 to 50. In this case, it is preferable that q is 
limited to the range of 0<ds 0.9 for M expressed by Fe 
aNi, and that p is limited to the range of 0<ps 0.9 for M 
expressed by Fe-Co. M to be used with Pt may be Fe. 
When Feo. Pt is used for the pinned layer So as to provide 
a large reversed magnetic field, a high MR ratio, and 
excellent thermal stability, it is preferable that a is in the 
range of 0.05sak20. 

0061 Another preferred example of X is Pd, Rh or Ir. 
Even when theses elements are used, a should be in the range 
of 0.05 to 50. 

0.062. At least two elements selected from the group 
consisting of V, Cr, Mn, Ru, Rh, Pd, Re, OS, Ir and Pt can 
be used as X. 

0063. When X is expressed by Pt. Re, it is preferable that 
b and c Satisfy the following equations: 

0064. When X is expressed by Pt. Pd or Rh Ir, it is 
preferable that b and b satisfy the following equations: 

0065. The ferromagnetic material M-X may have a 
composition gradient in the thickness direction. There is no 
particular limitation to the detail of the composition gradi 
ent. The ratio of the element M (X) may increase or decrease 
monotonically and vary periodically in the thickness direc 
tion. 

0.066 The ferromagnetic material M-X may have a 
crystal structure that differs from the preferential crystal 
Structure (the most stable crystal structure) of a material 
made of M at ordinary temperatures and pressures. In Such 
a case, the Spin polarization can be increased to provide a 
large MR ratio. It is preferable that the crystal structure of 
the ferromagnetic material M-X includes at least one 
Selected from fec (face-centered cubic lattice) and bcc 
(body-centered cubic lattice). 

0067 Fe tends to have the bcc structure. When the 
element X (e.g., Pt, Pd, Rh, Ir, Cu, Au and Ag) that tends to 
have the fec Structure is added to Fe, the fec Structure of, 
e.g., an Fe-Pt material can be obtained. When the element 
X (e.g., Cr, Nb, Mo, Ta, W and Eu) that tends to have the bcc 
structure is added to an Ni-Fe alloy having the fec struc 
ture, the bcc structure of, e.g., an Ni-Fe-Cr material can 
be obtained. When Pd that tends to have the fec structure is 
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added to Co that tends to have an hcp structure, a Co-Pd 
material including the fec Structure can be obtained. 
0068 The ferromagnetic material M-X may be formed 
of a mixed crystal including at least two crystals. The mixed 
crystal may include at least two Selected from the group 
consisting of fec, fct (face-centered tetragonal lattice), bcc, 
bct (body-centered tetragonal lattice), and hcp (hexagonal 
close-packed lattice). The fet and the bct correspond to 
crystal Structures in which one of the crystallographic axes 
of the fec and bcc structures differs from the other two axes, 
respectively. The ferromagnetic material M-X also may be 
a mixed crystal including at least two Selected from the 
crystal Systems including a face-centered orthorhombic lat 
tice and a body-centered orthorhombic lattice in addition to 
the above crystal systems. The orthorhombic lattice is an 
orthorhombic system in which the three axes are of different 
length. Alternately, the ferromagnetic material can have a 
Structure of the phase boundary regions, e.g., between fec 
and bcc and between fec and hcp by addition of the element 
X. 

0069. The reason the spin polarization is increased 
according to a change in crystal Structure is not fully 
clarified. The relationship between the magnetic Spin, the 
electronic Structure, and the crystal Structure may affect that 
increase, as indicated in an invar alloy. 
0070 The ferromagnetic material M-X may be amor 
phous, but preferably crystalline. For example, it may be 
columnar crystals having an average crystal grain diameter 
of 10 nm or less. Here, the average crystal grain diameter is 
evaluated in Such a manner that a crystal grain in the form 
of a column or the like is converted to a sphere having the 
Same Volume as that of the crystal grain, and the diameter of 
the Sphere is taken as the grain diameter. 
0071. Hereinafter, the configuration examples of an mag 
netoresistive element and devices (a magnetoresistive head 
and MRAM) using this element of the present invention will 
be described by referring to the drawings. 

0072 FIG. 1 is a cross-sectional view showing an 
example of an MR element of the present invention. In this 
element, two magnetic layerS 1, 3 that Sandwich a non 
magnetic layer 2 have different magnetic fields for reversing 
the magnetization (i.e. coercive forces). The magnetic layer 
1 with a relatively large coercive force is a pinned layer, and 
the magnetic layer 3 with a relatively large coercive force is 
a free layer. In this element, at least a portion of the magnetic 
layers 1, 3 should be a ferromagnetic material M-X. This 
element can provide a larger MR ratio and more improved 
thermal stability than those of a conventional MR element 
that uses magnetic layerS made of Fe, Co, Ni, or an alloy of 
these elements. 

0073. The reason for an increase in MR ratio by the 
ferromagnetic material M-X is considered more specifi 
cally to be the following effects. A first effect is that the 
density of State of the magnetic element Mata Fermi Surface 
is changed by the non-magnetic element X to increase the 
Spin polarization in the vicinity of the Fermi Surface. A 
Second effect is that the atomic distance and the electron 
arrangement of magnetic atoms constituting the magnetic 
element M are changed by the non-magnetic element X to 
cause a change in band structure, thus increasing the Spin 
polarization. A third effect is that the junction at the interface 
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between the non-magnetic layer and the magnetic layer is 
improved at the atomic level due to the above material, 
thereby reducing diffusion that makes no contribution to 
magnetoresistance. 

0.074 The reason for an improvement in thermal stability 
by the ferromagnetic material M-X is not clarified fully at 
present, as described above. However, the following effects 
of the ferromagnetic material may contribute to that 
improvement: atoms diffusing from the antiferromagnetic 
layer or the like are trapped, and a thermal StreSS generated 
at the interface between the magnetic layer and the non 
magnetic layer is reduced. 

0075. In addition to the above effects, the ferromagnetic 
material M-X can reduce a demagnetizing field and 
decrease a shift magnetic field. The magnetic layer including 
this material has a lower Saturation magnetization than that 
of a conventional magnetic layer made of the element M, 
and thus the demagnetizing field is reduced. A Smaller 
demagnetizing field has the effect of reducing a magnetic 
field for reversing the magnetization (i.e., a Switching mag 
netic field) particularly in a micro-processed element (e.g., 
the element area is 50 um or less, and preferably 10 um or 
less). A lower Switching magnetic field is advantageous in 
reducing power consumption in devices Such as MRAM. 

0.076 The ferromagnetic material M-X also can reduce 
a So-called shift magnetic field. The shift magnetic field 
(Hint) is caused by a local ferromagnetic coupling (i.e., an 
orange-peel coupling) of magnetic poles between the mag 
netic layers 1,3 that Sandwich the non-magnetic layer 2, and 
the local ferromagnetic coupling is induced by unevenneSS 
of the interface. When the ferromagnetic material is used for 
the free layer or the pinned layer, the magnetic poles are 
weakened and the interface is Smoothed compared with a 
conventional magnetic layer made of the element M, So that 
the shift magnetic field can be Suppressed. 
0.077 To improve the soft magnetic characteristics by 
reducing the demagnetizing field and Suppressing the shift 
magnetic field, the atomic ratio a of the non-magnetic 
element should be in the range of 5 to 60. The atomic ratio 
a in the range of 15 to 60 is preferred particularly for 
reducing the demagnetizing field, and that in the range of 10 
to 60 is advantageous in Suppressing the shift magnetic field. 

0078. There is no particular limitation to the number of 
magnetic layerS and non-magnetic layers to be Stacked. For 
example, the non-magnetic layer and the magnetic layer can 
be further stacked in alternation on the configuration in FIG. 
1. Even if the number of layers is increased, the effect of 
improving the characteristics can be obtained by using the 
ferromagnetic material for a portion of at least one of the 
magnetic layers. 

0079 The non-magnetic layer 2 may be made of a 
conductive or insulating material depending on the element. 
The conductive material to be used for the non-magnetic 
layer of a GMR element includes, e.g., at least one Selected 
from the group consisting of Cu, Au, Ag, Ru, Cr, and alloys 
of these elements. The insulating material to be used for the 
non-magnetic layer (tunnel insulating layer) of a TMR 
element is not particularly limited as long as it is an insulator 
or Semiconductor. However, the preferred insulating mate 
rial is a compound of at least one element Selected from the 
group consisting of Groups IIa to VIa (Groups 2 to 6 in new 
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IUPAC system) including Mg, Ti, Zr, Hf, V, Nb, Ta and Cr, 
lanthanide including La and Ce, and Groups IIb to IVb 
(Groups 12 to 14 in new IUPAC system) including Zn, B, Al, 
Ga and Si, and at least one element Selected from the group 
consisting of F, O, C, N and B. In particular, an oxide, a 
nitride or an oxynitride of Al is Superior to other materials 
in the insulating characteristics, can be formed into a thin 
film, and also ensures excellent repeatability. 
0080. To increase a magnetic field for reversing the 
magnetization of the magnetic layer, an antiferromagnetic 
layer may be further Stacked on the magnetic layer. In the 
element illustrated in FIG. 2, an antiferromagnetic layer 8 is 
provided in contact with a pinned layer 1. The pinned layer 
shows unidirectional anisotropy due to an exchange bias 
magnetic field with the antiferromagnetic layer, and thus the 
reversing magnetic field becomes larger. Accordingly, a 
clear distinction between parallel and antiparallel of the 
magnetization of the magnetic layer can be made to provide 
Stable outputs. 
0081. As the antiferromagnetic layer, it is preferable to 
use an Mn-based antiferromagnetic material (antiferromag 
netic material including Mn), such as Pt-Mn, Pd-Pt 
Mn, Fe-Min, Ir-Mn and Ni-Mn. For an underlying layer 
of the antiferromagnetic layer, Ta, Nb, Hf, Zr, Cr, Pt, Cu, Pd 
or the like may be used. To enhance the crystal orientation 
of the antiferromagnetic layer, Ni-Fe, Ni-Fe-Cr or the 
like can be deposited as the underlying layer. 
0082. As shown in FIG. 3, a pinned layer 1 may be 
formed as a multi-layer film, in which a first magnetic film 
11 and a Second magnetic film 12 are Stacked in this order 
from the Side of a non-magnetic layer 2. In this element, an 
eXchange bias magnetic field between the Second magnetic 
film 12 and the antiferromagnetic layer 8 and a ferromag 
netic coupling between the Second and first magnetic films 
12, 11 impart unidirectional anisotropy to the entire pinned 
layer 1 . When the first magnetic film 11 includes the 
ferromagnetic material M-X, the Second magnetic film 12 
is not particularly limited, and, e.g., an Fe-Co-Ni alloy 
can be used. 

0083. As shown in FIG. 4, a pinned layer 1 can be 
formed as a multi-layer film, in which a first magnetic film 
11, a Second magnetic film 13, a non-magnetic film 14, and 
a third magnetic film 15 are stacked in this order from the 
Side of a non-magnetic layer 2. When the non-magnetic film 
14 has an appropriate thickness, an antiferromagnetic 
eXchange coupling is caused between the magnetic films 13 
and 15. By using a hard magnetic material with large 
Saturation magnetization, Such as CoFe, for the Second and 
third magnetic films 13, 15, a magnetic field for reversing 
the magnetization of the pinned layer 1 is increased. Such a 
multi-layer film in which the antiferromagnetic exchange 
coupling is established between the magnetic films via the 
non-magnetic film is called a laminated ferrimagnetic mate 
rial. It is preferable that the non-magnetic film 14 in the 
laminated ferrimagnetic material is at least one Selected 
from the group consisting of Cr, Cu, Ag, Au, Ru, Ir, Re, OS, 
and alloys and oxides of these elements. The preferred 
thickness of the non-magnetic film 14 is 0.2 to 1.2 nm. 
0084. As described above, the multi-layer film, in which 
at least two magnetic films are Stacked with at least one 
non-magnetic film therebetween and the magnetization 
directions of the opposing magnetic films via the non 
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magnetic film are anti-parallel in a Zero magnetic field, can 
reduce the demagnetizing field for a micro-processed ele 
ment, thus making the response property better. 

