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(57) ABSTRACT 
The present invention provides a method for producing a 
magnetoresistive element including a tunnel insulating 
layer, and a ?rst magnetic layer and a second magnetic layer 
that are laminated so as to sandwich the tunnel insulating 
layer, Wherein a resistance value varies depending on a 
relative angle betWeen magnetization directions of the ?rst 
magnetic layer and the second magnetic layer. The method 
includes the steps of: laminating a ?rst magnetic layer, a 
third magnetic layer and an Al layer successively on a 
substrate; (ii) forming a tunnel insulating layer containing at 
least one compound selected from the group consisting of an 
oxide, nitride and oxynitride of Al by performing at least one 
reaction selected from the group consisting of oxidation, 
nitriding and oxynitriding of the Al layer; and (iii) forming 
a laminate including the ?rst magnetic layer, the tunnel 
insulating layer and a second magnetic layer by laminating 
the second magnetic layer in such a manner that the tunnel 
insulating layer is sandwiched by the ?rst magnetic layer 
and the second magnetic layer. The third magnetic layer has 
at least one crystal structure selected from the group con 
sisting of a face-centered cubic crystal structure and a 
face-centered tetragonal crystal structure and is (111) ori 
ented parallel to a ?lm plane of the third magnetic layer. 
According to this production method, it is possible to 
produce a magnetoresistive element With excellent proper 
ties and thermal stability. 

r\\\\\\\\\~1‘ 
////// 6 

\\\\\\\\\\\ ‘ 4 

///////////3 



Patent Application Publication Nov. 25, 2004 Sheet 1 0f 12 US 2004/0235202 A1 

/////// 6 
i\\\\\\\\\ 4 

Y///////////%HV/////////B 
2 2 

\\\ \\\\\\ \\\¥¢4 

W” \\/\<\<<\<< 3 
2 ///////// “*0 

<<<\//<<\\ti 
////////// 3 

W2 
\//////////Ab‘ 



F | G. 2A 
PRIOR ART 

\///////////// A 6 

my 
' d 

Fl. 



P tttttttt licati ooooo licati 00000000000 04 S eeeeeee 12 US 222222222222 Al 

N <<<<<<<¢1 
/ WW3 

FIG.3 



P tttttttt licati ooooo licati 00000000000 04 S eeeeeee 12 US 222222222222 A1 

W7 
‘ 6 I 

7 

FIG.4 



Patent Application Publicati 0000000000000000000000000000000000000 A1 

///// mt 42-0,; 
_ @@ 

X 

FlG.5 



Patent Application Publication Nov. 25, 2004 Sheet 6 0f 12 

204 

211 __ N 

ZOSML 

—_ 7// VA 7/ 

207% ~\\ \ \ 
2OGW///////////////% i 

209% 

208 W 

210 

F|G.6 

Q 
~/ ?\////////////A J 

US 2004/0235202 A1 

> 202 

>203 

\\\\\\\\\\\\ \\\\\\\\\\\\‘ 



Patent Application Publication Nov. 25, 2004 Sheet 7 0f 12 US 2004/0235202 A1 

308“ 

301 305 307 306 304 

FIG. 8B 



Patent Application Publication Nov. 25, 2004 Sheet 8 0f 12 US 2004/0235202 A1 

FIG.9 



Patent Application Publication Nov. 25, 2004 Sheet 9 0f 12 US 2004/0235202 A1 

453 45] 

3 
456 

455 

452 

454 



Patent Application Publication Nov. 25, 2004 Sheet 10 0f 12 US 2004/0235202 A1 

601a 

) W901 602 ON — 

O | | 0FFJ-—-l / 
v $02 

OFF |-—| / 

Q 601; 601 
603 603 603 

/ / / 



Patent Application Publication Nov. 25, 2004 Sheet 11 0f 12 US 2004/0235202 A1 

‘1 |_0N 705 



Patent Application Publication Nov. 25, 2004 Sheet 12 0f 12 US 2004/0235202 A1 

,1 r/ 
‘7——*1L-—— 1 

/ 

I‘ 1 1706 1706 
704 V .'\-7o4 

FIG.13AI , F|G.13B 

103 703 
P/ r1 

‘7——> l | 1 
701 /~7o1 

6 ‘L704 L704 

FIG.14A F|G.14B 



US 2004/0235202 A1 

MAGNETORESISTIVE ELEMENT AND METHOD 
FOR PRODUCING THE SAME, AS WELL AS 

MAGNETIC HEAD, MAGNETIC MEMORY AND 
MAGNETIC RECORDING DEVICE USING THE 

SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to methods for pro 
ducing magnetoresistive elements. The invention also 
relates to magnetoresistive elements, as Well as magnetic 
heads, magnetic memories and magnetic recording devices, 
Which are magnetic devices using the same. 

[0003] 2. Description of the Related Art 

[0004] With the recent developments in advanced com 
munication netWorks, there is a demand for devices capable 
of handling a large volume of information at high speeds. 
For example, as large-capacity, high-speed devices, expec 
tations are groWing for magnetic heads and magnetic memo 
ries (MRAMs) that utiliZe the tunneling magnetoresistance 
effect (TMR effect). 
[0005] The TMR effect is the phenomenon in Which the 
resistance value varies depending on a relative angle 
betWeen the magnetiZation directions of a pair of magnetic 
layers laminated With a tunnel insulating layer interposed 
therebetWeen. Magnetoresistive elements (TMR elements) 
utilizing this phenomenon have a ratio of change in the 
magnetoresistance (MR ratio) in a minute magnetic ?eld that 
is by far larger than elements utiliZing the anisotropic 
magnetoresistance effect (AMR effect) or the giant magne 
toresistance effect (GMR effect). Therefore, extensive devel 
opments are under Way to apply TMR elements to next 
generation magnetic heads and MRAMs. 

[0006] Each of the layers constituting a TMR element is 
extremely thin, and is on the order of several nm to several 
tens of nm. In order to achieve a TMR element With 
excellent magnetoresistance properties (MR properties), it is 
important to control these layers. Particularly, the state of a 
tunnel insulating layer is considered to have a signi?cant 
effect on the MR properties of the element. 

