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(57) ABSTRACT 

An MR element includes a free layer having a direction of 
magnetization that changes in response to an external mag 
netic field, a pinned layer having a fixed direction of magne 
tization, and a spacer layer disposed between these layers. 
The spacer layer includes a first region, a second region and a 
third region that are each in the form of a layer and that are 
arranged in a direction intersecting the plane of each of the 
foregoing layers. The second region is sandwiched between 
the first region and the third region. The first region and the 
third region are each composed of an oxide semiconductor, 
and the second region includes at least a nonmagnetic con 
ductor phase out of the nonmagnetic conductor phase and an 
oxide semiconductor phase. 
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MAGNETORESISTIVE ELEMENT HAVING 
SPACER LAYER THAT INCLUDESTWO 

LAYERED REGIONS COMPOSED OF OXDE 
SEMCONDUCTOR AND NONMAGNETIC 
CONDUCTOR PHASE SANDWCHED 

THEREBETWEEN 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 The present invention relates to a magnetoresistive 
element and a method of manufacturing the same, and to a 
thin-film magnetic head, ahead assembly and a magnetic disk 
drive each of which includes the magnetoresistive element. 
0003 2. Description of the Related Art 
0004 Performance improvements in thin-film magnetic 
heads have been sought as areal recording density of mag 
netic disk drives has increased. A widely used type of thin 
film magnetic head is a composite thin-film magnetic head 
that has a structure in which a write head having an induction 
type electromagnetic transducer for writing and a read head 
having a magnetoresistive element (that may be hereinafter 
referred to as MR element) for reading are stacked on a 
substrate. 
0005 MR elements include GMR (giant magnetoresis 

tive) elements utilizing a giant magnetoresistive effect, and 
TMR (tunneling magnetoresistive) elements utilizing a tun 
neling magnetoresistive effect. 
0006 Read heads are required to have characteristics of 
high sensitivity and high output. As the read heads that satisfy 
such requirements, GMR heads that employ spin-valve GMR 
elements have been mass-produced. Recently, to accommo 
date further improvements in areal recording density, devel 
opments have been pursued for read heads employing TMR 
elements. 
0007 Aspin-valve GMR element typically includes a free 
layer, a pinned layer, a nonmagnetic conductive layer dis 
posed between the free layer and the pinned layer, and an 
antiferromagnetic layer disposed on a side of the pinned layer 
farther from the nonmagnetic conductive layer. The free layer 
is a ferromagnetic layer having a direction of magnetization 
that changes in response to a signal magnetic field. The 
pinned layer is a ferromagnetic layer having a fixed direction 
of magnetization. The antiferromagnetic layer is a layer that 
fixes the direction of magnetization of the pinned layer by 
means of exchange coupling with the pinned layer. 
0008 Conventional GMR heads have a structure in which 
a current used for detecting magnetic signals (hereinafter 
referred to as a sense current) is fed in the direction parallel to 
the planes of the layers constituting the GMR element. Such 
a structure is called a CIP (current-in-plane) structure. On the 
other hand, developments have been pursued for another type 
of GMR heads having a structure in which the sense current is 
fed in a direction intersecting the planes of the layers consti 
tuting the GMR element, such as the direction perpendicular 
to the planes of the layers constituting the GMR element. 
Such a structure is called a CPP (current-perpendicular-to 
plane) structure. A GMR element used for read heads having 
the CPP structure is hereinafter called a CPP-GMR element. 
A GMR element used for read heads having the CIP structure 
is hereinafter called a CIP-GMR element. 
0009 Read heads that employ TMR elements mentioned 
above have the CPP structure, too. ATMR element typically 
includes a free layer, a pinned layer, a tunnel barrier layer 
disposed between the free layer and the pinned layer, and an 
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antiferromagnetic layer disposed on a side of the pinned layer 
farther from the tunnel barrier layer. The tunnel barrier layer 
is a nonmagnetic insulating layer through which spin-con 
served conduction electrons are capable of transmitting by 
the tunnel effect. The free layer, the pinned layer and the 
antiferromagnetic layer of the TMR element are the same as 
those of the spin-valve GMR element. As compared with the 
spin-valve GMR element, the TMR element is expected to 
provide a higher magnetoresistance change ratio (hereinafter 
referred to as an MR ratio), which is the ratio of magnetore 
sistance change with respect to the resistance. 
O010 JP 2003-008102A discloses a CPP-GMR element 
including: a pinned layer whose direction of magnetization is 
pinned; a free layer whose direction of magnetization 
changes in response to an external magnetic field; a nonmag 
netic metal intermediate layer provided between the pinned 
layer and the free layer, and a resistance adjustment layer 
provided between the pinned layer and the free layer and 
made of a material containing conductive carriers not more 
than 10°/cm. JP 2003-008102A discloses that the material 
of the resistance adjustment layer is preferably a semiconduc 
tor or a semimetal. 

00.11 JP 2003-298143A discloses an MR element of the 
CPP structure including a pinned layer whose direction of 
magnetization is pinned, a free layer whose direction of mag 
netization changes in response to an external magnetic field, 
and an intermediate layer located between the pinned layer 
and the free layer, wherein the intermediate layer includes a 
first layer (an intermediate oxide layer) made of an oxide and 
having a region in which the resistance is relatively high and 
a region in which the resistance is relatively low, and wherein, 
when a sense current passes through the first layer, the sense 
current preferentially flows through the region in which the 
resistance is relatively low. JP 2003-298143A discloses that 
the sense current has an ohmic characteristic when passing 
through the first layer. Therefore, the MR element disclosed 
in this publication is not a TMR element but a CPP-GMR 
element. Such a CPP-GMR element is called a current-con 
fined-path type CPP-GMR element, for example. JP 2003 
298143 A further discloses that the intermediate layer further 
includes a second layer (an interface adjusting intermediate 
layer) made of a nonmagnetic metal that is disposed between 
the first layer and the pinned layer, and between the first layer 
and the free layer. 
0012 JP 2005-086112A also discloses a current-con 
fined-path type CPP-GMR element. This CPP-GMR element 
includes two nonmagnetic intermediate layers disposed 
between the free layer and the pinned layer, and a current 
control layer disposed between the two nonmagnetic inter 
mediate layers. A conductive film made of, e.g., Cu, is used 
for each of the two nonmagnetic intermediate layers. The 
current control layer is composed mainly of an insulator that 
electrically insulates layers disposed on top and bottom of the 
current control layer from each other, and conductive mate 
rials that electrically connect the layers disposed on top and 
bottom are provided in Such a manner as to be scattered in the 
insulator. 

0013 JP 2006-261306A also discloses a current-con 
fined-path type CPP-GMR element. This CPP-GMR element 
includes an intermediate layer disposed between the pinned 
layer and the free layer. The intermediate layer includes an 
insulating film, and a columnar metal conduction portion 
formed within the insulating film. The CPP-GMR element 
further includes a compound layer formed between the metal 
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conduction portion and one of the pinned layer and the free 
layer. The compound layer includes a compound having an 
ionic binding or covalent binding property. For example, a 
III-V semiconductor, a II-VI semiconductor oran oxide semi 
conductor is used as the material of the compound layer. 
0014) To use a TMR element for a read head, it is required 
that the TMR element be reduced in resistance. Thereason for 
this will now be described. Improvements in both recording 
density and data transfer rate are required of a magnetic disk 
drive. Accordingly, it is required that the read head exhibit a 
good high frequency response. However, a TMR element 
with a high resistance would cause a high Stray capacitance in 
the TMR element and a circuit connected thereto, thereby 
degrading the high frequency response of the read head. For 
this reason, it is required that the TMR element be reduced in 
resistance. 

0015. To reduce the resistance of the TMR element, it is 
typically effective to reduce the thickness of the tunnel barrier 
layer. However, an excessive reduction in the thickness of the 
tunnel barrier layer would cause a number of pinholes to 
develop in the tunnel barrier layer, resulting in a shorter 
service life of the TMR element. In addition to this, a mag 
netic coupling may also be established between the freelayer 
and the pinned layer, resulting in deterioration of character 
istics of the TMR element such as an increase in noise or a 
reduction in MR ratio. Here, noise that occurs in read heads is 
referred to as head noise. Head noise that occurs in a read head 
employing a TMR element includes shot noise which is a 
noise component that would not be generated in a read head 
employing a GMR element. For this reason, a read head 
employing a TMR element has a problem that it develops 
greater head noise. 
0016. On the other hand, a CPP-GMR element has a prob 
lem that it cannot provide a sufficiently high MR ratio. This is 
presumably because spin-polarized electrons are scattered at 
the interface between the nonmagnetic conductive layer and a 
magnetic layer or in the nonmagnetic conductive layer. 
0017. Additionally, a CPP-GMR element is low in resis 
tance and is therefore Small in resistance change amount. 
Accordingly, in order to obtain a higher read output with a 
CPP-GMR element, it is necessary to increase the voltage 
applied to the element. An increase in the Voltage applied to 
the element would raise the following problem, however. In a 
CPP-GMR element, a current is fed in the direction perpen 
dicular to the plane of each layer. This causes spin-polarized 
electrons to be injected from the free layer into the pinned 
layer or from the pinned layer into the free layer. These 
spin-polarized electrons generate a torque in the free layer or 
the pinned layer to rotate the magnetization thereof In this 
application this torque is referred to as a spin torque. The spin 
torque is proportional to the current density. An increase in 
the voltage applied to the CPP-GMR element causes an 
increase in current density, thereby resulting in an increase in 
spin torque. An increase in spin torque results in a problem 
that the direction of magnetization of the pinned layer fluc 
tuates. 

