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INERTIAL SENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2013-
196056, filed on Sep. 20, 2013; the entire contents of which
are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to
an inertial sensor.

BACKGROUND

[0003] Thereis an inertial sensor using MEMS (micro elec-
tro mechanical systems) technology of a piezoresistance type
using silicon (Si), for example. The inertial sensor can sense
acceleration as well as inertia, for example. It is desired for
the inertial sensor to increase sensitivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1A and FIG. 1B are schematic views showing
an inertial sensor according to a first embodiment;

[0005] FIG. 2A and FIG. 2B are schematic cross-sectional
views showing the inertial sensor according to the first
embodiment;

[0006] FIG.3A to FIG. 3C are schematic perspective views
showing operations of the inertial sensor according to the first
embodiment;

[0007] FIG. 4 is a schematic perspective view showing part
of the inertial sensor according to the first embodiment;
[0008] FIG. 5A to FIG. 51 are graphs showing characteris-
tics of inertial sensors;

[0009] FIG. 6A to FIG. 61 are graphs showing characteris-
tics of inertial sensors;

[0010] FIG.7A and FIG. 7B are graphs showing character-
istics of inertial sensors;

[0011] FIG.8A to FIG. 8D are microscope images showing
characteristics of an inertial sensor;

[0012] FIG.9Ato FIG. 9D are microscope images showing
characteristics of an inertial sensor;

[0013] FIG. 10 is a graph showing characteristics of an
inertial sensor;
[0014] FIG. 11A and FIG. 11B are schematic perspective

views showing part of the inertial sensor according to the first
embodiment;

[0015] FIG. 12 is a schematic perspective view showing an
inertial sensor according to a second embodiment;

[0016] FIG.13A to FIG. 13C are schematic cross-sectional
views showing the inertial sensor according to the second
embodiment;

[0017] FIG. 14A and FIG. 14B are schematic plan views
showing the inertial sensor according to the second embodi-
ment;

[0018] FIG. 15A and FIG. 15B are schematic plan views
showing other inertial sensors according to the second
embodiment;

[0019] FIG. 16A and FIG. 16B are schematic perspective
views showing an inertial sensor according to a third embodi-
ment;

[0020] FIG. 17 is a schematic plan view showing the iner-
tial sensor according to the third embodiment;
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[0021] FIG. 18A and FIG. 18B are schematic plan views
showing other inertial sensors according to the third embodi-
ment;

[0022] FIG. 19 is a schematic perspective view showing
another inertial sensor according to the third embodiment;
[0023] FIG. 20A and FIG. 20B are schematic perspective
views showing another inertial sensor according to the third
embodiment;

[0024] FIG. 21 is a schematic plan view showing another
inertial sensor according to the third embodiment;

[0025] FIG. 22A and FIG. 22B are schematic plan views
showing other inertial sensors according to the third embodi-
ment;

[0026] FIG. 23 is a schematic perspective view showing an
inertial sensor according to a fourth embodiment; and
[0027] FIG. 24A to FIG. 24C are schematic diagrams
showing inertial sensors according to the fourth embodiment.

DETAILED DESCRIPTION

[0028] According to one embodiment, an inertial sensor
includes a base portion, a weight portion, a connection por-
tion, and a first sensing element unit. The connection portion
connects the weight portion and the base portion. The con-
nection portion is configured to be deformed in accordance
with a change in a relative position of the weight portion with
respect to a position of the base portion. The first sensing
element unit is provided on a first portion of the connection
portion and includes a first magnetic layer, a second magnetic
layer, and a nonmagnetic first intermediate layer. The non-
magnetic first intermediate layer is provided between the first
magnetic layer and the second magnetic layer.

[0029] Various embodiments will be described hereinafter
with reference to the accompanying drawings.

[0030] The drawings are schematic or conceptual; and the
proportions of sizes among portions, etc. are not necessarily
the same as the actual values thereof. Further, the dimensions
and proportions may be illustrated differently among draw-
ings, even for identical portions.

[0031] Inthe specification of this application and the draw-
ings, components similar to those described in regard to a
drawing thereinabove are marked with the same reference
numerals, and a detailed description is omitted as appropriate,

First Embodiment

[0032] FIG. 1A and FIG. 1B are schematic views illustrat-
ing an inertial sensor according to a first embodiment,
[0033] FIG. 1A is a schematic cross-sectional view illus-
trating the inertial sensor. FIG. 1B is a plan view illustrating
the inertial sensor. As shown in FIG. 1A and FIG. 1B, an
inertial sensor 310 according to the embodiment includes a
base portion 71, a weight portion 72, a connection portion 74,
and a sensing element unit 50 (a first sensing element unit
50a).

[0034] The connection portion 74 connects the weight por-
tion 72 and the base portion 71. The connection portion 74 is
configured to be deformed in accordance with the change in
relative position of the weight portion 72 with respect to the
base portion 71. The connection portion 74 includes a first
portion 74a, for example.

[0035] The first sensing element unit 50q is provided on the
first portion 74a of the connection portion 74, for example.
The first sensing element unit 50aq is fixed to the first portion
74a, for example. The first sensing element unit 50« includes
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a first magnetic layer 10a, a second magnetic layer 20a, and a
first intermediate layer 30a. The first magnetic layer 10a is a
first magnetization free layer 10, for example. The second
magnetic layer 20aq is a reference layer 20. Also the second
magnetic layer 20a may be a magnetization free layer. The
first intermediate layer 30q is an intermediate layer 30. The
first intermediate layer 30a is provided between the first mag-
netic layer 10a and the second magnetic layer 20a. The first
intermediate layer 30a is nonmagnetic, for example.

[0036] The first magnetic layer 10a, the second magnetic
layer 204, and the first intermediate layer 30qa are included in
a resistance change unit (a first resistance change unit 50sa),
for example. In this example, the second magnetic layer 20a
is disposed between the first magnetic layer 10a and the
connection portion 74. In the embodiment, the first magnetic
layer 10a¢ may be disposed between the second magnetic
layer 20a and the connection portion 74.

[0037] In this example, the first sensing element unit 50a
further includes a first electrode 51a (for example, a lower-
side electrode 51) and a second electrode 52a (for example, an
upper-side electrode 52). The first resistance change unit 50sa
is provided between the first electrode 51a and the second
electrode 52a.

[0038] The first magnetic layer 10a is disposed between the
first electrode 51a and the second electrode 524, for example.
The second magnetic layer 20q is disposed between the first
magnetic layer 10a and the first electrode 51a. In this
example, the first electrode 51q is disposed between the sec-
ond electrode 52a and the connection portion 74. In the
embodiment, the second electrode 52a may be disposed
between the first electrode 51a and the connection portion 74.
[0039] The direction from the second magnetic layer 20a
toward the first magnetic layer 10q is defined as the Z-axis
direction (the stacking direction). One direction perpendicu-
lar to the Z-axis direction is defined as the X-axis direction.
The direction perpendicular to the Z-axis direction and per-
pendicular to the X-axis direction is defined as the Y-axis
direction.

[0040] The lengths along the Z-axis direction of the first
magnetic layer 10qa, the second magnetic layer 20a, and the
first intermediate layer 30a correspond to the thicknesses of
the respective layers. The length along the Z-axis direction of
the connection portion 74 corresponds to the thickness of the
connection portion 74. The length along the Z-axis direction
of'the base portion 71 corresponds to the thickness of the base
portion 71. The thickness along the Z-axis direction of the
weight portion 72 corresponds to the thickness of the weight
portion 72.

[0041] The length (thickness) of the connection portion 74
(the first portion 74a) is shorter (thinner) than the length
(thickness) of the weight portion 72 in the direction from the
base portion 71 toward the weight portion 72 (for example,
the X-axis direction), for example. As described later, the
length (width) of the connection portion 74 (the first portion
74a) in a direction (the Y-axis direction) perpendicular to the
direction from the base portion 71 toward the weight portion
72 (for example, the X-axis direction) is shorter than the
length in the X-axis direction of the connection portion 74, for
example. Thereby, when the weight portion 72 has moved, the
strain is large (for example, at the maximum), for example.
[0042] Thereby, the connection portion 74 is deformed
more easily than the weight portion 72, for example. The
connection portion 74 is deformed in accordance with the
change in position of the weight portion 72.
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[0043] FIG. 2A and FIG. 2B are schematic cross-sectional
views illustrating the inertial sensor according to the first
embodiment.

[0044] FIG. 2A and FIG. 2B correspond to a first state ST1
and a second state ST2, respectively.

[0045] As shown in FIG. 2A, in the first state ST1, the
relative position of the weight portion 72 with respect to the
base portion 71 is a first position. The first state ST1 is a state
where no acceleration (force) is applied to the weight portion
72, for example.

[0046] As shown in FIG. 2B, in the second state ST2, the
relative position of the weight portion 72 with respect to the
base portion 71 is a second position. The second position is
different from the first position. The second state ST2 is a
state where an acceleration 72g is applied to the weight por-
tion 72, for example. The form of the connection portion 74
(the first portion 74a) in the second state ST2 is different from
the form of the connection portion 74 (the first portion 74a) in
the first state ST1. Thus, the connection portion 74 is
deformed in accordance with the change in relative position
of the weight portion 72 with respect to the base portion 71.
[0047] The base portion 71 is used by being fixed to a
moving body, for example, and the base portion 71 moves
together with the body it is fixed to. On the other hand, the
weight portion 72 is connected to the base portion 71 via the
connection portion 74 that can be warped or the like. Thereby,
the weight portion 72 can move differently from the move-
ment of the base portion 71. When the base portion 71 has
moved, the weight portion 72 does not move together with the
base portion 71 substantially, due to inertia, for example. A
strain is generated in the connection portion 74 connecting
the base portion 71 and the weight portion 72, and the strain
is sensed; thereby, at least one of the inertia and the accelera-
tion is sensed.

[0048] The direction of the magnetization of the first mag-
netic layer 10a can change in conjunction with the deforma-
tion of the connection portion 74. Also the direction of the
magnetization of the second magnetic layer 20a may change
in conjunction with the deformation ofthe connection portion
74.

[0049] In the case where the first magnetic layer 10a is a
magnetization free layer and also the second magnetic layer
20qa is a magnetization free layer, the directions of the mag-
netizations of both magnetic layers change in conjunction
with the deformation of the connection portion 74, for
example. In the first state ST1, the magnetization of the first
magnetic layer 10q is in a first magnetization direction, and
the magnetization of the second magnetic layer 20q is in a
second magnetization direction, for example. In the second
state ST2, the magnetization of the first magnetic layer 10a is
in a direction different from the first magnetization direction,
and the magnetization of the second magnetic layer 204 is in
a direction different from the second magnetization direction.
[0050] In the case where the first magnetic layer 10a is a
magnetization free layer and the second magnetic layer 20a is
amagnetization fixed layer, the direction of the magnetization
of'the first magnetic layer 10a changes in conjunction with the
deformation of the connection portion 74, for example. In the
first state ST1, the magnetization of the first magnetic layer
104 is in the first magnetization direction, and the magneti-
zation of the second magnetic layer 20q is in the second
magnetization direction, for example. In the second state
ST2, the magnetization of the first magnetic layer 10a is in a
direction different from the first magnetization direction, and
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the magnetization of the second magnetic layer 20q is in the
second magnetization direction.

[0051] Thus, the direction of the magnetization of the mag-
netic layer changes with the deformation of the connection
portion 74; thereby, the resistance of the current flowing
through the first resistance change unit 50sa changes. In the
inertial sensor 310, the position (relative position) of the
weight portion 72 changes in accordance with the applied
acceleration 72g. The connection portion 74 is deformed by
the position change, and the direction of the magnetization of
the magnetic layer changes in conjunction with the deforma-
tion. The acceleration is sensed by sensing the change in
resistance in accordance with the change in direction of the
magnetization of the magnetic layer. The change in direction
of the magnetization is due to the inverse magnetostriction
effect described later, and is obtained by utilizing the change
in magnetization direction of the magnetic layer when a strain
is generated in the magnetic layer in conjunction with the
deformation.