[0007] For example, in the case of using a TMR element 
for a device such as a magnetic head, it is preferable to 
realiZe a large MR ratio and minimiZe (e.g., 10 Q'?IIlZ or 
less) the junction resistance value (resistance value per unit 
area When a current is supplied in a direction perpendicular 
to the ?lm plane direction of the element). When the junction 
resistance value is small, it is possible to suppress, for 
example, the generation of shot noise, Which is the phenom 
enon of electrons being transmitted randomly through the 
tunnel insulating layer (shot noise causes a reduction in the 
S/N (signal-to-noise ratio) of the element). The junction 
resistance value can be reduced by, for example, decreasing 
the thickness of the tunnel insulating layer. HoWever, simply 
decreasing the thickness of the tunnel insulating layer pos 
sibly may reduce the resulting MR ratio. In general, the 
interface betWeen the tunnel insulating layer and a magnetic 
layer in contact thereWith is not completely smooth, exhib 
iting a roughness at the atomic level in the sub-nanometer to 
several nanometer range. That is, regions in Which the 
thickness is locally large and regions in Which the thickness 
is locally small are present in the tunnel insulating layer. 
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Therefore, there is the possibility that With a decrease in the 
thickness of the tunnel insulating layer, a leakage current 
may be generated in the region in Which the thickness is 
locally small. Since a leakage current does not contribute to 
the MR effect, this causes a reduction in the MR ratio, 
although the apparent junction resistance value is reduced. 

[0008] In addition, TMR elements have the problem that 
the resulting MR ratio decreases With an increase in the 
applied bias voltage. In the case of a MRAM using TMR 
elements, for example, a bias voltage of about 400 mV 
generally is applied. In this state, the resulting MR ratio is 
about half of that in the state in Which no bias voltage is 
applied. Such “bias voltage dependence of the MR ratio” is 
considered to be attributed to, for example, lattice defects in 
the tunnel insulating layer, impurities contained in the tunnel 
insulating layer, elementary excitations on the interface 
betWeen the tunnel insulating layer and the magnetic layer 
and mismatches in the band structure. Among them, lattice 
defects in the tunnel insulating layer, mismatches in the band 
structure and the like are believed to be due partly to a 
roughness on the interface betWeen the tunnel insulating 
layer and the magnetic layer. 

[0009] In the case of using TMR elements for devices such 
as magnetic heads and MRAMs, the elements are required 
to have thermal stability capable of Withstanding the process 
of manufacturing the devices. For example, heat treatment at 
about 200° C. to 300° C. is necessary in the manufacturing 
process of the elements themselves. When used for magnetic 
heads, the elements need to be stable at the operating 
environment temperature (e.g., about 120° C. to 170° C.) of 
the magnetic heads. Research is also carried out to fabricate 
MR elements on CMOSs for use as MRAM devices. Heat 
treatment at even higher temperatures (e.g., 400° C. to 450° 
C.) is necessary in the manufacturing process of CMOSs. 

[0010] HoWever, the MR properties of conventional TMR 
elements tend to deteriorate by heat treatment at about 300° 
C. to 350° C. This is presumably due to the diffusion of 
impurities into the tunnel insulating layer, an increase in the 
interface roughness and the like. The tunnel insulating layer 
has a very small thickness, so that it is susceptible to such 
effect. In order to apply TMR elements to devices such as 
magnetic heads and MRAMs, it is therefore important to 
develop TMR elements Whose MR properties tend less to 
deteriorate When the temperature of the elements is 
increased by heat treatment and the like. 

SUMMARY OF THE INVENTION 

[0011] In vieW of this situation, it is an object of the 
present invention to provide a TMR element excellent in 
properties and thermal stability, and a method for producing 
such a TMR element. It is also an object of the present 
invention to provide a magnetic head, a magnetic memory 
and a magnetic recording device that are excellent in prop 
erties and thermal stability. It should be noted that in the 
present speci?cation, the TMR element simply may be 
referred to as “magnetoresistive element” or “MR element”. 

[0012] In order to achieve the forgoing objects, the present 
invention provides a method for producing a magnetoresis 
tive element including a tunnel insulating layer, and a ?rst 
magnetic layer and a second magnetic layer that are lami 
nated so as to sandWich the tunnel insulating layer, 
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[0013] wherein a resistance value varies depending on a 
relative angle betWeen magnetization directions of the ?rst 
magnetic layer and the second magnetic layer. The method 
includes the steps of 

[0014] laminating a ?rst magnetic layer, a third mag 
netic layer and an Al layer successively on a substrate; 

[0015] (ii) forming a tunnel insulating layer containing at 
least one compound selected from the group consisting of an 
oxide, nitride and oXynitride of Al by performing at least one 
reaction selected from the group consisting of oxidation, 
nitriding and oXynitriding of the Al layer; and 

[0016] (iii) forming a laminate including the ?rst magnetic 
layer, the tunnel insulating layer and a second magnetic layer 
by laminating the second magnetic layer in such a manner 
that the tunnel insulating layer is sandWiched by the ?rst 
magnetic layer and the second magnetic layer, 

[0017] Wherein the third magnetic layer has at least one 
crystal structure selected from the group consisting of a 
face-centered cubic crystal structure and a face-centered 
tetragonal crystal structure and is (111) oriented parallel to 
a ?lm plane of the third magnetic layer. The method for 
determining Whether the layer is (111) oriented parallel is 
described later in the examples. 

[0018] In the production method of the present invention, 
the third magnetic layer may include a magnetic material 
containing at least one element selected from the group 
consisting of Fe, Co and Ni. 

[0019] In the production method of the present invention, 
the magnetic material may have a composition represented 
by the formula FeXCoy, Where X and y are values satisfying 
the folloWing equations: 

0052x203 

0.7 §y§095 

[0020] In the production method of the present invention, 
the magnetic material may have a composition represented 
by the formula FeXNiy, Where X‘ and y‘ are values satisfying 
the folloWing equations: 

023520.? 

