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VARIABLE-FREQUENCY
MAGNETORESISTIVE EFFECT ELEMENT
AND OSCILLATOR, DETECTOR, AND
FILTER USING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to an variable-fre-
quency magnetoresistive effect element that uses the mag-
netoresistive effect and can be utilized in devices necessary
for wireless communication such as an oscillator, a detector,
and a filter.

2. Description of the Related Art

[0002] With the decreasing size and enhanced functional-
ity of mobile terminals such as smartphones, the number of
electronic components used in such mobile terminals and a
space assigned to such electronic components are tending to
decrease. In addition, due to the increasing communication
speed and increasing variety of applications, the number of
frequencies or frequency bands to be used is tending to
increase. To meet these trends, there is a strong demand for
multiband high-frequency components capable of control-
ling a plurality of frequency bands by themselves.

[0003] Oscillation (or resonance) elements that use the
magnetoresistive effect are notably smaller than hitherto-
used electric circuits such as LCR circuits but are capable of
handling higher frequencies than such hitherto-used electric
circuits. In addition, oscillation (or resonance) elements that
use the magnetoresistive effect are capable of varying oper-
ating frequency in accordance with a magnetic field. Thus,
the use of such oscillation (or resonance) elements as
next-generation high-frequency components is anticipated
(International Publication No. 2010/119569).

[0004] Hitherto-known oscillation (or resonance) fre-
quency control means are roughly categorized into a mag-
netic-field-based control scheme and an electric-field-based
control scheme. International Publication No. 2010/119569
and Japanese Patent No. 4743113 disclose a scheme in
which an electromagnet is used as a magnetic-field applying
mechanism for adjustment. In addition, Japanese Unexam-
ined Patent Application Publication No. 2006-303097 dis-
closes a specific structure of the magnetic-field-based con-
trol scheme that includes a magnetoresistive effect element,
an electromagnet, and a magnetic-field guiding path used for
applying a magnetic field from the electromagnet. Accord-
ing to this magnetic-field-based control scheme, the strength
of'the magnetic field is varied by varying the current flowing
through a coil (electromagnet) to control the oscillation
frequency. Further, W. Skowronski et al., Appl. Phys. Lett.,
105, 072409 (2014) discloses a scheme in which an electric
field is used as an external field. The electric-field-based
control scheme is a technique of controlling frequency of
spin precession by applying an electric field instead of a
magnetic field.

SUMMARY OF THE INVENTION

[0005] However, according to an examination made by the
inventor, these variable-frequency means of the related art
have an issue in that they are desired to stably maintain the
applied magnetic field or electric field without any fluctua-
tion during a frequency control operation and are thus not
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suitable for use in devices. In addition, in the case where an
electromagnet is used to generate a magnetic field for
control, it is necessary to keep passing current through the
coil to maintain an excited state in the electromagnet
throughout the frequency control operation. This conse-
quently causes an issue of greatly increased operation
energy of the elements. Further, due to the necessity of
disposing the electromagnet near an oscillation element, the
assigned space tends to increase greatly as a whole. To
address these issues, a mechanism that consumes energy
only when the frequency is varied and is capable of main-
taining the frequency-varied state without consuming
energy is desired.

[0006] Embodiments of the present invention are made in
view of the forgoing and address the aforementioned issues
by implementing a mechanism capable of controlling fre-
quency of spin precession in a magnetoresistive effect
element by using an electric field that is substantially free
from energy consumption and capable of maintaining the
frequency-varied state even after the electric field is
removed. Consequently, variable-frequency magnetoresis-
tive effect elements having stable frequency characteristics
and requiring notably less operation energy and devices
using such variable-frequency magnetoresistive effect ele-
ments can be provided.

[0007] Specifically, a variable-frequency magnetoresistive
effect element according to an aspect of the present inven-
tion includes a magnetoresistive effect element, a magnetic-
field applying mechanism that applies a magnetic field to the
magnetoresistive effect element, an electric-field applying
mechanism that applies an electric field to the magnetore-
sistive effect element, and a control terminal connected to
the electric-field applying mechanism and used for applying
a voltage to the electric-field applying mechanism. The
voltage varies in at least one of magnitude and polarity. The
magnetoresistive effect element contains an antiferromag-
netic material or ferrimagnetic material having a magneto-
electric effect. In such a case, a spin torque oscillation
frequency or spin torque resonance frequency of the mag-
netoresistive effect element is controlled by varying the
voltage applied via the control terminal in at least one of
magnitude and polarity.

[0008] According to the above features of the aspect of the
present invention, a spin torque oscillation effect can be
caused in the magnetoresistive effect element in response to
inputting of a DC signal to the magnetoresistive effect
element from the input signal line. Owing to the spin torque
oscillation effect, the magnetoresistive effect element is able
to output an AC signal from the output signal line. Alterna-
tively, a spin torque resonance effect can be caused in the
magnetoresistive effect element in response to inputting of
an AC signal to the magnetoresistive effect element from the
input signal line. Owing to the spin torque resonance effect,
an AC signal having a frequency equal to the spin torque
resonance frequency of the magnetoresistive effect element
in the input AC can be converted into a DC signal. Alter-
natively, owing to the spin torque resonance effect, element
impedance can be reduced for an AC signal having a
frequency equal to the spin torque resonance frequency of
the magnetoresistive effect element in the input AC signal.
The wvariable-frequency magnetoresistive effect element
according to the aspect of the present invention is capable of
varying oscillation frequency or resonance frequency of the
magnetoresistive effect element by simultaneously applying
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a magnetic field and an electric field if necessary. At that
time, the variable-frequency magnetoresistive effect element
is capable of continuously controlling the oscillation fre-
quency or the resonance frequency by varying the voltage
applied via the control terminal or polarity of the applied
voltage. Further, the variable-frequency magnetoresistive
effect element is capable of maintaining the resulting state
even after the electric field and the magnetic field are
removed. As a result, the variable-frequency magnetoresis-
tive effect element according to the aspect of the present
invention is able to greatly reduce energy consumption of
devices compared with the scheme in which the frequency
is continuously varied by using a magnetic field. In addition,
the variable-frequency magnetoresistive effect element
according to the aspect of the present invention is capable of
maintaining the resulting state without continuously apply-
ing a predetermined electric field compared with the scheme
in which the frequency is continuously varied by using an
electric field. Therefore, the variable-frequency magnetore-
sistive effect element according to the aspect of the present
invention is able to implement frequency control with sta-
bilized frequency fluctuation and less energy consumption.
[0009] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, the
magnetoresistive effect element may be structured to include
a control layer and a magnetization free layer that is mag-
netically connected to the control layer and in which direc-
tion of magnetization is variable. In such a case, the control
layer may contain the antiferromagnetic material or the
ferrimagnetic material.

[0010] According to the variable-frequency magnetoresis-
tive effect element having the above features, with such a
structure, the frequency of spin torque oscillation or spin
torque resonance that is effectively caused in the magneti-
zation free layer in response to application of the electric
field and the magnetic field can be varied and the resulting
state can be maintained. Consequently, a variable-frequency
magnetoresistive effect element capable of effectively vary-
ing the frequency can be provided.

[0011] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, the
control layer may further contain another antiferromagnetic
material having a Neel temperature that is higher than a Neel
temperature of the antiferromagnetic material or the ferri-
magnetic material.

[0012] According to the variable-frequency magnetoresis-
tive effect element having the above features, the thermal/
temporal stability of exchange coupling caused between the
control layer and the magnetization free layer can be
increased.