[0052] Examples of the change in magnetization in the
resistance change unit (the first resistance change unit 50sa)
and the change in resistance will now be described. In the
following, for easier description, a description is given for the
case where the second magnetic layer 20q is a magnetization
fixed layer and the first magnetic layer 10a is a magnetization
free layer. In the sensing element unit 50, “inverse magneto-
striction effect” that ferromagnetic materials have and “MR
effect” that is exhibited in the resistance change unit are
utilized.

[0053] The “MR effect” is a phenomenon in which, in a
stacked film including a magnetic material, the value of the
electric resistance of the stacked film changes due to the
change in magnetization of the magnetic material when an
external magnetic field is applied. The MR effect includes
GMR (giant magnetoresistance) effect, TMR (tunneling
magnetoresistance) effect, or the like, for example. The MR
effect is exhibited by passing a current through the resistance
change unit to read the change in relative angle between the
directions of the magnetizations as an electric resistance
change. Based on the stress applied to the sensing element
unit 50, atensile stress is applied to the resistance change unit,
for example. At this time, the direction of the magnetization
of'the first magnetic layer 10a changes in accordance with the
magnitude and direction of the stress. The value of the resis-
tance accompanying the current passed through the magnetic
layer changes in accordance with the relative angle between
the magnetization direction of the second magnetic layer 20a
and the magnetization direction of the first magnetic layer
104a. When the resistance in the low resistance state is denoted
by R and the amount of change in electric resistance that
changes due to the MR effect is denoted by AR, AR/R is
referred to as the “MR ratio.”

[0054] FIG.3A to FIG. 3C are schematic perspective views
illustrating operations of the inertial sensor according to the
first embodiment.

[0055] The drawings illustrate different states of the sens-
ing element unit 50. The drawings illustrate relationships
between the magnetization direction in the sensing element
unit 50 and the direction of tensile stress.

[0056] FIG. 3A shows a state where no tensile stress is
applied. At this time, in this example, the direction of the
magnetization of the second magnetic layer 20a (the refer-
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ence layer 20) is the same as the direction of the magnetiza-
tion of the first magnetic layer 10a (the magnetization free
layer 10).

[0057] FIG. 3B shows a state where a tensile stress is
applied. In this example, a tensile stress is applied along the
X-axis direction. The tensile stress along the X-axis direction
is applied by the deformation of the connection portion 74, for
example. That is, the tensile stress is applied in a direction
orthogonal to the direction (in this example, the Y-axis direc-
tion) of the magnetization of the second magnetic layer 20a
(the reference layer 20) and the first magnetic layer 10a (the
magnetization free layer 10). At this time, the magnetization
of the first magnetic layer 10a (the magnetization free layer
10) rotates so as to be the same direction as the direction of the
tensile stress. This is referred to as “inverse magnetostriction
effect.” At this time, the magnetization of the second mag-
netic layer 20a (the reference layer 20) is fixed. By the rota-
tion of the magnetization of the first magnetic layer 10a (the
magnetization free layer 10), the relative angle between the
direction of the magnetization of the second magnetic layer
20a (the reference layer 20) and the direction of the magne-
tization of the first magnetic layer 10a (the magnetization free
layer 10) is changed.

[0058] In FIG. 3B, the magnetization direction of the sec-
ond magnetic layer 20q (the reference layer 20) is shown as an
example. The magnetization direction may not be the direc-
tion shown in FIG. 3B.

[0059] In the inverse magnetostriction effect, the easy axis
of magnetization varies with the sign of the magnetostriction
constant of a ferromagnetic material. In many materials
exhibiting a large inverse magnetostriction effect, the mag-
netostriction constant has the plus sign. In the case where the
magnetostriction constant is the plus sign, the direction in
which a tensile stress is applied as described above is the
magnetization easy axis. In other words, in the case where the
magnetostriction constant is plus, the magnetization of the
first magnetic layer 10a (the magnetization free layer 10)
rotates toward the direction of the magnetization easy axis in
which the tensile stress is applied as mentioned above. On the
other hand, in the case where the magnetostriction constant is
the minus sign, a direction perpendicular to the direction in
which the tensile stress is applied is the magnetization easy
axis. In this case, due to the stress application, the magneti-
zation direction of the first magnetic layer 10q is directed to
the direction perpendicular to the direction in which the stress
is applied.

[0060] In the case where the magnetostriction constant of
the first magnetic layer 10a (the magnetization free layer 10)
is plus, the initial magnetization direction of the first magnetic
layer 10a (the magnetization free layer 10) (the magnetiza-
tion direction when no stress is applied) is set to a direction
different from the direction in which the tensile stress is
applied, for example. On the other hand, in the case where the
magnetostriction constant is minus, a direction perpendicular
to the direction in which the tensile stress is applied is the
magnetization easy axis.

[0061] FIG. 3C illustrates a state where the magnetostrict
on constant is minus. In this case, the initial magnetization
direction of the first magnetic layer 10a (the magnetization
free layer 10) (the magnetization direction when no stress is
applied) is set to a direction different from the directions
perpendicular to the direction (in this example, the X-axis
direction) in which the tensile stress is applied.
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[0062] In FIG. 3C, the magnetization direction of the sec-
ond magnetic layer 20q (the reference layer 20) is shown as an
example. The magnetization direction may not be the direc-
tion shown in FIG. 3C.

[0063] The electric resistance of the sensing element unit
50 (the resistance change unit) changes due to the MR effect
in accordance with the angle between the magnetization of
the first magnetic layer 10a and the magnetization of the
second magnetic layer 20a, for example.

[0064] The magnetostriction constant (As) represents the
magnitude of the deformation when an external magnetic
field is applied and a ferromagnetic layer is magnetically
saturated in a certain direction. Assuming that the length of
the ferromagnetic layer in a state where there is no external
magnetic field is L, when the length of the ferromagnetic
layer has changed by AL when an external magnetic field is
applied, the magnetostriction constant As is expressed by
AL/L. Although the amount of change varies with the mag-
nitude of the magnetic field, the magnetostriction constant s
is expressed as AL/L in a state where a sufficient magnetic
field is applied and magnetization is saturated.

[0065] Inthe case wherethe second magnetic layer 20q (the
reference layer 20) is a magnetization fixed layer, Fe, Co, Ni,
or an alloy material of them is used for the second magnetic
layer 20a, for example. Furthermore, a material in which an
additive element is added to the material mentioned above or
the like is used for the second magnetic layer 20a. CoFe alloy,
CoFeB alloy, NiFe alloy, and the like may be used for the
second magnetic layer 20a, for example. The thickness of the
second magnetic layer 20q is not less than 2 nanometers (nm)
and not more than 6 nm, for example.

[0066] For the first intermediate layer 30a, a metal or an
insulator may be used. As the metal, Cu, Au, Ag, and the like
may be used, for example. In the case of metals, the thickness
of'the first intermediate layer 30a is not less than 1 nm and not
more than 7 nm, for example. As the insulator, a magnesium
oxide (MgO etc.), an aluminum oxide (Al,O; etc.), a titanium
oxide (TiO etc.), a zing oxide (ZnO etc.), or the like may be
used, for example. In the case of insulators, the thickness of
the first intermediate layer 30q is not less than 1 nm and not
more than 3 nm, for example.

[0067] In the case where the first magnetic layer 10aq is a
magnetization free layer, at least one of Fe, Co, and Ni or an
alloy material including at least one of them is used for the
first magnetic layer 10a, for example. A material in which an
additive element is added to the material mentioned above is
used.

[0068] For the first magnetic layer 10a, a material with a
large magnetostriction (magnetostriction constant) is used.
Specifically, a material of which the absolute value of the
magnetostriction is larger than 10~> is used. Thereby, the
magnetization changes sensitively with the strain. For the first
magnetic layer 10a, either a material having a positive mag-
netostriction or a material having a negative magnetostriction
may be used.

[0069] For the first magnetic layer 10qa, a single element
metal of Fe, Co, or Ni may be used, for example. For the first
magnetic layer 104, an alloy including at least one of Fe, Co,
and Nimay be used, for example. Other than them, for the first
magnetic layer 10a, Fe—Co—Si—B alloy, a Tb-M-Fe alloy
(M being Sm, Eu, Gd, Dy, Ho, or Er), a Tb-M1-Fe-M2 alloy
(M1 being Sm, Eu, Gd, Dy, Ho, or Er; M2 being Ti, Cr, Mn,
Co, Cu, Nb, Mo, W, or Ta), an Fe-M3-M4-B alloy (M3 being
Ti, Cr, Mn, Co, Cu, Nb, Mo, W, or Ta; M4 being Ce, Pr, Nd,
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Sm, Tb, Dy, or Er), Ni, Al—Fe, a ferrite (Fe;0,, (FeCo0);0,,
or the like), and the like may be used. In the Th-M-Fe alloy
and the Fe-M3-M4-B alloy mentioned above, the magneto-
striction constant As is larger than 100 ppm. The thickness of
the first magnetic layer 10q is 2 nm or more, for example.
[0070] The first magnetic layer 10a¢ may have a two-layer
structure. In this case, the first magnetic layer 10a may
include a layer of FeCo alloy and the following layer stacked
with the layer of FeCo alloy. The layer of FeCo alloy is
stacked with a layer of a material selected from Fe—Co—
Si—B alloy, a Th-M-Fe alloy (M being Sm, Eu, Gd, Dy, Ho,
or Er), a Tb-M1-Fe-M2 alloy (M1 being Sm, Eu, Gd, Dy, Ho,
or Er; M2 being Ti, Cr, Mn, Co, Cu, Nb, Mo, W, or Ta), an
Fe-M3-M4-B alloy M3 being Ti, Cr, Mn, Co, Cu, Nb, Mo, W,
or Ta; M4 being Ce, Pr, Nd, Sm, Tb, Dy, or Er), Ni, Al—Fe, a
ferrite (Fe,O,, (FeCo),0,, or the like), and the like. In the
Tb-M-Fe alloy and the Fe-M3-M4-B alloy mentioned above,
the magnetostriction constant As is larger than 100 ppm.
[0071] When the magnetostriction constant of the first
magnetic layer 10aq is large as mentioned above, a high strain
sensitivity GF (gauge factor) is obtained. The value of the GF
is greatly influenced by not only the magnetostriction con-
stant but also the soft magnetic properties of the first magnetic
layer 10q. The strain sensitivity GF is expressed by GF=(dR/
R)/Ae, where Ae is the strain, R is the resistance, and AR is the
change in resistance when a strain of Ae is given. The strain
sensitivity GF represents the magnitude of the amount of
resistance change in a unit strain change, and is a dimension-
less amount.

[0072] It is found that a material that is an alloy including
Fe and has an amorphous structure has a large GF, for
example. In this material, a GF value of 3,000 or more is
obtained, for example.

[0073] In the specification of this application, the amor-
phous structure includes microcrystalline structures. In
microcrystalline structures, the size of the crystal grain is
larger than 2 nm. The amorphous structure further includes
structures having crystal structure not found. Microcrystal-
line structures or structures having crystal structure not found
can be observed by a real image obtained by a transmission
electron microscope, for example. Furthermore, electron dif-
fraction using a microbeam in a magnetic layer may be used,
for example. Determination can be made by whether the
electron diffraction pattern exhibits a spot pattern or a ring-
like pattern, for example. The spot pattern corresponds to a
crystal structure, for example. The ring-like pattern corre-
sponds to an amorphous structure. Examples of the electron
diffraction are described later.