0.3 éy'él 

[0021] In the production method of the present invention, 
the magnetic material further may contain at least one 
element selected from the group consisting of Rh, Pd, Ag, Ir, 
Pt and Au. 

[0022] In the production method of the present invention, 
the magnetic material may have a composition represented 
by the formula MpZq, Where M is at least one element 
selected from the group consisting of Fe, Co and Ni, Z is at 
least one element selected from the group consisting of Rh, 
Pd, Ag, Ir, Pt and Au, and p and q are values satisfying the 
folloWing equations: 
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[0023] In the production method of the present invention, 
an antiferromagnetic layer may be laminated betWeen the 
substrate and the ?rst magnetic layer in the step 

[0024] The production method of the present invention 
further may include the step of: (a) heat treating the lami 
nate, after the step (iii). 

[0025] NeXt, the present invention provides a magnetore 
sistive element including: a tunnel insulating layer contain 
ing at least one compound selected from the group consist 
ing of an oXide, nitride and oXynitride of A1; a ?rst magnetic 
layer and a second magnetic layer that are laminated so as 
to sandWich the tunnel insulating layer; and a third magnetic 
layer disposed betWeen the ?rst magnetic layer and the 
tunnel insulating layer. A resistance value varies depending 
on a relative angle betWeen magnetiZation directions of the 
?rst magnetic layer and the second magnetic layer, and the 
third magnetic layer has at least one crystal structure 
selected from the group consisting of a face-centered cubic 
crystal structure and a face-centered tetragonal crystal struc 
ture and is (111) oriented parallel to a ?lm plane of the third 
magnetic layer. 
[0026] In the magnetoresistive element of the present 
invention, the third magnetic layer may include a magnetic 
material containing at least one element selected from the 
group consisting of Fe, Co and Ni. 

[0027] In the magnetoresistive element of the present 
invention, the magnetic material may have a composition 
represented by the formula FeXCoy, Where X and y are values 
satisfying the folloWing equations: 

[0028] In the magnetoresistive element of the present 
invention, the magnetic material may have a composition 
represented by the formula FeXv Niyv, Where X‘ and y‘ are 
values satisfying the folloWing equations: 

[0029] In the magnetoresistive element of the present 
invention, the magnetic material further may contain at least 
one element selected from the group consisting of Rh, Pd, 
Ag, Ir, Pt and Au. 

[0030] In the magnetoresistive element of the present 
invention, the magnetic material may have a composition 
represented by the formula MpZq, Where M is at least one 
element selected from the group consisting of Fe, Co and Ni, 
Z is at least one element selected from the group consisting 
of Rh, Pd, Ag, Ir, Pt and Au, and p and q are values satisfying 
the folloWing equations: 

0.6 ép 2 0.99 

0.01 éq 20.4 

[0031] The magnetoresistive element of the present inven 
tion further may include an antiferromagnetic layer. 

[0032] In the magnetoresistive element of the present 
invention, the antiferromagnetic layer is disposed on a side 
opposite a plane of the ?rst magnetic layer facing the tunnel 
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insulating layer and is (111) oriented parallel to a ?lm plane 
of the antiferromagnetic layer. 

[0033] Next, the present invention provides a magnetic 
head including the above-described magnetoresistive ele 
ment and a shield for limiting an introduction of a magnetic 
?eld other than a magnetic ?eld to be detected by the 
magnetoresistive element to the magnetoresistive element. 

[0034] Alternatively, the magnetic head of the present 
invention also may include the above-described magnetore 
sistive element and a magnetic ?ux guiding portion for 
guiding a magnetic ?eld to be detected by the magnetore 
sistive element to the magnetoresistive element. 

[0035] Next, the present invention provides a magnetic 
memory that may include the above-described magnetore 
sistive element and an information recording conductive line 
for recording information on the magnetoresistive element 
and an information reading conductive line for reading the 
information. 

[0036] In the magnetic memory of the present invention, 
a plurality of the magnetoresistive elements may be disposed 
in the form of a matrix. 

[0037] Next, the present invention provides a magnetic 
recording device including one of the above-described mag 
netic heads and a magnetic recording medium capable of 
reading magnetic information With the magnetic head. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] FIGS. 1A to IE are schematic cross-sectional 
vieWs shoWing the respective steps of an example of the 
method of producing a magnetoresistive element according 
to the present invention. 

[0039] FIGS. 2A and 2B are schematic cross-sectional 
vieWs for illustrating the difference betWeen a conventional 
magnetoresistive element and the magnetoresistive element 
of the present invention. 

[0040] FIG. 3 is a schematic cross-sectional vieW shoWing 
an example of the magnetoresistive element of the present 
invention. 

[0041] FIG. 4 is a schematic cross-sectional vieW shoWing 
another example of the magnetoresistive element of the 
present invention. 

[0042] FIG. 5 is a cross-sectional vieW shoWing an 
example of the magnetoresistive element of the present 
invention that includes electrodes. 

[0043] FIG. 6 is a cross-sectional vieW shoWing an 
example of the magnetic head of the present invention. 

[0044] FIG. 7 is a cross-sectional vieW shoWing another 
example of the magnetic head of the present invention. 

[0045] FIG. 8A is a schematic vieW shoWing yet another 
example of the magnetic head of the present invention. 

[0046] FIG. 8B is a cross-sectional vieW obtained by 
cutting the magnetic head shoWn in FIG. 8A on plane A 
shoWn in FIG. 8A. 

[0047] FIG. 9 is a schematic vieW shoWing an example of 
the magnetic recording device of the present invention. 
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[0048] FIGS. 10A and 10B are schematic vieWs shoWing 
another example of the magnetic recording device of the 
present invention. 

[0049] FIG. 11 is a schematic vieW shoWing an example 
of the magnetic memory of the present invention. 

[0050] FIGS. 12A and 12B are schematic vieWs shoWing 
basic examples of the operations in the magnetic memory of 
the present invention. 

