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The present invention provides a current injection-type magnetic domain wall-motion device which requires no external
magnetic field for reversing the magnetization direction of a
ferromagnetic body and which has low power consumption.
The current injection-type magnetic domain wall-motion
device includes a microjunction structure including two magnetic bodies (a first magnetic body 1 and a second magnetic
body 2) having magnetization directions antiparallel to each
other and a third magnetic body 3 sandwiched therebetween.
The magnetization direction of the device is controlled in
such a manner that a pulse current (a current density of 104107 A/cm2) is applied across junction interfaces present in the
microj unction structure such that a magnetic domain wall is
moved by the interaction between the magnetic domain wall
and the current in the same direction as that of the current or
in the direction opposite to that of the current.
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1
CURRENT INJECTION MAGNETIC DOMAIN
WALL MOVING ELEMENT
TECHNICAL FIELD
5

The present invention relates to magnetic semiconductor
devices and particularly relates to a current injection-type
magnetic domain wall-motion device.
BACKGROUND ART
In order to reverse the direction of the magnetizations of
magnetic bodies included in recording media, application of
external magnetic fields has been necessary.
Patent Document 1: Japanese Unexamined Patent Application Publication No. 2003-272114
Patent Document 2: Japanese Unexamined Patent Application Publication No. 2003-272112
Non-patent Document 1: Science, vol. 301, pp. 943-945
(Aug. 15, 2003)
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DISCLOSURE OF INVENTION
In order to increase the integration density of magnetic
nonvolatile solid-state memories, the microfabrication of
memory cells is essential. An increase in the influence of
demagnetization fields due to the microfabrication causes an
increase in the intensity of external magnetic fields necessary
for reversing the direction of the magnetizations of ferromagnetic bodies. This leads to an increase in the consumption of
electricity for generating magnetic fields. Therefore, it is
necessary to develop a new scheme to reverse the magnetization direction of a small magnetic body.
In view of the foregoing circumstances, it is an object of the
present invention to provide a current injection-type magnetic
domain wall-motion device which requires no external magnetic field for reversing the magnetization direction of a ferromagnetic body and which has low power consumption.
In order to achieve the above object, the present invention
provides a current injection-type magnetic domain wall-motion device as described below.
(1) A current injection-type magnetic domain wall-motion
device includes a microjunction structure including a first
magnetic body, a second magnetic body with a magnetization
direction antiparallel to that of the first magnetic body, and a
third magnetic body sandwiched therebetween. The magnetization direction of the device is controlled in such a manner
that a current is applied across microjunction interfaces
present in the microjunction structure such that a magnetic
domain wall is moved by the interaction between the magnetic domain wall and the current in the same direction as that
of the current or in the direction opposite to that of the current.
(2) In the current injection-type magnetic domain wallmotion device described in Item (1), the magnetic bodies are
made of a magnetic semiconductor.
(3) In the current injection-type magnetic domain wallmotion device described in Item (2), the magnetic semiconductor is a (Ga, Mn)As ferromagnetic semiconductor.
(4) In the current injection-type magnetic domain wallmotion device described in Item (2), the magnetic semiconductor is an (In, Mn)As ferromagnetic semiconductor.
(5) In the current injection-type magnetic domain wallmotion device described in any one of Items (1) to (4), the
current is a pulse current.
(6) In the current injection-type magnetic domain wallmotion device described in Item (5), the pulse current has a
current density of 104-107 A/cm2 .
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(7) In the current injection-type magnetic domain wallmotion device described in Item (1), the first magnetic body
and the second magnetic body with a magnetization direction
antiparallel to that of the first magnetic body are prepared by
film formation in a magnetic field.
(8) In the current injection-type magnetic domain wallmotion device described in Item (1), the magnetization directions of the first and second magnetic bodies are aligned
antiparallel to each other with an external magnetic field
using a difference in coercive force therebetween after the
film formation.
(9) In the current injection-type magnetic domain wallmotion device described in Item (8), the first and second
magnetic bodies are made of different materials.
(10) In the current injection-type magnetic domain wallmotion device described in Item (1), the first and second
magnetic bodies are made of the same material and the second
magnetic body is magnetically coupled with an antiferromagnetic film disposed on the second magnetic body such that the
first and second magnetic bodies have different coercive
forces.
(11) In the current injection-type magnetic domain wallmotion device described in Item (1), the first and second
magnetic bodies are made of the same material, and have
different film thicknesses, such that the first and second magnetic bodies have different coercive forces.
(12) In the current injection-type magnetic domain wallmotion device described in Item (1), the first and second
magnetic bodies are made of the same material, and have
different shapes, such that the first and second magnetic bodies have different coercive forces due to difference of shape
anisotropy.
(13) In the current injection-type magnetic domain wallmotion device described in Item (2), (3), or (4), different
external electric fields are applied to the first and second
magnetic bodies made of magnetic semiconductor, such that
the first and second magnetic bodies have different coercive
forces.
(14) In the current injection-type magnetic domain wallmotion device described in Item (1), the third magnetic body
has a reduced cross-sectional area such that a magnetic
domain wall is encouraged to position at a junction interface
