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(57) ABSTRACT 
The present invention provides a Inagnetoresistive (MR) 
element that is excellent in MR ratio and thermal stability 
and includes at least one magnetic layer including a ferro 
magnetic Inaterial M—X expressed by M1OO_,,XQ. Here, M 
is at least one selected from Fe, Co and Ni, X is expressed 
by X1bX2cX3d (X1 is at least one selected from Cu, Ru, Rh, 
Pd, Ag, Os, Ir, Pt and Au, X2 is at least one selected from A1, 
Sc, Ti, V, Cr, Mn, Ga, Ge, Y, Zr, Nb, Mo, Hf, Ta, W, Re, Zn 
and lanthanide series elements, and X3 is at least one 
selected from Si, B, C, N, O, P and S), and a, b, c and d 
satisfy 0.05éaé 60, 0ébé60, 0écé30, OédéZO, and 
a=b+c+d. 
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MAGNETORESISTIVE ELEMENT AND 
MAGNETORESISTIVE MAGNETIC HEAD, 
MAGNETIC RECORDING APPARATUS 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 ?lm 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 ?lm, 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 
?oWs in parallel to the ?lm surface (CIP-GMR: current in 
plane-GMR). On the other hand, a GMR element that alloWs 
current to How perpendicular to the ?lm 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 
?eld. 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 ?lm. Though this 
element requires a small operating magnetic ?eld 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 ?oWing 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 
clari?ed 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 insuf?cient 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 ?lm 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 M1OO_aXa, speci?cally by 
M1OO—a(X1bX2cX3d)a' 
[0011] Here, X1 is at least one element selected from the 
group consisting of Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt and Au, 
X2 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 X3 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: 
0.05éaé60, 0ébé60, 0écé30, 0édé20, and a=b+c+d. 

[0013] All the values used to indicate the compositions in 
this speci?cation 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. 

[0015] The MR element of the present invention is excel 
lent also in thermal stability. The reason for this is not 
clari?ed 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. 

[0018] FIG. 3 is a cross-sectional vieW shoWing yet 
another example of a magnetoresistive element of the 
present invention. 

[0019] 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. 

[0025] 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. 

[0026] FIG. 11 shoWs an example of a shield-type mag 
netoresistive magnetic head of the present invention. 

[0027] 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 ?eld. 

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 classi?ed 
into three types of X1, X2 and X3, and used in an appropriate 
range that has been set according to each of the types. 

[0044] The non-magnetic elements X1 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 ten d 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 con?guration of the MR element, i.e., higher 
thermal stability. 
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[0045] The non-magnetic elements X2 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 X3 are non-metallic 
elements. The addition of theses elements to the magnetic 
element M alloWs 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 con?guration. 

[0047] When the ferromagnetic material M—X includes 
at least one of X1 and X2 (b+c>0), an MR element having a 
high MR ratio can be provided. In particular, When it 
includes both X1 and X2 (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 X1 and X3 
(b+d>0), an MR element having a high MR ratio can be 
provided. In particular, When it includes both X1 and X3 
(b>0, d>0), an MR element having a high MR ratio and 
excellent thermal stability can be provided stably and With 
good repeatability. 

[0048] 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 ?eld 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 
?eld 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 ?lm 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. 
Speci?cally, the absolute value of a shift magnetic ?eld of 
the free layer can be reduced to 20 Oe or less, particularly 
to 10 Oe or less. 

[0050] Here, a shift magnetic ?eld is de?ned by 

Hint=(H1+H2)/2 

[0051] Where H1 and H2(H1§H2) are tWo magnetic ?elds 
indicated by the points on a magnetiZation-magnetic ?eld 
curve at Which the magnetiZation is Zero. The curve shoWs 
the relationship betWeen the magnetic ?eld and the magne 
tiZation When the magnetiZation of the free layer is reversed 
in the range of the magnetic ?eld over Which the magneti 
Zation of the pinned layer is not reversed. As shoWn in FIG. 
26A, the shift magnetic ?eld Hint is an index that represents 
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the amount of shift of the magnetiZation-magnetic ?eld 
curve (i.e., M-H curve or magnetiZation curve). Similarly, as 
shoWn in FIG. 26B, the shift magnetic ?eld Hint also can be 
obtained from tWo magnetic ?elds H1, H2 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 ?eld is expressed by its absolute value in the 
folloWing. 

[0052] 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 ?lm or a multi-layer 
?lm. When the magnetic layer is the multi-layer ?lm includ 
ing magnetic ?lms, at least one of the magnetic ?lms should 
be made of the ferromagnetic material M—X. In particular, 
When the magnetic ?lm 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 ?lm that 
includes a non-magnetic ?lm and a pair of magnetic ?lms 
sandWiching the non-magnetic ?lm, and particularly a multi 
layer ?lm that includes a non-magnetic ?lm and a pair of 
magnetic ?lms that are coupled antiferromagnetically or 
magnetostatically via the non-magnetic ?lm. The magnetic 
layer also may be a multi-layer ?lm 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 ?lm that 
includes a magnetic ?lm made of M—X and a soft magnetic 
?lm formed on the magnetic ?lm, the soft magnetic ?lm 
being superior to the magnetic ?lm 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 ?lm to be formed at the interface With the 
non-magnetic layer or the non-magnetic ?lm. The interface 
magnetic ?lm is expected to provide a higher MR ratio. 
Examples of the interface magnetic ?lm include a ?lm that 
is made of Fe3O4, CrO2, 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 A1. 