[0051] FIGS. 13A and 13B are schematic vieWs shoWing 
basic examples of the operations in the magnetic memory of 
the present invention. 

[0052] FIGS. 14A and 14B are schematic vieWs shoWing 
basic examples of the operations in the magnetic memory of 
the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0053] Embodiments of the present invention are 
described beloW With reference to the draWings. In the 
folloWing embodiments, the same reference numerals are 
applied to the same parts, and redundant explanations are 
thus omitted in some cases. 

[0054] First, the method for producing a MR element of 
the present invention is described. 

[0055] According to the method of producing a MR ele 
ment of the present invention, it is possible to obtain a TMR 
element With excellent properties and thermal stability. 

[0056] FIGS. 1A to 1E shoW an example of the method of 
producing a MR element of the present invention. First, as 
shoWn in FIGS. 1A to 1C, a loWer electrode layer 2, a ?rst 
magnetic layer 3, a third magnetic layer 4 and an Al layer 5 
are laminated successively on a substrate 1 (step At this 
time, the third magnetic layer (smooth interface layer) 4 is 
a layer that has at least one crystal structure selected from 
the group consisting of a face-centered cubic crystal (fcc 
structure) and a face-centered tetragonal crystal (fct struc 
ture) and that is (111) oriented parallel to its oWn ?lm plane. 
Accordingly, it is possible to achieve an Al layer 5 having 
the (111) orientation With respect to its oWn ?lm plane by 
laminating the Al layer 5 on the third magnetic layer 4. In 
general, Al is most stable and dense When its crystal struc 
ture is the fcc structure having the (111) orientation. There 
fore, it is possible to achieve an Al layer 5 having a more 
stable and dense crystal structure than in the case in Which 
the Al layer 5 is directly laminated on the ?rst magnetic layer 
3 Without providing the third magnetic layer 4. 

[0057] Next, as shoWn in FIG. ID, a tunnel insulating 
layer 6 containing an Al oxide (Al—O) is formed by 
oxidiZing the Al layer 5 (step As described above, 
because of the presence of the third magnetic layer 4, the Al 
layer 5 has the fcc structure With the (111) orientation, as 
Well as a stable and dense crystal structure. Therefore, the 
tunnel insulating layer 6 formed by oxidiZing the Al layer 5 
can be a dense tunnel insulating layer having feW crystal 
defects. It should be noted that When a composition is 
denoted With hyphens, such as in the case of “Al—O”, in 
this speci?cation, there is no particular limitation on the 
composition ratio of the contained elements. 

[0058] Next, as shoWn in FIG. 1E, a second magnetic 
layer 7 is laminated such that the tunnel insulating layer 6 is 
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sandwiched by the ?rst magnetic layer 3 and the second 
magnetic layer 7. In this manner, a laminate 10 including the 
?rst magnetic layer 3, the tunnel insulating layer 6 and the 
second magnetic layer 7 is formed (step (iii)). Thereafter, for 
example, an upper electrode layer may be laminated further, 
or micro-fabrication may be performed, as required. As 
described above, the tunnel insulating layer 6 can be a dense 
tunnel insulating layer having feW crystal defects, so that it 
is possible to obtain a TMR element With excellent proper 
ties and thermal stability. 

[0059] In addition, the folloWing effects seem to be 
achieved by laminating the third magnetic layer 4: 

[0060] FIG. 2A is a schematic cross-sectional vieW shoW 
ing an example of a conventional TMR element. In general, 
the surface of a loWer electrode layer 52 has the roughness 
re?ecting a roughness of the substrate surface or the crystal 
grain boundaries of the loWer electrode layer itself (taking 
the periodicity in the ?lm plane direction With respect to the 
?lm plane of the loWer electrode layer, i.e., With respect to 
the ?lm plane of the element as “d” and the height of the 
projections in a direction perpendicular to the ?lm plane as 
“h”). When a magnetic layer 53 is laminated on such a loWer 
electrode layer 52, and a tunneling insulating layer 56 is 
formed, the surface of the magnetic layer 53, that is, the 
interface betWeen the magnetic layer 53 and the tunnel 
insulating layer 56 Will have the same roughness. Moreover, 
the same roughness results on the surface of the tunnel 
insulating layer 56 itself. For this reason, it is difficult to 
form the tunnel insulating layer 56 as a dense tunnel 
insulating layer With feW crystal defects, resulting in the 
possibility that its properties and the thermal stability of the 
element may deteriorate. Although not explicitly shoWn in 
FIG. 2A, a roughness attributed to the atomic steps of the 
magnetic layer 53 itself also can be caused, so that there is 
the possibility that a roughness that is more minute than the 
periodicity d and the height h shoWn in FIG. 2A further may 
be caused on the interface betWeen the magnetic layer 53 
and the tunnel insulating layer 56. In the descriptions of the 
method for producing a MR element of the present inven 
tion, “surface” means the face of each of the layers of the 
element that is on a side opposite to the substrate. 

[0061] On the other hand, in the TMR element of the 
present invention, the third magnetic layer 4 is disposed 
betWeen the tunnel insulating layer 6 and the ?rst magnetic 
layer 3, as shoWn in FIG. 2B (FIG. 2B is a schematic 
cross-sectional vieW shoWing an example of the TMR ele 
ment of the present invention). As described above, the third 
magnetic layer has at least one crystal structure selected 
from the group consisting of the fcc structure and the fct 
structure and is (111) oriented parallel to its oWn ?lm plane. 
Therefore, the surface can be smoothed to the order of the 
atomic siZe (order of sub-nanometer). Accordingly, the 
interface betWeen the third magnetic layer 4 and the tunnel 
insulating layer 6 can be smoothed by laminating the third 
magnetic layer 4 on the ?rst magnetic layer 3 and thereafter 
forming the tunnel insulating layer 6. The surface of the 
tunnel insulating layer 6 also can be smoothed, so that the 
interface betWeen the second magnetic layer and the tunnel 
insulating layer 6 can be smoothed When the second mag 
netic layer is further laminated on the tunnel insulating layer 
6. Accordingly, it is possible to obtain a TMR element With 
excellent properties and thermal stability. 
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[0062] As described above, in a TMR element obtained by 
the production method of the present invention, it is possible 
to achieve a dense tunnel insulating layer having feW crystal 
defects, and the interface betWeen the tunnel insulating layer 
and a magnetic layer in contact thereWith can be smoothed, 
so that the thickness of the tunnel insulating layer can be 
reduced even further. Therefore, it is possible to obtain a 
TMR element having both a small junction resistance value 
and a large MR ratio. 