[0074] The structure of the first magnetic layer 10a is made
amorphous by using Fe including B (Boron) as the first mag-
netic layer 10q, for example. In the embodiment, a functional
layer like the following may be provided.

[0075] FIG. 4 is a schematic perspective view illustrating
part of the inertial sensor according to the first embodiment.
[0076] As shown in FIG. 4, the first magnetic layer 10q is
disposed between a functional layer 15a and the first inter-
mediate layer 30a. By providing the functional layer 154, the
concentration of B in the first magnetic layer 10a can be
increased. The first magnetic layer 10a (for example, a
CoFeB layer, thickness: 4 nm) is provided on the first inter-
mediate layer 30a (an MgO layer), for example. On the first
magnetic layer 10a, an MgO layer with a thickness of 1.5 nm
is provided as the functional layer 15a. Thereby, the structure
of CoFeB layer is made amorphous (including a microcrys-
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talline structure). In this case, the coercive force is 4 Oe or
less, and the value of the GF is not less than 3,000 and not
more than 4,000.

[0077] FIG.5AtoFIG.51and FIG. 6A to FIG. 6] are graphs
illustrating characteristics of inertial sensors.

[0078] FIG. 5A to FIG. 51 show characteristics of a first
sample SO01. FIG. 6A to FIG. 6l are graphs showing charac-
teristics of a second sample S02. In the first sample S01, the
MgO layer mentioned above is used as the functional layer
15a. In the second sample S02, a Ta layer is used as the
functional layer 15a.

[0079] FIG.5Ato FIG. 51 show the measurement results of
the magnetic field dependence of the electric resistance when
the strain € is 0.8x1073, 0.6x1073, 0.4x1073, 0.2x1073, 0.0x
1073, -0.2x1073,0.4x1073,0.6x1073, and -0.8x1073, respec-
tively. FIG. 6 A to FIG. 61 show the measurement results of the
magnetic field dependence of the electric resistance when the
strain € is 0.8x1072, 0.6x1073, 0.4x1073,0.2x1073, 0.0x1073,
-0.2x1073, —0.4x1073, -0.6x1073, and —0.8x1073, respec-
tively.

[0080] As shown in the drawings, the characteristics
change greatly with the material of the functional layer 15a.
[0081] FIG.7A and FIG. 7B are graphs illustrating charac-
teristics of inertial sensors.

[0082] FIG. 7A corresponds to the first sample S01, and
FIG. 7B corresponds to the second sample S02. The drawings
show the change in electric resistance R when the external
magnetic field H is fixed and the strains is changed continu-
ously in a range between —0.8x107> and 0.8x107>. The hori-
zontal axis of the drawings is the strain €, and the vertical axis
is the electric resistance R. The change in strain € includes
both the change from -0.8x10~> toward 0.8x10~> and the
change from 0.8x107> toward -0.8x107>. The results show
strain sensor characteristics. The gauge factor GF is calcu-
lated from the drawings.

[0083] From FIG. 7A, the gauge factor in the first sample
S01 is calculated to be 4027. From FIG. 7B, the gauge factor
in the second sample S02 is calculated to be 859.

[0084] Thus, a large gauge factor can be obtained by using
the functional layer 15a of MgO to make the first magnetic
layer 10a an amorphous structure.

[0085] It is presumed that the functional layer 154 of MgO
suppresses the diffusion of B from the first magnetic layer
10a. The functional layer 15« functions as a diffusion barrier
layer, for example. An MgO layer with a low sheet resistance
is provided as the functional layer 154, for example. A layer
having a sheet resistance of approximately not more than 5
times the sheet resistance of the MgO layer used as the first
intermediate layer 30a is used as the functional layer 154, for
example. The design is made so that the sheet resistance RA
of'the whole stacked film is not increased substantially when
the functional layer 15a is provided

[0086] Examples of the difference in the crystal state of the
first magnetic layer 10a depending on the presence or absence
of the functional layer 15a will now be described.

[0087] FIG. 8A to FIG. 8D are microscope images illus-
trating characteristics of an inertial sensor.

[0088] FIG. 9A to FIG. 9D are microscope images illus-
trating characteristics of an inertial sensor.

[0089] FIG. 8A to FIG. 8D correspond to the first sample
S01, and FIG. 9A to FIG. 9D correspond to the second sample
S02.

[0090] FIG. 8A is a cross-sectional transmission electron
microscope (cross-sectional TEM) photographic image of the
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inertial sensor of the first sample S01. FIG. 8B to FIG. 8D are
crystal lattice diffraction images obtained by nanodiffraction
of an electron beam of points P1 to P3 of FIG. 8A, respec-
tively. FIG. 9A is a photograph of the stacked structure of the
second sample S02. FIG. 9B to FIG. 9D are crystal lattice
diffraction images obtained by nanodiffraction of an electron
beam of points P4 to P6 of FIG. 9A, respectively.

[0091] As shown in FIG. 8A, in the first sample S01, the
first intermediate layer 30a is provided on the second mag-
netic layer 20a, and the first magnetic layer 10a is provided on
the first intermediate layer 30a. The functional layer 154 is
provided on the first magnetic layer 10a. A cap layer 45 is
provided on the functional layer 15a. On the other hand, as
shown in FIG. 9A, the functional layer 154 is not provided in
the second sample S02.

[0092] As can be seen from FIG. 8A, the second magnetic
layer 20a is crystalline. Also the first intermediate layer 30a is
crystalline. On the other hand, in the most part of the first
magnetic layer 10a, a regular arrangement of atoms is not
observed. That is, the first magnetic layer 10 is amorphous.
[0093] Asshown in FIG. 8B, diffraction spots are observed
in the diffraction image of point P1 corresponding to the
second magnetic layer 20a. The diffraction spots are due to
the fact that the second magnetic layer 20a has a crystal
structure.

[0094] As shown in FIG. 8C, diffraction spots are observed
in the diffraction image of point P2 corresponding to the first
intermediate layer 30a. The diffraction spots are due to the
fact that the intermediate layer 30 has a crystal structure.
[0095] On the other hand, as shown in FIG. 8D, distinct
diffraction spots are not observed in the diffraction image of
point P3 corresponding to the first magnetic layer 10a. In the
diffraction image, a ring-like diffraction image reflecting an
amorphous structure is observed. It is found that the first
magnetic layer 10q of the first sample S01 includes an amor-
phous portion.

[0096] As can be seen from FIG. 9A, the second magnetic
layer 20a and the first intermediate layer 30a are a crystal.
Also the first magnetic layer 10a is crystalline.

[0097] As shown in FIG. 9B, diffraction spots due to a
crystal structure are found in the diffraction image of the
second magnetic layer 20a.

[0098] As shown in FIG. 9C, diffraction spots due to a
crystal structure are found in the diffraction image of the first
intermediate layer 30a.

[0099] As shown in FIG. 9D, diffraction spots due to a
crystal structure are found also in the diffraction image ofthe
first magnetic layer 10a. The result shows that the most part of
the first magnetic layer 10a of the second sample S02 has a
crystal structure.

[0100] A high gauge factor is obtained by using the first
magnetic layer 10q including an amorphous portion, like the
first sample S01 mentioned above.

[0101] FIG. 10 is a graph illustrating characteristics of an
inertial sensor.
[0102] In this example, an FeB material of an amorphous

structure (including a microcrystalline structure) is used for
both the first magnetic layer 10a and the second magnetic
layer 20qa. From FIG. 10, the calculated gauge factor is 5290.
Thus, a high gauge factor is obtained by using a magnetic
layer of an amorphous structure.

[0103] When the first intermediate layer 30q is a metal, the
GMR effect is exhibited, for example. When the first inter-
mediate layer 30a is an insulator, the TMR effect is exhibited.
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In the sensing element unit 50, the CPP (current perpendicu-
lar to plane)-GMR effect in which a current is passed along
the stacking direction of the resistance change unit is used, for
example.

[0104] A CCP (current-confined-path) spacer layer may be
used as the first intermediate layer 30a. In the CCP spacer
layer, a metal current path with a width (for example, diam-
eter) of 1 nm or more, approximately 5 nm, is formed in plural
in a part of an insulating layer so as to penetrate in the film
thickness direction. The CPP-GMR effect is used also in the
CCP spacer layer.

[0105] Thus, in the embodiment, the inverse magnetostric-
tion phenomenon in the sensing element unit 50 is used.
Thereby, high-sensitivity sensing becomes possible. When
the inverse magnetostriction effect is used, the magnetization
direction of at least one of the first magnetic layer 10a and the
second magnetic layer 20a changes with the strain applied
from the outside, for example. The relative angle between the
magnetizations of the two magnetic layers changes with the
strain generated by acceleration (the presence or absence, the
level thereof, etc.). Since the electric resistance changes with
the strain generated by acceleration, the sensing element unit
50 functions as an inertial sensor.

[0106] FIG. 11A and FIG. 11B are schematic perspective
views illustrating part of the inertial sensor according to the
first embodiment.

[0107] As shown in FIG. 11A, the sensing element unit 50
includes the first electrode 51a and the second electrode 52a,
for example. The first resistance change unit 50sq is provided
between the first electrode 51a and the second electrode 52a,
In this example, in the first resistance change unit 50sa, a
buffer layer 41, an antiferromagnetic layer 42, a magnetic
layer 43, a Ru layer 44, the second magnetic layer 204, the
first intermediate layer 30qa, the first magnetic layer 10a, and
the cap layer 45 are provided in this order from the first
electrode 514 side toward the second electrode 524 side.
[0108] The buffer layer 41 may serve also as a seed layer.
The thickness of the buffer layer 41 is not less than 1 nm and
not more than 10 nm, for example. As the buffer layer 41, an
amorphous layer including Ta, Ti, or the line is used, for
example. As the buffer layer 41, a layer of Ru, NiFe, or the like
serving as a seed layer for the promotion of crystal orientation
isused. A stacked film of these films may be used as the buffer
layer 41. The thickness of the antiferromagnetic layer 42 is
not less than 5 nm and not more than 10 nm, for example. The
thickness of the magnetic layer 43 is not less than 2 nm and
not more than 6 nm, for example. In this example, the thick-
ness of the second magnetic layer 20q is not less than 2 nm
and not more than 5 nm, for example. The thickness of the first
intermediate layer 30a is not less than 1 nm and not more than
3 nm, for example. The thickness of the first magnetic layer
10a is not less than 2 nm and not more than 5 nm, for example.
The thickness of the cap layer 45 is not less than 1 nm and not
more than 5 nm, for example.

[0109] As the second magnetic layer 20a, also a magnetic
stacked film may be used, for example. On the other hand, the
first magnetic layer 10a may include a magnetic stacked film
10p for increasing the MR ratio and a high magnetostriction
magnetic film 10g. The high magnetostriction magnetic film
104 is provided between the magnetic stacked film 10p and
the cap layer 45. The magnetic stacked film 10p increases the
MR ratio, for example. The thickness of the magnetic stacked
film 10p is not less than 1 nm and not more than 3 nm, for
example. For the magnetic stacked film 10p, an alloy includ-
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ing CoFe, CoFe, and the like are used, for example. The
thickness of the high magnetostriction magnetic film 10q is
not less than 1 nm and not more than 5 nm, for example.
[0110] For the first electrode 51a and the second electrode
52a, Au, Cu, Ta, Al, and the like, which are nonmagnetic
materials, may be used, for example. As the first electrode 51a
and the second electrode 52a, a soft magnetic material may be
used; thereby, magnetic noise from the outside that influences
the resistance change unit can be reduced. As the soft mag-
netic material, permalloy (NiFe alloy) and silicon steel (FeSi
alloy) may be used, for example. The sensing element unit 50
is covered with an insulator such as an aluminum oxide (for
example, Al,O;) and a silicon oxide (for example, SiO,).
Thereby, leakage current is suppressed.