between the first and third magnetic bodies or between the
second and third magnetic bodies, the magnetic domain wall
being present between the first and second magnetic bodies
because of the antiparallel magnetization directions of the
first and second magnetic bodies, whereby the energy loss
due to the creation of the magnetic domain wall in the third
magnetic body is less than both that in the first magnetic body
and that in the second magnetic body.
(15) In the current injection-type magnetic domain wallmotion device described in Item (1), the third magnetic body
is made of a material with a magnetization smaller than that of
a material for forming the first and second magnetic body
such that a magnetic domain wall is encouraged to position at
a junction interface between the first and third magnetic bodies or between the second and third magnetic bodies, the
magnetic domain wall being present between the first and
second magnetic bodies because of the antiparallel magnetization directions of the first and second magnetic bodies,
whereby the energy loss due to the creation of the magnetic
domain wall in the third magnetic body is less than both that
in the first magnetic body and that in the second magnetic
body.
(16) In the current injection-type magnetic domain wallmotion device described in Item (1), the first to third magnetic
bodies are made of the same material and the magnetization
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of the third magnetic body is rendered smaller than both that
FIG. 7 includes schematic views of a device, including
of the first magnetic body and that of the second magnetic
laterally arranged magnetic bodies made of vertically magbody by applying an external electric field to the third magnetized magnetic semiconductor, according to an embodinetic body such that a magnetic domain wall is encouraged to
ment of the present invention.
position at a junction interface between the first and third 5
FIG. 8 includes schematic views of a device, including
magnetic bodies or between the second and third magnetic
laterally arranged magnetic bodies, according to an embodibodies, the magnetic domain wall being present between the
ment of the present invention.
first and second magnetic bodies because of the antiparallel
FIG. 9 is a schematic view of a device, including laterally
magnetization directions of the first and second magnetic
arranged magnetic bodies made of vertically magnetized
bodies, whereby the energy loss due to the creation of the 10 film, according to an embodiment of the present invention.
magnetic domain wall in the third magnetic body is less than
FIG. 10 is a schematic view of a device, including laterally
both that in the first magnetic body and that in the second
arranged magnetic bodies made of vertically magnetized
magnetic body.
magnetic semiconductor, according to an embodiment of the
(17) In the current injection-type magnetic domain wall- 15 present invention.
motion device described in Item (1), the first and third magFIG. 11 is a schematic view of a device, including laterally
netic bodies have a constriction at a junction interface therarranged magnetic bodies made of vertically magnetized
ebetween and the second and third magnetic bodies have a
magnetic bodies, according to an embodiment of the present
constriction at a junction interface therebetween such that a
invention.
magnetic domain wall is encouraged to be trapped at one of 20
FIG. 12 includes views showing a configuration of a curthe constrictions and is therefore encouraged to be positioned
rent injection-type magnetic domain wall-motion device
at a junction interface between the first and third magnetic
(sample) according to an embodiment of the present invenbodies or between the second and third magnetic bodies, the
tion.
magnetic domain wall being present between the first and
FIG. 13 includes illustrations showing magnetic domains
second magnetic bodies because of the antiparallel magneti- 25 of a current injection-type magnetic domain wall-motion
zation directions of the first and second magnetic bodies.
device (a sample), the magnetic domains being observed with
(18) In the current injection-type magnetic domain walla magneto-optical Kerr-effect microscope.
motion device described in Item (1), the magnetization direcFIG. 14 is a schematic view of a current injection-type
tion of the device can be read out.
magnetic domain wall-motion device (the Curie temperature
(19) In the current injection-type magnetic domain wall- 30 of about 100 K) which has a configuration similar to that
motion device described in Item (18), the magnetization state
shown in FIG. 12 and which includes a (Ga, Mn)As layer
of the third magnetic body is read out in such a manner that the
having two steps of difference in level.
resistance of the element is measured by applying a small
FIG. 15 is a graph showing an example observed using the
current that is insufficient to move the magnetic domain wall,
anomalous Hall effect (a pair of terminals 125 formed on a
to a current injection terminal using a feature that the device 35 third magnetic body 123 shown in FIG. 14) according to the
has different resistances depending whether the magnetic
present invention.
domain wall is located at an interface between the first and
third magnetic bodies or located at an interface between the
BEST MODE FOR CARRYING OUT THE
second and third magnetic bodies.
INVENTION
(20) In the current injection-type magnetic domain wall- 40
motion device described in Item (19), the junction between
A current injection-type magnetic domain wall-motion
the first and third magnetic bodies and the junction between
device includes a microjunction structure including two magthe second and third magnetic bodies are formed to have
netic bodies 1 and 2 and a magnetic body 3 sandwiched
asymmetric structure such that a difference in resistance is
therebetween, the magnetization directions of the magnetic
45 bodies 1 and 2 being antiparallel to each other. The magnetireadily created in the device.
zation direction of the device is controlled in such a manner
BRIEF DESCRIPTION OF THE DRAWINGS
that a pulse current (a current density of 104-10 A/cm2) is
applied across junctions present in the combined microstrucFIG. 1 includes schematic views of a current injection-type
ture such that a magnetic domain wall is moved by the intermagnetic domain wall-motion device according to the 50 action between the magnetic domain wall and the pulsed