0085. A high coercive magnetic film can be used instead 
of the multi-layer film (a laminated ferrimagnetic material) 
13, 14, 15 illustrated in FIG. 4. As the high coercive 
magnetic film, it is preferable to use a material having a 
coercive force of 100 Oe or more (approximately at least 
7.96 kA/m), such as Co-Pt, Co-Cr-Pt, Co-Ta-Pt, 
Co-Sm, and Fe-Tb. 

0.086. In a spin-valve type element including the lami 
nated ferrimagnetic pinned layer illustrated in FIG. 5, an 
antiferromagnetic layer 8 is Stacked on the pinned layer 1 in 
FIG. 4. This element can provide a higher bias magnetic 
field than that of an element including the antiferromagnetic 
layer alone. 
0087. The magnetic films 13, 15 may be coupled mag 
netostatically, not antiferromagnetically. For the magneto 
Static coupling, the non-magnetic film 14 is not particularly 
limited as long as it is a non-magnetic material. In general, 
however, the non-magnetic film 14 should have a thickneSS 
of 2 nm or more (and preferably 3 nm or less). 
0088 Elements illustrated in FIGS. 6 and 7 have a dual 
spin-Valve Structure in which pinned layerS 1, 5 are posi 
tioned on both sides of a free layer 3. The element in FIG. 
6 uses antiferromagnetic layers 8a, 8b so as to fix the 
magnetization directions of the pinned layerS 1, 5. In the 
element in FIG. 7, each of the pinned layers 1, 5 includes a 
laminated ferrimagnetic pinned layer 13(53), 14(54), 15(55) 
on the side of the antiferromagnetic layer. When a GMR 
element that includes the non-magnetic layerS 2, 4 made of 
a conductive material has the dual spin-Valve structure, the 
interface between the magnetic layer and the non-magnetic 
layer at which electrons are Subjected to magnetic Scattering 
is increased, so that a larger MR ratio can be obtained. When 
a TMR element that includes the non-magnetic layers 2, 4 
formed of tunnel insulating layerS has the dual spin-Valve 
Structure, the MR ratio is not So much changed, but the bias 
Voltage dependence of the MR properties is improved 
because of the two barriers. 

0089. As shown in FIG. 8, a non-magnetic layer 9 made 
of an insulating material may be further Stacked on a free 
layer 3. In a CIP-GMR element that includes the non 
magnetic layer 9, electrons are reflected from the non 
magnetic layer, So that the MR ratio can be improved. In a 
CPP-GMR element or TMR element that includes the non 
magnetic layer 9, electrons having a higher energy than the 
Fermi level are included in those flowing through the 
element, So that output can be increased to improve the bias 
Voltage dependence. Examples of the non-magnetic layer 9 
include an Al oxide, Al nitride, Al Oxynitride, Mg oxide, Si 
oxide, and Ta oxide. 

0090. As shown in FIG. 9, a free layer 3 may be formed 
as a multi-layer film. In this case, a magnetic film 31 made 
of the ferromagnetic material M-X should be positioned on 
the Side of a non-magnetic layer 2. When a Soft magnetic 
film 32 is Stacked on the magnetic film 31, a magnetic field 
for reversing the magnetization of the free layer can be 
reduced. AS the Soft magnetic film 32, e.g., an Ni-Co-Fe 
alloy can be used. Expressing the composition of this alloy 
as NiCo, Fe, an Ni-rich soft magnetic film with 0.6ssis 0.9, 
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Osts 0.4, and Osus 0.3 or a Co-rich soft magnetic film with 
Ossis 0.4, 0.2sts 0.95, and Osus 0.5 is Suitable. 

0091 Alaminated ferrimagnetic free layer including a 
Soft magnetic material with Small Saturation magnetization, 
such as NiFe, can be used as a portion of the free layer. The 
dual spin-valve type elements illustrated in FIGS. 6 and 7 
also may include the laminated ferrimagnetic free layer in 
the free layer 3. For example, the free layer 3 may be divided 
into two layers, and the laminated ferrimagnetic free layer of 
magnetic film A/non-magnetic film B/magnetic film C/non 
magnetic film D/magnetic film E may be interposed between 
the two layers. The configuration of the laminated ferrimag 
netic free layer is not limited to the above. For example, 
when the antiferromagnetic exchange coupling is estab 
lished between the magnetic film C and each of the divided 
free layers, the magnetic films A and E can be omitted. 

0092. In the MR elements described above, the MR 
characteristics can be improved by including the ferromag 
netic material M-X in at least a portion of the magnetic 
layers 1, 3, 5. When a magnetic layer is further stacked, the 
portion of the magnetic layer that includes no M-X may be 
formed, e.g., of at least one metal Selected from the group 
consisting of Fe, Co and Ni, as is the case with the 
conventional technique. 

0093. As the method for forming each of the thin films 
constituting an MR element, various Sputtering methods, 
MBE, and ion plating can be used. The Sputtering methods 
include pulse laser deposition (PLD), ion beam deposition 
(IBD), cluster ion beam, RF, DC, ECR, helicon, inductively 
coupled plasma (ICP), and opposed targets. Instead of these 
PVD methods, CVD, plating, a sol-gel process, or the like 
can be used. The method for producing the ferromagnetic 
material M-X will be described below by taking sputtering 
as an example. This material can be produced, e.g., by 
depositing pellets of the non-magnetic material X on an 
alloy target whose composition has been determined by 
considering the deviation from a desired composition of the 
magnetic element M. The target of the magnetic element M 
and that of the non-magnetic element X may be Sputtered 
Simultaneously or alternately. Also, reactive Sputtering can 
be performed by introducing a portion of the non-magnetic 
element X in the gas State into an apparatus. The ferromag 
netic material M-X may be produced by using an alloy 
target whose composition has been determined by consid 
ering the deviation from a desired composition that depends 
on the film forming conditions (e.g., Sputtering, gas Species, 
gas pressure, and input power). 
0094) To produce a tunnel layer as the non-magnetic 
layer, e.g., a thin film precursor of an alloy or compound that 
includes at least one element Selected from the group 
consisting of Groups Ia to Via including Mg, Ti, Zr, Hf, V, 
Nb, Ta and Cr, lanthanide including La and Ce, and Groups 
IIb to IVb including Zn, B, Al, Ga and Si may be prepared, 
and then this precursor may be reacted (e.g., oxidized, 
nitrided, or the like) in an atmosphere containing at least one 
element Selected from the group consisting of F, O, C, N and 
B as molecules, ions, or radicals with the at least one 
element while controlling temperature and time. AS the thin 
film precursor, a non-Stoichiometric compound that includes 
any one of the elements selected from F, O, C, N and B in 
an amount leSS than that defined by the Stoichiometric ratio 
may be prepared, and then this compound may be main 
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tained in an appropriate atmosphere containing molecules, 
ions, or radicals of the element included in the compound 
while controlling temperature and time properly So as to 
cause a further reaction of the element. 

0.095 For example, when an Al-O film is produced as 
the tunnel insulating layer by Sputtering, it is preferable to 
repeat the Steps of forming an Al or AlO (Xs 1.5) film in an 
Ar or Ar--O atmosphere and oxidizing this film in O or 
O+inert gas. ECR discharge, glow discharge, RF discharge, 
helicon, ICP or the like can be used in making plasma or 
radicals. 

0.096 To produce a device including an MR element that 
allows current to flow perpendicular to the film Surface, 
micro-processing can be performed by combining photoli 
thography techniques that use, e.g., physical or chemical 
etching, Such as ion milling, RIE and FIB, a stepper for 
forming fine patterns, and an EB method. In the element 
illustrated in FIG. 10, a lower electrode 22, an MR element 
23, and an upper electrode 24 are Stacked in this order on a 
Substrate 21, and an interlayer insulating film 25 is provided 
around the element between the electrodes. This element 
allows current to flow through the MR element 23 inter 
posed between the upper and lower electrodes 24, 22 So as 
to read a voltage. Thus, it is preferable that the MR element 
causing current to flow in a direction perpendicular to the 
film Surface further includes a pair of electrodes that Sand 
wich the element in this direction. To flatten the Surface of 
the electrode or the like in the element, CMP or cluster ion 
beam etching may be used. 
0097 As the material of the electrodes 22, 24, it is 
preferable to use a metal having low resistance Such as Pt, 
Au, Cu, Ru, and Al. AS the interlayer insulating film 25, it 
is preferable to use a material having an excellent insulating 
property Such as Al-O, and SiO2. 
0.098 FIG. 11 shows an example of a magnetoresistive 
magnetic head using an MR element of the present inven 
tion. The magnetoresistive magnetic head includes two 
magnetic shields (i.e., an upper shield 35 and a lower shield 
31) that are made of a magnetic material and Suppress a 
magnetic field other than that to be detected from penetrat 
ing into the MR element. An MR element portion 33 and 
electrodes 32, 34 Sandwiching the element are arranged in a 
reproduction gap length of the two magnetic Shields. 
Recording of magnetic information with this head is per 
formed in the following manner: current flows through 
winding portions 37, and thus a leakage field from a record 
ing gap between a recording magnetic pole 38 and the upper 
Shield 35 is used to write a signal into a recording medium. 
An insulating film 36 is formed in the portion of the 
recording gap and has a thickness that corresponds to the gap 
length. Reproduction is performed by reading a signal 
magnetic field from the recording medium with the MR 
element provided in the reproduction gap (shield gap). 
0099. When a TMR element or CPP-GMR element is 
used for the MR element portion 33 of this magnetic head, 
the electrodes can be eliminated by allowing the upper and 
lower shields to Serve as the upper and lower electrodes, So 
that the reproducing head has a narrower gap. For a CIP 
GMR element, the upper and lower electrodes are insulated 
from the upper and lower Shields, respectively. 
0100. As shown in FIG. 12, an MR element of the 
present invention may be used in a magnetic head having a 
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magnetic flux guide (yoke) made of a magnetic material. In 
this magnetoresistive magnetic head, yokes 41a, 41b intro 
duce a magnetic field to be detected into an MR element 
portion 43. The yokes Serve as magnetic Shields, and the 
lower yoke 41b under the MR element 43 also serves as a 
lower lead. The current for detecting a Signal magnetic field 
flows between the upper lead 44 and the lower yoke (lower 
lead) 41b. The entire free layer of the MR element or a 
portion of the free layer also can be used as the yoke. This 
magnetic head is Supposed to use a TMR element or 
CPP-GMR element. However, it also can include a CIP 
GMR element that allows current to flow in parallel to the 
film Surface by providing insulation or the like between the 
MR element and the yoke portion. 

0101 These magnetic heads can be used in a magnetic 
recording apparatus such as an HDD. As shown in FIG. 13, 
e.g., the HDD includes a magnetic head 71, an arm 72 for 
Supporting the magnetic head, a driving portion 73 for the 
arm and a disk, a Signal processing portion 74, and a 
magnetic recording medium (magnetic disk) 75 on which a 
Signal is recorded/reproduced with the magnetic head. 