0018 JP 2003-008102A discloses that providing the resis 
tance adjustment layer makes it possible to appropriately 
adjust the resistance of a CPP element and to thereby increase 
the resistance change amount So as to enhance the output. 
However, it is not always possible to increase the MR ratio 
simply by inserting the resistance adjustment layer between 
the pinned layer and the free layer. This is because, while the 
resistance of the MR element increases as the crystal structure 
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of the resistance adjustment layer or a neighborhood thereof 
is disordered, the disorder of the crystal structure makes spin 
polarized electrons scatter noticeably, and as a result, a reduc 
tion in MR ratio is caused by spin relaxation. 
(0019 Current-confined-path type CPP-GMR elements 
such as those disclosed in, for example, JP 2003-298143A, JP 
2005-086112A and JP 2006-261306A are capable of attain 
ing a higher resistance and a greater resistance change 
amount, compared with a typical CPP-GMR element. How 
ever, a typical current-confined-path type CPP-GMR element 
has a problem as described below. In a typical current-con 
fined-path type CPP-GMR element, the layer for producing 
the current confining effect is formed through an oxidation 
treatment, for example.JP2003-298143A discloses a process 
of forming the first layer (the intermediate oxide layer) by 
subjecting a metal layer to an oxidation treatment. JP 2005 
086112A discloses a process of forming the current control 
layer by Subjecting a metal to an oxidation, nitriding or oxyni 
triding treatment. JP 2006-261306A discloses a process of 
forming a metal path of Cu in an AICu oxide by forming an 
AlCu alloy on Cu and then performing an oxidation treat 
ment. In Such layers formed through an oxidation treatment, 
a great change in composition occurs during the process of 
formation, and the disorder of the crystal structure is thereby 
enhanced. Consequently, in MR elements including Such lay 
ers, Scattering of spin-polarized electrons occurs noticeably 
due to the disorder of the crystal structure, and a reduction in 
MR ratio is caused by spin relaxation. 
0020. Thus, it has been conventionally difficult to provide 
a CPPMR element having such a resistance that suppression 
of noise and Suppression of the effect of spin torque are 
possible and capable of attaining a high MR ratio. 

OBJECT AND SUMMARY OF THE INVENTION 

0021. It is an object of the present invention to provide a 
magnetoresistive element and a method of manufacturing the 
same, the magnetoresistive element having Such a resistance 
that Suppression of noise and Suppression of the effect of spin 
torque are possible and being capable of attaining a high MR 
ratio, and to provide a thin-film magnetic head, ahead assem 
bly and a magnetic disk drive each of which includes the 
magnetoresistive element. 
0022. A magnetoresistive element of the present invention 
includes: a free layer having a direction of magnetization that 
changes in response to an external magnetic field; a pinned 
layer having a fixed direction of magnetization; and a spacer 
layer disposed between the free layer and the pinned layer, 
wherein a current for detecting magnetic signals is fed in a 
direction intersecting the plane of each of the foregoing lay 
ers. The spacer layer includes a first, a second, and a third 
region that are each in the form of a layer and that arearranged 
in the direction intersecting the plane of each of the foregoing 
layers. The second region is sandwiched between the first 
region and the third region. The first region and the third 
region are each composed of an oxide semiconductor. The 
second region includes at least a nonmagnetic conductor 
phase out of the nonmagnetic conductor phase and an oxide 
semiconductor phase. 
0023. In the magnetoresistive element of the invention, a 
plurality of nonmagnetic conductor phases may be scattered 
in the oxide semiconductor phase in the second region. In this 
case, the oxide semiconductor phase and the first and the third 
region may be all composed of the same material. 
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0024. In the magnetoresistive element of the invention, the 
second region may be composed entirely of the nonmagnetic 
conductor phase. 
0025. In the magnetoresistive element of the invention, the 
second region may have a thickness within a range of 0.1 to 1 
nm. The first region and the third region may each have a 
thickness within a range of 0.1 to 1.4 nm. The spacer layer 
may have a thickness within a range of 1 to 3 nm. 
0026. In the magnetoresistive element of the invention, the 
proportion of the nonmagnetic conductor phase included in 
the second region with respect to the entire spacer layer may 
be within a range of 1 to 50 volume percent. 
0027. A method of manufacturing the magnetoresistive 
element of the present invention includes the steps of forming 
the pinned layer, forming the spacer layer, and forming the 
free layer. The step of forming the spacer layer includes the 
steps of forming a first oxide semiconductor layer, forming a 
nonmagnetic conductor layer on the first oxide semiconduc 
tor layer, forming a second oxide semiconductor layer on the 
nonmagnetic conductor layer, and performing heat treatment 
on the first oxide semiconductor layer, the nonmagnetic con 
ductor layer and the second oxide semiconductor layer so that 
the first region is formed of the first oxide semiconductor 
layer, the third region is formed of the second oxide semicon 
ductor layer, and the second region is formed of at least the 
nonmagnetic conductor layer. 
0028. In the method of manufacturing the magnetoresis 

tive element of the invention, the second region may be 
formed such that a plurality of nonmagnetic conductor phases 
are scattered in the oxide semiconductor phase as a result of 
the step of performing heat treatment. 
0029. A thin-film magnetic head of the present invention 
includes: a medium facing Surface that faces toward a record 
ing medium; the magnetoresistive element of the invention 
disposed near the medium facing Surface to detect a signal 
magnetic field sent from the recording medium; and a pair of 
electrodes for feeding a current for detecting magnetic signals 
to the magnetoresistive element. 
0030. A head assembly of the present invention includes: 
a slider including the thin-film magnetic head of the invention 
and disposed to face toward a recording medium; and a Sup 
porter flexibly supporting the slider. 
0031. A magnetic disk drive of the present invention 
includes: a slider including the thin-film magnetic head of the 
invention and disposed to face toward a recording medium 
that is driven to rotate; and an alignment device Supporting the 
slider and aligning the slider with respect to the recording 
medium. 

0032. According to the present invention, the spacer layer 
of the magnetoresistive element includes the first region and 
the third region each composed of an oxide semiconductor, 
and the second region sandwiched between them. The second 
region includes at least a nonmagnetic conductor phase out of 
the nonmagnetic conductor phase and an oxide semiconduc 
tor phase. According to the invention, in forming the spacer 
layer it is not required to form an insulator through an oxida 
tion treatment. Because of these features, the present inven 
tion makes it possible to provide a magnetoresistive element 
having Such a resistance that Suppression of noise and Sup 
pression of the effect of spin torque are possible and capable 
of attaining a high MR ratio. 
0033. In the present invention, a plurality of nonmagnetic 
conductor phases may be scattered in the oxide semiconduc 
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tor phase in the second region. In this case, it is possible to 
attain a higher MR ratio through a current confining effect. 
0034. Other and further objects, features and advantages 
of the invention will appear more fully from the following 
description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0035 FIG. 1 is a cross-sectional view illustrating a cross 
section of a read head including an MR element of an embodi 
ment of the invention parallel to the medium facing Surface. 
0036 FIG. 2 is a cross-sectional view illustrating a cross 
section of a thin-film magnetic head of the embodiment of the 
invention perpendicular to the medium facing Surface and the 
substrate. 
0037 FIG. 3 is a cross-sectional view illustrating a cross 
section of a pole portion of the thin-film magnetic head of the 
embodiment of the invention parallel to the medium facing 
Surface. 
0038 FIG. 4 is a perspective view illustrating a slider 
incorporated in a head gimbalassembly of the embodiment of 
the invention. 
0039 FIG. 5 is a perspective view illustrating a head arm 
assembly of the embodiment of the invention. 
0040 FIG. 6 is an explanatory view for illustrating the 
main part of a magnetic disk drive of the embodiment of the 
invention. 
0041 FIG. 7 is a top view of the magnetic disk drive of the 
embodiment of the invention. 
0042 FIG. 8 is an explanatory view illustrating a first 
mode of a spacer layer of the MR element of the embodiment 
of the invention. 
0043 FIG. 9 is an explanatory view illustrating a second 
mode of the spacer layer of the MR element of the embodi 
ment of the invention. 
0044 FIG. 10 is an explanatory view illustrating a spacer 
layer of an MR element of a first comparative example. 
0045 FIG. 11 is an explanatory view illustrating a spacer 
layer of an MR element of a second comparative example. 
0046 FIG. 12 is an explanatory view for explaining the 
effects of the MR element of the embodiment of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0047. An embodiment of the present invention will now be 
described in detail with reference to the drawings. Reference 
is first made to FIG.2 and FIG.3 to describe the outlines of the 
configuration and a manufacturing method of a thin-film 
magnetic head of the embodiment of the invention. FIG. 2 is 
a cross-sectional view illustrating a cross section of the thin 
film magnetic head perpendicular to the medium facing Sur 
face and the substrate. FIG. 3 is a cross-sectional view illus 
trating a cross section of a pole portion of the thin-film 
magnetic head parallel to the medium facing Surface. 
0048. The thin-film magnetic head of the embodiment has 
a medium facing Surface 20 that faces toward a recording 
medium. Furthermore, the thin-film magnetic head includes: 
a Substrate 1 made of a ceramic material Such as aluminum 
oxide and titanium carbide (Al2O TiC); an insulating layer 
2 made of an insulating material such as alumina (Al2O) and 
disposed on the substrate 1; a first shield layer 3 made of a 
magnetic material and disposed on the insulating layer 2; an 
MR element 5 disposed on the first shield layer 3; two bias 
magnetic field applying layers 6 respectively disposed adja 
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cent to two sides of the MR element 5; and an insulating layer 
7 disposed around the MR element 5 and the bias magnetic 
field applying layers 6. The MR element 5 is disposed near the 
medium facing surface 20. The insulating layer 7 is made of 
an insulating material Such as alumina. 
0049. The thin-film magnetic head further includes: a sec 
ond shield layer 8 made of a magnetic material and disposed 
on the MR element 5, the bias magnetic field applying layers 
6 and the insulating layer 7; a separating layer 18 made of a 
nonmagnetic material Such as alumina and disposed on the 
second shield layer 8; and a bottom pole layer 19 made of a 
magnetic material and disposed on the separating layer 18. 
The magnetic material used for the second shield layer 8 and 
the bottom pole layer 19 is a soft magnetic material such as 
NiFe, CoFe, CoFeB, CoFeNior FeN. Alternatively, a second 
shield layer that also functions as a bottom pole layer may be 
provided in place of the second shield layer 8, the separating 
layer 18 and the bottom pole layer 19. 
0050. The thin-film magnetic head further includes a write 
gap layer 9 made of a nonmagnetic material Such as alumina 
and disposed on the bottom pole layer 19. A contact hole 9a is 
formed in a region of the write gap layer 9 away from the 
medium facing Surface 20. 
0051. The thin-film magnetic head further includes a first 
layer portion 10 of a thin-film coil disposed on the write gap 
layer 9. The first layer portion 10 is made of a conductive 
material such as copper (Cu). In FIG. 2, numeral 10a indi 
cates a connecting portion of the first layer portion 10 con 
nected to a second layer portion 15 of the thin-film coil to be 
described later. The first layer portion 10 is wound around the 
contact hole 9a. 