[0063] Since a dense tunnel insulating layer having feW 
crystal defects can be achieved, it is possible to obtain a 
TMR element With little loss in the MR ratio When a bias 
voltage is increased (i.e., With small bias voltage depen 
dence). 
[0064] Further, the (111) plane, Which is the ?nest plane 
among the crystal planes of the third magnetic layer, is 
parallel to the ?lm plane of the third magnetic layer (i.e., the 
?lm plane of the element), so that it is possible to suppress 
the thermal diffusion of the atoms from layers other than the 
tunnel insulating layer (e.g., the loWer electrode layer, the 
?rst magnetic layer and others, and an antiferromagnetic 
layer in the case Where the element contain the same) to the 
tunnel insulating layer. When the crystal grain siZe of the 
magnetic material contained in the ?rst magnetic layer is 
increased by heat treatment and the like, it is also possible 
to inhibit such an effect from being exerted on the tunnel 
insulating layer. Accordingly, it is possible to obtain a TMR 
element With excellent thermal stability. 

[0065] Although the Al layer 5 is oxidiZed in the example 
shoWn in FIG. 1, at least one reaction selected from the 
group consisting of oxidiZing, nitriding and oxynitriding 
may be performed on the Al layer 5. It is possible to form 
a tunnel insulating layer 6 containing at least one compound 
selected from the group consisting of an oxide, nitride and 
oxynitride of Al, and in this case also a TMR element similar 
to the example shoWn in FIG. 1 can be obtained. The 
method for forming each layer, the method for oxidiZing the 
Al layer and the like Will be discussed later. 

[0066] Next, the third magnetic layer 4 is described more 
speci?cally. 
[0067] The third magnetic layer 4 has at least one crystal 
structure selected from the group consisting of the fcc 
structure and the fct structure and is (111) oriented parallel 
to its oWn ?lm plane. There is no particular limitation on its 
composition, thickness and the like as long as it is magneti 
cally coupled to the ?rst magnetic layer 3. 

[0068] The thickness of the third magnetic layer laminated 
in the step is, for example, in the range of at least 1 nm 
and at most 10 nm, preferably, in the range of at least 1.5 nm 
and at most 5 nm. The surface roughness of the third 
magnetic layer 4 is, for example, in the range of at least 0.5 
nm and at most 1 nm, using the arithmetical mean roughness 
Ra prescribed in JIS (Japanese Industrial Standards) B 0601 
1994. For example, “d” is in the range of at least 15 nm and 
at most 70 nm and “h” is in the range of at least 3 nm and 
at most 8 nm, using the periodicity d and the height h shoWn 
in FIGS. 2A and 2B. As discussed above, the surface 
roughness of the third magnetic layer 4 is re?ected in the 
surface roughness on the interface betWeen the third mag 
netic layer 4 and the tunnel insulating layer 6. 

[0069] In the production method of the present invention, 
the third magnetic layer 4 may include a magnetic material 
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containing at least one element selected from the group 
consisting of Fe, Co and Ni. In this case, the magnetic 
coupling betWeen the ?rst magnetic layer 3 and the third 
magnetic layer 4 can be strengthened further, so that it is 
possible to obtain a TMR element With better properties. 

[0070] More speci?cally, in the production method of the 
present invention, the third magnetic layer 4 may include a 
magnetic material having a composition represented by the 
formula FeXCoy. Alternatively, the third magnetic layer 4 
may include a magnetic material having a composition 
represented by the formula FeX,Niy,. In these formulas, X, y, 
X‘ and y‘ are values satisfying the folloWing equations: 

[0071] It should be noted that in this speci?cation, the 
values used for representing compositions are based on the 
atomic composition ratios, unless stated otherWise. 

[0072] Such a magnetic material tends to have an fcc 
structure, and the third magnetic layer 4 thus can have the 
fcc structure With higher reliability in the step Accord 
ingly, it is possible to obtain a TMR element With better 
properties and thermal stability. 

[0073] In the production method of the present invention, 
the third magnetic layer 4 may contain at least one element 
selected from the group consisting of Fe, Co and Ni, and at 
least one element selected from the group consisting of Rh, 
Pd, Ag, Ir, Pt and Au. Such a magnetic material has atomic 
radii of Rh, Pd, Ag, Ir, Pt and Au that are larger than those 
of Fe, Co and Ni, and is easily (111) oriented, so that the 
surface of the third magnetic layer 4 can be smoothed With 
higher reliability in the step Moreover, since the energy 
state of the surface can be better stabiliZed as compared to 
a magnetic layer consisting only of at least one element 
selected from the group consisting of Fe, Co and Ni, it is 
possible to achieve a more stabiliZed and denser Al layer 5 
in the step Accordingly, it is possible to form a denser 
tunnel insulating layer 6 having feWer crystal defects in the 
step (ii). 

[0074] Furthermore, since Rh, Pd, Ag, Ir, Pt and Au are 
less reactive With oXygen, nitrogen and the like, it is possible 
to thermally stabiliZe the third magnetic layer more effec 
tively, thereby obtaining a MR element With better thermal 
stability. In addition, the selective oxidation (nitriding, 
oXynitriding) of the Al layer 5 can be performed in the step 
(ii), While preventing the oxidation (nitriding, oXynitriding) 
of the third magnetic layer 4 as much as possible, so that it 
is possible to obtain a TMR element With better properties. 