[0013] The wvariable-frequency magnetoresistive effect
element according to the aspect of the present invention may
further include a control mechanism connected to the control
terminal and having a function of controlling the voltage
applied via the control terminal and polarity of the voltage.
[0014] According to the variable-frequency magnetoresis-
tive effect element having the above features, since the
variable-frequency magnetoresistive effect element includes
such a control mechanism, frequency control can be per-
formed without external connection of a power supply to the
control terminal to perform voltage control. Consequently, a
simpler variable-frequency magnetoresistive effect element
capable of actively controlling the frequency can be pro-
vided.
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[0015] The wvariable-frequency magnetoresistive effect
element according to the aspect of the present invention may
further include a feedback circuit that detects at least one of
an input signal and an output signal of the magnetoresistive
effect element and provides a feedback to the control mecha-
nism to achieve a desired spin torque oscillation frequency
or a desired spin torque resonance frequency.

[0016] According to the variable-frequency magnetoresis-
tive effect element having the above features, since the
variable-frequency magnetoresistive effect element includes
such a feedback circuit, even if the frequency fluctuates due
to a change in the magnetic field applied from the outside or
a temperature change, the fluctuation can be cancelled by
re-adjustment. Consequently, a variable-frequency magne-
toresistive effect element that is robust to a disturbance
caused by an external field can be provided.

[0017] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, a
permanent magnet may be used for the magnetic-field
applying mechanism.

[0018] According to the variable-frequency magnetoresis-
tive effect element having the above features, the magnetic
field necessary for frequency control can be applied without
energy consumption. Consequently, energy necessary for
control can be further reduced. As a result, a variable-
frequency magnetoresistive effect element that consumes
less energy can be provided.

[0019] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, (1)
the magnetization free layer may have magnetic anisotropy
in an in-plane direction, (2) a magnetic field may be applied
by the magnetic-field applying mechanism to the control
layer in a direction perpendicular to a stacking direction of
the magnetoresistive effect element, (3) an electric field may
be applied by the electric-field applying mechanism to the
control layer in a direction perpendicular to the stacking
direction of the magnetoresistive effect element, (4) the
magnetic field and the electric field may be superposed and
applied to the control layer so as to have a substantially
parallel relationship or a substantially antiparallel relation-
ship, and (5) the spin torque oscillation frequency or the spin
torque resonance frequency of the magnetoresistive effect
element may be varied by varying magnitude or direction of
the applied electric field. Here, the term “direction perpen-
dicular to the stacking direction” refers to, in the case where
an axis perpendicular to the stacking direction of the mag-
netoresistive effect element is assumed, a substantially per-
pendicular direction within a range of +10° from the axis.
Note that the direction perpendicular to the stacking direc-
tion may be in any stack in-plane direction of the magne-
toresistive effect element.

[0020] According to the variable-frequency magnetoresis-
tive effect element having the above features, as a result of
the magnetization free layer having such magnetic anisot-
ropy, spin precession in the magnetization free layer can be
effectively reflected in a change in magnetoresistance. As a
result, the oscillation efficiency or resonance efficiency of
the magnetoresistive effect element can be improved, and
the oscillation effect or resonance effect can be effectively
used. In addition, the effective magnetic field can be applied
to the magnetization free layer from the control layer in the
in-plane direction, and the oscillation frequency or reso-
nance frequency can be effectively varied by varying the
electric field.
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[0021] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, (1)
the magnetization free layer may have magnetic anisotropy
in an in-plane direction, (2) a magnetic field may be applied
by the magnetic-field applying mechanism to the control
layer so as to include a component of a stacking direction of
the magnetoresistive effect element, (3) an electric field may
be applied by the electric-field applying mechanism to the
control layer so as to include a component of the stacking
direction of the magnetoresistive effect element, (4) the
magnetic field and the electric field may be superposed and
applied to the control layer so as to have a substantially
parallel relationship or a substantially antiparallel relation-
ship, and (5) the spin torque oscillation frequency or the spin
torque resonance frequency may be varied by varying mag-
nitude or direction of the applied electric field.

[0022] According to the variable-frequency magnetoresis-
tive effect element having the above features, as a result of
the magnetization free layer having such magnetic anisot-
ropy, spin precession in the magnetization free layer can be
effectively reflected in a change in magnetoresistance. As a
result, the oscillation efficiency or resonance efficiency of
the magnetoresistive effect element can be improved, and
the oscillation effect or resonance effect can be effectively
used. In addition, the effective magnetic field can be applied
to the magnetization free layer from the control layer in the
stacking direction, and the oscillation frequency or reso-
nance frequency can be effectively varied by varying the
electric field.

[0023] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, (1)
the magnetization free layer may have magnetic anisotropy
in a direction perpendicular to a stacking plane, (2) a
magnetic field may be applied by the magnetic-field apply-
ing mechanism to the control layer so as to include a
component of the stacking direction of the magnetoresistive
effect element, (3) an electric field may be applied by the
electric-field applying mechanism to the control layer so as
to include a component of the stacking direction of the
magnetoresistive effect element, (4) the magnetic field and
the electric field may be superposed and applied to the
control layer so as to have a substantially parallel relation-
ship or a substantially antiparallel relationship, and (5) the
spin torque oscillation frequency or the spin torque reso-
nance frequency may be varied by varying magnitude or
direction of the applied electric field.

[0024] According to the variable-frequency magnetoresis-
tive effect element having the above features, as a result of
the magnetization free layer having such magnetic anisot-
ropy, spin precession in the magnetization free layer can be
effectively reflected in a change in magnetoresistance. As a
result, the oscillation efficiency or resonance efficiency of
the magnetoresistive effect element can be improved, and
the oscillation effect or resonance effect can be effectively
used. In addition, the effective magnetic field can be applied
to the magnetization free layer from the control layer in the
stacking direction, and the oscillation frequency or reso-
nance frequency can be effectively varied by varying the
electric field.

[0025] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, the
magnetoresistive effect element may contain, as the antifer-
romagnetic material, at least one oxide from among Cr,Oj;,
YMnO;, and BiFeO;.
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[0026] According to the variable-frequency magnetoresis-
tive effect element having the above features, by the use of
these materials for the control layer, the strength of the
electric field necessary for frequency control can be reduced.
In addition, insulation of the control layer can be enhanced.
As a result, leakage current of the control layer can be
suppressed low, and a variable-frequency magnetoresistive
effect element with lower energy consumption can be pro-
vided.

[0027] In the variable-frequency magnetoresistive effect
element according to the aspect of the present invention, the
magnetoresistive effect element may contain, as the ferri-
magnetic material, Al,_, GaFe,, O; (where Os=xzI,
0<y=0.3, and O=x+y=l).

[0028] According to the variable-frequency magnetoresis-
tive effect element having the above features, the strength of
the electric field necessary for frequency control can be
reduced. In addition, insulation of the control layer can be
enhanced. As a result, leakage current of the control layer
can be suppressed low, and a variable-frequency magnetore-
sistive effect element with lower energy consumption can be
provided.

[0029] The wvariable-frequency magnetoresistive effect
element according to the aspect of the present invention can
be used in a variable-frequency oscillator. This variable-
frequency oscillator has features in that (1) the variable-
frequency oscillator includes the above-described variable-
frequency magnetoresistive effect element, (2) the
magnetoresistive effect element of the variable-frequency
magnetoresistive effect element receives an input DC signal
and outputs an AC signal having a frequency equal to a
frequency of spin precession, and (3) a frequency of the AC
signal output from the magnetoresistive effect element is
varied by varying magnitude or direction of the electric field
applied to the magnetoresistive effect element.

[0030] According to the variable-frequency oscillator hav-
ing the above features, a spin torque oscillation effect can be
caused in the magnetoresistive effect element in response to
inputting of a DC signal to the magnetoresistive effect
element. Owing to the spin torque oscillation effect, the
magnetoresistive effect element can output an AC signal
having a frequency equal to the frequency of spin precession
in the magnetization free layer from the output signal line.
At that time, the oscillation frequency of the magnetoresis-
tive effect element can be varied by varying the strength or
direction of the applied electric field. Further, the resulting
state can be maintained even after the electric field and the
magnetic field are removed. Thus, the variable-frequency
oscillator having the above features can greatly reduce the
device energy consumption, compared with hitherto-used
oscillators that use a magnetoresistive effect element based
on a scheme in which the oscillation frequency is continu-
ously varied using an electromagnet.