0052. The thin-film magnetic head further includes: an 
insulating layer 11 made of an insulating material and dis 
posed to cover the first layer portion 10 of the thin-film coil 
and the write gap layer 9 around the first layer portion 10; a 
top pole layer 12 made of a magnetic material; and a connect 
ing layer 13 made of a conductive material and disposed on 
the connecting portion 10a. The connecting layer 13 may be 
made of a magnetic material. Each of the outer and the inner 
edge portion of the insulating layer 11 is in the shape of a 
rounded slope. 
0053. The top pole layer 12 includes a track width defining 
layer 12a, a coupling portion layer 12b and a yoke portion 
layer 12c. The track width defining layer 12a is disposed on 
the write gap layer 9 and the insulating layer 11 over a region 
extending from a sloped portion of the insulating layer 11 
closer to the medium facing Surface 20 to the medium facing 
surface 20. The track width defining layer 12a includes: a 
front-end portion that is formed on the write gap layer 9 and 
functions as the pole portion of the top pole layer 12; and a 
connecting portion that is formed on the sloped portion of the 
insulating layer 11 closer to the medium facing Surface 20 and 
is connected to the yoke portion layer 12c. The front-end 
portion has a width equal to the write track width. The con 
necting portion has a width greater than the width of the 
front-end portion. 
0054 The coupling portion layer 12b is disposed on a 
region of the bottom pole layer 19 where the contact hole 9a 
is formed. The yoke portion layer 12c couples the track width 
defining layer 12a and the coupling portion layer 12b to each 
other. An end of the yoke portion layer 12c that is closer to the 
medium facing Surface 20 is located apart from the medium 
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facing surface 20. The yoke portion layer 12c is connected to 
the bottom pole layer 19 through the coupling portion layer 
12b. 

0055. The thin-film magnetic head further includes an 
insulating layer 14 made of an inorganic insulating material 
Such as alumina and disposed around the coupling portion 
layer 12b and the coupling portion layer 12b. The track width 
defining layer 12a, the coupling portion layer 12b, the con 
necting layer 13 and the insulating layer 14 have flattened top 
Surfaces. 

0056. The thin-film magnetic head further includes the 
second layer portion 15 of the thin-film coil disposed on the 
insulating layer 14. The second layer portion 15 is made of a 
conductive material Such as copper (Cu). In FIG. 2, numeral 
15a indicates a connecting portion of the second layer portion 
15 that is connected to the connecting portion 10a of the first 
layer portion 10 of the thin-film coil through the connecting 
layer 13. The second layer portion 15 is wound around the 
coupling portion layer 12b. 
0057 The thin-film magnetic head further includes an 
insulating layer 16 disposed to cover the second layer portion 
15 of the thin-film coil and the insulating layer 14 around the 
second layer portion 15. Each of the outer and the inner edge 
portion of the insulating layer 16 is in the shape of a rounded 
slope. Part of the yoke portion layer 12c is disposed on the 
insulating layer 16. 
0058. The thin-film magnetic head further includes an 
overcoat layer 17 disposed to cover the top pole layer 12. The 
overcoat layer 17 is made of alumina, for example. 
0059. The outline of the manufacturing method of the 
thin-film magnetic head of the embodiment will now be 
described. In the manufacturing method of the thin-film mag 
netic head of the embodiment, first, the insulating layer 2 is 
formed to have a thickness of 0.2 to 5um, for example, on the 
substrate 1 by sputtering or the like. Next, on the insulating 
layer 2, the first shield layer 3 is formed into a predetermined 
pattern by plating or the like. Next, although not shown, an 
insulating layer made of alumina, for example, is formed over 
the entire surface. Next, the insulating layer is polished by 
chemical mechanical polishing (hereinafter referred to as 
CMP), for example, until the first shield layer 3 is exposed, 
and the top surfaces of the first shield layer 3 and the insulat 
ing layer are thereby flattened. 
0060 Next, the MR element 5, the two bias magnetic field 
applying layers 6 and the insulating layer 7 are formed on the 
first shield layer 3. Next, the second shield layer 8 is formed 
on the MR element 5, the bias magnetic field applying layers 
6 and the insulating layer 7. The second shield layer 8 is 
formed by plating or sputtering, for example. Next, the sepa 
rating layer 18 is formed on the second shield layer 8 by 
sputtering or the like. Next, the bottom pole layer 19 is formed 
on the separating layer 18 by plating or sputtering, for 
example. 
0061 Next, the write gap layer 9 is formed to have a 
thickness of 50 to 300 nm, for example, on the bottom pole 
layer 19 by sputtering or the like. Next, in order to make a 
magnetic path, the contact hole 9a is formed by partially 
etching the write gap layer 9 at a center portion of the thin 
film coil that will be formed later. 

0062 Next, the first layer portion 10 of the thin-film coil is 
formed to have a thickness of 2 to 3 um, for example, on the 
write gap layer 9. The first layer portion 10 is wound around 
the contact hole 9a. 
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0063) Next, the insulating layer 11 is formed into a prede 
termined pattern to cover the first layer portion 10 of the 
thin-film coil and the write gap layer 9 disposed around the 
first layer portion 10. The insulating layer 11 is made of an 
organic insulating material that exhibits fluidity when heated, 
Such as photoresist. Next, heat treatment is given at a prede 
termined temperature to flatten the surface of the insulating 
layer 11. This heat treatment brings each of the outer and the 
inner edge portion of the insulating layer 11 into the shape of 
a rounded slope. 
0064. Next, the track width defining layer 12a of the top 
pole layer 12 is formed on the write gap layer 9 and the 
insulating layer 11 over the region extending from the sloped 
portion of the insulating layer 11 closer to the medium facing 
surface 20 described later to the medium facing surface 20. 
0065. When the track width defining layer 12a is formed, 
the coupling portion layer 12b is formed on the region of the 
bottom pole layer 19 where the contact hole 9a is formed, and 
the connecting layer 13 is formed on the connecting portion 
10a at the same time. 
0066 Next, pole trimming is performed. That is, in a 
region around the track width defining layer 12a, the write 
gap layer 9 and at least a portion of the pole portion of the 
bottom pole layer 19 close to the write gap layer 9 are etched 
using the track width defining layer 12a as a mask. As a result, 
as shown in FIG. 3, a trim structure is formed, wherein the 
pole portion of the top pole layer 12, the write gap layer 9 and 
at least a portion of the pole portion of the bottom pole layer 
19 have equal widths. The trim structure makes it possible to 
prevent an increase in effective track width resulting from an 
expansion of magnetic flux near the write gap layer 9. 
0067 Next, the insulating layer 14 is formed to have a 
thickness of 3 to 4 Lim, for example, over the entire top Surface 
of a stack of the layers that have been formed through the 
foregoing steps. Next, the insulating layer 14 is polished by 
CMP for example, to reach the surfaces of the track width 
defining layer 12a, the coupling portion layer 12b and the 
connecting layer 13, and is thereby flattened. 
0068. Next, the second layer portion 15 of the thin-film 
coil is formed to have a thickness of 2 to 3 um, for example, 
on the insulating layer 14 that has been flattened. The second 
layer portion 15 is wound around the coupling portion layer 
12b. 
0069. Next, the insulating layer 16 is formed into a prede 
termined pattern to cover the second layer portion 15 of the 
thin-film coil and the insulating layer 14 disposed around the 
second layer portion 15. The insulating layer 16 is made of an 
organic insulating material that exhibits fluidity when heated, 
Such as photoresist. Next, heat treatment is given at a prede 
termined temperature to flatten the surface of the insulating 
layer 16. This heat treatment brings each of the outer and the 
inner edge portion of the insulating layer 16 into the shape of 
arounded slope. Next, the yoke portion layer 12c is formed on 
the track width defining layer 12a, the insulating layers 14 
and 16 and the coupling portion layer 12b. 
0070. Next, the overcoat layer 17 is formed to cover the 
entire top surface of a stack of the layers that have been 
formed through the foregoing steps. Wiring, terminals and so 
on are then formed on the overcoat layer 17. Finally, machin 
ing of the slider including the foregoing layers is performed to 
form the medium facing surface 20. The thin-film magnetic 
head including a write head and a read head is thus completed. 
0071. The thin-film magnetic head manufactured in this 
manner has the medium facing Surface 20 that faces toward 
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the recording medium, the read head, and the write head. The 
read head is disposed near the medium facing Surface 20 to 
detect a signal magnetic field sent from the recording 
medium. The configuration of the read head will be described 
in detail later. 
(0072. The write head includes: the bottom pole layer 19 
and the top pole layer 12 magnetically coupled to each other 
and including the respective pole portions that are opposed to 
each other and placed in regions of the pole layers on a side of 
the medium facing surface 20; the write gap layer 9 provided 
between the pole portion of the bottom pole layer 19 and the 
pole portion of the top pole layer 12; and the thin-film coil 10, 
15 at least part of which is placed between the bottom pole 
layer 19 and the top pole layer 12 and insulated from the 
bottom pole layer 19 and the top pole layer 12. In this thin 
film magnetic head, as illustrated in FIG. 2, the length from 
the medium facing surface 20 to the end of the insulating layer 
11 closer to the medium facing surface 20 corresponds to 
throat height TH. Note that the throat height refers to a length 
(height) from the medium facing Surface 20 to a point at 
which the distance between the two pole layers starts to 
increase. It should be noted that, while FIG. 2 and FIG. 3 
illustrate a write head for use with the longitudinal magnetic 
recording system, the write head of the embodiment can be 
one for use with the perpendicular magnetic recording sys 
tem 