0102 FIG. 14 shows an example of an MRAM using an 
MR element of the present invention as a memory device. 
MR elements 61 are arranged at each intersection of bit 
(sense) lines 62 and word lines 63 in the form of a matrix. 
The bit and word lines may be made of Cu, Al or the like. 
The bit line corresponds to a conductor line for reading 
information, while the word line corresponds to a conductor 
line for recording information. A Synthetic magnetic field 
that is generated when a Signal current flows through the bit 
and word lines allows a signal to be recorded on the element. 
The signal is recorded on the element (i.e., the element 61a 
in FIG. 14) located at the position where the lines in the on 
State cross (coincident-current Selection). 
0103) The operations of the MRAM will be described in 
more detail by referring to FIGS. 15 to 17. These drawings 
show examples of writing and reading operations. Here, the 
MR element 61 (including a pinned layer 1, a non-magnetic 
layer 2, and a free layer 3) illustrated in FIG. 1 is used. 
However, the element to be used is not limited thereto. In the 
MRAM shown in FIGS. 15A and 15B, a switching element 
64 such as FET is provided for each element so as to read 
the magnetized state of the element individually. This 
MRAM is suitable for forming on a CMOS substrate. In the 
MRAM shown in FIGS. 16A and 16B, a nonlinear or 
rectifier element 65 is provided for each element. As the 
nonlinear element, e.g., a varistor, a tunnel element, or the 
above three-terminal element may be used. This MRAM can 
be formed also on an inexpensive glass Substrate only by 
increasing the film forming process for a diode or the like. 
In the MRAM shown in FIGS. 17A and 17B, the element 
61 is located at the intersection of the word and bit lines 
without using the Switching element, the rectifier element, or 
the like. This MRAM allows current to flow through a 
plurality of elements for reading. Therefore, it is preferable 
that the number of elements should be limited to 10,000 or 
leSS So as to ensure the reading accuracy. 

0104. In FIGS. 15 to 17, the bit line 62 is used also as the 
Sense line for reading a resistance change caused when 
current flows through the element. However, the Sense line 
and the bit line may be arranged separately to prevent 
malfunction or destruction of the element due to a bit 
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current. In this case, it is preferable that the bit line is 
insulated electrically from the element and arranged in 
parallel to the Sense line. In View of reducing power con 
Sumption for writing, the Space between the word line or the 
bit line and the memory cell (element) may be about 500 nm 
or less. 

EXAMPLES 

0105. Using multi-target magnetron Sputtering, an ele 
ment having the configuration described in each of the 
following examples was formed on an Si Substrate (3 inch (p) 
provided with a thermal oxide film, and the MR character 
istics were examined. 

Example 1 

0106) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Pt-Mn(20)/Co-Fe(1)/ferromagnetic mate 
rial M-X(2)/Al-O(1.0)/Co-Fe(3)/Ta(15) 
0107 Here, the figures in parentheses denote the film 
thickness (in nm, the film thickness is expressed in the same 
manner in the following). The thickness of the Al-O film 
is a designed thickness (i.e., total thickness) of Al before 
oxidation (this is the same in the following, including 
nitridation and oxynitridation for Al-N and Al-N-O). 
The Al-O was prepared by forming an Al film having a 
thickness of 0.3 to 0.7 nm and oxidizing the Al film 
repeatedly in an atmosphere containing oxygen (200 Torr 
(about 0.267 MPa), 1 min). 
0108). The Ta(3)/Cu(50) on the substrate is a lower elec 
trode, and the Ta(3) adjacent to the Pt-Mn is an underlying 
layer. The Ta(15) is a protective layer of the MR film, and 
a portion of the Ta(15) also acts as an upper electrode. The 
Pt-Mn corresponds to an antiferromagnetic layer. Each 
film was micro-processed in mesa fashion, as shown in FIG. 
10, and Cu(50)/Ta(3) was formed as the upper electrode. 
Subsequently, the element was heat-treated at 280 C. for 3 
hours in a magnetic field of 5 kOe So as to impart unidirec 
tional anisotropy to the PtMn. The element area of a sample 
was 1.5 limx2.5 lim. 
0109) This MR element is a spin-valve type TMR ele 
ment having the configuration in accordance with FIG. 3, 
and a ferromagnetic material M-X is used for a portion of 
the pinned layer 1. The MR characteristics were examined 
with a direct-current four-terminal method by applying a 
maximum magnetic field of 5 kOe to the MR element. The 
MR ratio was determined by 

MR ratio={(Ra-Rii)/Rix100 (%) 
0110 where R is a maximum resistance and R is a 
minimum resistance (this is the same in the following). 
0111. The MR ratio changes according to the materials, 
manufacturing method and thickness of a tunnel insulating 
layer. It also is affected by the materials of films constituting 
an element, the thicknesses of the films, and processing of 
the element. Therefore, the characteristics of the MR ele 
ment are evaluated on the basis of the characteristics of a 
conventional element, which is produced in the same man 
ner as the MR element except for the use of a material that 
includes only the magnetic element M of the ferromagnetic 
material M-X. This is the same in the following examples. 
Table 1 shows the result of measurement. 
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TABLE 1. 

Ferromagnetic material 
Sample No. M-X MR(%) 

(Conventional example) a01 Fello 34 
(Comparative example) a02 Fellogos Ptoo 34 

a03 Fellogos Ptoos 40 
a04 Fellos Pts 58 
a05 FePto 56 
a06 FesoPto 55 
a07 FezoPtso 57 
a08 FesoPtso 40 
*aC9 FePto 34 
a10 FessPts 22 
a11 FellogosPdoos 40 
a12 FellooPdo 48 
a13 FelssPds 55 
a14 FesPds 54 
a15 FessPds 46 
*a16 FesPds, 35 
a17 FelsoPd 2O 
a18 FellooRho 46 
a19 Fe7sRhas 48 
a20 FelloRho 44 
*a21 FesRhs 35 
a22 Fells,Rh6s 22 
a23 Fellor 40 
a24 FeIrs 44 
a25 Feiss Iris 41 
a26 Felzorso 39 
a27 Felso.Irao 37 
*a28 FeIrs 35 
a29 Fe,Iris 1. 
a30 Feloo.97Reolos 34 
a31 Fellos.Re2 39 
a32 FesRes 40 
a33 Feloo.Reo 40 
a34 Felso.Re20 38 
a35 FezoReso 35 
a36 FesRess 8 
a37 FellogosNoo 34 
a38 FeoN 36 
a39 FesNs 38 
a40 FeNis 36 
a41 Fe7 7.N. 21 

0112 In Table 1, the elements other than those repre 
Sented by the conventional and comparative examples are 
the working examples, though they are not So indicated (this 
is the same in the following). As shown in Table 1, larger 
MR ratios were obtained from the elements of the working 
examples than that from the conventional example a01. 
Moreover, some of the elements had an extremely large MR 
ratio of 50% or more. The increase in the MR ratio may 
result from an increase in Spin polarization by adding the 
non-magnetic element to Fe. 
0113 For the elements marked with *, the degree of 
increase in the MR ratio was not large because the amount 
of non-magnetic element X added was rather large. To 
achieve a high MR ratio, the amounts of addition should be 
limited to 50 at % for Pt, Pd, Rh and Ir(X), 30 at % for Re 
(X), and 20 at % for N (X). 
0114 Moreover, the variation in tunnel junction resis 
tance in a 3-inch wafer after processing the element was 
examined for each element in the conventional and working 
examples. The variation in junction resistance of the con 
ventional example was about 18%. However, the variation in 
junction resistance of all the working examples was within 
5%. The effect of mass-producing devices increases as the 
variation becomes Smaller. 
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Example 2 
0115 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Pt-Mn(20)/Co-Fe(3)/Ru(0.9)/Co-Fe(1)/ 
ferromagnetic material M-X(2)/Al-O(1.0)/ferromagnetic 
material M-X(2)/Ni-Fe(5)/Ta(15) 
0116. The method for forming the Al-O film was the 
Same as that in Example 1. Each film was processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) 
was formed as an upper electrode. Subsequently, the element 
was heat-treated at 280 C. for 3 hours in a magnetic field 
of 5 kOe So as to impart unidirectional anisotropy to the 
Pt-Mn. The element area of a sample was 2 timx3 um. 
0117 This MR element is a laminated ferrimagnetic 
pinned layer spin-valve type TMR element having the 
configuration in accordance with FIG. 5, and a ferromag 
netic material M-X is used for a portion of the pinned layer 
1 and a portion of the free layer 3. The free layer 3 includes 
an Ni-Fe soft magnetic layer. The MR ratio of this element 
was examined in the same manner as Example 1. Table 2 
shows the result. 

TABLE 2 

Ferromagnetic Ferromagnetic 
material M-X material M-X 
(on the pinned (on the free 

Sample No. layer side) layer side) MR(%) 

(Conventional b01 Feo Fello 18 
example) 
(Comparative b02 FelloggePtood FelloggoPtoo4 18 
example) bO3 FelsPts FesPts 55 

b04 Fess Pts FelssPts 58 
b05 FesPts Fe7sPts 58 
b06 FesPts FelsPts 57 
b07 FessPts FelssPts 35 

*b08 FesPtss FelsPtss 19 
b09 Fe, Pts Fels, Pts 12 
b10 Fello Pto FelzoPtso 57 
b11 FelsoPto FelssPts 56 

*b12 Fe Pto FelsPtss 2O 
b13 FelsoPtso Fels2Pts 44 
b14 FeoPdo FellooPdio 48 
b15 FePd FelsoPd20 50 
b16 FezoPdso FelzoPdso 51 
b17 FelsoPdso FelsoPdso 41 
b18 Fess Pds Fellos Pds 55 
b19 FesPds FelsPds 48 
b20 Fess Pds FelsPdss 46 
b21 Fellos Pds FelsoPd20 45 

0118. As shown in Table 2, larger MR ratios were 
obtained from the elements of the working examples includ 
ing the ferromagnetic material M-X compared with the 
conventional example, either when the compositions of the 
materials arranged on both sides of the Al-O were the same 
or when they were different. For the working examples b08, 
b12 marked with *, the degree of increase in the MR ratio 
was not large because the content of X(Pt) was rather large. 
In the conventional example b01, a magnetic field for 
reversing the magnetization of the free layer (i.e., a coercive 
force) was about 35 Oe. However, the coercive force of the 
working examples b08, b12 was about 10 Oe. A smaller 
magnetic field for reversing the magnetization of the free 
layer is advantageous in magnetic heads and magnetic 
memories. Thus, the ferromagnetic material M-X can 
improve the Soft magnetic characteristics of the free layer 
and contribute to the enhancement of device Sensitivity. 
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0119) The elements of the conventional example b01 and 
all the working examples were heat-treated again at 280 C. 
for 10 hours, and then their MR characteristics were exam 
ined. The MR ratios of the conventional example b01 and 
the working examples changed little relative to those before 
reheating. When the tunnel junction resistance after reheat 
ing was compared with that before reheating, a change in the 
resistance of all the working examples was within 5%, while 
a change in the resistance of the conventional example b01 
was 20% or more. High stability to thermal hysteresis 
increases the Versatility and facilitates the element design. 

Example 3 

0120 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/ferromagnetic material M-X(5)/Al-O(0.8)/ 
Co(3)/Ir-Mn(15)/Ta(20) 
0121 The Al-O was prepared by forming an Al film 
having a thickness of 0.8 nm and applying ICP oxidation to 
the Al film. The Ir-Mn corresponds to an antiferromagnetic 
layer. Each film was processed in mesa fashion in the same 
manner as Example 1, and Cu(50)/Ta(3) was formed as an 
upper electrode. Subsequently, the element was heat-treated 
at 250 C. for 2 hours in a magnetic field of 5 kOe so as to 
impart unidirectional anisotropy to the Ir-Mn. The element 
area of a Sample was 3 limx3 lum. 
0122) This MR element is a spin-valve type TMR ele 
ment having the configuration in accordance with FIG. 2, 
which is turned upside down, and a ferromagnetic material 
M-X is used for the free layer 3. The MR ratio of this 
element was examined in the same manner as Example 1. 
Table 3 shows the result. 