[0075] In the production method of the present invention, 
the third magnetic layer 4 may include a magnetic material 
having a composition represented by the formula MpZq, 
Where M is at least one element selected from the group 
consisting of Fe, Co and Ni, Z is at least one element 
selected from the group consisting of Rh, Pd, Ag, Ir, Pt and 
Au, and p and q are values satisfying the folloWing equa 
tions: 

[0076] Inclusion of such a magnetic material in the third 
magnetic layer 4 makes it possible to obtain a TMR element 
With better properties and thermal stability. 
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[0077] Particularly, it is preferable that p and q satisfy the 
relations p+q=1, 0.6§p§0.95, 0.05§q§0.4, and it is more 
preferable that they satisfy the relations p+q=1, 0.6 §p§0.9, 
0.1 §q§0.4. When q is greater than 0.5, the thickness of the 
third magnetic layer 4 may be at most 2 nm, for eXample. 
Since Rh, Pd, Ag, Ir, Pt and Au are nonmagnetic elements, 
there is the possibility that the MR properties of the element 
possibly may deteriorate if the thickness of the third mag 
netic layer is too large. 

[0078] In the production method of the present invention, 
an antiferromagnetic layer may be laminated betWeen the 
substrate and the ?rst magnetic layer in the step For 
instance, in the eXample shoWn in FIGS. 1A to 1E, an 
antiferromagnetic layer may be laminated betWeen the loWer 
electrode layer 2 and the ?rst magnetic layer 3. Such a 
production method makes it possible to obtain a spin valve 
TMR element having one of the ?rst magnetic layer 3 and 
the second magnetic layer 7 as a pinned magnetic layer and 
the other of these magnetic layers as a free magnetic layer. 
When an antiferromagnetic layer is laminated betWeen the 
loWer electrode layer and the ?rst magnetic layer, an 
eXchange coupling magnetic ?eld is generated betWeen the 
?rst magnetic layer and the antiferromagnetic layer. Accord 
ingly, it is possible to obtain a spin valve TMR element 
having the ?rst magnetic layer as a pinned magnetic layer 
(magnetic layer Whose magnetiZation direction is ?Xed by 
the antiferromagnetic layer) and the second magnetic layer 
2 as a free magnetic layer (magnetic layer Whose magneti 
Zation can be rotated relatively easily With respect to the ?rst 
magnetic layer). In addition, the thickness of the antiferro 
magnetic layer laminated in the step is, for eXample, in 
the range of at least 5 nm and at most 50 nm. 

[0079] In the case of a spin valve MR element, a relative 
angle betWeen the magnetiZation directions of the pinned 
magnetic layer and the free magnetic layer can be changed 
more easily, so that it is possible to achieve a TMR element 
more suitable for devices operating With minute magnetic 
?elds. Further, it is possible to achieve a smaller TMR 
element eXhibiting a larger MR ratio. 

[0080] There is no particular limitation on the material 
used for the antiferromagnetic layer, and antiferromagnetic 
alloys containing Mn (Mn-based antiferromagnetic alloys) 
may be used, for eXample. As the Mn-based antiferromag 
netic alloys, for eXample, alloys may have a composition 
represented by the formula Z—Mn (Where Z is at least one 
element selected from the group consisting of Pt, Pd, Ir, Fe, 
Ru and Rh). In particular, alloys having a composition of 
Fe—Mn, Rh—Mn, Ir—Mn, Pt—Mn, Pt—Pd—Mn, 
Ni—Mn and the like are preferable. 

[0081] These antiferromagnetic alloys are likely to have 
the fcc structure or the fct structure, and tend to be (111) 
oriented parallel to their oWn ?lm plane When used as the 
antiferromagnetic layer. Therefore, by laminating such an 
antiferromagnetic layer, it is possible to reduce the surface 
roughness of the substrate or the surface roughness of each 
layer attributed to the crystal grain boundaries of the loWer 
electrode layer. Accordingly, it is possible to obtain a TMR 
element With better properties and thermal stability. 

[0082] Particularly, during the lamination of the antifer 
romagnetic layer betWeen the substrate and the ?rst mag 
netic layer in the step (i), the antiferromagnetic layer may be 
laminated after laminating an underlayer of Ni—Fe, Pt or 
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the like. Ni—Fe, Pt and the like are likely to have the fcc 
structure, so that the antiferrornagnetic layer can have the fcc 
structure With higher reliability. Accordingly, it is possible to 
obtain a TMR element with better properties and thermal 
stability. 

[0083] Additionally, since Pt—Mn, Pt—Pd—Mn, 
Ni—Mn and the like are changed into the fct structure by 
heat treatment at 250° C. or above, the eXchange coupling 
rnagnetic ?eld With the ?rst rnagnetic layer can be improved 
further by heat treatment. Therefore, it is possible to obtain 
a TMR element with better properties. Alternatively, it is 
possible to larninate the antiferrornagnetic layer on the 
second rnagnetic layer (i.e., on a side opposite to the 
substrate side of the tunnel insulating layer), instead of 
larninating it betWeen the substrate and the ?rst rnagnetic 
layer (i.e., instead of larninating it betWeen the substrate and 
the tunnel insulating layer). In this case, it is possible to 
obtain a spin valve TMR element having the second mag 
netic layer as the pinned rnagnetic layer and the ?rst mag 
netic layer as the free rnagnetic layer. 

[0084] The other layers are described beloW. 

[0085] There is no particular limitation on the thickness of 
the Al layer 5 larninated in the step It may be set 
arbitrarily, depending on the required properties of the TMR 
element, and it is, for example, in the range of at least 0.1 nrn 
and at most 10 nrn. The thickness of the laminated Al layer 
5 can be used directly as the thickness of the tunnel 
insulating layer 6. 