0073. Reference is now made to FIG. 1 to describe the 
configuration of the read head of the embodiment in detail. 
FIG. 1 is a cross-sectional view illustrating a cross section of 
the read head parallel to the medium facing Surface. As illus 
trated in FIG. 1, the read head includes the first shield layer3 
and the second shield layer 8 disposed at a specific distance 
from each other, and the MR element 5 disposed between the 
first shield layer 3 and the second shield layer 8. The MR 
element 5 and the second shield layer 8 are stacked on the first 
shield layer 3. 
0074 The read head further includes: the two bias mag 
netic field applying layers 6 that are respectively disposed 
adjacent to the two sides of the MR element 5 and that apply 
a bias magnetic field to the MR element 5; and the insulating 
layer 4 disposed between the first shield layer 3 and the bias 
magnetic field applying layers 6 and between the MR element 
5 and the bias magnetic field applying layers 6. 
0075. The bias magnetic field applying layers 6 are each 
composed of a hard magnetic layer (hard magnet) or a stack of 
a ferromagnetic layer and an antiferromagnetic layer, for 
example. To be specific, the bias magnetic field applying 
layers 6 are made of CoPt or CoCrPt, for example. The 
insulating layer 4 is made of alumina, for example. 
0076. The MR element 5 of the embodiment is a CPP 
GMR element. In this MR element 5, a sense current, which 
is a current for detecting magnetic signals, is fed in a direction 
intersecting the planes of layers constituting the MR element 
5, such as the direction perpendicular to the planes of layers 
constituting the MR element 5. The first shield layer 3 and the 
second shield layer 8 also function as a pair of electrodes for 
feeding the sense current to the MR element 5 in a direction 
intersecting the planes of the layers constituting the MR ele 
ment 5, such as the direction perpendicular to the planes of the 
layers constituting the MR element 5. Alternatively, besides 
the first shield layer 3 and the second shield layer 8, there may 
be provided a pair of electrodes on top and bottom of the MR 
element 5, respectively. The MR element 5 has a resistance 
that changes in response to an external magnetic field, that is, 
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a signal magnetic field sent from the recording medium. The 
resistance of the MR element 5 can be determined from the 
sense current. It is thus possible to read data stored on the 
recording medium through the use of the read head. 
0077 FIG. 1 illustrates an example of configuration of the 
MR element 5. This MR element 5 includes: a free layer 25 
that is a ferromagnetic layer whose direction of magnetiza 
tion changes in response to the signal magnetic field; a pinned 
layer 23 that is a ferromagnetic layer whose direction of 
magnetization is fixed; and a spacer layer 24 disposed 
between the free layer 25 and the pinned layer 23. In the 
example illustrated in FIG. 1, the pinned layer 23 is disposed 
closer to the first shield layer 3 than is the free layer 25. 
However, such a configuration is also possible that the free 
layer 25 is disposed closer to the first shield layer 3 instead. 
The MR element 5 further includes: an antiferromagnetic 
layer 22 disposed on a side of the pinned layer 23 farther from 
the spacer layer 24; an underlying layer 21 disposed between 
the first shield layer 3 and the antiferromagnetic layer 22; and 
a protection layer 26 disposed between the free layer 25 and 
the second shield layer 8. In the MR element 5 illustrated in 
FIG. 1, the underlying layer 21, the antiferromagnetic layer 
22, the pinned layer 23, the spacer layer 24, the free layer 25 
and the protection layer 26 are stacked in this order on the first 
shield layer 3. 
0078. The antiferromagnetic layer 22 is a layer for fixing 
the direction of magnetization of the pinned layer 23 by 
means of exchange coupling with the pinned layer 23. The 
underlying layer 21 is provided for improving the crystallin 
ity and orientability of each layer formed thereon and particu 
larly for enhancing the exchange coupling between the anti 
ferromagnetic layer 22 and the pinned layer 23. The 
protection layer 26 is a layer for protecting the layers located 
therebelow. 

007.9 The underlying layer 21 has a thickness of 2 to 6 nm, 
for example. The underlying layer 21 is formed of a stack of 
a Ta layer and a Ru layer, for example. 
0080. The antiferromagnetic layer 22 has a thickness of 5 

to 30 nm, for example. The antiferromagnetic layer 22 is 
made of an antiferromagnetic material containing Mn and at 
least one element M, selected from the group consisting of 
Pt, Ru, Rh, Pd, Ni, Cu, Ir, Cr and Fe, for example. The Mn 
content of the material is preferably equal to or higher than 35 
atomic percent and lower than or equal to 95 atomic percent, 
while the content of the other element M of the material is 
preferably equal to or higher than 5 atomic percent and lower 
than or equal to 65 atomic percent. There are two types of the 
antiferromagnetic material, one is a non-heat-induced anti 
ferromagnetic material that exhibits antiferromagnetism 
without any heat treatment and induces an exchange coupling 
magnetic field between a ferromagnetic material and itself, 
and the other is a heat-induced antiferromagnetic material 
that exhibits antiferromagnetism by undergoing heat treat 
ment. The antiferromagnetic layer 22 can be made of either of 
these types. Examples of the non-heat-induced antiferromag 
netic material include a Mn alloy that has a y phase. Such as 
RuRhMn, FeMn, or IrMn. Examples of the heat-induced 
antiferromagnetic material include a Mn alloy that has a 
regular crystal structure, such as PtMn, NiMn, or PtRhMn. 
0081. As a layer for fixing the direction of magnetization 
of the pinned layer 23, a hard magnetic layer made of a hard 
magnetic material such as CoPt may be provided in place of 
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the antiferromagnetic layer 22 described above. In this case, 
for example, Cr, CrTi or Tiw is used as the material of the 
underlying layer 21. 
I0082 In the pinned layer 23, the direction of magnetiza 
tion is fixed by exchange coupling with the antiferromagnetic 
layer 22 at the interface between the antiferromagnetic layer 
22 and the pinned layer 23. The pinned layer 23 of the 
embodiment is a so-called synthetic pinned layer, having an 
outer layer 31, a nonmagnetic middle layer 32 and an inner 
layer 33 that are stacked in this order on the antiferromagnetic 
layer 22. Each of the outer layer 31 and the inner layer 33 
includes a ferromagnetic layer made of a ferromagnetic mate 
rial containing at least Co selected from the group consisting 
of Co and Fe, for example. The outer layer 31 and the inner 
layer 33 are antiferromagnetic-coupled to each other and the 
magnetizations thereof are fixed to opposite directions. The 
outer layer 31 has a thickness of 3 to 7 nm, for example. The 
inner layer 33 has a thickness of 3 to 10 nm, for example. 
I0083. The nonmagnetic middle layer 32 has a thickness of 
0.35 to 1.0 nm, for example. The nonmagnetic middle layer 
32 is made of a nonmagnetic material containing at least one 
element selected from the group consisting of Ru, Rh, Ir, Re, 
Cr, Zr and Cu, for example. The nonmagnetic middle layer 32 
is provided for producing antiferromagnetic exchange cou 
pling between the inner layer 33 and the outer layer 31, and 
for fixing the magnetizations of the inner layer 33 and the 
outer layer 31 to opposite directions. Note that the magneti 
zations of the inner layer 33 and the outer layer 31 in opposite 
directions include not only the case in which there is a differ 
ence of 180 degrees between these directions of magnetiza 
tions, but also the case in which there is a difference of 
180+20 degrees between them. 
I0084. The free layer 25 has a thickness of 2 to 10 nm, for 
example. The freelayer 25 is formed of a ferromagnetic layer 
having a low coercivity. The free layer 25 may include a 
plurality of ferromagnetic layers stacked. 
I0085. The protection layer 26 has a thickness of 0.5 to 20 
nm, for example. The protection layer 26 may beformed of a 
Ta layer or a Ru layer, for example. The protection layer 26 
may be formed into a two-layer structure made up of a com 
bination of a Ta layer and a Ru layer, for example, or a 
three-layer structure made up of a combination of Ta, Ru and 
Ta layers or a combination of Ru, Ta and Ru layers, for 
example. 
I0086. At least one of the inner layer 33 and the free layer 
25 may include an alloy layer having a spin polarization 
nearly equal to 1. Such as a Heusler alloy layer. 
I0087. For the MR element 5 to operate properly as a CPP 
GMR element, there is an appropriate range for the resis 
tance-area product (RA) of the MR element 5. That is, if the 
resistance-area product of the MR element 5 is too small, the 
resistance of the MR element 5 is made too low, and as a 
result, the resistance change amount of the MR element 5 is 
reduced and this causes a reduction in read output Voltage. In 
addition, it is required that the resistance change amount of 
the MR element 5 be greater than a parasitic resistance cre 
ated by, for example, a lead wire for feeding a sense current to 
the MR element 5. On the other hand, if the resistance-area 
product of the MR element 5 is too great, the resistance of the 
MR element 5 is made too high and noise increases. In con 
sideration of the foregoing, the resistance-area product of the 
MR element 5 should preferably be within a range of 0.1 to 
0.3 G2 um, and more preferably within a range of 0.12 to 0.25 
S2'um. 
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0088 Reference is now made to FIG. 8 and FIG. 9 to 
describe the spacer layer 24 of the embodiment in detail. The 
spacer layer 24 of the embodiment has a first mode shown in 
FIG. 8 and a second mode shown in FIG. 9. FIG. 8 and FIG. 
9 each schematically illustrate the pinned layer 23 (the inner 
layer 33), the spacer layer 24 and the free layer 25 of the 
embodiment. As shown in FIG. 8 and FIG.9, the spacer layer 
24 includes a first region 41, a second region 42 and a third 
region 43 that are each in the form of a layer and that are 
arranged in a direction intersecting the plane of each layer of 
the MR element 5. The second region 42 is sandwiched 
between the first region 41 and the third region 43. The first 
region 41 and the third region 43 are each composed of an 
oxide semiconductor. The second region 42 includes at least 
a nonmagnetic conductor phase out of the nonmagnetic con 
ductor phase and an oxide semiconductor phase. The first 
region 41 is adjacent to the pinned layer 23 (the inner layer 33) 
while the third region 43 is adjacent to the free layer 25. 
0089. In the first mode shown in FIG. 8, the second region 
42 is such that a plurality of nonmagnetic conductor phases 
421 are scattered in the oxide semiconductor phase 422. In 
this case, the oxide semiconductor phase 422, the first region 
41 and the third region 43 may be all composed of the same 
material. FIG. 8 illustrates the case in which the oxide semi 
conductor phase 422, the first region 41 and the third region 
43 are all composed of the same material. 
0090. In the second mode shown in FIG. 9, the second 
region 42 is composed entirely of the nonmagnetic conductor 
phase 421. In this case, the first region 41 and the third region 
43 may be composed of the same material. 
0091. The oxide semiconductor used to form the first 
region 41, the third region 43 and the oxide semiconductor 
phase 422 can be any of Zinc oxide (ZnO), titanium oxide 
(TiO), tin oxide (SnO) and indium oxide (InC), for example. 
Furthermore, the oxide semiconductor used to form the first 
region 41, the third region 43 and the oxide semiconductor 
phase 422 may have an oxygen defect of 1 percent or lower, 
for example. In the case where an oxide semiconductor has an 
oxygen defect, electrons exist in the Fermi level of the oxide 
semiconductor, and the resistance of the oxide semiconductor 
is therefore low. An oxide semiconductor having an oxygen 
defect is therefore suitable to be used for the spacer layer of a 
CPP-GMR element. 
0092. The nonmagnetic conductor phase 421 is composed 
of a nonmagnetic conductive material. The nonmagnetic con 
ductive material can be any of Cu, Au, Ag, Ru, Pd, Rh, Re, Ir, 
Sn, Zn, Ti, In, and Cu2O, for example. 
0093. In the embodiment, a nonmagnetic metal layer 
smaller than 1 nm in thickness may be provided between the 
spacer layer 24 and each of the magnetic layers adjacent 
thereto, that is, to be specific, between the first region 41 and 
the inner layer 33, and between the third region 43 and the free 
layer 25. This nonmagnetic metal layer is provided for Sup 
pressing degradation of the characteristics of the MR element 
5 due to oxidation of the magnetic layers (the inner layer 33 
and the free layer 25) and for relieving the lattice misfit at the 
interface between the magnetic layer and the first region 41 or 
the third region 43 composed of an oxide semiconductor. The 
material of the nonmagnetic metal layer can be any of those 
listed as examples of the nonmagnetic conductive material to 
be used for the nonmagnetic conductor phase 421. 
0094. A method of manufacturing the read head of FIG. 1 
will now be described. In the method of manufacturing this 
read head, first, the first shield layer 3 having a predetermined 
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pattern is formed on the insulating layer 2 by plating or the 
like. Next, on the first shield layer 3, films to be the respective 
layers constituting the MR element 5 are formed one by one 
by Sputtering, for example, to thereby form a stack of these 
films. Next, the stack is patterned by etching to thereby form 
the MR element 5. Next, the insulating layer 4 and the bias 
magnetic field applying layers 6 are formed in this order by 
sputtering, for example. Next, the second shield layer 8 is 
formed by plating or sputtering, for example, on the MR 
element 5 and the bias magnetic field applying layers 6. 
(0095. The method of manufacturing the MR element 5 of 
the embodiment includes the steps of forming the underlying 
layer 21, the antiferromagnetic layer 22, the pinned layer 23, 
the spacer layer 24, the free layer 25 and the protection layer 
26 that constitute the MR element 5. The step of forming the 
spacer layer 24 includes the steps of forming a first oxide 
semiconductor layer, forming a nonmagnetic conductor layer 
on the first oxide semiconductor layer, forming a second 
oxide semiconductor layer on the nonmagnetic conductor 
layer; and performing heat treatment on the first oxide semi 
conductor layer, the nonmagnetic conductor layer and the 
second oxide semiconductor layer so that the first region 41 is 
formed of the first oxide semiconductor layer, the third region 
43 is formed of the second oxide semiconductor layer, and the 
second region 42 is formed of at least the nonmagnetic con 
ductor layer. 
0096. The material of the first oxide semiconductor layer 