[0031] The wvariable-frequency magnetoresistive effect
element according to the aspect of the present invention can
be used in a variable-frequency detector. This variable-
frequency detector has features in that (1) the variable-
frequency detector includes the above-described variable-
frequency magnetoresistive effect element, (2) the
magnetoresistive effect element of the variable-frequency
magnetoresistive effect element receives an input AC signal
and outputs a DC signal in response to a signal having a
frequency equal to a frequency of spin precession in the
input AC signal, and (3) the “frequency of spin precession”,
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that is, a detectable frequency, is the spin torque resonance
frequency of the magnetization free layer and is varied by
varying magnitude or direction of the applied electric field.

[0032] According to the variable-frequency detector hav-
ing the above features, a spin torque resonance effect is
caused in the magnetoresistive effect element in response to
inputting of an AC signal to the magnetoresistive effect
element. Owing to the spin torque resonance effect, the
magnetoresistive effect element can convert an AC signal
having a frequency equal to the frequency of spin precession
in the magnetization free layer in the input AC signal into a
DC signal. At that time, the response frequency of the
magnetoresistive effect element can be varied by varying the
strength or direction of the applied electric field. Further, the
resulting state can be maintained even after the electric field
and the magnetic field are removed. Thus, the variable-
frequency detector can greatly reduce the device energy
consumption, compared with hitherto-used detectors that
use a magnetoresistive effect element based on a scheme in
which the resonance frequency is continuously varied using
an electromagnet.

[0033] The wvariable-frequency magnetoresistive effect
element according to the aspect of the present invention can
be used in a variable-frequency filter. This variable-fre-
quency filter has features in that (1) the variable-frequency
filter includes the above-described variable-frequency mag-
netoresistive effect element, (2) upon receiving an input AC
signal, the magnetoresistive effect element of the variable-
frequency magnetoresistive effect element outputs an AC
signal obtained by selectively attenuating a component
having a frequency equal to a frequency of spin precession
(the spin torque resonance frequency of the magnetization
free layer) in the input AC signal, and (3) the frequency of
the attenuated signal (the spin torque resonance frequency of
the magnetization free layer) is varied by varying magnitude
or direction of the applied electric field.

[0034] According to the variable-frequency filter having
the above features, a spin torque resonance effect can be
caused in the magnetoresistive effect element in response to
inputting of an AC signal to the magnetoresistive effect
element. At that time, the magnetoresistive effect element
can be handled as an element whose resistance periodically
varies at a frequency corresponding to the spin torque
resonance frequency. Owing to this effect, element imped-
ance reduces at the frequency equal to the spin torque
resonance frequency of the magnetoresistive effect element.
By connecting this magnetoresistive effect element in par-
allel to the input signal line and the output signal line, the AC
signal having frequencies near the spin torque resonance
frequency of the magnetoresistive effect element in the AC
signal input from the input signal line more easily flows into
the magnetoresistive effect element and is less likely to flow
into the output signal line. That is, the AC signal input from
the input signal line can be attenuated at frequencies near the
spin torque resonance frequency of the magnetoresistive
effect element before the output signal line. As a result, the
variable-frequency filter having the above features can have
a function of a filter that attenuates an AC signal having a
frequency equal to the frequency of spin precession. At that
time, the frequency attenuated by the magnetoresistive effect
element can be varied by varying the strength or direction of
the applied electric field. Further, the resulting state can be
maintained even after the electric field and the magnetic
field are removed. Thus, the variable-frequency filter having
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the above features can greatly reduce the device energy
consumption, compared with hitherto-used filters that use a
magnetoresistive effect element based on a scheme in which
the resonance frequency is continuously varied using an
electromagnet.

[0035] Further, a variable-frequency filter according to an
aspect of the present invention may have features in that (1)
the variable-frequency filter includes the above-described
variable-frequency magnetoresistive effect element, (2)
upon receiving an input AC signal, the magnetoresistive
effect element of the variable-frequency magnetoresistive
effect element passes therethrough an AC signal having a
frequency equal to a frequency of spin precession (the spin
torque resonance frequency of the magnetization free layer)
in the input AC signal, and (3) the frequency of the AC
signal that is passed through (the spin torque resonance
frequency of the magnetization free layer) is varied by
varying magnitude or direction of the applied electric field.
[0036] According to the variable-frequency filter having
the above features, a spin torque resonance effect can be
caused in the magnetoresistive effect element in response to
inputting of an AC signal to the magnetoresistive effect
element. At that time, the magnetoresistive effect element
can be handled as an element whose resistance periodically
varies at a frequency corresponding to the spin torque
resonance frequency. Owing to this effect, element imped-
ance reduces at the frequency equal to the spin torque
resonance frequency of the magnetoresistive effect element.
By connecting this magnetoresistive effect element in series
to the input signal line and the output signal line, the AC
signal can be cut off at non-resonance frequencies where
impedance is high and can be passed through the resonance
frequency where impedance is low. As a result, the variable-
frequency filter having the above features can have a func-
tion of a filter that passes therethrough an AC signal of a
frequency equal to the frequency of spin precession. At that
time, the pass frequency of the magnetoresistive effect
element can be varied by varying the strength or direction of
the applied electric field. Further, the resulting state can be
maintained even after the electric field and the magnetic
field are removed. Thus, the variable-frequency filter having
the above features can greatly reduce the device energy
consumption, compared with hitherto-used filters that use a
magnetoresistive effect element based on a scheme in which
the resonance frequency is continuously varied using an
electromagnet.

[0037] According to aspects of the present invention, a
variable-frequency magnetoresistive effect element capable
of greatly reducing operation energy used for frequency
control and of maintaining the resulting frequency can be
provided. In addition, an energy-efficient variable-frequency
oscillator, detector, and filter using such a variable-fre-
quency magnetoresistive effect element can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1 is a schematic diagram illustrating a con-
figuration of a variable-frequency magnetoresistive effect
element according to a first embodiment.

[0039] FIG. 2 is a schematic diagram illustrating a con-
figuration of a magnetoresistive effect element according to
the first embodiment.

[0040] FIG. 3 is a graph illustrating frequency character-
istics of spin precession in the magnetoresistive effect ele-
ment according to the first embodiment.
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[0041] FIG. 4 is a schematic diagram illustrating a rela-
tionship between a direction of a magnetic easy axis of a
magnetization free layer of a magnetoresistive effect ele-
ment and an application direction of an electric field and a
magnetic field in accordance with a second embodiment.
[0042] FIG. 5 is a schematic diagram illustrating a rela-
tionship between a direction of a magnetic easy axis of a
magnetization free layer of a magnetoresistive effect ele-
ment and an application direction of an electric field and a
magnetic field in accordance with a third embodiment.
[0043] FIG. 6 is a schematic diagram illustrating a rela-
tionship between a direction of a magnetic easy axis of a
magnetization free layer of a magnetoresistive effect ele-
ment and an application direction of an electric field and a
magnetic field in accordance with a fourth embodiment.
[0044] FIG. 7 is a schematic diagram illustrating a con-
figuration of a variable-frequency oscillator according to a
fifth embodiment.

[0045] FIG. 8 is a graph illustrating how oscillation fre-
quency of the variable-frequency oscillator according to the
fifth embodiment varies.

[0046] FIG. 9 is a schematic diagram illustrating a con-
figuration of a variable-frequency detector according to a
sixth embodiment.

[0047] FIG. 10 is a graph illustrating how response fre-
quency of the variable-frequency detector according to the
sixth embodiment varies.

[0048] FIG. 11 is a schematic diagram illustrating a con-
figuration of a variable-frequency filter according to a sev-
enth embodiment.

[0049] FIG. 12 is a graph illustrating the frequency depen-
dence of signal pass characteristics of the variable-frequency
filter according to the seventh embodiment.