present invention.
current in the same direction as that of the pulse current or in
FIG. 2 includes schematic views of a device (Type 1),
the direction opposite to that of the pulse current.
having a layered structure (vertical arrangement), according
to an embodiment of the present invention.
EXAMPLES
FIG. 3 includes schematic views of a device (Type 2), 55
having a layered structure (vertical arrangement), according
Embodiments of the present invention will now be
to an embodiment of the present invention.
described in detail.
FIG. 4 includes schematic views of a device (Type 3),
FIG. 1 includes schematic views of a current injection-type
having a layered structure (vertical arrangement), according
magnetic domain wall-motion device according to the
to an embodiment of the present invention.
60 present invention.
FIG. 5 is a schematic view of a device (Type 4), having a
In this figure, reference numeral 1 represents a first maglayered structure (vertical arrangement), according to an
netic body, reference numeral 2 represents a second magnetic
embodiment of the present invention.
body with a magnetization direction antiparallel to that of the
FIG. 6 includes schematic views of a device (Type 1),
first magnetic body 1, reference numeral 3 represents a third
including laterally arranged magnetic bodies made of verti- 65 magnetic body sandwiched between the first and second magcally magnetized film, according to an embodiment of the
netic bodies 1 and 2, and reference numerals 4 and 5 represent
present invention.
power supplies.
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A microjunction structure is prepared such that the third
Junction of magnetic bodies may be achieved by forming
in layers (vertical arrangement) or by arranging the junction
magnetic body 3 is sandwiched between the two magnetic
in plane of a device as described above.
bodies (the first and second magnetic bodies 1 and 2) having
FIG. 2 includes schematic views of an element (Type 1),
magnetization directions (indicated by arrows shown in the
figure) antiparallel to each other. Junction of the magnetic 5 having a layered structure (vertical arrangement), according
to an embodiment of the present invention (corresponding to
bodies may be achieved by forming the magnetic bodies in
Claim 7).
layers or by arranging the junction in plane of a device. The
As shown in FIG. 2(a), a first magnetic layer 11 is formed
first to third magnetic bodies 1 to 3 may be made of the same
on a substrate 10. A magnetic field MFi is applied in the
material or different materials. Since the magnetization direcio direction indicated by Arrow A during the formation of the
tions of the first and second magnetic bodies 1 and 2 must be
first magnetic film 11. This allows the magnetization direcantiparallel to each other, the first and second magnetic bodies
tion of the first magnetic film (an in-plane magnetized film)
1 and 2 are prepared in such a way to include antiparallel
11 to be aligned in the direction indicated by Arrow A.
directions in advance such as film formation in a magnetic
As shown in FIG. 2(b), a third magnetic film 13 is then
field, or the magnetic moments of the first and second mag- 15 formed.
netic bodies 1 and 2 are aligned antiparallel to each other with
As shown in FIG. 2(c), a second magnetic film 12 is formed
an external magnetic field after film formation, using a difon the third magnetic film 13. A magnetic field MF2 is applied
ference in coercive force between the first and second magin the direction indicated by Arrow B which is opposite to the
netic bodies 1 and 2. In the case that the magnetization direcdirection indicated by Arrow A during the formation of the
tions of the first and second magnetic bodies 1 and 2 are 20 second magnetic film 12. This allows the magnetic moment of
aligned antiparallel to each other with such external magnetic
the second magnetic film (an in-plane magnetized film) 12 to
fields, when the first and second magnetic bodies 1 and 2 are
be aligned in the direction indicated by Arrow B.
As shown in FIG. 2(d), microfabrication is performed,
made of different materials, a difference in coercive force of
whereby the device is completed.
the materials themselves can be used. However, when the first
According to this procedure, the device having a layered
and second magnetic bodies 1 and 2 are made of the same 25
structure (vertical arrangement) can be prepared such that the
material, different coercive forces can be provided to the first
first magnetic film 11, the third magnetic film 13, and the
and second magnetic bodies 1 and 2 by various techniques
second magnetic film 12 are formed on the substrate 10 and
such as a technique using a pinned layer used to form a spin
the first and second magnetic films 11 and 12 are magnetized
valve structure, a technique using shape anisotropy due to a
difference in shape, a technique for forming the first and so antiparallel to each other.
In the case that the magnetic films are formed by a sputtersecond magnetic bodies 1 and 2 so as to have different thicking process or the like under the magnetic fields, the magnenesses, and a technique to apply external electric fields are
tization directions of the magnetic films can be each aligned
applied to the first and second magnetic bodies 1 and 2 if they
in the directions of the corresponding magnetic fields even if
are made of a magnetic semiconductor.
35 the magnetic fields have a magnitude of 1 mT or less. Once
In order that the magnetizations of the first and second
the magnetic films are formed, the magnetization directions
magnetic bodies 1 and 2 are antiparallel to each other, a
of the magnetic films do not change when magnetic fields
magnetic domain wall must be present between the first and
smaller than the coercive forces of the magnetic films are
second magnetic bodies 1 and 2. Therefore, the magnetic
applied to the magnetic layers.
domain wall is encouraged to position at a junction between 40
FIG. 3 includes schematic views of a device (Type 2),
the first and third magnetic bodies 1 and 3 or between the
having a layered structure (vertical arrangement), according
second and third magnetic bodies 2 and 3. This can be
to an embodiment of the present invention (corresponding to
achieved by at least one of the following techniques: (1) a
Claim 8, 9, 11, or 12).
technique in which the cross-sectional area of the third magAs shown in FIG. 3(a), a first magnetic film 21 (a small