[0086] There is no particular limitation on the materials 
used for the ?rst rnagnetic layer 3 and the second rnagnetic 
layer 7 that are larninated in the step and the step (iii), as 
long as they are magnetic materials exhibiting ferrornagnetic 
properties. For example, magnetic materials made of Co, Fe, 
Ni, Co—Fe, Ni—Fe, Ni—Co—Fe or the like may be used. 
It is also possible, as required, to larninate a plurality of 
magnetic ?lrns made of different magnetic materials. The 
thickness of the ?rst rnagnetic layer 3 and the second 
rnagnetic layer 7 that are larninated may be, for example, in 
the range of at least 1 nrn and at most 20 nrn. 

[0087] In the case of producing a spin valve MR element, 
a magnetic material With eXcellent soft magnetic properties, 
for example, may be used for the magnetic layer serving as 
the free rnagnetic layer. More speci?cally, a perrnalloy (e.g., 
Ni81Fe19: composition ratio by Wt %), CoO_9FeO_1, 
(Co0_9FeO_1)O_8BO_2 or the like may be used, for example. A 
magnetic material With large magnetic anisotropy, for 
example, may be used for the magnetic layer serving as the 
pinned rnagnetic layer. More speci?cally, examples include 
CoO_5FeO_5, CoO_5PtO_5, FeO_5PtO_5. Alternatively, since the 
magnetization direction of the pinned rnagnetic layer can be 
?Xed by the antiferrornagnetic layer and the like in a spin 
valve TMR element, the above-described magnetic material 
With eXcellent soft magnetic properties may be used for the 
magnetic layer serving as the pinned rnagnetic layer. 

[0088] One of the ?rst rnagnetic layer 3 and the second 
rnagnetic layer 7 may include a laminated ?lrn structure 
(so-called larninated ferrirnagnetic structure) in Which a pair 
of magnetic ?lrns are larninated With a nonrnagnetic ?lrn 
interposed therebetWeen. At this time, When the pair of 
magnetic ?lrns are rnagnetically coupled via the nonrnag 
netic ?lrn such that their rnagnetiZation directions are anti 
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parallel With respect to each other, it is possible to reduce a 
leakage rnagnetic ?eld generating from the end of the 
element, thereby obtaining a TMR element with better 
properties. Particularly, When the magnetic layer serving as 
the pinned rnagnetic layer includes the above-described 
larninated ferrirnagnetic structure, it is possible to increase 
the magnetic anisotropy of the pinned rnagnetic layer fur 
ther, that is, to achieve a pinned rnagnetic layer Whose 
magnetization direction is less likely to change by the 
magnetic ?eld that is applied from the outside to the ele 
rnent. 

[0089] There is no particular limitation on the material 
used for the nonrnagnetic ?lrn as long as it is a nonrnagnetic 
material, and Ru, Cr, Cu or the like may be used, for 
example. The ?lrn thickness may be, for example, in the 
range of at least 0.4 nrn and at most 1.5 nrn. The magnetic 
?lrn may be a ?lrn containing, for example, Fe, Co or Ni. 
The thickness of the magnetic ?lrn may be, for example, in 
the range of at least 1 nrn and at most 10 nrn. 

[0090] There is no particular limitation on the substrate 1 
as long as it is nonrnagnetic, and Si, AlTiC, A1203 (e.g., 
sapphire) may be used, for example. The thickness may be, 
for example, in the range of at least 0.1 urn and at most 10 
mm. 

[0091] Additionally, in the example shoWn in FIGS. 1A to 
IE, the loWer electrode layer 2 is laminated on the substrate 
1. There is no particular limitation on the material used for 
the loWer electrode layer 2 as long as it is an electrically 
conductive material, and a loW-resistance rnaterial (e.g., 
having a linear resistivity of 100 pQcrn or loWer) such as Pt, 
Au, Cu, Ru, Al or TiN may be used, for example. It is also 
possible to larninate a plurality of ?lrns made of different 
materials. In the case of larninating an upper electrode layer, 
the material used for the upper electrode layer may be the 
same as that used for the loWer electrode layer. There is no 
particular limitation on the thicknesses of the loWer elec 
trode layer and the upper electrode layer, and they may be 
in the range of at least 10 nrn and at most 10 urn, for 
example. 
[0092] In the production method of the present invention, 
it is possible, as required, to larninate layers other than the 
layers shoWn in FIGS. 1A to IE. For example, an underlayer 
of Ta, Nb, Zr, Pt, Cr, Ni—Fe or the like may be laminated 
betWeen the loWer electrode layer 2 and the ?rst rnagnetic 
layer 3 (betWeen the loWer electrode layer and the antifer 
rornagnetic layer, in the case of larninating the antiferro 
rnagnetic layer). It is also possible to larninate a plurality of 
tunnel insulating layers. In the case of larninating a plurality 
of tunnel insulating layers, the above-described third mag 
netic layer may be laminated betWeen at least one of the 
tunnel insulating layers and a magnetic layer on the substrate 
side that is adjacent thereto. 

[0093] In the production method of the present invention, 
pulse laser deposition (PLD), ion beam deposition (IBD), 
sputtering using cluster ion beam, RF, DC, electron cyclo 
tron resonance (ECR), helicon, induction coupled plasma 
(ICP) or facing targets, molecular beam epitaXy (MBE) or 
ion plating, for example, may be used as the method for 
forming each of the layers constituting the TMR elernent. 
Other than these PVD processes, it is also possible to use 
CVD processes, plating processes or sol-gel processes. 

[0094] In the production method of the present invention, 
for example, the folloWing process may be used for the 
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lamination and the subsequent oxidation of the Al layer in 
the step and the step (ii). First, an Al layer is formed by 
a PVD process such as sputtering, MBE or IBD, using Al as 
the target. Next, a tunnel insulating layer made of Al—O 
may be formed by oxidiZing the Al layer by natural oxida 
tion, plasma oxidation, radical oxidation, oZone oxidation or 
the like. 

[0095] Here, the natural oxidation is a process of oxidiZing 
an Al layer in pure oxygen gas, in a mixed gas of pure 
oxygen gas and another gas (e.g., inert gas or rare gas) or in 
the atmosphere. In the case of oxidation in pure oxygen or 
in a mixed gas of pure oxygen and another gas, the partial 
pressure of oxygen may be, for example, in the range of at 
least 1><10_2 Pa and at most 1><105 Pa. The oxidation time 
may be, for example, in the range of at least about 10 sec and 
at most about 100 min, and the temperature may be, for 
example, in the range of at least 10° C. and at most 100° C. 