TABLE 3 

Ferromagnetic material 
Sample No. M-X MR(%) 

(Conventional example) cO1 Feo.goNiololoo 27 
(Comparative example) cO2 Feo.goNiololoo.97Ptoos 27 

cO3 Feo.goNio.1ologos Ptoos 35 
cO4 Feogo.Niololos Pts 38 
cO5 Feo.goNiolokoPto 53 
cO6 Feoloo.Nioiospts 44 
cO7 Feo.goNio.1ols2Ptas 44 
*co8 Feogo.NiotosPts2 28 
cO9 Feo.goNio.1ossPtos 16 
c10 Feo.goNiolossIr12 46 
c11 Feo.goNiolokoRh2o 43 
c12 Feo.goNio.1olo2Pds 43 
c13 Feo.goNio.1ossRuis 3O 
c14 Feoloo.Nioloss Aus 29 
c15 Feo.goNio.1oksRes 34 
c16 Feo.goNio.1ossRe1s 33 
c17 Feo.goNio.1ossRess 11 
c18 Feoloo.Nioiologo, 3O 
c19 Feo.goNio.1oksOs 31 
c20 Feo.goNio.1ol, O23 14 

(Conventional example) c21 FeodoNio.4oloo 31 
c22 FeodoNio.4ologPt 56 
c23 FeodoNio.4olsoPt 11 58 
c24 FeodoNio.4olors 50 
c25 FeodoNio.4olso Rh2o 48 
c26 FeodoNio.4okoPdio 48 
c27 FeodoNio.4ols2Ru18 44 
c28 FeodoNio.4oloAuto 38 

(Comparative example) c29 Feo.ooNio.4ologoscroo4 31 
c30 Feo.goNio.4ologos Croos 37 
c31 FeodoNio.4oksCr2 45 
c32 FeodoNio.4oksCrs 47 
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TABLE 3-continued 

Ferromagnetic material 
Sample No. M-X MR(%) 

c33 FeodoNioaolo Crs 45 
c34 FeodoNio.4olsoCro 37 
c35 FeodoNio.4olsoCrs 1 15 
c36 FeodoNio4.okoo, Noos 31 
c37 FeodoNio.4ologosNoos 35 
c38 FeosoNioaolo,Ns 36 
c39 FeodoNio4.ok-Ns 34 
c40 FeosoNioao,7N2s 5 

(Conventional example) c41 FeodoNiosoloo 18 
c42 FeodoNiosolospt2 26 
c43 FeodoNiosolo Pto 25 
c44 FeodoNiosossPt 12 28 
c45 FeodoNiosolosCrs 24 
c46 FeodoNiosolssCris 2O 

(Comparative example) c47 FeodoNiosolscCr34 11 
c48 FeodoNiosolo.Si. 19 
c49 FeodoNiosolo2Sis 21 
c50 FeodoNiosolssSi7 2O 
c51 FeodoNiosoloSi24 1O 

0123. As shown in Table 3, larger MR ratios were 
obtained from the elements of the working examples includ 
ing the ferromagnetic material M-X compared with the 
conventional examples, even if an Fe-Ni alloy was used as 
M. For the working example c(8 marked with * in Table 3, 
a remarkable increase in the MR ratio was not observed. 

Example 4 

0124) Si Substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Ni-Fe-Cr(4)/Pt-Mn(25)/ferromagnetic 
material M-X(2.5)/Al-O(0.7)/Co-Fe(2)/Ni-Fe(3)/ 
Ta(20) 
0.125 The method for forming the Al-O film was the 
same as that in Example 1. The Ta(3)/Ni-Fe-Cr(4) is an 
underlying layer for controlling the crystal orientation of the 
Pt-Mn. Each film was processed in mesa fashion in the 
same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat 
treated at 280 C. for 5 hours in a magnetic field of 5 kOe 
so as to impart unidirectional anisotropy to the Pt-Mn. The 
element area of a Sample was 1.5 limx3 um. 
0.126 This MR element is a spin-valve type TMR ele 
ment having the configuration in accordance with FIG. 2, 
and a ferromagnetic material M-X is used for the pinned 
layer 1. The MR ratio of this element was examined in the 
Same manner as Example 1. Table 4 shows the result. 

TABLE 4 

Ferromagnetic material 
Sample No. M-X MR(%) 

(Conventional example) d01 Feo. 70Coo soloo 3O 
(Comparative example) d02 Feo. 70Coosokogo Ptoo.4 3O 

d03 Feo. 70CoosokoPt1. 40 
d04 Feo. 70Coosolo2Pts 48 
d05 Feo. 70Coosols Pt 16 45 
d06 Feo. 70CoosolioPtso 42 
*d07 Feo. 7oCoosol,Ptss 31 
d08 Feo. 70CoosolsoPt61 16 
d09 Feo. 70Coosokoos Voo 3O 
d10 Feo. 70CoosokoV4 38 
d11 Feo. 70Coo solo2Vs 36 
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TABLE 4-continued 

Ferromagnetic material 
Sample No. M-X MR(%) 

d12 FeodoCoosolsV32 11 
d13 Feo.70Coo.3ologN1 33 
d14 Feo.7oCoosolosNs 34 
d15 Feo.70CoosolsN22 9 

(Conventional example) d16 FeosoCoo.7oloo 38 
d17 Feo.30Coo.7ologPt1. 43 
d18 Feo.30Coo.7olo2Pts 55 
d19 Feo.30Coo.7olos Pt3s 44 
d20 Feo.30Coo.7olooPdio 46 
d21 Feo.30Coo.7olos Rus 42 
d22 Feo.30Coo.7olsCups 44 
d23 FeosoCoo.7ossCus 41 
d24 Feo.30Coo.7oloo Crio 41 
d25 Feo.30Coo.7oloosOos 46 
d26 Feo.30Coo.7ologo, 41 
d27 FeosoCoozolo Os 44 

(Comparative example) d28 Feo.30Coo.7olsO2s O 
(Conventional example) d29 Feo.1oCoolooloo 32 

d30 Feo.1oCooloolos Pts 52 
d31 FeodoCooloolooPto 40 
d32 Feo.1oCoolools Pts 41 
d33 Feo.1oCooloologo, 36 
d34 Feo.1oCooloolos O2 35 
d35 FeodoCooloolos Os 33 

(Comparative example) d36 Feo.1oCooloolooso 5 

0127. As shown in Table 4, larger MR ratios were 
obtained from the elements of the working examples includ 
ing the ferromagnetic material M-X compared with the 
conventional examples, even if an Fe-Co alloy was used as 
M. For the working example d07 marked with * in Table 4, 
a remarkable increase in the MR ratio was not observed. 

Example 5 

0128) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Co-Sm(80)/Co-Fe(3)/Al-O(1.1)/ferro 
magnetic material M-X(5)/Ta(20) 
0129. The Al-O was prepared by forming an Al film 
having a thickness of 0.3 to 0.7 nm and applying ICP 
oxidation to the Al film. The Co-Sm corresponds to a high 
coercivity layer. Each film was processed in mesa fashion in 
the same manner as Example 1, and Cu(50)/Ta(3) was 
formed as an upper electrode. Subsequently, the element was 
heat-treated at 150° C. for 1 hour in a magnetic field of 500 
Oe So as to impart crystal magnetic anisotropy to the 
Co-Sm. The element area of a Sample was 4 limx5 um. 
0130. This MR element is a differential coercive force 
type TMR element having the configuration in accordance 
with FIG. 1, and a ferromagnetic material M-X is used for 
the free layer 3. The MR ratio of this element was examined 
in the same manner as Example 1. Table 5 shows the result, 
together with the ratio of the MR ratio (MR(M-X)) of the 
above element to the MR ratio (MR(M)) of an element that 
used a ferromagnetic material M for the free layer 3. 

TABLE 5 

Ferromagnetic material MR(M-X)/ 
Sample No. M-X MR(%) MR(M) 

(Conventional e01 FeosoCoo.1oNio.1oloo 3O 1.OO 
example) e02 FeosoCooloNiololospts 41 1.37 

e03 FeosoCooloNio.1ols Pt 16 45 1.50 
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TABLE 5-continued 

Ferromagnetic material MR(M-X), 
Sample No. M-X MR(%) MR(M) 

e04 FeosoCooloNiololos Pts, 40 1.33 
e05 Feo.4sCoosoNio.2sloo 31 19 
e06 Feo.4sCoosoNio.2sloo Pt 48 85 
e07 Feo.4sCoosoNio.2slssPt1s 43 .65 
e08 Feos CoosoNio.2slo Ptso 38 .46 
e09 FeodoCoo.1sNio.osloo 18 OO 
e10 FeodoCoo.1sNio.oslooPt1. 2O .11 
e11 FeodoCoo.1sNio.oslos Pt7 25 39 
e12 FeodoCoo.1sNio.oslsoPto 22 22 
e13 FeodoCooloNio.7oloo 17 OO 
e14 FeodoCooloNio.7olos Pts 2O 18 
e15 FeodoCooloNio.7olooPto 18 O6 
e16 Feo osCooosNio ooloo 15 OO 
e17 Feo osCooosNioloologPt 17 13 
e18 Feo osCooosNioloolssPt1s 16 O7 

0131. As shown in Table 5, larger MR ratios were 
obtained from the elements of the working examples includ 
ing the ferromagnetic material M-X compared with the 
conventional examples, even if an Fe-Co-Ni ternary 
alloy was used as M. In particular, the MR ratio was 
increased when the composition ratio (q) of Ni was 0.65 or 
leSS. 

Example 6 

0132) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Ni-Fe(3)/Pt-Mn(20)/Co-Fe(3)/Ru(0.9)/ 
Co-Fe(3)/Al-N(1.0)/ferromagnetic material M-X(5)/ 
Ta(20) 
0133. The Al-N was prepared by forming an Al film 
having a thickness of 1.0 nm and applying ICP nitridation to 
the Al film. The ICP nitridation was performed in an 
atmosphere containing nitrogen. The Ta(3)/Ni-Fe(3) is an 
underlying layer for the Pt-Mn. Each film was processed in 
mesa fashion in the same manner as Example 1, and 
Cu(50)/Ta(3) was formed as an upper electrode. Subse 
quently, the element was heat-treated at 280 C. for 3 hours 
in a magnetic field of 10 kOe So as to impart unidirectional 
anisotropy to the Pt-Mn. The element area of a sample was 
2 umx4 lim. 
0134) This MR element is a laminated ferrimagnetic 
pinned layer spin-valve type TMR element, and the 
Co-Fe(3)/Ru(0.9)/Co-Fe(3) acts as a pinned layer. A 
ferromagnetic material M-X is used for the free layer 3. 
The MR ratio of this element was examined in the same 
manner as Example 1. Table 6 shows the result. 

TABLE 6 

Ferromagnetic material 
Sample No. M-X MR(%) 

(Conventional example) f01 Feo 2O 
f02 FePts Pds 41 
f03 FesPtoPds 38 
f04 FesPtPds 42 
f05 Fels Pts Pd 35 

(Comparative example) f06 Fess Pts Pd 8 
f07 Fe, PtsRe- 46 
f08 Feo Pt. Res 42 
f09 Feo PtsRe12 38 
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TABLE 6-continued 

Ferromagnetic material 
Sample No. M-X MR(%) 

*f10 Feo Pts Res 21 
11 Fe7 PtsRess 6 
12 Fels, PtsReis 3 
13 Fels, PtsO 34 
14 Fe, Pt,Os 31 
15 Feiss PtoC)12 3O 
16 Felis PtsC22 11 
17 FelloRhsIrs 38 
18 Fels2 Rhors 39 
19 Felso RhssIrs 37 
20 Fess Rhors 37 
21 Felss RhssIro 3 

(Conventional example) 22 FeosoNio.2oloo 29 
23 FeosoNiopolso RhoIra 51 
24 FeosoNiopoloRh12Irs 48 
25 FeosoNio2olsoAlgPs 33 
26 FeosoNiopols1AlsP16 34 

(Comparative example) 27 FeosoNiopol,4AlsP3 15 

0.135 As shown in Table 6, larger MR ratios compared 
with the conventional examples were obtained, even if two 
non-magnetic elements were used as X. For the working 
example f10 marked with * in Table 6, a remarkable increase 
in the MR ratio was not observed. It is preferable that Re 
should be added in the range of not more than 20%. 