netic body 3 is reduced such that the energy loss, due to the 45 coercive force) is formed on a substrate 20 and a third magcreation of the magnetic domain wall, in the third magnetic
netic film 23 is then formed on the first magnetic layer 21. A
body 3 is less than both that in the first magnetic body 1 and
second magnetic layer22 (a large coercive force) is formed on
that in the second magnetic body 2; (2) a technique in which
the third magnetic film 23.
the third magnetic body 3 is formed using a material with a
As described above, the first magnetic film 21, the second
magnetization smaller than that of a material for forming the 50 magnetic film 22, and the third magnetic film 23 are formed
first and second magnetic bodies 1 and 2 if the third magnetic
on the substrate 20 in that order. In this case, different coerbody 3 is made of different material from that for the first and
cive forces are provided to the first and second magnetic films
second magnetic bodies 1 and 2, or in which the magnetiza21 and 22. For example, a coercive force of the second magtion of a material for the third magnetic body 3 is reduced by
netic film 22 is set to be greater than that of the first magnetic
applying an external electric field if the third magnetic body 55 film 21. Alternatively, a coercive force of the first magnetic
3 is made of the same material as that for forming the first and
film 21 can be greater than that of the second magnetic layer
second magnetic bodies 1 and 2, such that the energy loss due
22.
to the creation of the magnetic domain wall in the third
As shown in FIG. 3(b), after the magnetic films are formed,
magnetic body 3 is less than both that in the first magnetic
an external magnetic field greater than the coercive force of
body 1 and that in the second magnetic body 2; and (3) a 60 the second magnetic film 22 is applied in the direction inditechnique in which constrictions are each provided at the
cated by Arrow B, whereby the magnetization directions of
junction interface between the first and third magnetic bodies
the first and second magnetic layers 21 and 22 are aligned in
1 and 3 and the junction interface between the first and second
the direction indicated by Arrow B.
magnetic bodies 1 and 2 so as to encourage the magnetic
As shown in FIG. 3(c), an external magnetic field that is
domain wall to be trapped at one of the constrictions.
65 smaller than the coercive force of the second magnetic film 22
The formation of elements according to embodiments of
but greater than that of the first magnetic film 21 is applied in
the present invention will now be described in detail.
the direction indicated by Arrow A which is opposite to the
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direction indicated by Arrow B, whereby only the magnetization direction of the first magnetic film 21 is aligned in the
direction indicated by Arrow B.
As shown in FIG. 3(d), microfabrication is performed,
whereby the device including a layered structure (vertical
arrangement) consisting of the first magnetic film 21, the
second magnetic film 22, and the third magnetic film 23 can
be obtained.
The first and second magnetic films 21 and 22 are allowed
to have different coercive forces in the following manner: a
manner that the first and second magnetic layers 21 and 22 are
formed using different magnetic materials so as to provide
different crystalline magnetic anisotropies, a manner that a
magnetic field is applied only to one of the first and second
magnetic films 21 and 22 during the formation thereof so as to
provide different growth-induced magnetic anisotropies to
the first and second magnetic films 21 and 22 have, or a
manner that the first and second magnetic layers 21 and 22 are
formed so as to have different shapes (for example, film
thicknesses), thereby providing a difference in magnetic
shape anisotropy. The order of the steps of applying the magnetic fields to the magnetic films (shown in FIGS. 3(b) and
3(c)) and the step of performing the microfabrication (shown
in FIG. 3(d)) can be reversed. In particular, in order to provide
different magnetic shape anisotropies to the first and second
magnetic films 21 and 22, it is preferable to perform the steps
in reversed order.
FIG. 4 includes schematic views of a device (Type 3),
having a layered structure (vertical arrangement), according
to an embodiment of the present invention (corresponding to
Claim 10).
As shown in FIG. 4(a), a first magnetic film 31 is formed on
a substrate 30 and a third magnetic film 33 is then formed on
the first magnetic film 31. A second magnetic film 32 is
formed on the third magnetic film 33. The first and second
magnetic films 31 and 32 disposed on the substrate 30 are
made of the same magnetic material.
As shown in FIG. 4(b), an antiferromagnetic film 34 is
formed on the second magnetic film 32. Magnetization of the
second magnetic film 32 is magnetically coupled with the
antiferromagnetic film 34 tightly by the exchange force,
thereby creating a pinning effect. Therefore, a coercive force
of the second magnetic film 32 has substantially greater than
that of the first magnetic film 31. Steps, which are not shown,
similar to the steps shown in FIG. 3(b) to 3(d) are then performed.
FIG. 5 is a schematic view of a device (Type 4), having a
layered structure (vertical arrangement), according to an
embodiment of the present invention (corresponding to Claim
11).
In this embodiment, as shown in FIG. 5, a first magnetic
film 41 (a small thickness) is formed on a substrate 40 and a
third magnetic film 43 is then formed on the first magnetic
film 41. A second magnetic film 42 (a large thickness) is
formed on the third magnetic film 43. That is, the first magnetic film 41 disposed on the substrate 40 is formed to have a
thickness less than that of the second magnetic film 42.
When the magnetic layers have different thicknesses, the
magnetic layers have different coercive forces due to a difference in magnetic shape anisotropy, or other differences
such as difference in composition. This allows the second
magnetic film 42, which has a larger thickness, to have a
larger coercive force. That is, when the first and second magnetic layers 41 and 42 are made of the same material, different
coercive forces can be provided to the first and second magnetic layers 41 and 42 in such a manner that the first and
second magnetic layers 41 and 42 are formed so as to have