[0111] The magnetization direction of at least one of the
first magnetic layer 10a and the second magnetic layer 20a
changes in accordance with the stress. The absolute value of
the magnetostriction constant of at least one magnetic layer
(the magnetic layer of which the magnetization direction
changes in accordance with the stress) is preferably set to
107 or more, for example. Thereby, it becomes easier for the
magnetization direction to change in accordance with the
strain applied from the outside, due to the inverse magneto-
striction effect. For at least one of the first magnetic layer 10a
and the second magnetic layer 20a, a metal such as Fe, Co,
and Ni, an alloy including them, or the like is used, for
example. The magnetostriction constant is set large by the
element used, additive elements, etc. The absolute value of
the magnetostriction constant is preferably large. In view of
materials that can be used as practical devices, absolute val-
ues of the magnetostriction constant of approximately 10~2 or
less are practical.

[0112] As atleastone of the first magnetic layer 104 and the
second magnetic layer 20a, a magnetic layer of an amorphous
structure including Fe is preferably used as a material by
which a high strain sensitivity (gauge factor GF) is obtained,
as described above, for example. In such a material, a GF of
approximately 5,000 is obtained. It is presumed that a GF of
approximately 10,000 can be obtained by optimization.
[0113] As the first intermediate layer 30qa, an oxide such as
MgO is used, for example. A magnetic layer on an MgO layer
generally has a plus magnetostriction constant. In the case
where the first magnetic layer 10a is formed on the first
intermediate layer 30q, a stacked film of CoFeB/CoFe/NiFe
is used as the first magnetic layer 10a, for example. When the
uppermost NiFe layer is made Ni-rich, the absolute value of
the magnetostriction constant of the NiFe layer is large in the
minus. To suppress the cancellation of the plus magnetostric-
tion on an oxide layer, the uppermost NiFe layer is not made
Ni-rich as compared to the permalloy of Nig, Fe, , commonly
used. Specifically, the ratio of Ni in the uppermost NiFe layer
is preferably set less than 80 atomic percent (atomic %). In the
case where a magnetization free layer is used as the first
magnetic layer 10a, the thickness of the first magnetic layer
10q is preferably not less than 1 nm and not more than 20 nm,
for example.

[0114] In the case where the first magnetic layer 10a is a
magnetization free layer, the second magnetic layer 20a may
be either a magnetization fixed layer or a magnetization free
layer. In the case where the second magnetic layer 20a is a
magnetization fixed layer, the magnetization direction of the
second magnetic layer 20a does not change substantially even
when a strain is applied from the outside. The electric resis-
tance changes with the relative angle between the magneti-
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zations of the first magnetic layer 10a and the second mag-
netic layer 20a. The presence or absence of strain is sensed by
the difference in electric resistance. Thereby, the acceleration
is sensed.

[0115] In the case where both the first magnetic layer 10a
and the second magnetic layer 20a are a magnetization free
layer, the magnetostriction constant of the first magnetic layer
10q is differentiated from the magnetostriction constant of
the second magnetic layer 20q, for example.

[0116] In the case where the second magnetic layer 20q is
either a magnetization fixed layer or a magnetization free
layer, the thickness of the second magnetic layer 20q is pref-
erably not less than 1 nm and not more than 20 nm, for
example.

[0117] Inthe case where the second magnetic layer 20a is a
magnetization fixed layer, a synthetic AF structure using a
stacked structure of an antimagnetic layer/a magnetic layer/a
Ru layer/a magnetic layer and the like may be used as the
second magnetic layer 20a, for example. For the antimagnetic
layer, IrMn and the like are used, for example. A hard bias
layer may be provided.

[0118] A very small size is sufficient for the area necessary
for the sensing element unit 50. In terms of the size of a
square, the sensing element unit 50 needs only to have a size
0110 nmx10 nm to 20 nmx20 nm or more (one sidexone side)
as the minimum size, for example.

[0119] On the other hand, such a small element size
increases the degree of difficulty in measures against anti-
magnetic fields because the element is operated as a sensor.
When the element size is sufficiently smaller than the MEMS
structure body, since the area to arrange elements is sufficient,
in practical terms the element size is preferably increased so
as to facilitate antimagnetic field measures and noise mea-
sures, for example. Examples of the element size are
described below.

[0120] The area of the sensing element unit 50 is set suffi-
ciently smaller than the area of the connection portion 74 that
bends due to pressure. The area of the sensing element unit 50
is not more than Y5 of the area of the planar shape of the
weight portion 72, for example. The size of the weight portion
72 is approximately not less than 60 um and not more than
600 pm, for example. When the diameter of the planar shape
of'the weight portion 72 is approximately 60 pm, the length of
one side of the sensing element unit 50 is 12 pum or less, for
example. When the diameter ofthe planar shape of'the weight
portion 72 is 600 pum, the length of one side of the sensing
element unit 50 is 120 um or less, for example.

[0121] As compared to the value of this upper limit, the size
of the length of one side of not less than 10 nm and not more
than 20 nm mentioned above is extremely small. Hence, in
view of also the processing accuracy of the element etc., there
is no need to make the sensing element unit 50 excessively
small. Thus, the size of one side of the sensing element unit 50
is preferably set approximately not less than 0.5 pm and not
more than 60 pm in practical terms, for example. If the ele-
ment size is extremely small, the magnitude of the antimag-
netic field generated in the sensing element unit 50 is
increased; thus, the problem arises that the bias control of the
sensing element unit 50 is difficult, or the like. When the
element size is large, the problem of antimagnetic fields is not
presented, and handling is thus easy in the engineering view-
point. From this viewpoint, not less than 0.5 um and not more
than 60 um are preferable sizes.
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[0122] The length along the X-axis direction of the sensing
element unit 50 is preferably not less than 0.5 um and not
more than 60 pm, for example. The length along the X-axis
direction ofthe sensing element unit 50 is more preferably not
less than 1 um and not more than 20 pm.

[0123] The length along the Y-axis direction (the direction
perpendicular to the X-axis direction and parallel to the X-Y
plane) of the sensing element unit 50 is preferably not less
than 0.5 pm and not more than 60 pum, for example. The length
along the Y-axis direction of the sensing element unit 50 is
more preferably in a range of not less than 1 um and not more
than 20 pm.

[0124] The thickness (length) along the Z-axis direction
(the direction perpendicular to the X-Y plane) of the sensing
element unit 50 is not less than 20 nm and not more than 100
nm, for example. The thickness is determined by the film
thickness of the stacked films, for example.

[0125] The length along the X-axis direction of the sensing
element unit 50 may be equal to or different from the length
along the Y-axis direction of the sensing element unit 50.

[0126] When the length along the X-axis direction of the
sensing element unit 50 is different from the length along the
Y-axis direction of the sensing element unit 50, shape mag-
netic anisotropy occurs. Thereby, effects similar to the effects
obtained by a hard bias layer can be obtained.

[0127] Thedirection of the current passed through the sens-
ing element unit 50 may be the direction from the first mag-
netic layer 10a toward the second magnetic layer 20a, or may
be the direction from the second magnetic layer 20a toward
the first magnetic layer 10a. The inertial sensor 310 according
to the embodiment can provide an inertial sensor that senses
acceleration, displacement, etc. with high sensitivity.

[0128] There is a piezoresistance inertial sensor using Si,
for example. In this case, the strain sensitivity (gauge factor
GF) is determined by the material used, and the gauge factor
GF is approximately 130, for example. In the case of the
piezoresistance inertial sensor using Si, an element area of
approximately 100 um in terms of one side is needed. The
gauge factor GF per unit area is 130/100 um?, and is approxi-
mately 10'°, for example.

[0129] Onthe other hand, in the inertial sensor according to
the embodiment, a spin strain sensor is used as the sensing
element unit 50. As described above, a gauge factor of
approximately 4000 to 5000 is obtained. In the embodiment,
higher gauge factors GF are obtained by using magnetic
layers. Even a gauge factor GF of approximately 10,000 is
obtained, for example. The element area necessary to achieve
this gauge factor GF is approximately 100 nm in terms of one
side, as described above. Accordingly, the gauge factor GF
per unit area is approximately 10'7, for example. Thus, in the
embodiment, improvements in sensitivity per unit area of
approximately seven digits are possible as compared to the
case of the inertial sensor of a MEMS structure using Si, for
example. In other words, sensitivities substantially equal to
existing ones can be achieved even by small devices. Proper-
ties higher than conventional ones are obtained with sizes
substantially equal to conventional ones. Properties such as
high sensitivities, wide frequency ranges, and wide dynamic
ranges are obtained, for example. The embodiment can pro-
vide an inertial sensor that has been difficult for conventional
technology to provide.
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[0130] As shown in FIG. 11B, the inertial sensor 50 may
include bias layers 55a and 5556 (hard bias layers). The bias
layers 55a and 556 are provided to oppose a strain resistance
change unit 50s.

[0131] In this example, the second magnetic layer 20 is a
magnetization fixed layer. The bias layers 554 and 555 are
juxtaposed to the second magnetic layer 20. The strain resis-
tance change unit 50s is disposed between the bias layers 554
and 55b. An insulating layer 54a is provided between the bias
layer 55a and the strain resistance change unit 50s. An insu-
lating layer 544 is provided between the bias layer 555 and the
strain resistance change unit 50s.

[0132] The bias layers 55a and 555 apply a bias magnetic
field to the first magnetic layer 10. Thereby, the magnetization
direction of the first magnetic layer 10 can be biased to an
appropriate position, and can be made into a single magnetic
domain

[0133] Thesize (in this example, the length along the Y-axis
direction) of each of the bias layers 55a and 555 is not less
than 100 nm and not more than 10 um, for example.

[0134] The size (in this example, the length along the Y-axis
direction) of each of the insulating layers 54a and 545 is not
less than 1 nm and not more than 5 nm, for example.

Second Embodiment

[0135] FIG. 12 is a schematic perspective view illustrating
an inertial sensor according to a second embodiment.

[0136] As shown in FIG. 12, in an inertial sensor 320, a
second sensing element unit 505 is further provided in addi-
tion to the first sensing element unit 50q. That is, the connec-
tion portion 74 further includes a second portion 745 in addi-
tion to the first portion 74a. The second sensing element unit
506 is provided on the second portion 745, for example. The
second sensing element unit 504 is fixed to the second portion
74b.

[0137] Inthis example, a third sensing element unit 50¢ and
a fourth sensing element unit 504 are further provided. That
is, the connection portion 74 further includes a third portion
74¢ and a fourth portion 74d. The third sensing element unit
50c¢ is provided on the third portion 74c¢. The third sensing
element unit 50c¢ is fixed to the third portion 74¢. The fourth
sensing element unit 504 is provided on the fourth portion
74d. The fourth sensing element unit 504 is fixed to the fourth
portion 74d. The first to fourth sensing element units 50qa to
504 are included in the sensing element unit 50. As described
later, the number of sensing element units 50 may be 5 or
more.

[0138] In this example, a first interconnection 57 and a
second interconnection 58 are provided on the base portion
71. In this example, at least a part of the first interconnection
57 and the second interconnection 58 is provided on the upper
surface of the base portion 71. The first interconnection 57
and the second interconnection 58 are electrically connected
to each of the sensing element units 50.