Example 7 

0.136) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Ni-Fe-Cr(4)/Pt-Mn(20)/Co-Fe(3)/ 
Ru(0.9)/Co-Fe(1.5)/ferromagnetic material M-X(1.5)/ 
Al-O(0.8)/ferromagnetic material M-X(1)/Ni-Fe(5)/ 
Ta(15) 
0.137 The method for forming the Al-O film was the 
Same as that in Example 1. Each film was processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) 
was formed as an upper electrode. Subsequently, the element 
was heat-treated under the same conditions as those in 
Example 1 So as to impart unidirectional anisotropy to the 
Pt-Mn. The element area of a sample was 2 timx3 lum. 
0.138. This MR element is a laminated ferrimagnetic 
pinned layer spin-valve type TMR element having the 
configuration in accordance with FIG. 5, and a ferromag 
netic material M-X is used for a portion of the pinned layer 
1 and a portion of the free layer 3. The compositions of the 
ferromagnetic material M-X in both magnetic layers are 
the same. The free layer 3 includes an Ni-Fe Soft magnetic 
layer to cause its magnetization rotation more easily. The 
MR ratio of this element was examined in the same manner 
as Example 1. Table 7 shows the result. 

TABLE 7 

Ferromagnetic material 
Sample No. M-X MR(%) 

(Conventional example) g01 Felloo 26 
g02 Fellos PtsAl-O 44 
g03 Felsso Pts AllOo. 45 
g04 Fels, Pts Al-O 48 
g05 Fezo PtoAlsos 45 
g06 Fello Pt.22Al4SOs 44 
g07 Fello Pt.21Al2SOs 41 
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TABLE 7-continued 

Ferromagnetic material 
Sample No. M-X MR(%) 

(Comparative example) g08 Fells Pts AlssOs 12 
g09 Fels Ptas.Alsos 44 
g10 Fells Pts Alsos 46 
g11 Fels2 Pt 17AlloC2 9 
g12 Felso Ptas.Alsos 19 

0.139. As shown in Table 7, larger MR ratios compared 
with the conventional example were obtained, even if three 
non-magnetic elements (X, X, X) were used as X. How 
ever, when Al(X) was more than 30%, O(X) was more 
than 20%, or the total (X) of Pt, Al and O was more than 
60%, the MR ratio became even Smaller. 

Example 8 

0140 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Ni-Fe(3)/Ir-Mn(15)/Co-Fe(1)/ferromag 
netic material M-X(2)/Al-O(1.0)/Ni-Fe(4)/Ru(0.8)/ 
Ni-Fe(3)/Ta(20) 
0.141. The Al-O was prepared by forming an Al film 
having a thickness of 0.4 nm, oxidizing the Al film in an 
atmosphere containing oxygen (200 Torr, 1 min), further 
forming an Al film having a thickness of 0.6 nm, and 
oxidizing the Al film with ICP oxidation. Each film was 
processed in mesa fashion in the same manner as Example 
1, and Cu(50)/Ta(3) was formed as an upper electrode. 
Subsequently, the element was heat-treated at 260 C. for 3 
hours in a magnetic field of 5 kOe So as to impart unidirec 
tional anisotropy to the Ir-Mn. The element area of a 
Sample was 2.5 limx4 um. 
0142. This MR element is a spin-valve type TMR ele 
ment having the configuration in accordance with FIG. 3, 
and a ferromagnetic material M-X is used for a portion of 
the pinned layer 1. The laminated ferrimagnetic free layer 
(Ni-Fe(4)/Ru(0.8)/Ni-Fe(3)) is used as the free layer 3. 
The MR ratio of this element was examined in the same 
manner as Example 1. Table 8 shows the result, together 
with a coercive force (HC) of the laminated ferrimagnetic 
free layer and a shift magnetic field (Hint) from the Zero 
magnetic field. When the magnetic fields for reversing the 
magnetization of the free layer are represented by H and H 
(H>H), the coercive force (Hc) is expressed by He=(H- 
H)/2 and the shift magnetic field (Hint) is expressed by 
Hint=(H+H)/2. 

TABLE 8 

Ferromagnetic MR 
Sample No. material M-X (%) He(Oe) Hint(Oe) 

(Conventional h01 Feo.osNio.3sloo 25 45 3O 
example) h02 Feogs Niossos Mn2 38 21 5 

h03 Feogs Niosso2Mns 37 16 4 
h04 FeosNissleMn 34 15 6 
h05 Feogs Nios.sys Mn2s 36 14 7 
h06 Feogs NiosslogCr 31 19 6 
h07 Feogs Niosso-Crs 36 14 5 
h08 FeogsNissleoCroo 30 16 4 
h09 Feogs Niosso V6 34 13 6 
h10 Feogs Niossos Pts 44 16 8 
h11 Feogs NiossooPdio 41 19 6 
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TABLE 8-continued 

Ferromagnetic MR 
Sample No. material M-X (%) He(Oe) Hint(Oe) 

h12 FeogsNisslors 40 14 4 
h13 FeogsNiossilssRh12 42 15 5 
h14 Feogs Niosis, Rus 38 18 2 

0.143 As shown in Table 8, the ferromagnetic material 
M-X enabled a larger MR ratio compared with the con 
ventional example and a considerable reduction in the 
coercive force (HC) of the laminated ferrimagnetic free layer 
and the shift magnetic field (Hint) from the Zero magnetic 
field. By using the ferromagnetic material, an element 
having an MR ratio of 30% or more, Hc of 25 Oe or less, and 
Hint of 10 Oe or less was obtained. Thus, the ferromagnetic 
material M-X also is effective in improving the soft 
magnetic characteristics. A Smaller Hint can improve the 
Symmetry of reproduction output in a magnetic head and the 
Symmetry of a current field for writing in a magnetic 
memory. Therefore, the element design can be simplified 
and the power consumption can be reduced as well. The 
reason for Such a reduction in He and Hint is considered to 
be that the interface to join the ferromagnetic material 
M-X and the Al-O tunnel layer is improved at the atomic 
level So as to improve the Soft magnetic characteristics of the 
free layer. 

Example 9 

0144) Si Substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/ferromagnetic material M-X(5)/Al-O(1.0)/ 
Co(3)/Ru(0.7)/Co(3)/Ir-Mn(20)/Ta(25) 
0145 The Al-O was prepared in the same manner as 
Example 1. Each film was processed in mesa fashion in the 
same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat 
treated at 280 C. for 3 hours in a magnetic field of 10 kOe 
So as to impart unidirectional anisotropy to the Ir-Mn. The 
element area of a Sample was 2.5 limx4 um. 
0146 This MR element is a laminated ferrimagnetic 
pinned layer spin-Valve type TMR element, and a ferromag 
netic material M-X is used for the free layer 3. 
0147 In this example, elements that include the ferro 
magnetic material M-X having a composition gradient also 
were produced. Specifically, the ferromagnetic material 
M-X was formed by the following three methods. 
0148 Method (1): a magnetic element M and a non 
magnetic element X are Sputtered simultaneously while 
keeping the deposition rate of both elements constant. 
0149 Method (2): a magnetic element M and a non 
magnetic element X are Sputtered simultaneously while 
changing the deposition rate of both elements with time. 
0150 Method (3): a magnetic element M and a non 
magnetic element X are Sputtered alternately. 
0151. In any of the methods, the composition of the 
ferromagnetic material M-X is adjusted to be the same 
(Fess Pts) as a whole in the entire range of film thickness. 
The MR ratio of this element was examined in the same 
manner as Example 1. Table 9 shows the result. 
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TABLE 9 

MR 
Sample No. Methods for producing Fe-Pt (%) 

28 
45 

(Conventional 
example) 

Fe was sputtered in a general manner. 
Fe and Pt were sputtered simultaneously 
while keeping the deposition rate of both 
elements constant (the method (1)). 
Fe and Pt were sputtered simultaneously 
while keeping the deposition rate of Fe 
constant and increasing the deposition rate 
of Pt gradually with deposition time (the 
method (2)). 
Fe and Pt were sputtered 
while keeping the deposi 
constant and decreasing 
of Pt gradually with deposition 
method (2)). 
Fe and Pt were spu 
while keeping the deposition rate of Fe 
constant and increasing the deposition rate 
of Pt in the middle of deposition time (the 
method (2)). 
Fe and Pt were spu alternately to 
form a laminated film having a thickness 
of 0.05 um to 1 um (the method (3)). 

O3 42 

i04 simultaneously 43 
ion rate of Fe 
he deposition rate 

time (the 

iO5 simul 44 tered aneously 

iO6 tered 44 

0152 The elementary analysis based on Auger electron 
spectroscopy (AES) and Secondary ion mass spectrometry 
(SIMS) confirmed that the ferromagnetic materials Fe-Pt 
in the working examples i03 to iO5 had a composition 
gradient in the film thickness direction that corresponds to 
the ratio of deposition rate. The free layer of the working 
example iO6 changed periodically in the film thickneSS 
direction. Table 9 shows that the ferromagnetic material 
M-X can increase the MR ratio, even if it is not uniform 
in the film. 

Example 10 

0153) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Pt-Mn(20)/Co-Fe(3)/Ru(0.7)/Co-Fe(2)/ 
ferromagnetic material M-X (a)(1)/Al-O(0.7)/ferromag 
netic material M-X (b) (1)/Ni-Fe(6)/Ta(25) 
0154) The Al-O was prepared by forming an Al film 
having a thickness of 0.7 nm and applying ICP oxidation to 
the Al film. Each film was processed in mesa fashion in the 
same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat 
treated at 280 C. for 3 hours in a magnetic field of 10 kOe 
so as to impart unidirectional anisotropy to the Pt-Mn. The 
element area of a Sample was 2.5 limx3.5um. 

O155 This MR element is a laminated ferrimagnetic 
pinned layer spin-valve type TMR element having the 
configuration in accordance with FIG. 5, and a ferromag 
netic material M-X (a) is used for a portion of the pinned 
layer 1 and a ferromagnetic material M-X (b) is used for 
a portion of the free layer 3. The free layer includes an 
Ni-Fe soft magnetic layer. The MR ratio of this element 
was examined in the same manner as Example 1. Table 10 
shows the result. 
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TABLE 10 

Ferromagnetic Ferromagnetic MR 
Sample No. material M-X (a) material M-X (b) (%) 

(Conventional j01 Fello Fello 28 
example) j02 FesPts Fe2Pds 51 

iO3 FelsoPto FelsoRh2o 44 
i04 FeoPto Fello Res 41 
iO5 FePte FelssRu12 38 
j06 Feo. 7sCooosloo FeodoNio soloo 25 
i07 Feo. 7sCoooslssPt is FeodoNiosolospts 52 
j08 Feo. 7sCoooslospas FeodoNiosolooPdio 46 
i09 Feo Feo.1oCoolooloo 3O 
j10 FessPt 12 Feo.1oCoolookoPdio 50 
j11 FelseFd.14 Feo.10 Cooook Rho 46 

0156. As shown in Table 10, larger MR ratios were 
obtained by using the ferromagnetic material M-X, even if 
M and X included in the opposing magnetic layerS via the 
non-magnetic layer were different. 