8
different thicknesses. Although the second magnetic film 42
has a thickness greater than that of the first magnetic film 41
as shown in FIG. 5, the second magnetic film 42 may have a
thickness less than that of the first magnetic film 41.
5
FIG. 6 includes schematic views of a device (Type 1),
including laterally arranged magnetic bodies made of vertically magnetized film, according to an embodiment of the
present invention (corresponding to Claim 12). FIG. 6(a) is a
side view of this device and FIG. 6(b) is a plan view thereof.
10
As shown in these figures, a first magnetic body 51 (magnetization M), a third magnetic body 53 (magnetization M3),
and a second magnetic body 52 (magnetization M) are laterally arranged. In this case, the first magnetic body 51 (mag15 netization M) has the largest width.
In this embodiment, the first magnetic body 51 (magnetization M) and the second magnetic body 52 (magnetization
M) are made of the same vertically magnetized material and
have different shapes. Different coercive forces are provided
20 to the first magnetic body 51 (magnetization M) and the
second magnetic body 52 (magnetization M) due to a difference in magnetic shape anisotropy therebetween. Although
the first magnetic body 51 with a larger width has a coercive
force greater than that of the second magnetic body 52 in FIG.
25 6, the first magnetic body 51 may have a width less than that
of the second magnetic body 52.
FIG. 7 includes schematic views of a device, including
laterally arranged magnetic bodies made of vertically magnetized magnetic semiconductor, according to an embodi30
ment of the present invention (corresponding to Claim 13).
FIG. 7(a) is a side view showing a configuration of the device
and FIG. 7(b) is an overall structural view of the device.
As shown in FIG. 7(a), a first magnetic body 61, a second
35 magnetic body 62, and a third magnetic body 63 are formed
by magnetic semiconductor. Insulating films 64 and 65 are
formed on the first and second magnetic bodies 61 and 62,
respectively, and electrodes 66 and 67 are formed on the
insulating films 64 and 65, respectively.
As shown in FIG. 7(b), different electric fields are applied
40
to the first and second magnetic bodies 61 and 62, whereby
different coercive forces are provided to the first and second
magnetic bodies 61 and 62. The application of a positive
electric field leads to a decrease in coercive force and the
45 application of a negative electric field leads to an increase in
coercive force. Reference numerals 68 and 69 represent
direct-current power supplies (batteries) for applying the
electric fields.
FIG. 8 includes schematic views of a device, including
50
laterally arranged magnetic bodies, according to an embodiment of the present invention (corresponding to Claim 14).
FIG. 8(a) is a perspective view showing a configuration of a
first example of the device and FIG. 8(b) is a perspective view
showing a configuration of a second example of the device.
55
In the first example shown in FIG. 8(a), a first magnetic
body 71, a second magnetic body 72, and a third magnetic
body 73 have the same depthlength but different heights. That
is, these bodies have different cross-sectional areas. In par60 ticular, the third magnetic body 73 has the lowest height and
therefore has the smallest cross-sectional area.
In the second example shown in FIG. 8(b), a first magnetic
body 81, a second magnetic body 82, and a third magnetic
body 83 have the same height but different depthlengths. That
65 is, these bodies have different cross-sectional areas. In particular, the third magnetic body 83 has the smallest depthlength and therefore has the smallest cross-sectional area.
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FIG. 9 is a schematic view of a device, including laterally
bodies 2 and 3. When the first and third magnetic bodies 1 and
arranged magnetic bodies made of vertically magnetized
3 are made of the same material, the difference in resistance
film, according to an embodiment of the present invention
does not generate easily. However, function to vary the device
(corresponding to Claim 15).
resistance depending on the location of the magnetic domain
As shown in FIG. 9, a first magnetic body 91 (magnetiza- 5 wall can be provided in the device by forming the device in an
tion Ml), a second magnetic body 92 (magnetization M2), and
asymmetric structure. This can be achieved, for example, by
a third magnetic body 93 (magnetization M3) are formed. In
providing difference in dimension at the junction between the
this embodiment, the third magnetic body 93 is made of a
second and third magnetic bodies 2 and 3 or by providing a
magnetic material such that the magnetization M3 of the third
difference in the size of the constrictions formed at the juncmagnetic body 93 is smaller than both the magnetization M, o tion interfaces. Alternatively, the magnetization of the third
of the first magnetic body 91 and the magnetization M2 of the
magnetic body 3 can be read out with high output using a
second magnetic body 92.
giant magnetoresistance effect or a tunnel magnetoresistance
FIG. 10 is a schematic view of a device, including laterally
effect in such a manner that a ferromagnetic layer of which
arranged magnetic bodies made of vertically magnetized
the magnetization is pinned is added to the device via a
magnetic semiconductor, according to an embodiment of the 15 non-magnetic layer. The magnetization state of the third magpresent invention (corresponding to Claim 16).
netic body 3 can be measured using a transverse galvanomagIn this embodiment, a first magnetic body 94, a second
netic effect such as an anomalous Hall effect or a planar Hall
magnetic body 95, and a third magnetic body 96 are made of
effect in such a manner that a terminal for measurement is
the same magnetic semiconductor. An external electric field is
provided on the third magnetic body 3.
applied to the third magnetic body 96 through an electrode 98 20
As described above, with the current injection-type magand an insulating layer 97 such that the magnetization of the
netic domain wall-motion device, the magnetization direction
third magnetic body 96 would be smaller than both that of the
of the magnetic body can be controlled or read out electronifirst magnetic body 94 and that of the second magnetic body
cally without applying an external magnetic field; hence, the
95. Reference numeral 99 represents a direct-current power
device can be used for various applications including memory
supply (battery) for applying the external electric field.
25 devices.
FIG. 11 is a schematic view of an element, including latThe actual measurement example of a current injectionerally arranged magnetic bodies made of vertically magnetype magnetic domain wall-motion device according to an
tized magnetic bodies, according to an embodiment of the
embodiment of the present invention will now be described.
present invention (corresponding to Claim 17).
FIG. 12 includes views showing a configuration of the
As shown in this figure, a constriction 104 is formed at a 30 current injection-type magnetic domain wall-motion device
junction interface between a first magnetic body 101 and a
(sample). FIG. 12(a) is a structural view of the current injecthird magnetic body 103 and a constriction 105 is formed at a
tion-type magnetic domain wall-motion device, FIG. 12(b) is
junction interface between a second magnetic body 102 and
a photograph of the device shown in FIG. 12(a) and FIG.
the third magnetic body 103.
12(c) is a sectional view of the device shown in FIG. 12(b).
According to this configuration, a magnetic domain wall 35