is the same as the material of the first region 41, and the 
material of the second oxide semiconductor layer is the same 
as the material of the third region 43. The material of the 
nonmagnetic conductor layer is the same as the material of the 
nonmagnetic conductor phase 421 of the second region 42. 
0097. The foregoing heat treatment is performed for the 
purpose of reducing the disorder of the crystal structure of the 
nonmagnetic conductor phase 421. By reducing the disorder 
of the crystal structure of the nonmagnetic conductor phase 
421 through the heat treatment, it is possible to suppress spin 
relaxation in the nonmagnetic conductor phase 421. The fore 
going heat treatment can be performed at any point after 
forming the layers constituting the spacer layer 24. For 
example, the heat treatment may be performed at a point after 
the layers constituting the spacer layer 24 are formed and 
before the films constituting the free layer 25 are formed, or at 
a point after the stack of the films to be the respective layers 
constituting the MR element 5 is formed and before or after 
this stack is patterned. The temperature of the heat treatment 
is preferably within a range of 250° C. to 290° C. 
0098. By performing the foregoing heat treatment after 
forming the layers constituting the spacer layer 24, the spacer 
layer 24 of the first mode shown in FIG.8 or the spacer layer 
24 of the second mode shown in FIG.9 is formed. The smaller 
the thickness of the nonmagnetic conductor layer, the likelier 
it is that the spacer layer 24 of the first mode is formed. The 
greater the thickness of the nonmagnetic conductor layer, the 
likelier it is that the spacer layer 24 of the second mode is 
formed. In the case where the spacer layer 24 of the first mode 
is formed, through the foregoing heat treatment, the nonmag 
netic conductor layer aggregates into the form of islands to 
thereby form a plurality of nonmagnetic conductor phases 
421, while the oxide semiconductor phase 422 is formed of at 
least one of the first oxide semiconductor layer and the second 
oxide semiconductor layer. 
0099. The operation of the thin-film magnetic head of the 
embodiment will now be described. The thin-film magnetic 
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head writes data on a recording medium by using the write 
head and reads data written on the recording medium by using 
the read head. 
0100. In the read head, the direction of the bias magnetic 
field produced by the bias magnetic field applying layers 6 
intersects the direction perpendicular to the medium facing 
surface 20 at a right angle. In the MR element 5, when no 
signal magnetic field is present, the direction of magnetiza 
tion of the free layer 25 is aligned with the direction of the bias 
magnetic field. On the other hand, the direction of magneti 
zation of the pinned layer 23 is fixed to the direction perpen 
dicular to the medium facing surface 20. 
0101. In the MR element 5, the direction of magnetization 
of the free layer 25 changes in response to the signal magnetic 
field sent from the recording medium. This causes a change in 
the relative angle between the direction of magnetization of 
the free layer 25 and the direction of magnetization of the 
pinned layer 23, and as a result, the resistance of the MR 
element 5 changes. The resistance of the MR element 5 can be 
determined from the potential difference between the first and 
second shield layers 3 and 8 produced when a sense current is 
fed to the MR element 5 from the shield layers 3 and 8. Thus, 
it is possible for the read head to read data stored on the 
recording medium. 
0102. In the MR element 5 of the embodiment, the spacer 
layer 24 includes the first region 41, the second region 42 and 
the third region 43 that are each in the form of a layer and that 
are arranged in a direction intersecting the plane of each layer 
of the MR element 5. The second region 42 is sandwiched 
between the first region 41 and the third region 43. The first 
region 41 and the third region 43 are each composed of an 
oxide semiconductor. The second region 42 includes at least 
the nonmagnetic conductor phase 421 out of the nonmagnetic 
conductor phase 421 and the oxide semiconductor phase 422. 
In the first mode shown in FIG. 8, the second region 42 is such 
that a plurality of nonmagnetic conductor phases 421 are 
scattered in the oxide semiconductor phase 422. In the second 
mode shown in FIG. 9, the second region 42 is composed 
entirely of the nonmagnetic conductor phase 421. 
(0103. The MR element 5 of the embodiment is not a TMR 
element but a CPP-GMR element. According to the MR ele 
ment 5 of the embodiment, it is therefore possible to reduce 
the resistance and Suppress noise, as compared with a TMR 
element. 
0104. The spacer layer 24 of the MR element 5 of the 
embodiment has the first region 41 and the third region 43 
each composed of an oxide semiconductor. According to the 
MR element 5 of the embodiment, it is therefore possible to 
make the resistance greater as compared with a typical CPP 
GMR element having a spacer layer composed entirely of a 
nonmagnetic conductor layer. As a result, according to the 
embodiment, it is possible to suppress the effect of spin 
torque. 
0105. In the case of an MR element having a spacer layer 
composed entirely of an oxide semiconductor, the resistance 
may become too high for a CPP-GMR element and noise may 
be increased. In contrast, according to the embodiment, the 
spacer layer 24 includes the nonmagnetic conductor phase 
421 sandwiched between the first region 41 and the third 
region 43 each composed of an oxide semiconductor. Accord 
ingly, the MR element 5 of the embodiment is capable of 
attaining a lower resistance and Suppressing noise, as com 
pared with an MR element having a spacer layer composed 
entirely of an oxide semiconductor. 
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0106. In the embodiment, when the second region 42 is of 
the first mode shown in FIG. 8, a sense current flows prefer 
entially through the nonmagnetic conductor phases 421 in the 
second region 42. In this case, the MR element 5 can provide 
a higher MR ratio by the current confining effect. 
0107. In a conventional typical current-confined-path type 
CPP-GMR element, the layer for producing the current con 
fining effect has such a structure that a plurality of conductor 
portions are scattered in an insulator. Such a layer is formed 
through an oxidation treatment, for example. In this case, in 
the layer for producing the current confining effect, a great 
change in composition occurs during the process of its for 
mation, and the disorder of the crystal structure is thereby 
enhanced. Consequently, in an MR element including Such a 
layer, Scattering of spin-polarized electrons occurs noticeably 
due to the disorder of the crystal structure, and a reduction in 
MR ratio is caused by spin relaxation. In contrast, according 
to the embodiment, it is not required to form an insulator 
through an oxidation treatment to form the spacer layer 24. 
Therefore, in the spacer layer 24 of the MR element 5 of the 
embodiment, no great change in composition occurs during 
the process of its formation, and no great disorder of the 
crystal structure occurs, accordingly. Thus, the MR element 5 
of the embodiment is capable of Suppressing a reduction in 
MR ratio caused by spin relaxation resulting from a disorder 
of the crystal structure. Furthermore, according to the MR 
element 5 of the embodiment, it is possible to allow a large 
current, such as a current having a current density of approxi 
mately 10/cm or higher, to pass through the spacer layer 24 
while maintaining the spin. Because of the foregoing, the MR 
element 5 of the embodiment is capable of attaining a high 
MR ratio. 