[0139] In this example, the first to fourth portions 74a to
74d are apart from one another. That is, the connection por-
tion 74 includes a plurality of portions apart from one another.
In this example, the connection portion 74 holds a plurality of
portions apart from one another of the weight portion 72.
[0140] As described later, the embodiment is not limited
thereto, and the first to fourth portions 74a to 74d may be
continuous. That is, the connection portion 74 may be con-
tinuously connected to the outer edge of the weight portion
72.
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[0141] As shown in FIG. 12, the first to fourth sensing
element units 50a to 504 are provided substantially in one
plane. A plane parallel to the direction from the base portion
71 toward the weight portion 72 and to the direction from the
first portion 74a toward the second portion 745 is formed, for
example. In this example, the plane is the X-Y plane. In this
example, the first to fourth sensing element units 50a to 504
are provided in the X-Y plane.

[0142] When projected onto the X-Y plane, the line con-
necting the centroid 72¢ of the weight portion 72 and the first
sensing element unit 50a crosses the line connecting the
centroid 72¢ of the weight portion 72 and the second sensing
element unit 505, for example. In this example, when pro-
jected onto the X-Y plane, the line connecting the first sensing
element unit 50q and the third sensing element unit 50c passes
through the centroid 72¢ of the weight portion 72. In this
example, when projected onto the X-Y plane, the line con-
necting the second sensing element unit 505 and the fourth
sensing element unit 504 passes through the centroid 72¢ of
the weight portion 72.

[0143] The first to fourth sensing element units 50a to 504
are aligned along the outer edge 72¢ of the weight portion 72.
[0144] FIG. 13A to FIG. 13C are schematic cross-sectional
views illustrating the inertial sensor according to the second
embodiment.

[0145] As shown in FIG. 13A, the second sensing element
unit 505 includes a third magnetic layer 105, a fourth mag-
netic layer 205, and a second intermediate layer 305. The
second intermediate layer 305 is provided between the third
magnetic layer 105 and the fourth magnetic layer 205, and is
nonmagnetic. The third magnetic layer 105, the fourth mag-
netic layer 205, and the second intermediate layer 306 are
included in a second resistance change unit 50sb. In this
example, a third electrode 515 and a fourth electrode 525 are
further provided. The second resistance change unit 5055 is
disposed between the third electrode 515 and the fourth elec-
trode 5254. In this example, the third magnetic layer 105 is
disposed between the third electrode 515 and the fourth elec-
trode 525, and the fourth magnetic layer 2056 is disposed
between the third magnetic layer 105 and the third electrode
51b.

[0146] As shown in FIG. 13B, the third sensing element
unit 50¢ includes a fifth magnetic layer 10c, a sixth magnetic
layer 20c, and a third intermediate layer 30c. The third inter-
mediate layer 30c¢ is provided between the fifth magnetic
layer 10c¢ and the sixth magnetic layer 20c, and is nonmag-
netic. The fifth magnetic layer 10¢, the sixth magnetic layer
20c¢, and the third intermediate layer 30c¢ are included in a
third resistance change unit 50sc. In this example, a fifth
electrode 51¢ and a sixth electrode 52¢ are further provided.
The third resistance change unit 50sc is disposed between the
fifth electrode 51c¢ and the sixth electrode 52c.

[0147] As shown in FIG. 13C, the fourth sensing element
unit 504 includes a seventh magnetic layer 10d, an eighth
magnetic layer 204, and a fourth intermediate layer 30d. The
fourth intermediate layer 304 is provided between the seventh
magnetic layer 104 and the eighth magnetic layer 204, and is
nonmagnetic. The seventh magnetic layer 10d, the eighth
magnetic layer 20d, and the fourth intermediate layer 304 are
included in a fourth resistance change unit 50sd. In this
example, a seventh electrode 514 and an eighth electrode 524
are further provided. The fourth resistance change unit 50sd is
disposed between the seventh electrode 51d and the eighth
electrode 524.
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[0148] The third magnetic layer 105, the fifth magnetic
layer 10¢, and the seventh magnetic layer 104 are a magneti-
zation free layer, for example. The material and configuration
described in regard to the first magnetic layer 10a are used for
these magnetic layers.

[0149] The fourth magnetic layer 205, the sixth magnetic
layer 20c¢, and the eighth magnetic layer 204 are a reference
layer, for example. These magnetic layers are a magnetization
free layer or a magnetization fixed layer, for example. The
material and configuration described in regard to the second
magnetic layer 20a are used for these magnetic layers.
[0150] FIG. 14A and FIG. 14B are schematic plan views
illustrating the inertial sensor according to the second
embodiment.

[0151] FIG. 14A and FIG. 14B correspond to the first state
ST1 and the second state ST2, respectively.

[0152] As shown in FIG. 14A, one plane (for example, the
X-Y plane) includes the direction from the base portion 71
toward the weight portion 72 and the direction from the first
portion 74a toward the second portion 74b. The direction
connecting the position of the centroid 72¢ of the weight
portion 72 in the plane (the X-Y plane) and the position of the
first portion 74a in the plane is defined as a first direction LN1,
for example. On the other hand, the direction connecting the
position of the centroid 72¢ of the weight portion 72 in the
plane and the position of the second portion 745 in the plane
is defined as a second direction LN2. The first direction LN1
crosses the second direction LN2. In this example, the angle
between the first direction LN1 and the second direction LN2
is substantially 90 degrees. This angle is larger than 0 degrees
and smaller than 180 degrees, for example.

[0153] When projected onto the X-Y plane, a plurality of
sensing element units 50 are arranged along the circumfer-
ence of a circle with center at the centroid 72¢ of the weight
portion 72.

[0154] Inthe firststate ST1, in the first sensing element unit
50a, the direction of the magnetization of the first magnetic
layer 10a (a first layer magnetization direction 10am) runs
along the direction of the magnetization of the second mag-
netic layer 20a (a second layer magnetization direction
20am), for example. In this example, the first layer magneti-
zation direction 10am is antiparallel to the second layer mag-
netization direction 20am.

[0155] In the first state ST1, in the second sensing element
unit 505, the direction of the magnetization of the third mag-
netic layer 105 (a third layer magnetization direction 105m)
runs along the direction of the magnetization of the fourth
magnetic layer 206 (a fourth layer magnetization direction
20bm), for example. In this example, the third layer magne-
tization direction 106m is antiparallel to the fourth layer mag-
netization direction 205m.

[0156] In the first state ST1, in the third sensing element
unit 50¢, the direction of the magnetization of the fifth mag-
netic layer 10c¢ (a fitth layer magnetization direction 10 cm)
runs along the direction of the magnetization of the sixth
magnetic layer 20c¢ (a sixth layer magnetization direction 20
cm), for example. In this example, the fifth layer magnetiza-
tion direction 10 cm is antiparallel to the sixth layer magne-
tization direction 20 cm.

[0157] In the first state ST1, in the fourth sensing element
unit 504, the direction of the magnetization of the seventh
magnetic layer 10d (a seventh layer magnetization direction
10dm) runs along the direction of the magnetization of the
eighth magnetic layer 204 (an eighth layer magnetization
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direction 20dm), for example. In this example, the seventh
layer magnetization direction 10dm is antiparallel to the
eighth layer magnetization direction 20dm.

[0158] For easier description, it is assumed that the refer-
ence layer 20 (the second magnetic layer 20q, the fourth
magnetic layer 205, the sixth magnetic layer 20c, the eighth
magnetic layer 204, and the like) is a magnetization fixed
layer.

[0159] The direction of the magnetization of the second
magnetic layer 20a (the second layer magnetization direction
20am) crosses the direction of the magnetization of the fourth
magnetic layer 205 (the fourth layer magnetization direction
206m). The angle between the second layer magnetization
direction 20am and the fourth layer magnetization direction
20b6m is 90 degrees, for example.

[0160] In this example, the direction of the magnetization
of'the sixth magnetic layer 20c (the sixth layer magnetization
direction 20 cm) is parallel to the direction of the magnetiza-
tion of the second magnetic layer 204 (the second layer mag-
netization direction 20am). The direction of the magnetiza-
tion of the eighth magnetic layer 204 (the eighth layer
magnetization direction 20dm) is parallel to the direction of
the magnetization of the fourth magnetic layer 205 (the fourth
layer magnetization direction 20bm).

[0161] As shown in FIG. 14B, on entering the second state
ST2, the direction of the magnetization of the magnetization
free layer 10 (the first magnetic layer 10a, the third magnetic
layer 104, the fifth magnetic layer 10c, the seventh magnetic
layer 10d, and the like) changes from that in the first state
ST1.

[0162] As shown in FIG. 14A, in the first magnetic layer
10qa, when the relative position of the weight portion 72 with
respect to the base portion 71 is in the first state ST1, the
magnetization of the first magnetic layer 10a (the first layer
magnetization direction 10am) is in a first magnetization
direction, for example. In this example, the first magnetiza-
tion direction in the first state ST1 (the first layer magnetiza-
tion direction 10am) runs along the Y-axis direction. As
shown in FIG. 14B, when the relative position of the weight
portion 72 with respect to the base portion 71 is in the second
state ST2 different from the first state ST1, the magnetization
of the first magnetic layer 10qa (the first layer magnetization
direction 10am) is in a direction different from the first mag-
netization direction in the first state ST1. In this example, the
magnetization of the first magnetic layer 10a (the first layer
magnetization direction 10am) in the second state ST2 is
inclined with respect to the Y-axis direction. Thereby, in the
first sensing element unit 50a, the electric resistance changes
between the first state ST1 and the second state ST2.

[0163] Similarly, as shown in FIG. 14A, in the second sens-
ing element unit 505, when the relative position of the weight
portion 72 with respect to the base portion 71 is in the first
state ST1, the magnetization of the third magnetic layer 106
(the third layer magnetization direction 10bm) is in a third
magnetization direction. In this example, the third magneti-
zation direction in the first state ST1 (the third layer magne-
tization direction 10bm) runs along the X-axis direction. As
shown in FIG. 14B, when the relative position of the weight
portion 72 with respect to the base portion 71 is in the second
state ST2, the magnetization of the third magnetic layer 106
(the third layer magnetization direction 105m) is in a direc-
tion different from the third magnetization direction in the
first state ST1. In this example, the magnetization of the third
magnetic layer 105 (the third layer magnetization direction
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1056m) in the second state ST2 is inclined with respect to the
X-axis direction. Thereby, in the second sensing element unit
504, the electric resistance changes between the first state
ST1 and the second state ST2.

[0164] In the inertial sensor 320, with the centroid 72¢ of
the weight portion 72 as a reference, a plurality of sensing
element units 50 are arranged in different directions. Thereby,
accelerations in different directions can be sensed. With the
centroid 72¢ of the weight portion 72 as a reference, the
direction of the magnetization of the reference layer (the
second magnetic layer 20qa) in the first sensing element unit
50a disposed in the X-axis direction and the direction of the
magnetization of the reference layer (the fourth magnetic
layer 205) in the second sensing element unit 505 disposed in
the Y-axis direction cross each other; thereby, accelerations
along the X-axis direction and accelerations along the Y-axis
direction can be sensed, for example. Also accelerations
along the Z-axis direction can be sensed. The inertial sensor
320 can sense accelerations in arbitrary directions of three
axes.

[0165] Inthe case where the reference layer 20 is a magne-
tization fixed layer, the direction of the magnetization of each
of the plurality of reference layers 20 may be set in accor-
dance with the positioning of each of the plurality of reference
layers 20. As shown in FIG. 14A, in this example, the angle
between the first direction LN1 and the second direction LN2
is 90 degrees. At this time, the angle between the direction of
the magnetization of the second magnetic layer 20a and the
direction of the magnetization of the fourth magnetic layer
2056 is 90 degrees. It is assumed that, when the angle between
the first direction LN1 and the second direction LN2 is not
less than 70 degrees and not more than 110 degrees, the angle
between the direction of the magnetization of the second
magnetic layer 20a and the direction of the magnetization of
the fourth magnetic layer 205 is not less than 70 degrees and
not more than 110 degrees, for example. The properties in the
sensing element units 50 are substantially symmetric, and
sensing sensitivity can be enhanced.