[0050] FIG. 13 is a schematic diagram illustrating a con-
figuration of a variable-frequency filter according to an
eighth embodiment.

[0051] FIG. 14 is a graph illustrating the frequency depen-
dence of signal pass characteristics of the variable-frequency
filter according to the eighth embodiment.

[0052] FIG. 15 is a schematic diagram illustrating a shape
and a configuration of a sample according to an experiment
example.

[0053] FIG. 16 is a schematic diagram illustrating how a
measured result of the anomalous Hall effect varies when a
voltage applied to the sample according to the experiment
example is varied.

[0054] FIG. 17 is a schematic diagram illustrating a mag-
netoresistive effect element model according to a simulation
example.

[0055] FIG. 18A is a graph illustrating a result of the
simulation example.

[0056] FIG. 18B is a graph obtained by plotting oscillation
frequency on the vertical axis and strength of an exchange
bias magnetic field on the horizontal axis.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0057] Exemplary embodiments of the present invention
will be described below with reference to the drawings. Note
that the following description shows some of embodiments
of the present invention by way of example. Thus, the
present invention is not limited to these embodiments, and
any embodiments having the technical spirit of the present
invention are also within the scope of the present invention.
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Configurations and a combination of those configurations in
each embodiment are merely an example, and thus addition,
omission, replacement, and other modifications of a con-
figuration can be made within a range not departing from the
essence of the present invention.

First Embodiment

[0058] FIG. 1 is a schematic diagram illustrating a con-
figuration of a variable-frequency magnetoresistive effect
element 100 according to a first embodiment of the present
invention. The variable-frequency magnetoresistive effect
element 100 includes a magnetoresistive effect element 10,
a magnetic-field applying mechanism 21, an electric-field
applying mechanism 31, and a control terminal 32. An input
signal line 1a and an output signal line 15 are connected to
the magnetoresistive effect element 10. The input signal line
1a and the output signal line 15 respectively allow an input
signal and an output signal to flow therethrough. The control
terminal 32 is connected to the electric-field applying
mechanism 31. By applying a positive or negative voltage to
the electric-field applying mechanism 31 via the control
terminal 32, an electric field having a predetermined mag-
nitude and a predetermined direction can be applied to the
magnetoresistive effect element 10 via the electric-field
applying mechanism 31. Although the magnetic-field apply-
ing mechanism 21 includes an electromagnet using a coil or
a permanent magnet in this embodiment, the magnetic-field
applying mechanism 21 is not limited to this mechanism as
long as the magnetic-field applying mechanism 21 is capable
of applying a magnetic field to the magnetoresistive effect
element 10. In addition, although the electric-field applying
mechanism 31 can be directly connected to the magnetore-
sistive effect element 10, the electric-field applying mecha-
nism 31 is not limited to this mechanism as long as the
electric-field applying mechanism 31 is capable of applying
an electric field to the magnetoresistive effect element 10.

[0059] The wvariable-frequency magnetoresistive effect
element 100 can further include a control mechanism 33
connected to the control terminal 32, and feedback circuits
40 connected to the control mechanism 33. By including the
control mechanism 33 and the feedback circuits 40, the
variable-frequency magnetoresistive effect element 100 is
capable of actively varying the frequency in accordance with
a control signal input from the outside. In addition, by
including the feedback circuits 40, the variable-frequency
magnetoresistive effect element 100 is capable of automati-
cally correcting the frequency of the spin torque oscillation
or resonance effect to the target value all the time even if the
input or output frequency varies. Consequently, the variable-
frequency magnetoresistive effect element 100 is capable of
performing stable and effective frequency control.

[0060] Now, functions of the variable-frequency magne-
toresistive effect element 100 are described by using the first
embodiment as an example. The variable-frequency mag-
netoresistive effect element 100 has a function of causing
spin precession having a component of a frequency f, in the
magnetoresistive effect element 10 upon receiving a DC
(direct-current) signal from the input signal line 1a and of
outputting an AC (alternating-current) signal having the
component of the frequency f, from the output signal line
1b. The variable-frequency magnetoresistive effect element
100 also has a function of causing a spin torque resonance
effect in the magnetoresistive effect element 10 upon receiv-
ing an AC signal having the component of the frequency f,
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from the input signal line 1a and of outputting a DC signal.
The variable-frequency magnetoresistive effect element 100
further has a function of outputting, upon receiving an AC
signal including a first frequency component having at least
the frequency f;, that causes the spin torque resonance effect
and a second frequency component different from the first
frequency component, an AC signal obtained by attenuating
the signal component having the frequency f, in the input
AC signal owing to the spin torque resonance effect. More-
over, the variable-frequency magnetoresistive effect element
100 has a function of outputting, upon receiving an AC
signal including a first frequency component having at least
the frequency {, that causes the spin torque resonance effect
and a second frequency component different from the first
frequency component, an AC signal obtained by passing the
signal component having the frequency f, in the input AC
signal owing to the spin torque resonance effect.

[0061] A frequency control method is described next by
using the first embodiment as an example. The first embodi-
ment discloses a technique of controlling the frequency of
spin precession in the magnetoresistive effect element 10 by
simultaneously applying a magnetic field and an electric
field to the magnetoresistive effect element 10. The expres-
sion “simultaneously applying a magnetic field and an
electric field” refers to a state where a magnetic field and an
electric field are superposed (superposed state) is temporar-
ily created for the magnetoresistive effect element 10. In
addition, in this specification, the term “magnetoelectric
(ME) manipulation” is defined as “a technique of manipu-
lating the frequency of spin precession in the magnetoresis-
tive effect element 10 by causing superposition of a mag-
netic field and an electric field for the magnetoresistive effect
element 10 and controlling magnitude and/or direction of at
least one of the electric field and the magnetic field”.

[0062] FIG.2 is a schematic diagram illustrating a specific
configuration of the magnetoresistive effect element 10
according to the first embodiment of the present invention.
The magnetoresistive effect element 10 includes a control
layer 11, a magnetization free layer 12, an intermediate layer
13, and a magnetization fixed layer 14. The control layer 11
has a function of controlling the frequency of spin preces-
sion in the magnetization free layer 12.

[0063] The control layer 11 is described by using the first
embodiment as an example. The control layer 11 contains
mainly an antiferromagnetic material or ferrimagnetic mate-
rial having a magnetoelectric effect (ME effect). The control
layer 11 is magnetically connected to the magnetization free
layer 12 via exchange coupling and has a function of varying
the frequency of spin precession in the magnetization free
layer 12 in response to ME manipulation. The control layer
11 may preferably have properties, such as having large
electric and magnetic coupling coefficients and being
capable of producing sufficiently strong exchanging cou-
pling with the magnetization free layer 12 in a wide tem-
perature range. These properties can be achieved by using a
single material having the magnetoelectric effect and having
good properties. Alternatively, these properties may be
achieved by using a composite material obtained by com-
bining an antiferromagnetic material having the magneto-
electric effect and another antiferromagnetic material having
a higher Neel temperature. In this case, the thermal/temporal
stability of exchange coupling caused between the control
layer 11 and the magnetization free layer 12 tends to
increase. Such a composite material is adjustable in terms of
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the structure of the materials, the thickness of the layer, and
the magnetic characteristics (such as anisotropy energy and
Neel temperature of the antiferromagnetic materials) so that
the value of exchange coupling can be maximized in a
predetermined temperature range. In the first embodiment, a
ferrimagnetic material having the magnetoelectric effect can
be used in place of the antiferromagnetic material having the
magnetoelectric effect because these two materials have
similar properties when being classified based on the spin
arrangement.