Example 11 

O157) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/ferromagnetic material M-X(5)/Al-O(0.7)/ 
Co-Fe(3)/Ru(0.8)/Co-Fe(3)/Pt-Mn(20)/Ta(25) 
0158. The Al-O was prepared in the same manner as 
Example 1. Each film was processed in mesa fashion in the 
same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat 
treated at 280° C. for 3 hours in a magnetic field of 10 kOe 
so as to impart unidirectional anisotropy to the Pt-Mn. The 
element area of a Sample was 3 limx4 um. 
0159. This MR element is a laminated ferrimagnetic 
pinned layer spin-Valve type TMR element, and a ferromag 
netic material M-X is used for the free layer 3. The MR 
ratio of this element was examined in the same manner as 
Example 1. Moreover, the crystal structure of the free layer 
of the MR element was examined by X-ray diffraction with 
a high-resolution transmission electron microScope. Table 
11 shows the result. 

TABLE 11 

Ferromagnetic material MR 
Sample No. M-X (%) Crystal structure 

(Conventional k01 Fello 31 bcc 
example) k02 FeoPto 57 bcc, fcc 

k03 FesPtCs 45 bcc, fcc. 
microcrystal 

k04 FeoReo 43 bcc, hep, bct 
k05 FesPds 47 bcc, fcc 
k06 Feo.aoNiocoloo 26 fec 
k07 Feo.aoNiocolssCris 45 fcc. b.cc, hot 
k08 Feo.aoNiocolssB1s 38 microcrystal 

0160 The free layers of the working examples k02 to k05 
had a crystal structure other than bcc, while Fe of the 
conventional example k01 had the bcc structure. Higher MR 
ratios were obtained from the working examples k02 and 
k03 including fec. Similarly, the free layers of the working 
examples K07, k08 had a crystal structure other than fec, 
while Fe-Ni of the conventional example k06 had the fec 
structure. A higher MR ratio was obtained from the working 
example k07 including bcc. The working examples k03, k08 
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included microcrystals, whose average crystal grain diam 
eter was 10 nm or less. These results are considered to show 
the correlation between changes in crystal Structure and in 
Spin polarization. Here, when the average crystal grain 
diameter is not more than 10 nm, the crystal Structure is 
recognized as microcrystal. 

Example 12 

Conventional Example 101 
0161 Si Substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Pt-Mn(20)/Co-Fe(3)/Ru(0.8)/Co-Fe(3)/ 
Al-O(1.0)/Ni-Fe(3)/Al-O(1.0)/Co-Fe(3)/Ru(0.8)/ 
Co-Fe(3)/Pt-Mn(20)/Ta(15) 

Working Example 102 

0162 Si Substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Pt-Mn(20)/Co-Fe(3)/Ru(0.8)/Co-Fe(1)/ 
Fe-Pt(2)/Al-O(1.0)/Fe-Pt(3)/Al-O(1.0)/Fe-Pt(2)/ 
Co-Fe(1)/Ru(0.8)/Co-Fe(3)/Pt-Mn(20)/Ta(15) 
0163 The Al-O was prepared in the same manner as 
Example 1. Each film was processed in mesa fashion in the 
same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat 
treated at 280 C. for 3 hours in a magnetic field of 10 kOe 
so as to impart unidirectional anisotropy to the Pt-Mn. The 
element area of a Sample was 2 limx3 um. 
0164. This element is a dual spin-valve type TMR (i.e., a 
dual tunnel junction TMR film), as shown in FIG. 7. In the 
working example 102, a ferromagnetic material M-X 
(FePt) is used for a portion of the pinned layer and the free 
layer. The composition of FePt is Fess Pts. 
0.165. The bias dependence of the MR characteristics of 
this element was examined in the same manner as Example 
1. Table 12 shows bias voltages (V) at which the MR ratio 
is reduced by half. The bias voltages (V) of the elements 
having a single tunnel junction (the working example b04 
and the conventional example b01, see Example 2) were 
measured as well. Table 12 shows the result. 

TABLE 12 

Voltage at which 
the MR ratio is reduced by half 

Sample No. V(mV) 

(Conventional example) 101 950 
(Working example) 102 1800 
(Conventional example) bO1 350 
(Working example) b04 700 

0166 As shown in Table 12, the bias voltage (V) was 
improved Significantly by using the ferromagnetic material 
M-X for both the dual tunnel junction (the working 
example 102 and the conventional example 101) and the 
Single tunnel junction (the working example b04 and the 
conventional example b01). Therefore, the MR element of 
the present invention has Superiority in achieving a large 
capacity high-speed MRAM. 

Example 13 
0167 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Ni-Fe-Cr(4)/Pt-Mn(20)/Co-Fe(3)/ 
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Ru(0.8)/Co-Fe (1)/ferromagnetic material M-X(3)/ 
Cu(3)/ferromagnetic material M-X(1)/Ni-Fe(3)/Ta(15) 
01.68 Each film was processed in mesa fashion in the 
same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat 
treated at 280 C. for 5 hours in a magnetic field of 5 kOe 
so as to impart unidirectional anisotropy to the Pt-Mn. The 
element area of a Sample was 0.5 limx0.5 lim. 
0169. This MR element is a so-called CPP-GMR ele 
ment, which has a laminated ferrimagnetic pinned layer 
spin-valve type configuration in accordance with FIG. 5 and 
a non-magnetic layer made of Cu (a conductive material). A 
ferromagnetic material M-X is used for a portion of the 
pinned layer 1 and a portion of the free layer 3. The free 
layer 3 includes an Ni-Fe soft magnetic layer. The MR 
characteristics of this element were examined in the same 
manner as Example 1. 
0170 Table 13 shows the amount of change in resistance 
(AR), together with the amount of change in resistance when 
the element area was 1 um. 

TABLE 13 

Ferromagnetic A R for 1 um 
Sample No. material M-X A R(m2) (m.2 um) 

(Conventional m01 Fello 1.6 O40 
example) m02 FesPts 204 51 

m03 FeoPdso 184 46 
m04 Feo.1oCoolooloo 2.2 0.55 
m05 FeodoCooloolsoPto 212 53 
m06 Feo.1oCooloolooPdio 2OO 50 

0171 As shown in Table 13, the amount of change in 
resistance was increased by using the ferromagnetic material 
M-X and thus output was improved, even in the CPP-GMR 
element. This may relates to the fact that the Scattering 
probability of spin dependence between Fe-Pt and the Cu 
layer was increased and the resistance of Fe-Pt was rela 
tively large. 

Example 14 

0172) Using the CPP-GMR films of the working 
examples m02, m06 and the conventional example m04, a 
Shield-type magnetoresistive magnetic head having the 
structure illustrated in FIG. 11 was produced. An Al-O- 
TiC substrate was used for the substrate (not shown in FIG. 
11), an NicsFeo plated alloy for the recording magnetic 
pole 38 and the magnetic shields 31, 35, Al-O for the 
insulating film 36, and Au for the electrodes 32, 34. 
0173 Anisotropy was imparted to the magnetic film so 
that the direction of easy magnetization of the free layer 
provided with the Soft magnetic layer (ferromagnetic mate 
rial M-X(1)/Ni-Fe(3)) was perpendicular to the direction 
of a signal magnetic field to be detected, and the axis of easy 
magnetization of the pinned layer provided with the anti 
ferromagnetic layer (Pt-Mn(20)/Co-Fe(3)/Ru(0.8)/Co 
Fe(4)/ferromagnetic material M-X(2)) was parallel to that 
direction. Specifically, after the formation of the MR ele 
ment, the direction of easy magnetization of the pinned layer 
was determined by performing heat treatment at 280 C. in 
a magnetic field of 5 kOe, and then the axis of easy 
magnetization of the free layer was determined by perform 
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ing heat treatment at 200° C. in a magnetic field of 100 Oe 
while applying the magnetic field perpendicular to the 
direction of easy magnetization of the pinned layer. 
0.174. The track width of the reproducing portion of the 
CPP-GMR element was 0.1 um, and the MR height was also 
0.1 um. A direct current was Supplied as a Sense current to 
these heads, and outputs of the heads were evaluated by 
applying an alternating-current Signal magnetic field of 50 
Oe. Though no output was obtained from the conventional 
example m04, an output of not leSS than 15 mV/um was 
obtained from the working examples m02, m06. A commer 
cially available GMR head (a normal CIP-GMR head) 
provided an output of 1.3 mV/um. As described above, the 
magnetic heads using the GMR film of the working example 
provided larger outputs compared with the conventional 
head. When this magnetic head is used in an HDD having 
the configuration illustrated in FIG. 13, an areal recording 
density of not less than 100 Gbit/in’ can be achieved. 

Example 15 

0.175. Using the TMR films of the working examples a06, 
b04 and the conventional examples a01, b01 in Examples 1 
and 2, a yoke-type magnetoresistive magnetic head illus 
trated in FIG. 12 was produced. A NicsPeoo plated alloy 
was used for the upper and lower shields 41a, 41b. In this 
example, the TMR film was formed in reverse order to the 
above examples after Ni-Fe of the lower shield was 
subjected to CMP polishing. Specifically, the film was 
formed from the Co-Fe film (for the samples ao6, a01) and 
the Ni-Fe film (for the samples b04, b01), and finally the 
Pt-Mn film was deposited, on which the electrode film 
(Au) was formed. The element size of a reproducing head 
portion was 0.3 limx0.3 lim. A direct current was Supplied as 
a Sense current to the heads thus produced, and outputs of the 
heads were evaluated by applying an alternating-current 
signal magnetic field of about 50 Oe. Table 14 shows the 
result, comparing the outputs of the heads of the working 
examples a06, b04 with those of the conventional examples 
a01, b01, respectively. 

TABLE 1.4 

Sample No. Output 

(Conventional example) a01 1.O 
a06 2.2 
bO1 1.O 
b04 1.9 

0176). As shown in Table 14, the magnetic heads using the 
TMR film of the working example provided larger outputs 
compared with the conventional head. 

Example 16 

0177. An integrated memory was formed on a CMOS 
Substrate with memory devices having a basic configuration 
as shown in FIG. 15. The device array consisted of eight 
blocks, each including 16x16 memory devices. Here, the 
TMR elements of the working example a07 and the con 
ventional example a01 in Example 1 were used as the 
memory devices. The cross-section area of the element of 
each sample was 0.2 limx0.3 um. One device of each block 
was used as a dummy device for canceling wiring resistance, 
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the minimum resistance of the devices, and FET resistance. 
The word lines, the bit lines, or the like were made of Cu. 
0.178 In each of the eight devices of the eight blocks, the 
magnetization of the free layer (in this case, the Co-Fe(3) 
film) was reversed simultaneously by a synthetic magnetic 
field from the word line and the bit line, and thus signals of 
8 bits were recorded on the devices. Next, the gate of an FET 
that was produced by CMOS was turned on for each device 
of the respective blocks, thereby causing a Sense current to 
flow. At this time, a comparator compared a Voltage gener 
ated at the bit lines, the devices, and the FETs in each block 
with a dummy Voltage, and eight-bit information was read 
Simultaneously from the output voltage of each device. The 
output of the magnetic memory using the TMR elements of 
the working example was about twice as high as that of the 
magnetic memory using the TMR elements of the compara 
tive example. 
0179. In the following examples 17 to 19, the thermal 
Stability of an MR element including a ferromagnetic mate 
rial M-X was examined in more detail. 

Example 17 

0180 Si substrate with a thermal oxide film/Ta (3)/ 
Cu(50)/Ta(3)/Ni-Fe-Cr(4)/Pt-Mn(20)/Co-Fe(3)/ 
Ru(0.9)/Co-Fe(1)/ferromagnetic material M-X(2)/Al 
O(1.0)/ferromagnetic material M-X(2)/Ni-Fe(5)/Ta(15) 
0181. The Al-O was prepared in the same manner as 
Example 1. Each film was micro-processed in mesa fashion 
in the same manner as Example 1, and Cu(50)/Ta(3) was 
formed as an upper electrode. Subsequently, the element was 
heat-treated at 280 C. for 5 hours in a magnetic field of 5 
kOe so as to impart unidirectional anisotropy to the Pt-Mn. 
The element area of a Sample was 1 limx 1.5 lim. 
0182. This MR element is a laminated ferrimagnetic 
pinned layer spin-valve type TMR element having the 
configuration in accordance with FIG. 5, and a ferromag 
netic material M-X is used for a portion of the pinned layer 
1 and a portion of the free layer 3. The free layer 3 includes 
an Ni-Fe Soft magnetic layer. The compositions of the 
ferromagnetic material M-X are as follows. For compari 
Son, elements including Fe and Fe-Co instead of the 
ferromagnetic material M-X also were produced. 