0108. In the embodiment, a lattice misfit occurs at the 
interface between the magnetic layer and the first region 41 or 
the third region 43 composed of an oxide semiconductor. As 
a result, scattering of spin-polarized electrons can occur at 
this interface. Here, in the case where the second region 42 is 
of the first mode shown in FIG. 8, a sense current flows 
preferentially through the nonmagnetic conductorphases 421 
in the second region 42. Consequently, at the interface 
between the magnetic layer and the first region 41 or the third 
region 43, the sense current passes preferentially through a 
region near the nonmagnetic conductor phases 421. As a 
result, the rate at which spin-polarized electrons pass through 
a disordered structure that may cause scattering is lower, 
compared with a case where the sense current passes uni 
formly through the foregoing interface. Therefore, in the case 
where the second region 42 is of the first mode shown in FIG. 
8, it is possible to more greatly suppress a reduction in MR 
ratio resulting from spin relaxation. 
0109 From the foregoing, according to the embodiment, it 

is possible to provide the MR element 5 having such a resis 
tance that Suppression of noise and Suppression of the effect 
of spin torque are possible and capable of attaining a high MR 
ratio. 
0110. It is necessary for the spacer layer 24 to have such a 
thickness that no exchange coupling occurs between the 
pinned layer 23 and the freelayer 25. As the spin relaxation in 
the spacer layer 24 is reduced, the effect as a spin filter is 
enhanced and therefore the MR ratio of the MR element 5 can 
increase. If the thickness T of the spacer layer 24 is too great, 
the spin relaxation in the spacer layer 24 increases to cause a 
reduction in MR ratio. On the other hand, if the thickness T of 
the spacer layer 24 is too small, an exchange coupling can 
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occur between the pinned layer 23 and the free layer 25, so 
that the spacer layer 24 will become unable to perform its 
function. In consideration of the foregoing, the thickness T of 
the spacer layer 24 should preferably be within a range of 1 to 
3 nm, and more preferably within a range of 1.2 to 2 nm. 
0111. There is an appropriate range for the thickness T2 of 
the second region 42 for effectively obtaining the effect of the 
presence of the second region 42. That is, if T2 is too great, the 
resistance of the MR element 5 becomes lower and the MR 
ratio decreases. On the other hand, ifT2 is too small, the effect 
of inserting the nonmagnetic conductor phase 421 between 
the first region 41 and the third region 43 is less exhibited, and 
the MR ratio decreases because the rate at which spin-polar 
ized electrons pass through a disordered structure that may 
cause scattering is increased. In consideration of the forego 
ing, the thickness T2 of the second region 42 should prefer 
ably be within a range of 0.1 to 1 nm, and more preferably 
within a range of 0.2 to 0.8 nm. 
0112 There is also an appropriate range for each of the 
thickness T1 of the first region 41 and the thickness T3 of the 
third region 43. That is, if T1 and T3 are too great, the 
resistance-area product of the MR element 5 becomes too 
great, and as a result, the resistance of the MR element 5 
becomes too high. On the other hand, if T1 and T3 are too 
small, the disorder of the crystal structure near the interface 
between the magnetic layer and the first region 41 or the third 
region 43 is enhanced and the MR ratio decreases due to spin 
relaxation. In consideration of the foregoing, each of the 
thickness T1 of the first region 41 and the thickness T3 of the 
third region 43 should preferably be within a range of 0.1 to 
1.4 nm. 

0113. There is also an appropriate range for the proportion 
of the nonmagnetic conductor phase 421 included in the 
second region 42 with respect to the entire spacer layer 24. 
That is, if the proportion of the nonmagnetic conductor phase 
421 is too low, the resistance of the MR element 5 becomes 
too high. If the proportion of the nonmagnetic conductor 
phase 421 is too high, the resistance of the MR element 5 
becomes too low. Therefore, neither case conforms to the 
conditions under which the MR element 5 can operate prop 
erly as a CPP-GMR element. In consideration of the forego 
ing, the proportion of the nonmagnetic conductor phase 421 
included in the second region 42 with respect to the entire 
spacer layer 24 should preferably be within a range of 1 to 50 
volume percent, and more preferably within a range of 3 to 30 
Volume percent. 
0114. The shapes and compositions of the components of 
the spacer layer 24 can be confirmed by observing a cross 
section of the spacer layer 24 with a transmission electron 
microscope (TEM) and by analyzing the composition of the 
spacer layer 24 by electron energy-loss spectroscopy (EELS). 
It is thereby possible to confirm the mode of the spacer layer 
24, too. 
0115 Descriptions will now be made on the results of an 
experiment that indicate the effects of the embodiment. In this 
experiment, 12 types of MR element samples numbered 1 to 
12 were prepared, and then the resistance-area product 
(S2um), the MR ratio (%), the head noise (LVrms/Hz), the 
current density (A/cm), and the exchange coupling magnetic 
field (Oe) of the pinned layer 23 were determined for these 
samples (MR elements). Note that 1 Oe is equal to 79.6A/m. 
For the current density, the value thereof was obtained by 
setting the voltage applied to the MR element to 100 mV. 
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0116. The film configuration of each of the samples 1 to 7 
is the same as that of the MR element 5 of the embodiment 
shown in FIG.1. The spacer layer 24 of each of the samples 
1 to 7 has the first to third regions 41 to 43. Hereinafter, 
samples in which the second region 42 is of the first mode 
shown in FIG. 8 are called Type (1) samples, while samples in 
which the second region 42 is of the second mode shown in 
FIG. 9 are called Type (2) samples. The samples 1 to 4 are 
Type (1) samples, while the samples 5 to 7 are Type (2) 
samples. In the samples 1 to 7, the first region 41 and the third 
region 43 are each composed of ZnO as an oxide semicon 
ductor. In the samples 1 to 4, the nonmagnetic conductor 
phases 421 are composed of Cu while the oxide semiconduc 
tor phase 422 is composed of ZnO. In the samples 5 to 7, the 
second region 42, i.e., the nonmagnetic conductor phase 421, 
is composed of Cu. Each of the samples 1 to 7 corresponds to 
an example of the MR element 5 of the embodiment. The 
specific film configuration of the samples 1 to 7 is shown in 
Table 1 below. 

TABLE 1 

Layer Substance Thickness (nm) 

Protection layer Ta 2 
Ru 13 

Free layer CoFe 4 
Spacer layer ZnO and Cu T 
Pinned Inner layer CoFe 5.5 
layer Nonmagnetic middle layer Ru O.8 

Outer layer CoFe 5 
Antiferromagnetic layer IrMn 5.5 
Underlying layer Ru 2 

Ta 1 

0117 The samples 8 to 12 correspond to a first to a fifth 
comparative example against the MR element 5 of the 
embodiment. The sample 8 includes a spacer layer 50 having 
a structure shown in FIG. 10, instead of the spacer layer 24 of 
the samples 1 to 7. The structure of the spacer layer 50 is such 
that a plurality of nonmagnetic conductor phases 52 are ran 
domly dispersed in an oxide semiconductor phase 51. The 
oxide semiconductor phase 51 is composed of ZnO while the 
nonmagnetic conductor phases 52 are composed of Cu. Here 
inafter, a sample including the spacer layer 50 having the 
structure of FIG. 10 is called a Type (3) sample. The thickness 
of the spacer layer 50 is represented by T. like the spacer layer 
24 of the samples 1 to 7. 
0118. The sample 9 includes a spacer layer 60 having a 
structure shown in FIG. 11, instead of the spacer layer 24 of 
the samples 1 to 7. The spacer layer 60 is an oxide layer 
having a region 61 in which the resistance is relatively high 
and a region 62 in which the resistance is relatively low. The 
region 62 is column-shaped, and connects the inner layer 33 
and the free layer 25 to each other. Hereinafter, a sample 
including the spacer layer 60 having the structure of FIG. 11 
is called a Type (4) sample. The thickness of the spacer layer 
60 is represented by T. like the spacer layer 24 of the samples 
1 to 7. 
0119 The sample 10 has a film configuration of Type (2). 
However, in this sample the proportion of the nonmagnetic 
conductor phase 421 included in the second region 42 with 
respect to the entire spacer layer 24 exceeds 50 volume per 
Cent. 
0.120. The sample 11 includes a spacer layer composed 
entirely of ZnO as an oxide semiconductor, instead of the 
spacer layer 24 of the samples 1 to 7. Such a sample is 
hereinafter called a Type (5) sample. The thickness of the 
spacer layer of the sample 11 is also represented by T. like the 
spacer layer 24 of the samples 1 to 7. 
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0121 The sample 12 is provided with an aluminum oxide 
(Al...O.) film instead of the spacer layer 24 of the samples 1 to 
7. Therefore, the sample 12 is not a CPP-GMR element but a 
TMR element. 

0122) The samples except the samples 8, 9 and 12 were 
each prepared by initially forming films to be the respective 
layers constituting each sample one by one to thereby obtain 
a stack of those films, and then subjecting the stack to heat 
treatment. The heat treatment was performed at a temperature 
of 250° C. for 5 hours in a vacuum of 1.0x10 Pa or less. 

Sample Type 

(1) 
(1) 
(1) 
(1) 
(2) 
(2) 
(2) 
(3) 
(4) 
(2) 
(5) 
TMR 

1 
1 1 
12 

0123. The spacer layer 50 of the sample 8 was formed in 
the following manner. First, a film composed of ZnO and Cu 
was formed by sputtering ZnO and Cusimultaneously, using 
a target of ZnO and a target of Cu. Next, this film was heat 
treated at a temperature of 250° C. for 5 hours to thereby form 
the spacer layer 50 having the structure in which a plurality of 
nonmagnetic conductor phases 52 each composed of Cu were 
randomly dispersed in the oxide semiconductor phase 51 
composed of ZnO. In the sample 8 the layers other than the 
spacer layer 50 were formed by sputtering. 
0.124. The spacer layer 60 of the sample 9 was formed 
through Subjecting a metal layer formed by sputtering to an 
oxidation treatment, as disclosed in JP 2003-298143A. In the 
sample 9 the layers other than the spacer layer 60 were formed 
by Sputtering, and no oxidation treatment was given. 
0.125. The sample 12 was prepared by forming films to be 
the respective layers constituting the sample 12 one by one by 
Sputtering. 
0126 When viewed from above, each sample has a shape 
of a rectangle that is 0.06 um in width and 0.10 um in length. 
This shape is approximately the same as that of the MR 
element 5 used for an actual read head. Note that the afore 
mentioned “width” refers to a length taken in the direction of 
track width, while the “length” refers to a length taken in the 
direction perpendicular to the medium facing surface 20. The 
resistance-area product and MR ratio of each sample were 
measured using the direct-current four-probe method. The 
head noise of each sample was measured with a spectrum 
analyzer. The values of head noise measured were those 
obtained when the signal had a frequency of 20 MHz and a 
bandwidth of 1 Hz. The current density of each sample was 
determined by calculation based on the resistance-area prod 
uct. The exchange coupling magnetic field of the pinned layer 
23 of each sample was determined from the magnetoresistive 

10 

(nm) 

0.7 
1.2 
1.7 
1.7 
1.7 
1.7 
2 
1.7 
1.7 
2.8 
1 
1 
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curve. Tendencies made clear from the results of the experi 
ment discussed below were approximately the same among 
the samples regardless of their shapes. 
I0127 Table 2 below shows the results of the experiment. 
On Table 2 “Cu proportion (vol%)” means the proportion of 
Cu included in the spacer layer with respect to the entire 
spacer layer, which is the same as the proportion of the non 
magnetic conductor phase 421 included in the second region 
42 with respect to the entire spacer layer 24 for the samples 1 
to 7 and 10. 