[0056] When current ?oWs perpendicular to the ?lm 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 ?lm of magnetic layer/non-mag 
netic layer. 

[0057] As the magnetic element M, an element expressed 
by Fe1_p_qCopNiq may be used. Therefore, the above ferro 
magnetic material also can be expressed by a formula 
[Fe1_p_qCopNiq]1OO_a[X1bX2cX3d]a. Here, p and q are 
adjusted in the ranges of 0§p§1, Oéqé 1, and p+q§ 1. 
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[0058] 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<q§0.9 (more preferably, 0<q§0.65), 
respectively. When M is a tWo-component system consisting 
of Fe and Ni (p=0, 0<q<1; Fe1_qNiq), it is preferable that q 
is in the range of 0<q§0.95. When M is a tWo-component 
system consisting of Fe and Co (q=0, 0<p<1; Fe1_pCop), it 
is preferable that p is in the range of 0<p§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<q§0.9 for M expressed by Fe1_ 
qNIq, and that p is limited to the range of 0<p§0.9 for M 
expressed by Fe1_pCop. M to be used With Pt may be Fe. 
When Fe 100_,Pta is used for the pinned layer so as to provide 
a large reversed magnetic ?eld, a high MR ratio, and 
excellent thermal stability, it is preferable that a is in the 
range of 0.05§a<20. 

[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. 

[0062] 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 PtbRec, it is preferable that 
b and c satisfy the folloWing equations: 

[0064] When X is expressed by PtblPdb2 or Rhbllrbz, it is 
preferable that b1 and b2 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 may increase or decrease 
monotonically and vary periodically in the thickness direc 
tion. 

[0066] 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 fcc (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 fcc structure is added to Fe, the fcc 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 fcc struc 
ture, the bcc structure of, e.g., an Ni—Fe—Cr material can 
be obtained. When Pd that tends to have the fcc structure is 
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added to Co that tends to have an hcp structure, a Co—Pd 
material including the fcc 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 fcc, fct (face-centered tetragonal lattice), bcc, 
bct (body-centered tetragonal lattice), and hcp (hexagonal 
close-packed lattice). The fct and the bct correspond to 
crystal structures in Which one of the crystallographic axes 
of the fcc 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 fcc 
and bcc and betWeen fcc 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 
clari?ed. 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 con?guration 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 ?elds 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 speci? 
cally to be the folloWing effects. A ?rst effect is that the 
density of state of the magnetic element M at a 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. Athird 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. 

[0074] The reason for an improvement in thermal stability 
by the ferromagnetic material M—X is not clari?ed 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 ?eld and 
decrease a shift magnetic ?eld. 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 ?eld is reduced. A smaller 
demagnetiZing ?eld has the effect of reducing a magnetic 
?eld for reversing the magnetiZation (i.e., a switching mag 
netic ?eld) particularly in a micro-processed element (e.g., 
the element area is 50 pm2 or less, and preferably 10 pm2 or 
less). A lower switching magnetic ?eld is advantageous in 
reducing power consumption in devices such as MRAM. 

[0076] The ferromagnetic material M—X also can reduce 
a so-called shift magnetic ?eld. The shift magnetic ?eld 
(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 ?eld can be suppressed. 

[0077] To improve the soft magnetic characteristics by 
reducing the demagnetiZing ?eld and suppressing the shift 
magnetic ?eld, 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 ?eld, and that in the range of 10 
to 60 is advantageous in suppressing the shift magnetic ?eld. 

[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 con?guration 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 11a 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 11b 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 
?lm, and also ensures eXcellent repeatability. 

[0080] To increase a magnetic ?eld 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 ?eld with the antiferromagnetic layer, and thus the 
reversing magnetic ?eld 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—Mn, 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 ?lm, in which a ?rst magnetic ?lm 
11 and a second magnetic ?lm 12 are stacked in this order 
from the side of a non-magnetic layer 2. In this element, an 
eXchange bias magnetic ?eld between the second magnetic 
?lm 12 and the antiferromagnetic layer 8 and a ferromag 
netic coupling between the second and ?rst magnetic ?lms 
12, 11 impart unidirectional anisotropy to the entire pinned 
layer 1 . When the ?rst magnetic ?lm 11 includes the 
ferromagnetic material M—X, the second magnetic ?lm 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 ?lm, in which a ?rst magnetic ?lm 
11, a second magnetic ?lm 13, a non-magnetic ?lm 14, and 
a third magnetic ?lm 15 are stacked in this order from the 
side of a non-magnetic layer 2. When the non-magnetic ?lm 
14 has an appropriate thickness, an antiferromagnetic 
eXchange coupling is caused between the magnetic ?lms 13 
and 15. By using a hard magnetic material with large 
saturation magnetiZation, such as CoFe, for the second and 
third magnetic ?lms 13, 15, a magnetic ?eld for reversing 
the magnetiZation of the pinned layer 1 is increased. Such a 
multi-layer ?lm in which the antiferromagnetic eXchange 
coupling is established between the magnetic ?lms via the 
non-magnetic ?lm is called a laminated ferrimagnetic mate 
rial. It is preferable that the non-magnetic ?lm 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 ?lm 14 is 0.2 to 1.2 nm. 

[0084] As described above, the multi-layer ?lm, in which 
at least two magnetic ?lms are stacked with at least one 
non-magnetic ?lm therebetween and the magnetiZation 
directions of the opposing magnetic ?lms via the non 






