[0166] Although this example is described for the case
where the reference layer 20 is a magnetization fixed layer,
the reference layer 20 may be a magnetization free layer. In
this case, when the relative position of the weight portion 72
with respect to the base portion 71 is in the first state ST1, the
magnetization of the first magnetic layer 10q is in a first
magnetization direction, and the magnetization of the second
magnetic layer 20q is in a second magnetization direction, for
example. When the relative position of the weight portion 72
with respect to the base portion 71 is in the second state ST2
different from the first state ST1, the magnetization of the first
magnetic layer 10qa is in a direction different from the first
magnetization direction, and the magnetization of the second
magnetic layer 20q is in a direction different from the second
magnetization direction. Thereby, in the first sensing element
unit 50q, the electric resistance changes between the first state
ST1 and the second state ST2.

[0167] On the other hand, when the relative position of the
weight portion 72 with respect to the base portion 71 is in the
first state ST1, the magnetization of the third magnetic layer
105 is in a third magnetization direction, and the magnetiza-
tion of the fourth magnetic layer 205 is in a fourth magneti-
zation direction. When the relative position of the weight
portion 72 with respect to the base portion 71 is in the second
state ST2, the magnetization of the third magnetic layer 105 is
in a direction different from the third magnetization direction,
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and the magnetization of the fourth magnetic layer 20bis in a
direction different from the fourth magnetization direction.
Thereby, in the second sensing element unit 505, the electric
resistance changes between the first state ST1 and the second
state ST2.

[0168] Thus, each of the sensing element units 50 is pro-
vided in each of the plurality of positions of the connection
portion 74 (for example, the first portion 74a and the second
portion 745). In the case where a magnetization fixed layer is
used as the reference layer 20, the direction of the magneti-
zation of the second magnetic layer 20q in the first sensing
element unit 50a and the direction of the magnetization of the
fourth magnetic layer 205 in the second sensing element unit
505 may be differentiated from each other; thereby, accelera-
tions in the directions of three axes are sensed. Alternatively,
by using a magnetization free layer as the reference layer 20,
accelerations in the directions of three axes are sensed.
[0169] FIG. 15A and FIG. 15B are schematic plan views
illustrating other inertial sensors according to the second
embodiment.

[0170] As shown in FIG. 15A, in an inertial sensor 320a
according to the embodiment, a plurality of sensing element
units 50 are provided. In this example, the number of sensing
element units 50 is eight. In the embodiment, the number of
sensing element units 50 is arbitrary.

[0171] In this example, the magnetization 20m of the ref-
erence layer 20 of each of the sensing element units 50 is
orthogonal to the line connecting each sensing element unit
50 and the centroid 72¢ of the weight portion 72. The mag-
netization 10m of the magnetization free layer 10 of each of
the sensing element units 50 is substantially parallel (in this
example, antiparallel) to the magnetization 20m of the refer-
ence layer 20 of each sensing element unit 50.

[0172] Inthe embodiment, the angle with the line connect-
ing the magnetization 20m of the reference layer 20 of each of
the sensing element units 50 and the centroid 72¢ of the
weight portion 72 may be altered from 90 degrees. The angle
between the magnetization 10m of the magnetization free
layer 10 of each of the sensing element units 50 and the
magnetization 20m of the reference layer 20 of each sensing
element unit 50 may be altered from 0 degrees or 180 degrees.
[0173] As shown in FIG. 15B, in an inertial sensor 3205
according to the embodiment, the connection portion 74 is
continuous, and the first portion 74q is continuous with the
second portion 745, for example.

[0174] In the embodiment, when the first portion 74a and
the second portion 745 are separated, the degree of deforma-
tion of the connection portion 74 with respect to the applied
acceleration is increased, and sensing sensitivity is enhanced.
On the other hand, when the connection portion 74 is con-
tinuous, the mechanical strength of the connection portion 74
is enhanced. The connection portion 74 is designed in accor-
dance with the thickness of the connection portion 74, the
necessary sensing sensitivity, and the viewpoint of reliability.
[0175] When the connection portion 74 is thin, high sensing
sensitivity is obtained, for example. The X-Y plane is a plane
parallel to the direction from the base portion 71 toward the
weight portion 72 and to the direction from the first portion
74a toward the second portion 745, for example. The direc-
tion perpendicular to the X-Y plane (for example, the Z-axis
direction) is defined as a third direction. The length (thick-
ness) of the first portion 74a along the third direction is
shorter (thinner) than the length (thickness) of the weight
portion 72 along the third direction (the Z-axis direction). The
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length (thickness) of the second portion 745 along the third
direction (the Z-axis direction) is shorter (thinner) than the
length (thickness) of the weight portion 72 along the third
direction (the Z-axis direction).

[0176] The width of the first portion 74a and the width of
the second portion 745 are narrower than the width of the
weight portion 72. The first portion 74a and the second por-
tion 745 are separated from each other, for example. At this
time, the direction parallel to the X-Y plane and perpendicu-
lar to the first direction LN1 is defined as a fourth direction.
The length (width) of the first portion 74a along the fourth
direction is shorter than the length (width) of the weight
portion 72 along the fourth direction. On the other hand, the
direction parallel to the X-Y plane and perpendicular to the
second direction LN2 is defined as a fifth direction. The
length (width) of the second portion 745 along the fifth direc-
tion is shorter than the length (width) of the weight portion 72
along the fifth direction. Thereby, it becomes easier to obtain
high sensing sensitivity.

Third Embodiment

[0177] FIG. 16A and FIG. 16B are schematic perspective
views illustrating an inertial sensor according to a third
embodiment.

[0178] FIG. 16A illustrates the first sensing element unit
50a in an inertial sensor 330 according to the embodiment.
FIG. 168 illustrates the second sensing element unit 505 in
the inertial sensor 330. In the drawings, the base portion 71
and the weight portion 72 are omitted. The base portion 71
and the weight portion 72 in the inertial sensor 330 are similar
to those described in regard to the first and second embodi-
ments, for example.

[0179] As shown in FIG. 16A, the first magnetic layer 10a
extends along a first extending direction Deal. The first
extending direction Deal crosses a first stacking direction
Dzal from the first magnetic layer 10a toward the second
magnetic layer 20a (for example, the Z-axis direction). In this
example, the first extending direction Deal is perpendicular
to the first stacking direction Dzal. The first magnetic layer
10a has a length along the first extending direction Deal (a
first major axis length Leal). The first magnetic layer 104 has
a length in a direction (direction Dfal) crossing the first
stacking direction Dzal and crossing the first extending
direction Deal (a first minor axis length [.fal). The first major
axis length Leal ofthe first magnetic layer 10a is longer than
the first minor axis length Lfal of the first magnetic layer 10a.
[0180] The second magnetic layer 20a extends along a
second extending direction Dea2. The second extending
direction Dea2 crosses the first stacking direction Dzal from
the first magnetic layer 10a toward the second magnetic layer
20a (for example, the Z-axis direction). In this example, the
second extending direction Dea2 is perpendicular to the first
stacking direction Dzal. The second magnetic layer 20a has
a length along the second extending direction Dea2 (a second
major axis length [Lea2). The second magnetic layer 20a has
a length in a direction (direction Dfa2) crossing the first
stacking direction Dzal and crossing the second extending
direction Dea2 (a second minor axis length [.fa2). The second
major axis length [Lea2 of the second magnetic layer 20q is
longer than the second minor axis length [.fa2 of the second
magnetic layer 20a.

[0181] That is, shape anisotropy is provided in the first
sensing element unit 50a. In this example, the second extend-
ing direction Dea2 runs along the first extending direction
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Deal. The extending direction of the second magnetic layer
20a (the second extending direction Dea2) is parallel to the
extending direction of the first magnetic layer 10a (the first
extending direction Deal), for example.

[0182] The first major axis length Leal (the length of the
first magnetic layer 10q in the first extending direction Deal)
is not less than 1.5 times and not more than 3 times the first
minor axis length Lfal (the length of the first magnetic layer
104 in the direction Dfal crossing the first stacking direction
Dzal and crossing the first extending direction Deal), for
example.

[0183] Thesecond major axis length Lea2 (the length ofthe
second magnetic layer 20q in the second extending direction
Dea2) is not less than 1.5 times and not more than 3 times the
second minor axis length [.fa2 (the length of the second
magnetic layer 20q in the direction Dfa2 crossing the first
stacking direction Dzal and crossing the second extending
direction Dea2), for example.

[0184] Asshown in FIG. 16B, the third magnetic layer 105
extends along a third extending direction Debl. The third
extending direction Deb1 crosses a second stacking direction
Dzbl from the third magnetic layer 105 toward the fourth
magnetic layer 205 (for example, the Z-axis direction). In this
example, the third extending direction Deb1 is perpendicular
to the second stacking direction Dzb1. The third magnetic
layer 106 has a length along the third extending direction
Debl (a third major axis length Leb1). The third magnetic
layer 105 has a length in the direction (direction Dfb1) cross-
ing the second stacking direction Dzb1 and crossing the third
extending direction Debl (a third minor axis length [.fb1).
The third major axis length Leb1 of the third magnetic layer
105 is longer than the third minor axis length Lfb1 of the third
magnetic layer 104.

[0185] The fourth magnetic layer 205 extends along a
fourth extending direction Deb2. The fourth extending direc-
tion Deb2 crosses the second stacking direction Dzb1 from
the third magnetic layer 105 toward the fourth magnetic layer
204 (for example, the Z-axis direction). In this example, the
fourth extending direction Deb2 is perpendicular to the sec-
ond stacking direction Dzb1. The fifth magnetic layer 205 has
a length along the fourth extending direction Deb2 (a fourth
major axis length Leb2). The fourth magnetic layer 205 has a
length in the direction (direction Dfb2) crossing the second
stacking direction Dzb1 and crossing the fourth extending
direction Deb2 (a fourth minor axis length Lb2). The fourth
major axis length Leb2 of the fourth magnetic layer 205 is
longer than the fourth minor axis length [fb2 of the fourth
magnetic layer 204.

[0186] That is, shape anisotropy is provided in the second
sensing element unit 505. In this example, the fourth extend-
ing direction Deb2 runs along the third extending direction
Debl. The extending direction of the fourth magnetic layer
205 (the fourth extending direction Deb2) is parallel to the
extending direction of the third magnetic layer 106 (the third
extending direction Deb1).

[0187] The third major axis length Leb1 (the length of the
third magnetic layer 106 in the third extending direction
Deb1) is not less than 1.5 times and not more than 3 times the
third minor axis length [.fb1 (the length of the third magnetic
layer 104 in the direction Dfb1 crossing the second stacking
direction Dzb1 and crossing the third extending direction
Deb1), for example.

[0188] The fourth major axis length Leb2 (the length ofthe
fourth magnetic layer 205 in the fourth extending direction
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Deb2) is not less than 1.5 times and not more than 3 times the
fourth minor axis length Lfb2 (the length of the fourth mag-
netic layer 204 in the direction Dfb2 crossing the second
stacking direction Dzb1 and crossing the fourth extending
direction Deb2), for example.

[0189] Each of the first major axis length Leal, the second
major axis length [Lea2, the third major axis length Leb1, and
the fourth major axis length Leb2 is not less than 0.5 pm and
not more than 60 um, for example.

[0190] By providing shape anisotropy in the first sensing
element unit 50a and the second sensing element unit 505 and
differentiating the direction of shape anisotropy (extending
direction), the direction of the magnetization of the reference
layer 20 (the second magnetic layer 20a) of the first sensing
element unit 50q and the direction of the magnetization of the
reference layer 20 (the fourth magnetic layer 205) of the
second sensing element unit 505 can be differentiated from
each other.