TABLE 2 

Resistance- Exchange 
Cu 808 MR Head Current coupling 

proportion product ratio noise density magnetic 
(vol%) (S2 m) (%) (Vrms/Hzz) (A/cm) field (Oe) 

3 O1.9 14.5 2.4 x 10 2.2 x 10 1390 
12 O.186 17 2.42 x 10 1.1 x 108 1SO2 
21 O.18 2O 2.44 x 10 7 x 107 1516 
28 O.172 21 2.46 x 10 7.6 x 107 1517 
35 O16 17.5 2.45 x 10' 8.2 x 107 1515 
41 O.15 12.2 2.6 x 10' 9.3 x 107 1516 
47 O.18 11 3.0 x 10 2.3 x 108 1518 
30 O.174 18 2.46 x 10' 8.2 x 107 1516 

O.18 16 2.49 x 10' 8.5 x 108 1516 
55 O.2 8 4.6 x 10 2.3 x 108 1520 
O O.8 22 5.4 x 10 2.3 x 108 1520 
O 1.7 26 5.8 x 10' 5.88 x 10 1525 

I0128. In the sample 1 the thickness of the spacer layer is 
Smaller than 1 nm, while in the other samples it is equal to or 
greater than 1 nm. In the sample 1 the exchange coupling 
magnetic field of the pinned layer 23 is smaller than 1500 Oe, 
whereas in the other samples it is greater than 1500 Oe. The 
Smaller exchange coupling magnetic field of the pinned layer 
23 in the sample 1 is presumably due to the effect of spin 
torque on the magnetization of the pinned layer 23. To prevent 
a reduction in exchange coupling magnetic field of the pinned 
layer 23, it is preferred that the spacer layer 24 of the embodi 
ment be 1 nm or greater in thickness. 
I0129. If comparison is made between the samples 4 and 8 
that are equal in thickness T of the spacer layer and similar in 
Cu proportion, the sample 4 is higher in MR ratio than the 
sample 8. The samples 8 and 9 are equal in thickness T of the 
spacer layer and similar in resistance-area product. However, 
the MR ratio of the sample 9 is lower than that of the sample 
8, and is therefore lower than that of the sample 4. These 
results indicate that the structure of Type (1) can provide a 
higher MR ratio, compared with the structure of Type (3) or 
(4). 
0.130. While the Cu proportions in the samples 1 to 7 are 
each lower than 50 volume percent, the Cu proportion in the 
sample 10 is higher than 50 volume percent. The head noise in 
the sample 10 is noticeably greater than that of each of the 
samples 1 to 7. This is presumably because, when the Cu 
proportion is higher than 50 volume percent, the effect of 
Suppressing spin relaxation in the spacer layer 24 is not fully 
exhibited. To suppress head noise, in the embodiment it is 
preferred that the Cu proportion, that is, the proportion of the 
nonmagnetic conductor phase 421 included in the second 
region 42 with respect to the entire spacer layer 24, be equal 
to or lower than 50 volume percent. If comparison is made 
among the samples 3 to 6 in which the thickness T of the 
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spacer layer 24 is 1.7 nm, it can be seen that there is a tendency 
of a reduction in resistance-area product and an increase in 
head noise with increasing Cu proportion. 
0131. In the case where the spacer layer does not include 
the nonmagnetic conductor phase 421 like the samples 11 and 
12, the resistance-area product is too great and consequently 
the resistance of the entire MR element is too high. 
(0132) The head noise caused by the MR element 5 is 
considered as shot noise that results from the occurrence of 
tunnel conduction of the spin-polarized electrons in the 
spacer layer 24. Here, the head noise Vs when the signal has 
a bandwidth of Af(HZ) is expressed by the following equa 
tion, where 'e' represents the charge of an electron (1.6x10 
19 coulomb), “I” represents the current (A) flowing through 
the MR element 5, “Afrepresents the bandwidth (Hz) of the 
signal, and “R” represents the resistance (S2) of the MR ele 
ment 5. 

0133. As mentioned previously, the values of head noise 
determined in the experiment were those obtained when the 
signal had a frequency of 20 MHz and abandwidth Afof 1 Hz. 
The theoretically predicted value of head noise resulting from 
tunnel conduction is 4.7x10'uVrms/Hz. The value of head 
noise in each of the samples 1 to 7 is smaller than 4.7x10' 
uVrms/Hz. Therefore, in the MR element 5 of the embodi 
ment, it seems that there occurs ohmic conduction, rather than 
tunnel conduction, in the spacer layer 24. 
0.134 Disorder of the crystal structure in the spacer layer 
of each of Types (1) to (4) will now be considered. To obtain 
a higher MR ratio by Suppressing spin relaxation in the spacer 
layer, it is preferred that the disorder of the crystal structure in 
the spacer layer be smaller, because in that case it is possible 
to Suppress the spin relaxation resulting from Scattering of 
spin-polarized electrons. In the spacer layer 60 of Type (4), 
the region 61 in which the resistance is relatively high and the 
region 62 in which the resistance is relatively low are formed 
by Subjecting a metal layer to an oxidation treatment. Accord 
ingly, in the spacer layer 60 of Type (4), a great change in 
composition occurs during the process of its formation, and as 
a result, the disorder of the crystal structure is enhanced. It is 
therefore difficult to increase the MR ratio in Type (4). 
0135) In contrast, the spacer layers of Types (1) to (3) do 
not undergo Such a great change in composition or great 
disorder in crystal structure resulting therefrom as occurs in 
Type (4). Accordingly, in Types (1) to (3) it is possible to 
Suppress spin relaxation in the spacer layer and to thereby 
attain a higher MR ratio. 
0.136 Current paths in the spacer layers of Types (1) to (3) 
will now be considered. In Type (3) a current flows from the 
pinned layer 23 to the free layer 25 or from the free layer 25 
to the pinned layer 23 through the plurality of nonmagnetic 
conductor phases 52 in the spacer layer 50. In Type (3) the 
plurality of nonmagnetic conductor phases 52 are randomly 
dispersed in the oxide semiconductor phase 51. Therefore, if 
a plurality of MR elements of Type (3) are fabricated, a 
plurality of current paths in the spacer layer 50 are different 
among the MR elements. Accordingly, there are variations in 
resistance-area product and MR ratio in Type (3). InTypes (1) 
and (2), in contrast, a plurality of current paths in the spacer 
layer 24 are not greatly different among the MR elements. 
Accordingly, in Types (1) and (2), variations in resistance 
area product and MR ratio are smaller, compared with Type 
(3). FIG. 12 schematically illustrates ranges of variations in 
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resistance-area product RA and MR ratio for Types (1) to (3). 
In FIG. 12 the range marked with (1), (2) indicates the range 
of variations in resistance-area product and MR ratio for 
Types (1) and (2), while the range marked with (3) indicates 
the range of variations in resistance-area product and MR 
ratio for Type (3). As can be seen from the foregoing consid 
erations, the MR element of each of Types (1) and (2), that is, 
the MR element 5 of the embodiment, is capable of suppress 
ing variations in resistance-area product and MR ratio. 
0.137 Furthermore, from the results of the foregoing 
experiment, comparison between Types (1) and (2) in MR 
ratio indicates that Type (1) tends to provide an MR ratio 
higher than that of Type (2). 
0.138 A head assembly and a magnetic disk drive of the 
embodiment will now be described. Reference is now made to 
FIG. 4 to describe a slider 210 incorporated in the head 
assembly. In the magnetic disk drive, the slider 210 is placed 
to face toward a magnetic disk platter that is a circular-plate 
shaped recording medium to be driven to rotate. The slider 
210 has a base body 211 made up mainly of the substrate 1 and 
the overcoat layer 17 of FIG. 2. The base body 211 is nearly 
hexahedron-shaped. One of the six surfaces of the base body 
211 faces toward the magnetic disk platter. The medium fac 
ing surface 40 is formed in this one of the surfaces. When the 
magnetic disk platter rotates in the Z direction of FIG. 4, an 
airflow passes between the magnetic disk platter and the 
slider 210, and a lift is thereby generated below the slider 210 
in they direction of FIG. 4 and exerted on the slider 210. The 
slider 210 flies over the surface of the magnetic disk platter by 
means of the lift. The X direction of FIG. 4 is across the tracks 
of the magnetic disk platter. The thin-film magnetic head 100 
of the embodiment is formed near the air-outflow-side end 
(the end located at the lower left of FIG. 4) of the slider 210. 
0.139 Reference is now made to FIG. 5 to describe the 
head assembly of the embodiment. The head assembly of the 
embodiment has the slider 210 and a supporter that flexibly 
supports the slider 210. Forms of this head assembly include 
a head gimbal assembly and a head arm assembly described 
below. 
0140. The head gimbal assembly 220 will be first 
described. The head gimbal assembly 220 has the slider 210 
and a suspension 221 as the Supporter that flexibly Supports 
the slider 210. The suspension 221 has: a plate-spring-shaped 
load beam 222 made of stainless steel, for example; a flexure 
223 to which the slider 210 is joined, the flexure 223 being 
located at an end of the load beam 222 and giving an appro 
priate degree of freedom to the slider 210; and a base plate 224 
located at the other end of the load beam 222. The base plate 
224 is attached to an arm 230 of an actuator for moving the 
slider 210 along the X direction across the tracks of the mag 
netic disk platter 262. The actuator has the arm 230 and a 
voice coil motor that drives the arm 230. A gimbal section for 
maintaining the orientation of the slider 210 is provided in the 
portion of the flexure 223 on which the slider 210 is mounted. 
0.141. The head gimbal assembly 220 is attached to the 
arm 230 of the actuator. An assembly including the arm 230 
and the head gimbal assembly 220 attached to the arm 230 is 
called ahead arm assembly. An assembly including a carriage 
having a plurality of arms wherein the head gimbal assembly 
220 is attached to each of the arms is called a head stack 
assembly. 
0.142 FIG. 5 illustrates the head arm assembly of the 
embodiment. In the head arm assembly, the head gimbal 
assembly 220 is attached to an end of the arm 230. A coil 231 
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that is part of the voice coil motor is fixed to the other end of 
the arm 230. A bearing 233 is provided in the middle of the 
arm 230. The bearing 233 is attached to a shaft 234 that 
rotatably supports the arm 230. 
0143 Reference is now made to FIG. 6 and FIG. 7 to 
describe an example of the head Stack assembly and the 
magnetic disk drive of the embodiment. FIG. 6 is an explana 
tory view illustrating the main part of the magnetic disk drive, 
and FIG. 7 is a top view of the magnetic disk drive. The head 
stack assembly 250 incorporates a carriage 251 having a 
plurality of arms 252. A plurality of head gimbal assemblies 
220 are attached to the arms 252 such that the assemblies 220 
are arranged in the vertical direction with spacing between 
respective adjacent ones. A coil 253 that is part of the voice 
coil motor is mounted on the carriage 251 on a side opposite 
to the arms 252. The head stack assembly 250 is installed in 
the magnetic disk drive. The magnetic disk drive includes a 
plurality of magnetic disk platters 262 mounted on a spindle 
motor 261. Two of the sliders 210 are allocated to each of the 
platters 262, such that the two sliders 210 are opposed to each 
other with each of the platters 262 disposed in between. The 
Voice coil motor includes permanent magnets 263 disposed to 
be opposed to each other, the coil 253 of the head stack 
assembly 250 being placed between the magnets 263. 
0144. The actuator and the head stack assembly 250 
except the sliders 210 correspond to the alignment device of 
the invention, and support the sliders 210 and align them with 
respect to the magnetic disk platters 262. 
(0145. In the magnetic disk drive of the embodiment, the 
actuator moves the slider 210 across the tracks of the mag 
netic disk platter 262 and aligns the slider 210 with respect to 
the magnetic disk platter 262. The thin-film magnetic head 
incorporated in the slider 210 writes data on the magnetic disk 
platter 262 by using the write head, and reads data stored on 
the magnetic disk platter 262 by using the read head. 
0146 The head assembly and the magnetic disk drive of 
the embodiment exhibit effects similar to those of the thin 
film magnetic head of the embodiment described previously. 
0147 The present invention is not limited to the foregoing 
embodiment but various modifications are possible. For 
example, the pinned layer 23 is not limited to a synthetic 
pinned layer. In addition, while the embodiment has been 
described with reference to a thin-film magnetic head having 
a structure in which the read head is formed on the base body 
and the write head is stacked on the read head, the read head 
and the write head may be stacked in the reverse order. 
0148 When the thin-film magnetic head is to be used only 
for read operations, the magnetic head may be configured to 
include the read head only. 
0149. It is apparent that the present invention can be car 
ried out in various forms and modifications in the light of the 
foregoing descriptions. Accordingly, within the scope of the 
following claims and equivalents thereof, the present inven 
tion can be carried out informs other than the foregoing most 
preferable embodiments. 