[0064] The control layer 11 may be composed of (a) a
thin-film material containing at least one of an antiferro-
magnetic oxide material having the magnetoelectric effect,
such as Cr,O; or BiFeOj;, or a ferrimagnetic oxide material
having the magnetoelectric effect, such as Al Ga,Fe,,
+0; (0=x=<l1, 0=y=0.3, O=x+y=l). Alternatively, the control
layer 11 may be composed of (b) a mixed crystal mainly
containing at least one of an antiferromagnetic oxide mate-
rial having the magnetoelectric effect, such as Cr,O; or
BiFeO,, or a ferrimagnetic oxide material having the mag-
netoelectric effect, such as Al,_, GaFe, 0O; (0=x=I,
0=<y=0.3, O=x+y=1). Alternatively, the control layer 11 may
be composed of (¢) a composite material (stack or mixture)
of at least one of an antiferromagnetic oxide material having
the magnetoelectric effect and a ferrimagnetic oxide material
having the magnetoelectric effect and an antiferromagnetic
material having a Neel temperature higher than that of the
antiferromagnetic oxide material or ferrimagnetic oxide
material having the magnetoelectric effect. As the antifer-
romagnetic material, a known antiferromagnetic material
having a high Neel temperature can be appropriately
selected. Typically, an antiferromagnetic oxide material such
as Fe,O;, (1-x)Fe,O;_Rh,0;, (1-x)Fe,0,_ Ru0O,, (1-x)
Fe,O;_,IrO, (where 0<x<1) can be used. Thickness of the
control layer 11 is not particularly limited as long as the
control layer 11 is capable of producing exchange coupling
with the magnetization free layer 12. However, the thickness
of the control layer 11 is desirably 1 nm to 1 um in view of
requirements that an electric field can be applied to the
control layer 11 without causing dielectric breakdown and a
voltage applied to the control layer 11 is suppressed low.

[0065] The magnetization free layer 12 is described by
using the first embodiment as an example. The magnetiza-
tion free layer 12 contains mainly a ferromagnetic metal
magnetically connected to the control layer 11 via exchange
coupling. The magnetization free layer 12 is a layer in which
the direction of magnetization varies depending on an exter-
nally applied magnetic field or spin polarized current. In the
case where the magnetization free layer 12 is composed of
a material having a magnetic easy axis in an in-plane
direction, the material may be, for example, CoFe, CoFeB,
CoFeSi, CoFeMnSi, CoMnGe, CoMnSi, or CoMnAl. The
magnetization free layer 12 preferably has a thickness of
approximately 1 nm to 10 nm in this case. In the case where
the magnetization free layer 12 is composed of a material
having perpendicular magnetic anisotropy, the material may
be, for example, Co, a CoCr-based alloy, a Co multilayer
film, a CoCrPt-based alloy, an FePt-based alloy, an SmCo-
based alloy including rare earth, a ThFeCo alloy, or a
Heusler alloy such as MnGa or MnGe. Alternatively, for
example, if an oxide material is used in the intermediate
layer 13 in the case where the magnetization free layer 12
has perpendicular magnetic anisotropy, the magnetization
free layer 12 can use, in addition to the properties of the
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material, interface perpendicular magnetic anisotropy that
occurs at an interface between a ferromagnetic material and
an oxide. The combination of this case may be, for example,
Fe and MgO, CoFeB and MgO, or a Co-based Heusler alloy
and MgO, and the thickness is preferably set to approxi-
mately 1 nm to 10 nm in this case.

[0066] An exchange coupling buffer layer may be inter-
posed between the magnetization free layer 12 and the
control layer 11. With the exchange coupling buffer layer,
the strength of exchange coupling becomes adjustable. In
the exchange coupling buffer layer, for example, transition
metal elements such as Ru, Pt, Pd, and Cr excluding
ferromagnetic metals, light metals such as Al and Mg, and
semiconductor elements such as Si can be suitably used.
Film thickness of the exchange coupling buffer layer can be
set to any given value as long as magnetic connection
between the magnetization free layer 12 and the control
layer 11 is maintained. In view of appropriate adjustment of
the strength of exchange coupling, the film thickness is
preferably set to approximately 0.1 nm to 1.0 nm.

[0067] A material having a large MR effect may be inter-
posed between the magnetization free layer 12 and the
intermediate layer 13. With the material having the large MR
effect, a higher magnetoresistance ratio can be achieved. The
material having a large MR effect is, for example, a CoFe
ally or a CoFeB alloy. Film thickness of both the CoFe alloy
and the CoFeB alloy is preferably set to approximately 0.2
nm to 1.0 nm.

[0068] The intermediate layer 13 is described by using the
first embodiment as an example. The intermediate layer 13
is disposed between the magnetization free layer 12 and the
magnetization fixed layer 14 and has a function of causing
magnetization of the magnetization free layer 12 and mag-
netization of the magnetization fixed layer 14 to interact
with each other to cause the magnetoresistive effect. The
intermediate layer 13 is a layer composed of a conductive
material, an insulating material, or a semiconductor material
or a layer in which a current flow point composed of a
conductor is included in an insulator.

[0069] In the case where a non-magnetic metal is used for
the intermediate layer 13, the non-magnetic metal may be
Cu, Ag, Au, or Ru. In this case, a giant magnetoresistive
(GMR) effect occurs in the magnetoresistive effect element
10. When the GMR effect is used, the intermediate layer 13
preferably has a film thickness of approximately 0.5 nm to
3.0 nm.

[0070] In the case where an insulating material is used for
the intermediate layer 13, the insulating material may be
Al,0,, MgO, or a spinel-group oxide such as MgAl,O,. In
this case, a tunnel magnetoresistive (TMR) effect occurs in
the magnetoresistive effect element 10. By adjusting the
crystal structure, orientation, and film thickness of the
intermediate layer 13 so that a coherent tunnel effect occurs
between the magnetization free layer 12 and the magneti-
zation fixed layer 14, a high magnetoresistance ratio can be
achieved. When the TMR effect is used, the intermediate
layer 13 preferably has a film thickness of approximately 0.5
nm to 3.0 nm.

[0071] In the case where a semiconductor material is used
for the intermediate layer 13, the semiconductor material
may be ZnO, In,0;, SnO,, ITO, GaO,, or Ga,0,. The
intermediate layer 13 preferably has a film thickness of
approximately 1.0 nm to 4.0 nm.
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[0072] In the case where a layer in which the current flow
point composed of a conductor is included in a insulator is
used for the intermediate layer 13, the intermediate layer 13
preferably has a structure in which the current flow point
composed of a conductor, such as CoFe, CoFeB, CoFeSi,
CoMnGe, CoMnSi, CoMnAl, Fe, Co, Au, Cu, Al, or Mg, is
included in an insulator, such as Al,O; or MgO. In this case,
the intermediate layer 13 preferably has a film thickness of
approximately 0.5 nm to 2.0 nm.

[0073] The magnetization fixed layer 14 is composed of a
ferromagnetic material, and the magnetization direction of
the magnetization fixed layer 14 is substantially fixed to one
direction. The magnetization fixed layer 14 is preferably
composed of a material having high spin polarizability, such
as Fe, Co, Ni, an alloy of Ni and Fe, an alloy of Fe and Co,
or an ally of Fe, Co, and B. With the material having high
spin polarizability, a high magnetoresistance ratio can be
achieved. The magnetization fixed layer 14 preferably has a
film thickness of 1 nm to 10 nm. An antiferromagnetic layer
may be added so as to be in contact with the magnetization
fixed layer 14 in order to fix magnetization of the magne-
tization fixed layer 14. Alternatively, magnetization of the
magnetization fixed layer 14 may be fixed using the mag-
netic anisotropy resulting from the crystal structure or the
shape, for example. The antiferromagnetic layer may be
composed of FeO, CoO, NiO, CuFeS,, IrMn, FeMn, PtMn,
Cr, or Mn.

[0074] In the case where the magnetoresistive effect ele-
ment 10 has a rectangular shape (including a square shape),
the magnetoresistive effect element 10 desirably has long
sides of approximately 100 nm or of 100 nm or less. In the
case where the magnetoresistive effect element 10 does not
have a rectangular shape, the long sides of a rectangle
circumscribed around the shape of the magnetoresistive
effect element 10 with a minimum area are defined as the
long sides of the magnetoresistive effect element 10. When
the long sides of the magnetoresistive effect element 10 are
short, for example, approximately 100 nm, the magnetiza-
tion free layer 12 can have a single magnetic domain and
efficient spin precession is realized.