TABLE 1.5 

Sample No. Ferromagnetic material M-X 

(Conventional example) O1 Fe1oo 
nO2 Feo.25Co0.7sloo 
O3 Fes2Pt 18 
n04 Feo.10CooloolooPt 10 
O5 Feo.7oNiosolssPts 
nO6 FeosoNiopolosirs 
O7 Feo.25Co0.7sl/spaps 
O8 FeosoCoosoles.Al12 
O9 Feo.goNiorolo2Res 
n10 Feo.15Co0.8slo-B6 
n11 FeodoNiosols,C13 

0183) To examine the thermal stability of this spin-valve 
type TMR element, heat treatment was performed in a 
vacuum (1x10° Torr or less) at a temperature up to 450° C. 
without applying a magnetic field. The temperature profile 
was as follows: the temperature was raised from a room 
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temperature to a target temperature for the heat treatment 
over a period of 2 hours, then maintained at the target 
temperature for 1.5 hours, and lowered to a room tempera 
ture over a period of about 5 hours. After the heat treatment, 
the MR characteristics of this element were examined in the 
Same manner as Example 1. 
0184 FIG. 18 shows a standard MR ratio (MR(T)/ 
MR(280° C)) versus heat treatment temperature. Here, 
MR(T) is the MR ratio after heat treatment at a temperature 
of T. C., and MR(280° C) is the MR ratio after heat 
treatment that is performed at 280 C. for 5 hours in a 
magnetic field of 5 kOe So as to impart unidirectional 
anisotropy to the Pt-Mn. FIG. 19 shows a standard MR 
ratio versus Pt content in the element (n03) that used Fe-Pt 
as the ferromagnetic material M-X. In FIG. 19, a mini 
mum amount of Pt added is 0.05 at %. 

0185. As shown in FIG. 18, the MR ratio reduced sharply 
with an increase in heat treatment temperature in the con 
ventional examples. However, excellent thermal Stability 
was achieved in the working examples. FIG. 19 shows that 
thermal stability decreased rapidly when the Pt content was 
more than 60%. As shown in FIG. 19, the addition of Pt, 
even in trace amounts, improves the Stability particularly for 
heat treatment at high temperatures. However, it is prefer 
able that the Pt content (X") is not less than 0.05%, more 
preferably not less than 1%, most preferably not less than 
5%. When the Pt content is in the range of 1 to 60 at %, a 
reduction in MR ratio after heat treatment at a temperature 
up to 450° C. is suppressed to 20% or less. 

Example 18 

0186 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Pt-Mn(20)/pinned layer/Al-N-O(1.0)/ 
Ni-Fe(5)/Ta(15) 
0187. The Al-N-O was prepared by forming an Al film 
having a thickness of 1.0 nm and applying ICP oxynitrida 
tion to the Al film in an atmosphere containing oxygen and 
nitrogen. After the formation of the above films, the element 
was heat-treated at 260 C. for 5 hours in a magnetic field 
of 5 kOe So as to impart unidirectional anisotropy to the 
Pt-Mn. Moreover, each film was micro-processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) 
was formed as an upper electrode. The element area of a 
Sample was 0.5 limx0.2 lim. 
0188 This MR element is a laminated ferrimagnetic 
pinned layer spin-valve type TMR element having the 
configuration in accordance with FIG. 2. As shown in Table 
16, a laminated ferrimagnetic pinned layer of ferromagnetic 
material M-X/non-magnetic layer/ferromagnetic material 
M-X, a single pinned layer, or a two-layered pinned layer 
is used as the pinned layer 1. 

TABLE 16 

Sample No. Pinned layer 

(Conventional p01 
example) p02 

Feo. 70Coosoloo(3)/Ru(0.8)/Feo. 70Coo soloo(3) 
FeosoCoo. 707s Pts (3)/Ru(0.8) 
FeosoCoosols Pts (3) 

p03 FeozoCoosos Pts (3)/Ru(0.8), 
Feo. 70Coosoloo.(3) 

p04 ColoPdo (2.5)/Ru(0.7)/CoyoPd(3) 
p05 FeoPt(2.5)/Cr(0.9)/FeoPto(3) 
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TABLE 16-continued 

Sample No. Pinned layer 

p06 FezoIrso (2)/Co(1)/Ru(0.8)/Co(1)/Fellorso (2) 
p07 Feo.7oNiosoloo.(5) 
p08 Feo. 7oNiosoloo Cro(5) 
p09 Feo. 7oNiosoloo Cro(2)/ Feo. 7oNiosolos Mns(3) 
p10 ColooPto(4) 
p11 NiRh(3) 
p12 FezoPtso (5) 
p13 Fe2sCo.7soo (1)/FelssPds (5) 
p14 Feo. 7oNiosolso Ru14(2)/Feo.7oNiosoloo.(3) 

0189 The substrate is on the left. 
0190. The figures in parentheses denote the film thickness 
in nm. 

0191 Subsequently, the element thus produced was heat 
treated in a magnetic field at a temperature up to 450° C. 
Then, the MR characteristics 10 were examined in the same 
manner as Example 1. FIGS. 20 and 21 show the result. 
0192 As shown in FIG. 20, the thermal stability of the 
element was improved by using the ferromagnetic material 
M-X for at least one of a pair of magnetic films that 
constitute the laminated ferrimagnetic pinned layer. In par 
ticular, the thermal Stability was improved significantly 
when the ferromagnetic material was used for at least the 
magnetic film on the Side of the tunnel insulating layer (p02, 
p04 to p06). Moreover, excellent thermal stability also was 
achieved by the element p06, in which the antiferromagnetic 
eXchange coupling of the magnetic layerS Separated by Ru 
was strengthened by providing Co alloy (interface magnetic 
layers) at the interfaces of the non-magnetic layer (Ru) of the 
laminated ferrimagnetic pinned layer. 
0193 As shown in FIG. 21, the thermal stability was 
improved also when a two-layered magnetic layer was used 
as the pinned layer, and the ferromagnetic material M-X 
was used for one of the two layers. 

Example 19 

0194 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/free layer/Al-O(0.8)/Co-Fe(2.5)/Ru(0.8)/ 
Co-Fe(2.5)/Pt-Mn(15)/Ta(15) 
0.195 The Al-O was prepared in the same manner as 
Example 1. After the formation of the above films, the 
element was heat-treated at 280 C. for 3 hours in a magnetic 
field of 5 kOe So as to impart unidirectional anisotropy to the 
Pt-Mn. Moreover, each film was micro-processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) 
was formed as an upper electrode. The element area of a 
Sample was 0.1 limx0.2 um. Here, Single- or multi-layer 
films represented by q01 to q08 in Table 17 were used as the 
free layer. The magnetoresistance of this element was mea 
Sured at room temperature, and the coercive force (HC) of 
the free layer at that time was examined. Table 17 shows the 
results together. 

TABLE 1.7 

Sample No. Free layer Hc(Oe) 

(Conven- q01 FeodoNiosoloo(3) 98 
tional q02 FeodoNiosolssPt1s(3) 60 
example) q03 FeodoNiosoloo(2)/FeodoNiosolssPt 15(1) 62 
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TABLE 17-continued 

Sample No. Free layer Hc(Oe) 

q04 FeodoNiosols Pt 15(1)/FeodoNiosoloo(2) 63 
q05 FeodoNiosoloo.(2)/Ru(0.8), 74 

FeodoNiosoloo.(3) 
q06 FeodoNiosoloo(2)/Ru(0.8), 51 

FeodoNiosolsPts(3) 
q07 FeodoNiosols Pts (2)/Ru(0.8), 50 

FeodoNiosolsPts(3) 
q08 FeodoNiosolzs Pts (2)/Ru(0.8), 48 

FeodoNiosoloo.(3) 

0196) The substrate is on the left. 
0197) The figures in parentheses denote the film thickness 
in nm. 

0198 Subsequently, the element thus produced was heat 
treated in a magnetic field at a temperature up to 400 C. 
Then, the MR characteristics were examined in the same 
manner as Example 1. FIG. 22 shows the result. 
0199 AS described above, the elements that used the 
ferromagnetic material M-X (FeNiPt) for the free layer 
achieved a considerable improvement in the Soft magnetic 
characteristics of the free layer and the MR ratio. 

Example 20 

0200. The following sample was formed on a Si Substrate 
provided with a thermal oxide film by multi-target magne 
tron Sputtering, and the MR characteristics and the thermal 
Stability were examined. 
0201 Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/free layer(4)/Al-O(0.8)/pinned layer/Ir 
Mn(20)/Ta(15) 
0202) The Al-O was prepared in the same manner as 
Example 1. Each film was micro-processed in mesa fashion 
in the same manner as Example 1, and Cu(50)/Ta(3) was 
formed as an upper electrode. Subsequently, the element was 
heat-treated at 280 C. for 5 hours in a magnetic field of 5 
kOe So as to impart unidirectional anisotropy to the Ir-Mn. 
The element area of the sample was 0.5 timx1 um. This MR 
element has the configuration of a TMR element in accor 
dance with FIG. 2. Here, MR elements for different pinned 
layers, each including a ferromagnetic material M-X, were 
produced and thermal stability was examined. In Table 18, 
Fe0.8Nio was used for the free layers of r()1 and rO5 and 
(Fe,Nioal-oPtso was used for the free layers of the other 
Samples. To examine the thermal Stability, the elements were 
heat-treated in a vacuum while applying a magnetic field of 
5 kOe, which then were maintained at their respective target 
temperatures for 5 hours. Thereafter, the magnetoresistance 
was measured at room temperature. FIG. 23 shows the 
dependence of the MR ratio on heat treatment temperature. 

TABLE 1.8 

Sample No. Pinned layer 

(Conventional r01 Feo.2sCoo. 7sloo.(4) 
example) r02 FeosoCoosolos Pts (4) 

r03 Co(1)/Feo. 7oNiososs Pts (1.5)/Co(2) 
r04 Co(2)/FesPts (2) 
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TABLE 18-continued 

Sample No. Pinned layer 

r05 Co(3)/Ru(0.8)/Co(3) 
r06 FesPts (2.5)/Co(1)/Ru(0.8)/Co(3) 
r07 Feo,Cooloo Pto(2)/Co(0.5)/Ru(0.8)/Co(2.5) 
r08 FeosNioss PtoPds.(2)/Co(1)/Ru(0.8)/Co(4) 
r09 Feos NioassoPto(2)/Co(1)/Ru(0.8)/Co(4) 

0203) The substrate is on the left. 
0204. The figures in parentheses denote the film thickness 
in nm. 

Example 21 

0205 The following sample was formed on a Si Substrate 
provided with a thermal oxide film by multi-target magne 
tron Sputtering, and the MR characteristics and the thermal 
Stability were examined. 
0206) Si substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Cr(4)/laminated ferrimagnetic pinned layer/ 
Al-N(1.0)/Co-Fe(1)/Ni-Fe(3)/Ta(15) 
0207 Here, the thickness (1.0) of Al-N represents a 
total of designed thicknesses of Al before nitridation. The 
Al-N was prepared with ICP nitridation. Each film was 
micro-processed in mesa fashion in the same manner as 
Example 1, and Cu(50)/Ta(3) was formed as an upper 
electrode. The element area of the sample was 2 umx4 um. 
For this MR element, the pinned layer was a laminated 
ferrimagnetic material shown in Table 19, and the free layer 
was a two-layer film of Co-Fe/Ni-Fe. The MR element 
was heat-treated at temperatures from a room temperature to 
450 C. without applying a magnetic field, and then the 
thermal stability for an MR ratio was examined. The mag 
netoresistance measurements were made at room tempera 
ture while applying a maximum magnetic field of 500 Oe 
after each heat treatment. FIG. 24 shows the heat treatment 
temperature dependence of the MR ratio after heat treatment 
with respect to the MR ratio before the heat treatment. 