[0191] FIG. 17 is a schematic plan view illustrating the
inertial sensor according to the third embodiment.

[0192] In FIG. 17, for easier viewing of the drawing, the
boundary between portions provided in the connection por-
tion 74 (the first portion 74a, the second portion 745, etc.) is
omitted.

[0193] As shown in FIG. 17, in the inertial sensor 330
according to the embodiment, a plurality of sensing element
units 50 (the first sensing element unit 504, the second sens-
ing element unit 505, etc.) are provided. The plurality of
sensing element units 50 are provided along the outer edge
72r of the weight portion 72, for example.

[0194] Inthe first sensing element unit 50a, the first extend-
ing direction Deal and the second extending direction Dea2
run along the Y-axis direction, for example.

[0195] In the second sensing element unit 505, the third
extending direction Deb1 and the fourth extending direction
Deb2 run along the X-axis direction, for example.

[0196] Thus, the first extending direction Deal of the first
magnetic layer 10a of the first sensing element unit 50a
crosses the third extending direction Deb1 of the third mag-
netic layer 105 of the second sensing element unit 505. The
second extending direction Dea2 of the second magnetic
layer 20a of the first sensing element unit 50a crosses the
fourth extending direction Deb2 of the fourth magnetic layer
2056 of the second sensing element unit 504.

[0197] In the inertial sensor 330, the direction of the mag-
netization of each of the plurality of magnetic layers can be
controlled using shape anisotropy. Thereby, a sensing ele-
ment unit 50 having desired characteristics can be provided in
a desired position of the connection portion 74. Thereby,
sensing with higher sensitivity becomes possible.

[0198] In this example, the shape of the weight portion 72
when projected onto the X-Y plane is a circle. The direction
55 of the stress generated when an acceleration 72g is applied
to the weight portion 72 runs along the radial line with center
at the centroid 72¢ of the weight portion 72, for example. The
extending direction of the magnetic layer is set so as to cross
the direction 55 of the stress, for example. The extending
direction of the magnetic layer crosses the radial line with
center at the centroid 72¢ of the weight portion 72, for
example. The first extending direction Deal crosses the line
passing through the centroid 72¢ and the first magnetic layer
104, for example. The angle between the first extending direc-
tion Deal and the line passing through the centroid 72¢ and
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the first magnetic layer 10a is not less than 70 degrees and not
more than 110 degrees, for example, and is approximately 90
degrees, for example.

[0199] The angle from the first direction LN1 to the first
extending direction Deal is substantially equal to the angle
from the second direction LN2 to the third extending direc-
tion Debl, for example. The difference between the angle
from the first direction LN1 to the first extending direction
Deal and the angle from the second direction LN2 to the third
extending direction Deb1 is 10 degrees or less.

[0200] FIG. 18A and FIG. 18B are schematic plan views
illustrating other inertial sensors according to the third
embodiment.

[0201] Inthe drawings, for easier viewing of the drawings,
the boundary between portions provided in the connection
portion 74 (the first portion 74a, the second portion 745, etc.)
is omitted.

[0202] AsshowninFIG. 18A and FIG. 18B, also in inertial
sensors 330a and 3305 according to the embodiment, a plu-
rality of sensing element units 50 (the first sensing element
unit 504, the second sensing element unit 505, etc.) are pro-
vided.

[0203] As shown in FIG. 18A, in the inertial sensor 330a,
the extending direction of the magnetic layer is inclined with
respect to the radial line with center at the centroid 72¢ of the
weight portion 72. The angle between the first extending
direction Deal and the line passing through the centroid 72¢
and the first magnetic layer 10q is larger than 0 degrees and
smaller than 90 degrees, for example. The difference between
the angle from the first direction LN1 to the first extending
direction Deal and the angle from the second direction LN2
to the third extending direction Deb1 is 10 degrees or less, for
example.

[0204] As shown in FIG. 18B, in the inertial sensor 3304,
the extending direction of the magnetic layer runs along the
radial line with center at the centroid 72¢ of the weight portion
72. The angle between the first extending direction Deal and
the line passing through the centroid 72¢ and the first mag-
netic layer 10a is plus or minus 5 degrees or less, for example.
[0205] Also such inertial sensors can sense acceleration
and displacement with high sensitivity.

[0206] FIG. 19 is a schematic perspective view illustrating
another inertial sensor according to the third embodiment.
[0207] FIG. 19 illustrates the first sensing element unit 50a
in another inertial sensor 330¢ according to the embodiment.
In FIG. 19, the base portion 71 and the weight portion 72 are
omitted. The base portion 71 and the weight portion 72 in the
inertial sensor 330c¢ are similar to those described in regard to
the first and second embodiments, for example.

[0208] As shown in FIG. 19, in the first sensing element
unit 50a, the planar shape of the first magnetic layer 10a, the
second magnetic layer 20a, and the first intermediate layer
30a (the shape when projected onto the X-Y plane) is a flat
circular shape (including an ellipse). Similarly, also the pla-
nar shape of each of the magnetic layers provided in the
second sensing element unit 505 may be a flat circular shape,
[0209] FIG. 20A and FIG. 20B are schematic perspective
views illustrating another inertial sensor according to the
third embodiment.

[0210] FIG. 20A illustrates the first sensing element unit
50q¢ in an inertial sensor 331 according to the embodiment.
FIG. 20B illustrates the second sensing element unit 5056 in
the inertial sensor 331. In the drawings, the base portion 71,
the weight portion 72, and the connection portion 74 are
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omitted. The base portion 71, the weight portion 72, and the
connection portion 74 in the inertial sensor 331 are similar to
those described in regard to the inertial sensor 330, for
example.

[0211] As shown in FIG. 20A and FIG. 20B, in this
example, the extending direction of the magnetization free
layer 10 and the extending direction of the reference layer 20
cross each other.

[0212] As shown in FIG. 20A, the first magnetic layer 10a
extends along the first extending direction Deal, for example.
The second magnetic layer 20a extends along the second
extending direction Deal. The second extending direction
Deal crosses the first extending direction Deal.

[0213] Asshown in FIG. 20B, the third magnetic layer 105
extends along the third extending direction Debl, for
example. The fourth magnetic layer 205 extends along the
fourth extending direction Deb2. The fourth extending direc-
tion Deb2 crosses the third extending direction Debl.
[0214] Thatis, inthe inertial sensor 331, the direction of the
shape anisotropy provided for the first magnetic layer 10a is
different from the direction of the shape anisotropy provided
for the second magnetic layer 20a. The direction of the shape
anisotropy provided for the third magnetic layer 105 is dif-
ferent from the direction of the shape anisotropy provided for
the fourth magnetic layer 205. The direction of the magneti-
zation based on the shape anisotropy of the first magnetic
layer 10a can be differentiated from the direction of the
magnetization based on the shape anisotropy of the second
magnetic layer 20a, for example. The direction of the mag-
netization based on the shape anisotropy of the third magnetic
layer 105 can be differentiated from the direction of the
magnetization based on the shape anisotropy of the fourth
magnetic layer 205, for example. Thereby, a sensing element
unit 50 having desired magnetization directions is obtained.
Sensing with higher sensitivity becomes possible.

[0215] FIG. 21 is aschematic plan view illustrating another
inertial sensor according to the third embodiment.

[0216] FIG. 21 is a plan view of the inertial sensor 331
according to the embodiment. In FIG. 21, for easier viewing
of the drawing, the boundary between portions provided in
the connection portion 74 (the first portion 744, the second
portion 74b, etc.) is omitted.

[0217] As shown in FIG. 21, a plurality of sensing element
units 50 (the first sensing element unit 504, the second sens-
ing element unit 505, etc.) are provided along the outer edge
72r of the weight portion 72.

[0218] Inthis example, when projected onto the X-Y plane,
the straight line 56a passing through the centroid 7¢ of the
weight portion 72 and the first sensing element unit 50a, and
the first extending direction Deal of the first magnetic layer
10a cross each other. The straight line 564 and the second
extending direction Dea2 of the second magnetic layer 20a
cross each other. In this example, the angle between the
straight line 56a and the first extending direction Deal is
equal to the angle between the straight line 564 and the second
extending direction Dea2.

[0219] Inthis example, when projected onto the X-Y plane,
the straight line 565 passing through the centroid 7¢ of the
weight portion 72 and the second sensing element unit 505,
and the third extending direction Deb1 of the third magnetic
layer 104 cross each other. The straight line 565 and the fourth
extending direction Deb2 of the fourth magnetic layer 205
cross each other. In this example, the angle between the
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straight line 565 and the third extending direction Debl is
equal to the angle between the straight line 565 and the fourth
extending direction Deb2.

[0220] The inertial sensor 331 enables sensing with higher
sensitivity.
[0221] In the case where the extending directions of the

magnetic layers included in the sensing element unit 50 are
different, the angle between extending directions is arbitrary.
The angle between the straight line passing through the cen-
troid 72¢ of the weight portion 72 and the sensing element
unit 50 and the extending direction of the magnetic layer is
arbitrary.

[0222] FIG. 22A and FIG. 22B are schematic plan views
illustrating other inertial sensors according to the third
embodiment.

[0223] The drawings illustrate configurations of the sens-
ing element unit 50 (the first sensing element unit 50a) used
for the inertial sensor 331. In the drawings, the intermediate
layer 30 (the first intermediate layer 30q) is omitted. The
drawings illustrate planar shapes of the first magnetic layer
10qa and the second magnetic layer 20a.

[0224] Inthe example shown in FIG. 22A, the planar shape
of each of the first magnetic layer 104 and the second mag-
netic layer 20a is a rectangle. In this case, the first major axis
length Leal corresponds to the length of the long side of the
rectangle. The first minor axis length [fal corresponds to the
length of the short side of the rectangle. The second major
axis length LLea2 corresponds to the length of the long side of
the rectangle. The second minor axis length [.fa2 corresponds
to the length of the short side of the rectangle.

[0225] Inthe example shown in FIG. 22B, the planar shape
of each of the first magnetic layer 104 and the second mag-
netic layer 20q is a flat circular shape (including an ellipse). In
this case, the first major axis length Leal corresponds to the
length of the major axis of the flat circle. The first minor axis
length [fal corresponds to the length of the minor axis of the
flat circle The second major axis length Lea2 corresponds to
the length of the major axis of the flat circle. The second
minor axis length [.fa2 corresponds to the length of the minor
axis of the flat circle.

[0226] Intheembodiment, the planar shape of'the magnetic
layer may be variously modified.

Fourth Embodiment

[0227] FIG. 23 is a schematic perspective view illustrating
an inertial sensor according to a fourth embodiment.

[0228] As shown in FIG. 23, in an inertial sensor 340
according to the embodiment, a plurality of sensing element
units 50 (a plurality of first sensing element units 50a) are
provided in the first portion 74a of the connection portion 74.
In this example, a part of the plurality of first sensing element
units 50a are aligned along a direction along the outer edge
72r of the weight portion 72. Another part of the plurality of
first sensing element units 50q are aligned along the direction
of'the radial straight line running from the centroid 72¢ of the
weight portion 72 toward the outer edge 72~ (for example, the
first direction LN1).

[0229] In this example, a plurality of second sensing ele-
ment units 505 are provided in the second portion 745 of the
connection portion 74. In this example, a part of the plurality
of second sensing element units 505 are aligned along a
direction along the outer edge 72~ of the weight portion 72.
Another part of the plurality of second sensing element units
5054 are aligned along the direction of the radial straight line
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running from the centroid 72¢ of the weight portion 72 toward
the outer edge 727 (for example, the second direction LN2).
[0230] When an acceleration 72g is applied, a strain is
generated in each of the first portion 74a and the second
portion 74b of the connection portion 74. By providing a
plurality of first sensing element units 50q in the first portion
74a in which a strain in the same direction is generated,
sensitivity is improved more. By providing a plurality of
second sensing element units 505 in the second portion 746 in
which a strain in the same direction is generated, sensitivity is
improved more. The plurality of sensing element units 50
provided may be connected to one another in series or in
parallel.