[0075] A spin torque oscillation effect and a spin torque
resonance effect that use a spin precession phenomenon is
described next by using the first embodiment as an example.
[0076] When DC flows through the magnetoresistive
effect element, electrons spin-polarized in the magnetization
fixed layer flow into the magnetization free layer. Conse-
quently, spin torque is transferred and spin precession is
induced in the magnetization free layer. At that time, an AC
signal having a frequency corresponding to a period of the
spin precession is output from the magnetoresistive effect
element. This phenomenon is called spin torque oscillation
effect. It is generally known that the frequency of the spin
torque oscillation effect is variable by using an externally
applied magnetic field.

[0077] On the other hand, when an AC signal having a
frequency equal to the frequency of spin precession in the
magnetoresistive effect element is input to the magnetore-
sistive effect element, the spin precession can be induced in
the magnetization free layer. This phenomenon is called spin
torque resonance effect. It is generally known that the
frequency of the spin torque resonance effect is variable by
using an externally applied magnetic field. In the spin torque
resonance state, a DC voltage that is proportional to the
square of an amplitude of the input AC signal is generated
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in the magnetoresistive effect element. An effect using this
rectifying action is particularly called spin torque diode
effect. The DC voltage output as a result of the spin toque
diode effect increases in proportion to the magnetoresistance
ratio of the magnetoresistive effect element. Alternatively,
the magnetoresistive effect element can be handled as an
element whose resistance periodically varies at a frequency
corresponding to the spin torque resonance frequency. At
that time, element impedance of the magnetoresistive effect
element decreases at frequencies near the spin torque reso-
nance frequency. The use of this characteristic makes it
easier for high-frequency signals having frequencies near
the spin torque resonance frequency to pass through the
magnetoresistive effect element.

[0078] Thus, the variable-frequency magnetoresistive
effect element 100 is capable of causing the spin torque
oscillation effect in the magnetoresistive effect element 10
by inputting a DC to the magnetoresistive effect element 10
from the input signal line 1a and of outputting an AC signal
having a frequency corresponding to the period of spin
precession from the output signal line 15. In addition, this
oscillation frequency can be varied by magnetoelectric
manipulation in which a magnetic field applied by the
magnetic-field applying mechanism 21 and an electric field
applied by the electric-field applying mechanism 31 are
used. In such a case, the variable-frequency magnetoresis-
tive effect element 100 can be used as a high-frequency-
band-adaptive variable-frequency oscillator, applications of
which to communication devices, IC tags, and vehicle-
mounted radars are anticipated.

[0079] In addition, by using the spin torque resonance
effect, the variable-frequency magnetoresistive effect ele-
ment 100 is capable of converting, into a DC voltage, a
frequency component equal to the frequency of spin pre-
cession in the magnetoresistive effect element 10 from
among frequency components of an AC signal input to the
magnetoresistive effect element 10 from the input signal line
la. Alternatively, the variable-frequency magnetoresistive
effect element 100 is capable of reducing element imped-
ance near the frequency equal to the frequency of spin
precession in the magnetoresistive effect element 10 among
frequency components of the input AC signal. In the case of
outputting a DC signal from the output signal line 15, the
variable-frequency magnetoresistive effect element 100 is
usable as a variable-frequency detector adaptive to a high-
frequency band. On the other hand, in the case of outputting
an AC signal from the output signal line 15, the variable-
frequency magnetoresistive effect element 100 is capable of
outputting a high-frequency signal obtained by attenuating
or passing therethrough a frequency component of the input
AC signal that is equal to the resonance frequency of spin
precession in the magnetoresistive effect element 10. Thus,
the variable-frequency magnetoresistive effect element 100
can be used as a variable-frequency band elimination filter
that attenuates an AC signal having the resonance frequency
of spin precession in the magnetoresistive effect element 10
or a variable-frequency bandpass filter that passes an AC
signal having the resonance frequency of spin precession in
the magnetoresistive effect element 10.

[0080] The principle of frequency control is described
next by using the first embodiment as an example. Spin
dynamics, typically, spin precession, can be represented by
the Landau-Lifshitz-Gilbert (LLG) equation, which is an
equation of motion of magnetization. In general, some kind
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of torque affects the magnetic moment oriented in the
direction of the magnetic field, the magnetic moment starts
precession. The presence of an effective magnetic field (H, )
that affects each spin of a ferromagnetic material and a
spin-transfer torque are known as torques that cause such
dynamics. The spin precession caused in response to appli-
cation of a torque relaxes after a while to the ground state
again while dissipating the energy. At that time, if supply of
energy having a frequency equal to the natural frequency of
the system is continued, the spin precession is continued.
The spin torque oscillation effect or the spin torque reso-
nance effect uses this phenomenon. Equation 1 is the LLG
equation in which the spin-transfer torque is taken into
account.

aM, B Mo s H M, 1, Equation 1
7—-|)’|( 2 X eff)+0!m2><7+g§?m2><(m2><m1)
[0081] A system including two ferromagnetic electrodes is

assumed here. Electrons flow from a ferromagnetic elec-
trode (FM1), which serves as the magnetization fixed layer,
to another ferromagnetic electrode (FM2), which serves as
the magnetization free layer, to transfer the spin angular
momentum and affect magnetization of the magnetization
free layer. In Equation 1, M, represents a magnetization
vector at the ferromagnetic electrode FM2. The first term of
the right side represents a torque based on the effective
magnetic field H_, (v is a gyromagnetic ratio), and the
second term of the right side represents a damping term
representing damping against the rotational precession of
magnetization and is a phenomenological term introduced to
express the relaxing process of magnetization. In the case of
a0, the precession of magnetization relaxes and converges
towards the direction of the effective magnetic field. The
third term of the right side is a term based on the spin-
transfer torque. The effective magnetic field H,, is consti-
tuted by an external magnetic field (Hy), an anisotropic
magnetic field (Hy), and a demagnetizing field (H) based
on magnetization, as represented by Equation 2.

H y=Hp+Hy+Hp Equation 2

[0082] It is known that the frequency of spin precession at
that time can be represented by the Kittel formula and varies
depending on the effective magnetic field. For example, the
resonance frequency of the ferromagnetic material can be
represented by Equation 3 in a system having a magnetic
easy axis in an in-plane direction.

. v M.H,y Equation 3
2n Ho
[0083] Since the terms of the demagnetizing field H,, and

the anisotropic magnetic field Hy of the effective magnetic
field H, s are determined depending on the material and the
element shape, a means for actively varying the frequency
by using the external magnetic field Hy is generally
employed.

[0084] Now, the case is considered where a ferromagnetic
material having spin precession is adjacent to an antiferro-
magnetic material. In this case, the effective magnetic field
can include, as an effective component, an exchange bias
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magnetic field (Hz) based on exchange coupling caused at
an interface between the ferromagnetic material and the
antiferromagnetic material in addition to the external mag-
netic field, the anisotropic magnetic field, and the demag-
netizing field described above (Equation 4).

H, =Hp+Hp+HptHep Equation 4
[0085] Thus, if the exchange bias magnetic field caused at
the interface between the ferromagnetic material and the
antiferromagnetic material can be varied by using an exter-
nal field, the frequency of spin precession can be varied as

in the case where the external magnetic field is varied.