TABLE 1.9 

Sample No. Laminated ferrimagnetic pinned layer 

(Conventional s01 Co(3)/Ru(0.8)/Co(3) 
example) s02 ColoPto(3)/Ru(0.8)/ColoPto(3) 

sO3 FeoPt(2.5)/Cr(0.9)/FeoPts(3) 
s04 Co(3)/Ru(0.8)/Co(2.5)/FesVs (0.5) 
s05 FesoPts(1)/Co(2)/Ru(0.8)/Co(2)/ FePt(1) 

0208. The substrate is on the left. 
0209 The figures in parentheses denote the film thickness 
in nm. 

Example 22 

0210. The following sample was formed on a Si Substrate 
provided with a thermal oxide film by multi-target magne 
tron Sputtering, and the MR characteristics and the thermal 
Stability were examined. 
0211 Si Substrate with a thermal oxide film/Ta(3)/ 
Cu(50)/Ta(3)/Ni-Fe-Co(4)/Pt-Mn(15)/Co-Fe(2)/ 
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pinned layer 1/Al-O(1.0)/free layer/Al-O(1.0)/pinned 
layer 2/Co-Fe(2)/Pt-Mn(15)/Ta(15) 

0212. The method for forming the Al-O was the same as 
that in Example 1. After the formation of the above films, the 
element was heat-treated at 280 C. for 3 hours in a magnetic 
field of 5 kOe So as to impart unidirectional anisotropy to the 
Pt-Mn. Moreover, each film was processed in mesa fashion 
in the same manner as Example 1, and Ta(5)/Pt(10)/Cu(50)/ 
Ta(3) was formed as an upper electrode. The element area of 
the sample was 0.5 limx0.3 um. 

0213 This element is a dual spin-valve type TMR ele 
ment as shown in FIG. 6. Table 20 shows the magnetic films 
used for the pinned layers 1, 2 and the free layer in the film 
structure described above. 

TABLE 2.0 

Out 
Sample put 
No. Pinned layers 1, 2 Free layer (mV) 

(Conven- t01 Feos Coo. 7(2) Feo. Nios(3) 70 
tional t02 FeodoNiosolssPt1s(2) FeodoNiosolsPts (3) 270 
example) t03 FeosoCoosokoPt 10(2) Feo.aoNiocolsPts (3) 234 

0214. The outputs were obtained when a bias voltage of 
1V was applied to each element after heat treatment at 400 
C. 

0215. After the mesa-type TMR element was produced, 
heat treatment was performed at each of temperatures rang 
ing from 280 C. to 400° C. for 1 hour in a magnetic field 
of 5 kOe, followed by measurement of the magnetoresis 
tance and the I-V characteristics at room temperature. FIG. 
25 shows an MR ratio at each heat treatment temperature. 
Table 20 shows the outputs obtained when a bias voltage of 
1V was applied to the element after heat treatment at 400 
C. As shown in FIG. 25, the MR characteristics stability can 
be improved when the ferromagnetic material M-X is 
used, even in the dual spin-valve type TMR element. More 
over, it is also possible to provide the element that is capable 
of maintaining a high output even after heat treatment at 
400° C. 

0216) The invention may be embodied in other forms 
without departing from the Spirit or essential characteristics 
thereof. The embodiments disclosed in this application are to 
be considered in all respects as illustrative and not limiting. 
The Scope of the invention is indicated by the appended 
claims rather than by the foregoing description, and all 
changes which come within the meaning and range of 
equivalency of the claims are intended to be embraced 
therein. 

Industrial Applicability 

0217. The present invention can provide an MR element 
having a larger MR ratio and excellent thermal stability 
compared with a conventional element. The MR element of 
the present invention also can improve the characteristics of 
magnetic devices, Such as a magnetoresistive magnetic head, 
a magnetic recording apparatus including the magnetoresis 
tive magnetic head, and a high-density magnetic memory 
(MRAM). 
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1. A magnetoresistive element comprising: 
a multi-layer film comprising at least two magnetic layers 

and at least one non-magnetic layer interposed between 
the two magnetic layers, 

wherein a resistance value changes with a relative angle 
formed by magnetization directions of the at least two 
magnetic layers, and 

at least one of the magnetic layers includes a ferromag 
netic material M-X expressed by Moo-X, where M 
is at least one element Selected from the group con 
sisting of Fe, Co and Ni, and X is expressed by 
XXX., where X" is at least one element selected 
from the group consisting of Cu, Ru, Rh, Pd, Ag, OS, 
Ir, Pt and Au, X is at least one element selected from 
the group consisting of Al, Sc., Ti, V, Cr, Mn, Ga, Ge, 
Y, Zr, Nb, Mo, Hf, Ta, W, Re, Zn and lanthanide series 
elements, X is at least one element selected from the 
group consisting of Si, B, C, N, O, P and S, and a, b, 
c and d Satisfy the following equations: 
0.05sas 60, 

Osbsé0, 

Oscs.30, 

Osds2O, and 

2. The magnetoresistive element according to claim 1, 
wherein b and c satisfy b+cc-0. 

3. The magnetoresistive element according to claim 2, 
wherein b and c satisfy b>0 and c>0. 

4. The magnetoresistive element according to claim 1, 
wherein b and d satisfy b+dd0. 

5. The magnetoresistive element according to claim 4, 
wherein b and d satisfy baO and dd-0. 

6. The magnetoresistive element according to claim 1, 
wherein the magnetic layers comprise a free layer and a 
pinned layer, and the magnetization of the free layer is 
relatively easier to rotate by an external magnetic field than 
the magnetization of the pinned layer. 

7. The magnetoresistive element according to claim 6, 
wherein the free layer includes the ferromagnetic material 
M-X. 

8. The magnetoresistive element according to claim 6, 
wherein the pinned layer includes the ferromagnetic material 
M-X. 

9. The magnetoresistive element according to claim 6, 
wherein an absolute value of a shift magnetic field of the free 
layer is not more than 20 Oe, and the shift magnetic field 
Hint is defined by 

where H and H (HeH) are two magnetic fields indi 
cated by the points on a magnetization-magnetic field 
curve (M-H curve) at which magnetization is Zero, the 
curve showing the relationship between the magnetic 
field and the magnetization. 

10. The magnetoresistive element according to claim 6, 
further comprising an antiferromagnetic layer for SuppreSS 
ing magnetization rotation of the pinned layer. 

11. The magnetoresistive element according to claim 1, 
wherein the magnetic layer that includes the ferromagnetic 
material M-X is a multi-layer film comprising magnetic 
films, and at least one of the magnetic films includes the 
ferromagnetic material M-X. 
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12. The magnetoresistive element according to claim 11, 
wherein the magnetic film that includes the ferromagnetic 
material M-X is in contact with the non-magnetic layer. 

13. The magnetoresistive element according to claim 1, 
wherein the magnetic layer that includes the ferromagnetic 
material M-X comprises a non-magnetic film and a pair of 
magnetic films Sandwiching the non-magnetic film. 

14. The magnetoresistive element according to claim 1, 
wherein the non-magnetic layer is made of a conductive 
material. 

15. The magnetoresistive element according to claim 14, 
wherein the conductive material comprises at least one 
Selected from the group consisting of Cu, Ag, Au, Cr and Ru. 

16. The magnetoresistive element according to claim 1, 
wherein the non-magnetic layer is made of an insulating 
material. 

17. The magnetoresistive element according to claim 16, 
wherein the insulating material comprises at least one 
Selected from an oxide, a nitride and an oxynitride of Al. 

18. The magnetoresistive element according to claim 1, 
further comprising a pair of electrode layerS for allowing 
current to flow perpendicular to layer Surfaces of the layers. 

19. The magnetoresistive element according to claim 1, 
wherein the ferromagnetic material M-X has a composi 
tion gradient in a thickness direction. 

20. The magnetoresistive element according to claim 1, 
wherein the ferromagnetic material M-X has a crystal 
Structure that differs from a preferential crystal Structure of 
a material made of M at ordinary temperatures and pres 
SUCS. 

21. The magnetoresistive element according to claim 20, 
wherein the crystal Structure of the ferromagnetic material 
M-X includes at least one selected from fec and bcc. 

22. The magnetoresistive element according to claim 1, 
wherein the ferromagnetic material M-X is formed of a 
mixed crystal including at least two crystal Structures. 

23. The magnetoresistive element according to claim 22, 
wherein the mixed crystal includes at least two Selected from 
the group consisting of fec, fct, bcc, bct and hcp. 

24. The magnetoresistive element according to claim 1, 
wherein the ferromagnetic material M-X is crystalline. 

25. The magnetoresistive element according to claim 24, 
wherein the ferromagnetic material M-X is made of 
columnar crystals having an average crystal grain diameter 
of 10 nm or less. 

26. The magnetoresistive element according to claim 1, 
wherein M is expressed by Fe-CoNi, where p and q 
Satisfy the following equations: 

0<p<1, 
0<qs 0.9, and 
p+q<1. 

27. The magnetoresistive element according to claim 26, 
wherein q satisfies 0<ds 0.65. 

28. The magnetoresistive element according to claim 1, 
wherein M is expressed by Fei-Ni, where q satisfies the 
following equation: 

29. The magnetoresistive element according to claim 1, 
wherein M is expressed by Fe-Co, where p satisfies the 
following equation: 
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30. The magnetoresistive element according to claim 1, 
wherein X is at least one element Selected from the group 
consisting of V, Cr, Mn, Ru, Rh, Pd, Re, Os, Ir and Pt. 

31. The magnetoresistive element according to claim 30, 
wherein X is Pt and a satisfies the following equation: 

O.OSsas SO. 

32. The magnetoresistive element according to claim 30, 
wherein X is at least one selected from Pd, Rh and Ir and a 
Satisfies the following equation: 

O.OSsas SO. 

33. The magnetoresistive element according to claim 30, 
wherein X is at least two elements Selected from the group 
consisting of V, Cr, Mn, Ru, Rh, Pd, Re, Os, Ir and Pt. 

34. The magnetoresistive element according to claim 33, 
wherein X is expressed by Pt. Re, where b and c satisfy the 
following equations: 

O<b<50, 
0<cs2O, 
a=b+c, and 
O.OSsas SO. 

35. The magnetoresistive element according to claim 33, 
wherein X is expressed by Pt. Pd, where band b satisfy 
the following equations: 

0<b.<50, 
0<b.<50, 
a=b+b, and 
O.O5sasSO. 

36. The magnetoresistive element according to claim 33, 
wherein X is expressed by Rh. Ir, where band b satisfy 
the following equations: 

0<b.<50, 
0<b.<50, 
a=b+b, and 
O.OSsas SO. 

37. A magnetoresistive magnetic head comprising: 
the magnetoresistive element according to claim 1 and 
a magnetic shield for Suppressing a magnetic field other 

than that to be detected by the magnetoresistive ele 
ment from penetrating into the element. 

38. A magnetoresistive magnetic head comprising: 
the magnetoresistive element according to claim 1 and 
a yoke for introducing a magnetic field to be detected into 

the magnetoresistive element. 
39. A magnetic recording apparatus comprising: the mag 

netoresistive magnetic head according to claim 37 or 38. 
40. A magnetoresistive memory device comprising: 
the magnetoresistive element according to claim 1, 
an information recording conductor line for recording 

information on the magnetoresistive element, and 
an information reading conductor line for reading the 

information. 