[0231] FIG. 24A to FIG. 24C are schematic diagrams illus-
trating inertial sensors according to the fourth embodiment.
[0232] The drawings show examples of the connection
state of a plurality of sensing element units 50 (first sensing
element units 50a).

[0233] As shown in FIG. 24A, in an inertial sensor 341a
according to the embodiment, a plurality of sensing element
units 50 are electrically connected in series. A plurality of first
sensing element units 50a are provided on the first portion
74a, for example. At least two of the plurality of first sensing
element units 50a are electrically connected in series.
[0234] When the number of sensing element units 50 con-
nected in series is denoted by N, the electric signal obtained is
N times of that when the number of sensing element units 50
is one. On the other hand, the thermal noise and the Schottky
noise are N*/? times. That is, the S/N ratio (signal-noise ratio;
SNR) is N*2 times. By increasing the number N of sensing
element units 50 connected in series, the S/N ratio can be
improved without increasing the size of the connection por-
tion 74.

[0235] The change in electric resistance R with respect to
the acceleration 72g (for example, polarity) is similar
between first sensing element units 50a provided in the first
portion 74a where the first sensing element unit 50a is pro-
vided, for example. Therefore, it is possible to sum up the
signals of the plurality of first sensing element units 50a.
[0236] The bias voltage applied to one sensing element unit
50 is not less than 50 millivolts (mV) and not more than 150
mV, for example. When N sensing element units 50 are con-
nected in series, the bias voltage is notless than S0 mVxN and
not more than 150 mVxN. When the number N of sensing
element units 50 connected in series is 25, the bias voltage is
not less than 1 V and not more than 3.75 V, for example.
[0237] Whenthe value ofthe bias voltageis 1V ormore, the
design of an electric circuit that processes the electric signal
obtained from the sensing element unit 50 is easy, and this is
preferable in practical terms. A plurality of sensing element
units 50 from which electric signals with the same polarity are
obtained when pressure is produced are provided, for
example. By connecting these sensing elements in series, the
S/N ratio can be improved as mentioned above.

[0238] Biasvoltages (inter-terminal voltages) exceeding 10
V are not preferable in the electric circuit that processes the
electric signal obtained from the sensing element unit 50. In
the embodiment, the number N of sensing element units 50
connected in series and the bias voltage are set so that an
appropriate voltage range is obtained.

[0239] The voltage when the plurality of sensing element
units 50 are electrically connected in series is preferably not
less than 1 V and not more than 10V, for example. The voltage
applied between the terminals of the two ends of the plurality
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of sensing element units 50 (the first sensing element units
50a) electrically connected in series (between the terminal of
one end and the terminal of the other end) is not less than 1V
and not more than 10V, for example.

[0240] To generate this voltage, when the bias voltage
applied to one sensing element 50 is 50 mV, the number N of
sensing element units 50 connected in series is preferably not
less than 20 and not more than 200. When the bias voltage
applied to one sensing element unit 50 is 150 mV, the number
N of'sensing element units 50 (first sensing element units 50q)
connected in series is preferably not less than 7 and not more
than 66.

[0241] As shown in FIG. 24B, in an inertial sensor 3415
according to the embodiment, a plurality of sensing element
units 50 (first sensing element units 50q) are electrically
connected in parallel. In the embodiment, at least part of a
plurality of sensing element units 50 may be electrically
connected in parallel.

[0242] As shown in FIG. 24C, in an inertial sensor 341¢
according to the embodiment, a plurality of sensing element
units 50 (first sensing element units 50a) are connected so as
to form a Wheatstone bridge circuit. Thereby, the temperature
compensation of detected characteristics can be made, for
example.

[0243] The embodiment can provide an inertial sensor that
senses acceleration, displacement, etc. with high sensitivity.

[0244] Hereinabove, embodiments of the invention are
described with reference to specific examples. However, the
embodiment of the invention is not limited to these specific
examples. For example, one skilled in the art may appropri-
ately select specific configurations of components of inertial
sensors such as base portions, weight portions, connection
portions, sensing element units, magnetic layers, and inter-
mediate layers from known art and similarly practice the
invention. Such practice is included in the scope of the inven-
tion to the extent that similar effects thereto are obtained.

[0245] Further, any two or more components of the specific
examples may be combined within the extent of technical
feasibility; and such combinations are included in the scope
of'the invention to the extent that the spirit of the invention is
included.

[0246] Moreover, all inertial sensors practicable by an
appropriate design modification by one skilled in the art
based on the inertial sensors described above as embodiments
of the invention also are within the scope of the invention to
the extent that the spirit of the invention is included.

[0247] Various other variations and modifications can be
conceived by those skilled in the art within the spirit of the
invention, and it is understood that such variations and modi-
fications are also encompassed within the scope of the inven-
tion.

[0248] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the invention.
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What is claimed is:

1. An inertial sensor comprising:

a base portion;

a weight portion;

a connection portion connecting the weight portion and the
base portion, connection portion being configured to be
deformed in accordance with a change in a relative posi-
tion of the weight portion with respect to a position of the
base portion; and

afirst sensing element unit provided on a first portion of the
connection portion and including a first magnetic layer,
a second magnetic layer, and a nonmagnetic first inter-
mediate layer, the nonmagnetic first intermediate layer
being provided between the first magnetic layer and the
second magnetic layer.

2. The sensor according to claim 1, wherein at least a part
of'the first magnetic layer includes iron and has an amorphous
structure.

3. The sensor according to claim 2, wherein the at least the
part includes Boron.

4. The sensor according to claim 1, further comprising a
second sensing element unit including a third magnetic layer,
a fourth magnetic layer, and a nonmagnetic second interme-
diate layer, the nonmagnetic second intermediate layer being
provided between the third magnetic layer and the fourth
magnetic layer,

the connection portion further including a second portion,
the second sensing element unit being provided on the
second portion, and

a first direction crossing a second direction, the first direc-
tion connecting a position of a centroid of the weight
portion in a first plane and a position of the first portion
in the first plane, the plane including a direction from the
base portion toward the weight portion and a direction
from the first portion toward the second portion, the
second direction connecting the position of the centroid
of the weight portion in the plane and a position of the
second portion in the plane.

5. The sensor according to claim 4, wherein

a magnetization of the first magnetic layer is in a first
magnetization direction and a magnetization of the sec-
ond magnetic layer is in a second magnetization direc-
tion when the relative position of the weight portion with
respect to the position of the base portion is in a first
state, and

the magnetization of the first magnetic layer is in a direc-
tion different from the first magnetization direction and
the magnetization of the second magnetic layer is in a
direction different from the second magnetization direc-
tion when the relative position of the weight portion with
respect to the position of the base portion is in a second
state different from the first state.

6. The sensor according to claim 4, wherein

adirection of a magnetization of the second magnetic layer
crosses a direction of a magnetization of the fourth mag-
netic layer,

a magnetization of the first magnetic layer is in a first
magnetization direction when the relative position of the
weight portion with respect to the position of the base
portion is in a first state, and

the magnetization of the first magnetic layer is in a direc-
tion different from the first magnetization direction
when the relative position of the weight portion with
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respect to the position of the base portion is in a second
state different from the first state.

7. The sensor according to claim 6, wherein

an angle between the first direction and the second direc-

tion is not less than 70 degrees and not more than 110
degrees and

an angle between a direction of the magnetization of the

second magnetic layer and a direction of the magnetiza-
tion of the fourth magnetic layer is not less than 70
degrees and not more than 110 degrees.

8. The sensor according to claim 4, wherein

the first magnetic layer extends along a first extending

direction crossing a first stacking direction from the first
magnetic layer toward the second magnetic layer and a
length of the first magnetic layer in the first extending
direction is longer than a length of the first magnetic
layer in a direction crossing the first stacking direction
and crossing the first extending direction,

the third magnetic layer extends along a third extending

direction crossing a second stacking direction from the
third magnetic layer toward the fourth magnetic layer
and a length of the third magnetic layer in the third
extending direction is longer than a length of the third
magnetic layer in a direction crossing the second stack-
ing direction and crossing the third extending direction,
and

the first extending direction crosses the third extending

direction.
9. The sensor according to claim 8, wherein
the second magnetic layer extends along a second extend-
ing direction crossing the first stacking direction and a
length of the second magnetic layer in the second
extending direction is longer than a length of the second
magnetic layer in a direction crossing the first stacking
direction and crossing the second extending direction,

the fourth magnetic layer extends along a fourth extending
direction crossing the second stacking direction and a
length of the fourth magnetic layer in the fourth extend-
ing direction is longer than a length of the fourth mag-
netic layer in a direction crossing the second stacking
direction and crossing the fourth extending direction,

the second extending direction runs along the first extend-
ing direction, and

the fourth extending direction runs along the third extend-

ing direction.
10. The sensor according to claim 8, wherein a difference
between an angle from the first direction to the first extending
direction and an angle from the second direction to the third
extending direction is 10 degrees or less.
11. The sensor according to claim 8, wherein
the second magnetic layer extends along a second extend-
ing direction crossing the first stacking direction and a
length of the second magnetic layer in the second
extending direction is longer than a length of the second
magnetic layer in a direction crossing the first stacking
direction and crossing the second extending direction,

the fourth magnetic layer extends along a fourth extending
direction crossing the second stacking direction and a
length of the fourth magnetic layer in the fourth extend-
ing direction is longer than a length of the fourth mag-
netic layer in a direction crossing the second stacking
direction and crossing the fourth extending direction,

the second extending direction crosses the first extending
direction, and
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the fourth extending direction crosses the third extending

direction.

12. The sensor according to claim 8, wherein the length of
the first magnetic layer in the first extending direction is not
less than 1.5 times and not more than 3 times the length of the
first magnetic layer in the direction crossing the first stacking
direction and crossing the first extending direction.

13. The sensor according to claim 8, wherein the length of
the first magnetic layer in the first extending direction is not
less than 0.5 micrometers and not more than 60 micrometers.

14. The sensor according to claim 4, wherein

a length of the first portion along a third direction perpen-

dicular to the plane is shorter than a length of the weight
portion along the third direction and

a length of the second portion along the third direction is

shorter than the length of the weight portion along the
third direction.

15. The sensor according to claim 14, wherein

the first portion and the second portion are separated from

each other,

alength of the first portion along a fourth direction parallel

to the plane and perpendicular to the first direction is
shorter than a length of the weight portion along the
fourth direction, and

alength of the second portion in a fifth direction parallel to

the plane and perpendicular to the second direction is
shorter than a length of the weight portion in the fifth
direction.
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16. The sensor according to claim 1, wherein a length of the
connection portion in a direction perpendicular to a direction
from the base portion toward the weight portion is shorter
than a length of the weight portion in the perpendicular direc-
tion.

17. The sensor according to claim 1, wherein

the first sensing element unit further includes a first elec-
trode and a second electrode,

the first magnetic layer is disposed between the first elec-
trode and the second electrode, and

the second magnetic layer is disposed between the first
magnetic layer and the first electrode.

18. The sensor according to claim 1, wherein the first
sensing element unit is provided in a plurality on the first
portion and at least two of the plurality of first sensing ele-
ment units are electrically connected in series or in parallel.

19. The sensor according to claim 18, wherein a voltage of
not less than 1 volt and not more than 10 volts is applied
between terminals of ends of the first sensing element units
electrically connected in series.

20. The sensor according to claim 18, wherein a number of
the first sensing element units electrically connected in series
is not less than 7 and not more than 200.
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