In FIG. 12(a), reference numeral 111 represents a GaAs
can be readily trapped at the constriction 104 or 105; hence,
substrate, reference numeral 112 represents a GaAs layer
the magnetic domain wall can be readily positioned at the
(500 A) formed on the GaAs substrate 111, reference numeral
junction interface between the first and third magnetic bodies
113 represents an (Ino 2Ga0 $)As layer (5000 A) formed on
101 and 103 or the junction interface between the second and
the GaAs layer 112, and reference numeral 114 represents a
third magnetic bodies 102 and 103.
40 (Gao 967Mn0 033)As layer (200 A) which is formed on the
If a (pulse) current (a current density of 104-107 A/cm2) is
(Ino 2Ga0 $)As layer 113 and which is made of a ferromagapplied across the junction interfaces of the device having the
netic semiconductor.
above configuration, the magnetic domain wall can be moved
The current injection-type magnetic domain wall-motion
by the interaction between the magnetic domain wall and the
device is manufactured using (Ga, Mn)As that is a ferromagcurrent in the same direction as that of the current or in the 45 netic semiconductor having a out-of-plane easy axis. Instead
direction opposite to that of the current (the relationship
of the (Ga, Mn)As layer, (In, Mn)As layer may be used. A
between the current direction and the direction of the magmicrojunction structure including magnetic bodies which are
netic domain wall motion depends on the interaction between
made of the same material and which have different coercive
the current and the magnetization and therefore depends on
forces can be formed in-plane in such a manner that a surface
the material). Hence, the magnetic domain wall located at the 50 of the sample is partly etched in the case of using the (Ga,
interface between the first and third magnetic bodies 101 and
Mn)As layer 114 or an external electric field is applied to a
103 can be moved to the interface between the second and
metal electrode deposited on a part of the sample surface via
third magnetic bodies 102 and 103. Alternatively, the magan insulating layer in the case of using the (In, Mn)As layer
netic domain wall located at the interface between the second
(see Non-patent Document 1).
and third magnetic bodies 102 and 103 can be moved to the 55
Advantages of these layers are substantially the same;
interface between the first and third magnetic bodies 101 and
hence, a configuration of the (Ga, Mn)As layer will now be
103 by inverting the direction of the current. As shown in FIG.
principally described with reference to FIG. 12.
1(a) or 1(b), the magnetization direction of the third magnetic
The current injection-type magnetic domain wall-motion
body 3 can be controlled by inverting the current direction.
device has a Hall-bar shape. The right half of the current
The magnetization state of the third magnetic body 3 can be 60 injection-type magnetic domain wall-motion device is etched
read out by applying a small current (less than 104 A/cm2)
so as to have a thickness about 50 A less than that of the left
which is insufficient to move the magnetic domain wall, to a
half thereof as shown in FIG. 12(c). Since the (Ga, Mn)As
current injection terminal and measuring the resistance of the
layer 114 shown in FIG. 12(a) has the Curie temperature of
device. This is because the device has different resistances
about 60 K, measurement is performed at a temperature of 60
depending on whether the magnetic domain wall is located at 65 K or lower. The magnetization of the right half and left half of
the interface between the first and third magnetic bodies 1 and
the (Ga, Mn)As layer 114 are aligned antiparallel to each
3 or at the interface between the second and third magnetic
other using a difference in coercive force therebetween.
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This can be observed with a magneto-optical Kerr-effect
microscope because of a difference in contrast as shown in
FIG. 13(a). Also this can be electrically measured because the
sign of the anomalous Hall effect in a pair of Hall terminals (a)
and (b) is opposite to that in a pair of Hall terminals (c) and (d)
as shown in FIG. 12(b). As shown in FIG. 13(b), if a pulse
current is upwardly applied to the current injection-type magnetic domain wall-motion device, a magnetic domain wall is
moved in the direction opposite to that of the current and the
magnetization of the lower half of the current injection-type
magnetic domain wall-motion device is reversed. This can be
electrically measured because all the signs of voltages applied
to the four pairs of Hall terminals are the same. In contrast, if
a pulse current is downwardly applied to the current injectiontype magnetic domain wall-motion device, the magnetic
domain wall is trapped at a junction face and no change
occurs in magnetic domains of the current injection-type
magnetic domain wall-motion device.
FIG. 14 is a schematic view of a current injection-type
magnetic domain wall-motion device (the Curie temperature
of about 100 K) which has a configuration similar to that
shown in FIG. 12 and which includes a (Ga, Mn)As layer
having two steps of difference in level.
In this figure, reference numeral 121 represents a first
magnetic body (corresponding to the first magnetic body 1
shown in FIG. 1), reference numeral 122 represents a second
magnetic body (corresponding to the second magnetic body 2
shown in FIG. 1), and reference numeral 123 represents a
third magnetic body (corresponding to the third magnetic
body 3 shown in FIG. 1). These magnetic bodies have the
same width. The first magnetic body 121 is taller than the
second magnetic body 122, which is taller than the third
magnetic body 123, thus two steps of difference in level are
formed. Reference numeral 124 represents a pair of terminals
formed on the first magnetic body 121, reference numeral 125
represents a pair of terminals formed on the third magnetic
body 123, and reference numeral 126 represents a pair of
terminals formed on the second magnetic body 122. An arrow
indicates the direction of a current.
The magnetizations of both end portions that correspond to
the first and second magnetic bodies 1 and 2 shown in FIG. 1
are initially aligned antiparallel to each other using an external magnetic field. This configuration allows the magnetization of the center portion corresponding to the third magnetic
body 123 to be controlled reversibly and freely such that the
magnetization direction of the third magnetic body 123 which
is aligned parallel to that of the first magnetic body 121 to be
aligned parallel to that of the second magnetic body, and vice
versa, depending on the direction of a pulse current applied to
this device. FIG. 15 is a graph showing this magnetization
control electrically observed using the anomalous Hall effect
(a pair of the terminals 125 formed on apart corresponding to
the third magnetic body 123 shown in FIG. 14). Conditions of
this observation are as follows: a pulse current value IP", of
350 µA (corresponding to a current density of about 105
A/cm2), a pulse width of 0.1 second, a temperature of 83 K,
and an external magnetic field of zero.
As shown in FIG. 15, the magnetization direction of the
third magnetic body 123 is detected with the pair of terminals
125 formed on the third magnetic body 123 shown in FIG. 14,
using the anomalous Hall effect. The sign of the Hall voltage
is inverted by applying a positive or negative pulse current to
this device. Hence, it is clearly shown that the magnetization
direction of the third magnetic body 123 can be controlled
reversibly and freely by applying a current and the magnetization direction thereof can be read out.