[0086] A method for controlling the exchange bias mag-
netic field is described next. The control layer 11 that
contains mainly an antiferromagnetic material or ferrimag-
netic material having the magnetoelectric effect is magneti-
cally connected to the magnetization free layer 12 via
exchange coupling. That is, the exchange bias magnetic field
is applied, as the effective magnetic field, to the magneti-
zation free layer 12 from the control layer 11. It is known
that the exchange bias magnetic field applied to a ferromag-
netic material from an antiferromagnetic material reflects the
state of the magnetic order of the antiferromagnetic material.
The magnetic order of the antiferromagnetic material is very
stable against the external magnetic field and is not easily
manipulated unless a field heat treatment involving tempera-
ture manipulation across the Neel temperature (manipula-
tion typically known as pin annealing in the art) is performed
or a very strong magnetic field is applied. However, in the
case where an antiferromagnetic material having the mag-
netoelectric effect is used, this magnetic order of the anti-
ferromagnetic material can be actively manipulated by
applying superposition of an electric field and a magnetic
field from the outside. Therefore, the control layer 11 is
capable of changing the exchange bias magnetic field by
magnetoelectric manipulation. As a result, the control layer
11 is capable of controlling the frequency of spin precession
in the magnetization free layer 12 by magnetoelectric
manipulation.

[0087] At that time, the exchange bias magnetic field
applied from the control layer 11 does not vary depending on
the direction of only one of the applied electric field and the
applied magnetic field. Rather, the direction of the exchange
bias magnetic field can be varied depending on whether the
relationship between the applied electric field and the
applied magnetic field is substantially parallel or substan-
tially antiparallel. That is, the exchange bias magnetic field
can be varied by switching the direction of the electric field
with the direction of the magnetic field fixed, by switching
the direction of the magnetic field with the direction of the
electric field fixed, or by switching the directions of both the
electric field and the magnetic field. In the first embodiment,
the electric field and the magnetic field may be applied with
some inclination from each other as long as the magneto-
electric effect can be utilized. The strength of the exchange
bias magnetic field can be adjusted by varying the product
of the electric field and the magnetic field. The control layer
11 is further capable of maintaining the exchange bias
magnetic field in the varied state even after the electric field
and the magnetic field are removed. As a result, the variable-
frequency magnetoresistive effect element 100 according to
the first embodiment is capable of greatly reducing energy
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consumption of a device compared with a scheme in which
the electric field and/or the magnetic field are continuously
used to vary the frequency.

[0088] The magnetic-field applying mechanism 21 is
described. An electromagnet using a coil or a permanent
magnet can be used for the magnetic-field applying mecha-
nism 21. However, the magnetic-field applying mechanism
21 is not limited to such a mechanism as long as the
mechanism is capable of applying a magnetic field to the
magnetoresistive effect element 10. In the case where a
permanent magnet is used for the magnetic-field applying
mechanism 21, the direction of the magnetic field is fixed to
one direction and the magnitude of the magnetic field is also
fixed. However, the exchange bias magnetic field is suc-
cessfully manipulated by varying the direction and magni-
tude of the electric field. In this case, the magnetic field
necessary for frequency control can be applied without any
energy consumption, resulting in a further reduction in
energy necessary for control. As a result, the variable-
frequency magnetoresistive effect element 100 that con-
sumes less energy can be provided.

[0089] The electric-field applying mechanism 31 is
described. The electric-field applying mechanism 31 may be
implemented in the following manner. An electrode layer
serving as an opposing electrode is disposed on a side of the
control layer 11 opposite to the magnetization free layer 12.
A voltage is applied across this electrode layer and the
magnetization free layer 12. In this way, an electric field is
successfully applied in parallel to the stacking direction.
Alternatively, two electrode layers may be disposed on the
respective sides of the control layer 11. In this way, an
electric field is successfully applied perpendicularly to the
stacking direction. The electric-field applying mechanism 31
is not limited to such a mechanism as long as the mechanism
is capable of substantially applying an electric field to the
magnetoresistive effect element 10.

[0090] FIG. 3 is a graph illustrating a relationship between
the frequency and the amplitude of spin precession in the
magnetization free layer 12 according to the first embodi-
ment. In FIG. 3, the vertical axis represents the amplitude,
and the horizontal axis represents the frequency. The reso-
nance frequency f, is a resonance frequency in the case
where the exchange bias magnetic field Hyz is 0. The
exchange bias magnetic field applied from the control layer
11 can take O or a positive or negative finite value. As a
result, frequency characteristics of the spin precession in the
magnetization free layer 12 can be shifted to the higher-
frequency side or the lower-frequency side with respect to
the resonant frequency f, as illustrated in FIG. 3. In other
words, the oscillation frequency or the resonance frequency
of the magnetoresistive effect element 10 can be shifted to
the higher-frequency side or the lower-frequency side. For
example, in the case where the exchange bias magnetic field
applied to the magnetization free layer 12 from the control
layer 11 is positive, the frequency of spin precession in the
magnetoresistive effect element 10 shifts to the higher-
frequency side if the strength of the exchange bias magnetic
field is increased. As a result, the operating frequency of an
oscillator, detector, or filter using the magnetoresistive effect
element 10 can be adjusted to the higher-frequency side. On
the other hand, in the case where the exchange bias magnetic
field applied to the magnetization free layer 12 from the
control layer 11 is negative, the oscillation frequency or the
resonance frequency of the magnetoresistive effect element
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10 shifts to the lower-frequency side if the strength of the
exchange bias magnetic field is increased. As a result, the
operating frequency of an oscillator, detector, or filter using
the magnetoresistive effect element 10 can be adjusted to the
lower-frequency side.

[0091] The most basic configuration according to embodi-
ments of the present invention has been described in the first
embodiment above. In particular, the description has been
given of the configuration of using the exchange bias
magnetic field that is applied from the control layer 11 and
is controllable using the magnetoelectric effect, which is a
feature of the present invention. In each of second to fourth
embodiments below, a description will be given of magne-
tization arrangement in the magnetization free layer 12 and
the magnetization fixed layer 14 for using spin precession
and effective application directions of the electric field and
the magnetic field.

Second Embodiment

[0092] FIG. 4 is a schematic diagram illustrating a posi-
tional relationship among the magnetoresistive effect ele-
ment 10, the magnetic-field applying mechanism 21, and the
electric-field applying mechanism 31 in accordance with a
second embodiment of the present invention. The magne-
toresistive effect element 10 includes the control layer 11,
the magnetization free layer 12 in which the direction of
magnetization is variable, the intermediate layer 13, and the
magnetization fixed layer 14 in which the direction of
magnetization is fixed. The magnetization fixed layer 14 is
composed of a ferromagnetic material, and the magnetiza-
tion direction of the magnetization fixed layer 14 is sub-
stantially fixed to one in-plane direction of the magnetiza-
tion fixed layer 14. The magnetic-field applying mechanism
21 has a function of applying a magnetic field to the control
layer 11 in a direction perpendicular to the stacking direc-
tion. The electric-field applying mechanism 31 has a func-
tion of applying an electric field to the control layer 11 in a
direction perpendicular to the stacking direction. In FIG. 4,
a dash line represents the application direction of the mag-
netic field and the electric field respectively applied by the
magnetic-field applying mechanism 21 and the electric-field
applying mechanism 31, and a dot-dash line represents the
direction of the magnetic anisotropy in the magnetization
free layer 12. The magnetic-field applying mechanism 21
and the electric-field applying mechanism 31 may be
arranged in contact with the control layer 11 or spaced apart
from the control layer 11 as long as the magnetic-field
applying mechanism 21 and the electric-field applying
mechanism 31 substantially have the functions of applying
a magnetic field and an electric field to the control layer 11,
respectively.