What is claimed is: 
1. A magnetoresistive element comprising: 
a free layer having a direction of magnetization that 

changes in response to an external magnetic field; 
a pinned layer having a fixed direction of magnetization; 

and 
a spacer layer disposed between the free layer and the 

pinned layer, 
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wherein a current for detecting magnetic signals is fed in a 
direction intersecting a plane of each of the foregoing 
layers, and wherein: 

the spacer layer includes a first region, a second region and 
a third region that are each in the form of a layer and that 
are arranged in the direction intersecting the plane of 
each of the foregoing layers; 

the second region is sandwiched between the first region 
and the third region; 

the first region and the third region are each composed of an 
oxide semiconductor; and 

the second region includes at least a nonmagnetic conduc 
torphase out of the nonmagnetic conductor phase and an 
oxide semiconductor phase. 

2. The magnetoresistive element according to claim 1, 
wherein a plurality of nonmagnetic conductor phases are 
scattered in the oxide semiconductor phase in the second 
region. 

3. The magnetoresistive element according to claim 2, 
wherein the oxide semiconductor phase and the first and the 
third region are all composed of the same material. 

4. The magnetoresistive element according to claim 1, 
wherein the second region is composed entirely of the non 
magnetic conductor phase. 

5. The magnetoresistive element according to claim 1, 
wherein the second region has a thickness within a range of 
0.1 to 1 nm. 

6. The magnetoresistive element according to claim 1, 
wherein the first region and the third region each have a 
thickness within a range of 0.1 to 1.4 nm. 

7. The magnetoresistive element according to claim 1, 
wherein the spacer layer has a thickness within a range of 1 to 
3 nm. 

8. The magnetoresistive element according to claim 1, 
wherein the proportion of the nonmagnetic conductor phase 
included in the second region with respect to the entire spacer 
layer is within a range of 1 to 50 volume percent. 

9. A method of manufacturing a magnetoresistive element, 
the magnetoresistive element comprising: 

a free layer having a direction of magnetization that 
changes in response to an external magnetic field; 

a pinned layer having a fixed direction of magnetization; 
and 

a spacer layer disposed between the free layer and the 
pinned layer, wherein: 

the spacer layer includes a first region, a second region and 
a third region that are each in the form of a layer and that 
are arranged in a direction intersecting a plane of each of 
the foregoing layers; 

the second region is sandwiched between the first region 
and the third region; 

the first region and the third region are each composed of an 
oxide semiconductor; 

the second region includes at least a nonmagnetic conduc 
torphase out of the nonmagnetic conductor phase and an 
oxide semiconductor phase; and 

a current for detecting magnetic signals is fed in the direc 
tion intersecting the plane of each of the foregoing lay 
erS, 

the method comprising the steps of forming the pinned 
layer, forming the spacer layer, and forming the free 
layer, 

wherein the step of forming the spacer layer includes the 
steps of: 
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forming a first oxide semiconductor layer; 
forming a nonmagnetic conductor layer on the first oxide 

semiconductor layer, 
forming a second oxide semiconductor layer on the non 

magnetic conductor layer, and 
performing heat treatment on the first oxide semiconductor 

layer, the nonmagnetic conductor layer and the second 
oxide semiconductor layer so that the first region is 
formed of the first oxide semiconductor layer, the third 
region is formed of the second oxide semiconductor 
layer, and the second region is formed of at least the 
nonmagnetic conductor layer. 

10. The method according to claim 9, wherein, as a result of 
the step of performing heat treatment, the second region is 
formed Such that a plurality of nonmagnetic conductor phases 
are scattered in the oxide semiconductor phase. 

11. A thin-film magnetic head comprising: a medium fac 
ing Surface that faces toward a recording medium; a magne 
toresistive element disposed near the medium facing Surface 
to detect a signal magnetic field sent from the recording 
medium; and a pair of electrodes for feeding a current for 
detecting magnetic signals to the magetoresistive element, 

the magetoresistive element comprising: 
a free layer having a direction of magnetization that 

changes in response to an external magnetic field; 
a pinned layer having a fixed direction of magnetization; 

and 
a spacer layer disposed between the free layer and the 

pinned layer, wherein: 
in the magnetoresistive element, the current for detecting 

magnetic signals is fed in a direction intersecting a plane 
of each of the foregoing layers; 

the spacer layer includes a first region, a second region and 
a third region that are each in the form of a layer and that 
are arranged in the direction intersecting the plane of 
each of the foregoing layers; 

the second region is sandwiched between the first region 
and the third region; 

the first region and the third region are each composed of an 
oxide semiconductor; and 

the second region includes at least a nonmagnetic conduc 
torphase out of the nonmagnetic conductor phase and an 
oxide semiconductor phase. 

12. A head assembly comprising: a slider including a thin 
film magnetic head and disposed to face toward a recording 
medium; and a Supporter flexibly Supporting the slider, 

the thin-film magnetic head comprising: a medium facing 
Surface that faces toward the recording medium; a mag 
netoresistive element disposed near the medium facing 
Surface to detect a signal magnetic field sent from the 
recording medium; and a pair of electrodes for feeding a 
current for detecting magnetic signals to the magetore 
sistive element, 
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the magetoresistive element comprising: 
a free layer having a direction of magnetization that 

changes in response to an external magnetic field; 
a pinned layer having a fixed direction of magnetization; 

and 
a spacer layer disposed between the free layer and the 

pinned layer, wherein: 
in the magnetoresistive element, the current for detecting 

magnetic signals is fed in a direction intersecting a plane 
of each of the foregoing layers; 

the spacer layer includes a first region, a second region and 
a third region that are each in the form of a layer and that 
are arranged in the direction intersecting the plane of 
each of the foregoing layers; 

the second region is sandwiched between the first region 
and the third region; 

the first region and the third region are each composed of an 
oxide semiconductor; and 

the second region includes at least a nonmagnetic conduc 
torphase out of the nonmagnetic conductor phase and an 
oxide semiconductor phase. 

13. A magnetic disk drive comprising: a slider including a 
thin-film magnetic head and disposed to face toward a record 
ing medium that is driven to rotate; and an alignment device 
Supporting the slider and aligning the slider with respect to the 
recording medium, 

the thin-film magnetic head comprising: a medium facing 
Surface that faces toward the recording medium; a mag 
netoresistive element disposed near the medium facing 
Surface to detect a signal magnetic field sent from the 
recording medium; and a pair of electrodes for feeding a 
current for detecting magnetic signals to the magetore 
sistive element, 

the magetoresistive element comprising: 
a free layer having a direction of magnetization that 

changes in response to an external magnetic field; 
a pinned layer having a fixed direction of magnetization; 

and 
a spacer layer disposed between the free layer and the 

pinned layer, wherein: 
in the magnetoresistive element, the current for detecting 

magnetic signals is fed in a direction intersecting a plane 
of each of the foregoing layers; 

the spacer layer includes a first region, a second region and 
a third region that are each in the form of a layer and that 
are arranged in the direction intersecting the plane of 
each of the foregoing layers; 

the second region is sandwiched between the first region 
and the third region; 

the first region and the third region are each composed of an 
oxide semiconductor; and 

the second region includes at least a nonmagnetic conduc 
torphase out of the nonmagnetic conductor phase and an 
oxide semiconductor phase. 

c c c c c 