The present invention is not limited to the above embodiments. Various modifications may be made within the scope
of the present invention. It should be construed that the
present invention covers such modifications.
According to the present invention, the magnetization of a
ferromagnetic body included in a magnetic semiconductor
device can be reversed without using any external magnetic
field. This leads to a reduction in power consumption.
Industrial Applicability
In a current injection-type magnetic domain wall-motion
device according to the present invention, the magnetization
direction of a magnetic body can be electrically controlled
and read out without using any external magnetic field. Therefore, the current injection-type magnetic domain wall-motion
device can be used for various applications including memory
devices.
The invention claimed is:
1. A current injection-type magnetic domain wall-motion
device comprising:
a first magnetic film directly adjacent to a third magnetic
film and a second magnetic film directly adjacent to the
third magnetic film, the second magnetic film having a
magnetization direction antiparallel to that of the first
magnetic film, a first microjunction interface between
the first and the third magnetic films, and a second
microjunction interface between the third and the second magnetic films, wherein
the magnetization direction of the third magnetic film is
controlled by a current that is applied to pass through the
first and second microjunction interfaces, wherein a
magnetic domain wall present between the first and second magnetic film is moved within the third magnetic
film in the same direction as a flow of the current or in the
direction opposite to the flow of the current by direct
interaction between the magnetic domain wall and the
flow of the current.
2. The current injection-type magnetic domain wall-motion device according to claim 1, wherein the magnetic films
are made of a magnetic semiconductor.
3. The current injection-type magnetic domain wall-motion device according to claim 2, wherein the magnetic semiconductor is a (Ga, Mn)As ferromagnetic semiconductor.
4. The current injection-type magnetic domain wall-motion device according to claim 2, wherein the magnetic semiconductor is an (In, Mn)As ferromagnetic semiconductor.
5. The current injection-type magnetic domain wall-motion device according to any one of claims 1 to 4, wherein the
current is a pulse current.
6. The current injection-type magnetic domain wall-motion device according to claim 5, wherein the pulse current
has a current density of 104-107 A/cm2 .
7. The current injection-type magnetic domain wall-motion device according to claim 1, wherein the first and second
magnetic films are formed in a magnetic field.
8. The current injection-type magnetic domain wall-motion device according to claim 1, wherein the magnetization
directions of the first and second magnetic films are aligned
antiparallel to each other with an external magnetic field
using a difference in coercive force therebetween after film
formation.
9. The current injection-type magnetic domain wall-motion device according to claim 8, wherein the first and second
magnetic films are made of different materials.
10. The current injection-type magnetic domain wall-motion device according to claim 1, wherein the first and second
magnetic films are made of the same material and the second
magnetic film is magnetically coupled with an antiferromag-