[0096] Radical oxidation is a process in Which oxygen gas 
is dissociated into oxygen radicals having unpaired electrons 
With an RF coil, ECR plasma or the like, and only the neutral 
components of the generated oxygen radicals are utiliZed for 
oxidation. Plasma oxidation is a process in Which oxygen 
gas is made into a plasma by substantially the same tech 
nique as that of the radical oxidation and the oxygen radical 
With a highly oxidative oxygen radical or oZone is used for 
oxidation. The degree of oxidation of an Al layer using these 
techniques can be controlled by adjusting the partial pres 
sure of oxygen, the temperature, the time, the electric poWer 
used for generating radicals or plasma and the like. The 
partial pressure of oxygen may be, for example, in the range 
of at least 0.01 Pa and at most 10 Pa. The oxidation time may 
be, for example, in the range of at least about 1 sec and at 
most about 100 min, and the temperature may be, for 
example, in the range of at least 10° C. and at most 100° C. 
Under such conditions, it is possible to form a dense tunnel 
insulating layer With feW crystal defects. 
[0097] Additionally, in the case of nitriding or oxynitrid 
ing the Al layer, nitrogen gas or a mixed gas of oxygen gas 
and nitrogen gas may be used in place of oxygen gas in the 
above-described processes. 

[0098] The production method of the present invention 
further may include the step of: (a) heat treating the laminate 
formed in the step (iii), after the step (iii). Since the 
oxidation state in the tunnel insulating layer can be made 
more uniform by performing heat treatment, it is possible to 
obtain a TMR element With better properties and thermal 
stability. The heat treatment may be performed at a tem 
perature in the range of, for example, at least 150° C. and at 
most 500° C., in vacuum, under reduced pressure or in inert 
gas or rare gas. In the case of further laminating an upper 
electrode layer after the step (iii), it also may be performed 
either after or before such lamination. 

[0099] In addition, it is also possible to obtain a TMR 
element With better properties and thermal stability by using 
a single crystal substrate as the substrate and a loWer 
electrode layer epitaxially groWn on the substrate, or by 
smoothing the surface of the loWer electrode layer by a 
process such as chemical mechanical polishing (CMP). This 
is because the roughness on the interface betWeen the third 
magnetic layer and the tunnel insulating layer can be 
smoothed more effectively. 

[0100] Next, the MR element of the present invention is 
described. 
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[0101] FIG. 3 shoWs an example of the MR element of the 
present invention. The MR element shoWn in FIG. 3 
includes a tunnel insulating layer 6 containing at least one 
compound selected from the group consisting of an oxide, 
nitride and oxynitride of A1, a ?rst magnetic layer 3 and a 
second magnetic layer 7 that are laminated so as to sandWich 
the tunnel insulating layer 6, and a third magnetic layer 4 
disposed betWeen the ?rst magnetic layer 3 and the tunnel 
insulating layer 6. The resistance value varies depending on 
a relative angle betWeen the magnetiZation directions of the 
?rst magnetic layer 3 and the second magnetic layer 7. Here, 
the third magnetic layer 4 has at least one crystal structure 
selected from the group consisting of a face-centered cubic 
crystal structure and a face-centered tetragonal crystal struc 
ture and is (111) oriented parallel to the ?lm plane of the 
third magnetic layer 4. 

[0102] By forming such a MR element, it is possible to 
achieve a TMR element With excellent properties and ther 
mal stability. Such a MR element can be obtained, for 
example, by the above-described production method of a 
MR element according to the present invention 

[0103] FIG. 4 shoWs another example of the MR element 
of the present invention. The MR element shoWn in FIG. 4 
is a TMR element in Which an antiferromagnetic layer 8 is 
further disposed on a side opposite to a plane of the ?rst 
magnetic layer 3 that faces the tunnel insulating layer 6 in 
the MR element shoWn in FIG. 3. The further disposition of 
the antiferromagnetic layer 8 makes it possible to achieve a 
spin valve TMR element having the ?rst magnetic layer 3 as 
the pinned magnetic layer and the second magnetic layer 7 
as the free magnetic layer. Moreover, since the third mag 
netic layer 4 is disposed betWeen the tunnel insulating layer 
6 and the ?rst magnetic layer 3, it is possible to achieve a 
TMR element With excellent properties and thermal stabil 
ity. 
[0104] In the case of the MR element shoWn in FIG. 4, the 
antiferromagnetic layer 8 also may be (111) oriented parallel 
to its oWn ?lm plane. This can achieve a TMR element With 
better properties and thermal stability. Additionally, in the 
case of the examples shoWn in FIGS. 3 and 4, the antifer 
romagnetic layer 8 also may be disposed on the second 
magnetic layer 7. In this case, it is possible to achieve a spin 
valve TMR element having the second magnetic layer 7 as 
the pinned magnetic layer and the ?rst magnetic layer 3 as 
the free magnetic layer. 
[0105] In the case of the examples of the MR element 
shoWn in FIGS. 3 and 4, the material used for each layer, 
the thickness, the structure and the like of each layer may be 
the same as those described in the production method of a 
MR element of the present invention. This can achieve a 
TMR element having the effects described in the production 
method of a MR element of the present invention. 

[0106] In the examples shoWn in FIGS. 3 and 4, the MR 
element further may include a loWer electrode layer, an 
upper electrode layer, a substrate and the like. Also in this 
case, it is possible to achieve a TMR element With excellent 
properties and thermal stability, regardless of the surface 
roughness of the substrate, the state of the crystal grain 
boundaries of the loWer electrode layer and the like. Con 
versely, the MR element does not need to include a loWer 
electrode layer, an upper electrode layer, a substrate and the 
like, as shoWn in the examples of the beloW-described 
device using a MR element. 




