5

10

15

20

25

30

35

40

45

50

55

60

65

US 8,331,140 B2
13

14

netic film disposed on the second magnetic film such that the
magnetic films are made of the same material and the magnetization of the third magnetic film is rendered smaller than
first and second magnetic film have different coercive forces.
both that of the first magnetic film and that of the second
11. The current injection-type magnetic domain wall-momagnetic film by applying an external electric field to the
tion device according to claim 1, wherein the first and second
magnetic films are made of the same material, and have 5 third magnetic film such that the magnetic domain wall is
encouraged to be positioned at the first or second microjuncdifferent film thicknesses, such that the first and second magtion interface, whereby the energy loss due to the creation of
netic films have different coercive forces.
the magnetic domain wall in the third magnetic film is less
12. The current injection-type magnetic domain wall-mothan both that in the first magnetic film and that in the second
tion device according to claim 1, wherein the first and second
io magnetic film.
magnetic films are made of the same material, and have
17. The current injection-type magnetic domain wall-modifferent shapes, such that the first and second magnetic films
tion device according to claim 1, wherein the first and second
have different coercive forces due to difference of shape
microjunction interfaces have constrictions such that the
anisotropy.
magnetic domain wall is encouraged to be positioned at the
13. The current injection-type magnetic domain wall-mo15 first or second microjunction interface, whereby the magnetic
tion device according to claim 2, 3, or 4, wherein different
domain wall is encouraged to be trapped at one of the conexternal electric fields are applied to the first and second
strictions.
magnetic films made of the magnetic semiconductor, such
18. The current injection-type magnetic domain wall-mothat the first and second magnetic films have different coertion device according to claim 1, wherein the magnetization
cive forces.
20 direction of the third magnetic film can be read out.
14. The current injection-type magnetic domain wall-mo19. The current injection-type magnetic domain wall-motion device according to claim 1, wherein the third magnetic
tion device according to claim 18, wherein the magnetization
body has a reduced cross-sectional area such that the magstate of the third magnetic film is read out in such a manner
netic domain wall is encouraged to be positioned at the first or
that the resistance of the third magnetic film is measured by
second microjunction interface, whereby the energy loss due
25 applying a small current that is insufficient to move the magto the creation of the magnetic domain wall in the third
netic domain wall, to a current injection terminal using a
magnetic film is less than both that in the first magnetic film
feature that the device has different resistances depending
and that in the second magnetic film.
whether the magnetic domain wall is located at the first or
15. The current injection-type magnetic domain wall-mosecond microjunction interface.
tion device according to claim 1, wherein the third magnetic
30
20. The current injection-type magnetic domain wall-movfilm is made of a material with a magnetization smaller than
ing device according to claim 19, wherein the first and second
that of a material for forming the first and second magnetic
microjunction interfaces are formed to have asymmetric
films such that the magnetic domain wall is encouraged to be
structure such that a difference in resistance is readily created
positioned at the first or second microjunction interface,
in the third magnetic film.
whereby the energy loss due to the creation of the magnetic
35
21. The current injection-type magnetic domain wall-movdomain wall in the third magnetic film is less than both that in
ing device according to claim 1, wherein the first and second
the first magnetic film and that in the second magnetic film.
magnetic films have fixed magnetization directions.
16. The current injection-type magnetic domain wall-motion device according to claim 1, wherein the first to third