[0093] The magnetization free layer 12 according to the
second embodiment has uniaxial magnetic anisotropy in the
in-plane direction, and the magnetization direction of the
magnetization free layer 12 is in the in-plane direction
thereof. Arrows illustrated in FIG. 4 represent the magneti-
zation direction of the magnetization free layer 12 and the
magnetization direction of the magnetization fixed layer 14.
A flow of spin-polarized current can cause spin precession in
the magnetization free layer 12, and consequently the spin
torque oscillation effect and the spin torque resonance effect
can be obtained. Magnetization of the magnetization free
layer 12 is in the direction of the effective magnetic field in
the magnetization free layer 12 before the current is applied
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to the magnetoresistive effect element 10. As represented by
Equation 4, the effective magnetic field is the sum of the
external magnetic field, the anisotropic magnetic field, the
demagnetizing field, and the exchange bias magnetic field in
the magnetization free layer 12. In FIG. 4, the magnetization
direction of the magnetization free layer 12 and the mag-
netization direction of the magnetization fixed layer 14 are
opposite to each other. However, these magnetization direc-
tions are not limited to the illustrated directions as long as
the magnetization directions are different from each other.
[0094] The control layer 11 according to the second
embodiment has a function of causing an exchange bias
magnetic field in an in-plane direction for the magnetization
free layer 12. The control layer 11 further has a function of
varying the exchange bias magnetic field in response to ME
manipulation in which an electric field and a magnetic field
perpendicular to the staking direction are used and of
maintaining the resulting state. With such functions, the
magnetoresistive effect element 10 is capable of varying the
spin torque oscillation frequency and the spin torque reso-
nance frequency by ME manipulation.

[0095] In the case where a DC having a current density of
an oscillation threshold current density or higher flows
through the magnetoresistive effect element 10 according to
the second embodiment, magnetization in the magnetization
free layer 12 oscillates mainly with respect to the in-plane
direction owing to spin torque and an AC signal correspond-
ing to the oscillation frequency of the magnetization can be
extracted owing to the magnetoresistive effect. That is,
so-called spin torque oscillation effect occurs in the mag-
netoresistive effect element 10. In addition, in the case where
an AC signal having a frequency equal to the resonance
frequency flows through the magnetoresistive effect element
10, the magnetization in the magnetization free layer 12
oscillates mainly with respect to the in-plane direction
owing to spin torque and the AC signal can be converted into
a DC signal in accordance with the oscillation frequency of
the magnetization and the DC signal can be extracted or
impedance can be reduced for a frequency component
corresponding to the oscillation frequency of the magneti-
zation. That is, so-called spin torque resonance effect occurs
in the magnetoresistive effect element 10. In general, the
oscillation frequency of the magnetization in the magneti-
zation free layer in the case of oscillation of the magneti-
zation caused by such spin torque is in a high-frequency
band of several to several tens of gigahertz (GHz).

Third Embodiment

[0096] FIG. 5 is a schematic diagram illustrating a posi-
tional relationship among the magnetoresistive effect ele-
ment 10, the magnetic-field applying mechanism 21, and the
electric-field applying mechanism 31 in accordance with a
third embodiment of the present invention. The magnetore-
sistive effect element 10 includes the control layer 11, the
magnetization free layer 12 in which the direction of mag-
netization is variable, the intermediate layer 13, and the
magnetization fixed layer 14 in which the direction of
magnetization is fixed. The magnetization fixed layer 14 is
composed of a ferromagnetic material, and the magnetiza-
tion direction of the magnetization fixed layer 14 is sub-
stantially fixed to one in-plane direction of the magnetiza-
tion fixed layer 14. The magnetic-field applying mechanism
21 has a function of applying a magnetic field to the control
layer 11 in a direction perpendicular to an in-plane direction
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of the control layer 11. The electric-field applying mecha-
nism 31 has a function of applying an electric field to the
control layer 11 in a direction perpendicular to an in-plane
direction of the control layer 11. In FIG. 5, a dash line
represents the application direction of the magnetic field and
the electric field respectively applied by the magnetic-field
applying mechanism 21 and the electric-field applying
mechanism 31, and a dot-dash line represents the direction
of the magnetic anisotropy in the magnetization free layer
12. The magnetic-field applying mechanism 21 and the
electric-field applying mechanism 31 may be arranged in
contact with the control layer 11 or spaced apart from the
control layer 11 as long as the magnetic-field applying
mechanism 21 and the electric-field applying mechanism 31
substantially have the functions of applying a magnetic field
and an electric field to the control layer 11, respectively.

[0097] The magnetization free layer 12 according to the
third embodiment has uniaxial magnetic anisotropy in the
in-plane direction. Arrows illustrated in FIG. 5 represent the
magnetization direction of the magnetization free layer 12
and the magnetization direction of the magnetization fixed
layer 14. A flow of spin-polarized current can cause spin
precession in the magnetization free layer 12, and conse-
quently the spin torque oscillation effect and the spin torque
resonance effect can be obtained. Magnetization of the
magnetization free layer 12 is in the direction of the effective
magnetic field in the magnetization free layer 12 before the
current is applied to the magnetoresistive effect element 10.
The effective magnetic field is the sum of the external
magnetic field, the anisotropic magnetic field, the demag-
netizing field, and the exchange bias magnetic field in the
magnetization free layer 12. In FIG. 5, the magnetization
direction of the magnetization free layer 12 and the mag-
netization direction of the magnetization fixed layer 14 are
illustrated by way of example. The magnetization directions
of the magnetization free layer 12 and the magnetization
fixed layer 14 are not limited to the illustrated directions as
long as the magnetization directions are different from each
other.

[0098] The control layer 11 according to the third embodi-
ment has a function of causing an exchange bias magnetic
field in a direction perpendicular to an in-plane direction for
the magnetization free layer 12. The control layer 11 further
has a function of varying the exchange bias magnetic field
in accordance with superposition of the electric field and the
magnetic field in a stack in-plane direction by using the ME
effect and of maintaining the state.

[0099] In the case where a DC having a current density of
an oscillation threshold current density or higher flows
through the magnetoresistive effect element 10 according to
the third embodiment, magnetization in the magnetization
free layer 12 oscillates mainly with respect to the in-plane
direction owing to spin torque and an AC signal correspond-
ing to the oscillation frequency of the magnetization can be
extracted owing to the magnetoresistive effect. That is,
so-called spin torque oscillation effect occurs in the mag-
netoresistive effect element 10. In addition, in the case where
an AC signal having a frequency equal to the resonance
frequency flows through the magnetoresistive effect element
10, the magnetization in the magnetization free layer 12
oscillates mainly with respect to the in-plane direction
owing to spin torque and the AC signal can be converted into
a DC signal in accordance with the oscillation frequency of
the magnetization and the DC signal can be extracted or
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impedance can be reduced for a frequency component
corresponding to the oscillation frequency of the magneti-
zation. That is, so-called spin torque resonance effect occurs
in the magnetoresistive effect element 10. In general, the
oscillation frequency of the magnetization in the magneti-
zation free layer in the case of oscillation of the magneti-
zation caused by such spin torque is in a high-frequency
band of several to several tens of gigahertz (GHz).

Fourth Embodiment

[0100] FIG. 6 is a schematic diagram illustrating a posi-
tional relationship among the magnetoresistive effect ele-
ment 10, the magnetic-field applying mechanism 21, and the
electric-field applying mechanism 31 in accordance with a
fourth embodiment of the present invention. The magne-
toresistive effect element 10 includes the control layer 11,
the magnetization free layer 12 in which the direction of
magnetization is variable, the intermediate layer 13, and the
magnetization fixed layer 14 in which the direction of
magnetization is fixed. The magnetization fixed layer 14 is
composed of a ferromagnetic material, and the magnetiza-
tion direction of the magnetization fixed layer 14 is sub-
stantially fixed to one in-plane direction thereof. The mag-
netic-field applying mechanism 21 has a function of
applying a magnetic field to the control layer 11 in a
direction perpendicular to an in-plane direction of the con-
trol layer 11. The electric-field applying mechanism 31 has
a function of applying an electric field to the control layer 11
in a direction perpendicular to an in-plane direction of the
control layer 11. In FIG. 6, a dash line represents the
application direction of the magnetic field and the electric
field respectively applied by the magnetic-field applying
mechanism 21 and the electric-field applying mechanism 31,
and a dot-dash line represents the direction of the magnetic
anisotropy in the magnetization free layer 12. The magnetic-
field applying mechanism 21 and the electric-field applying
mechanism 31 may be arranged in contact with the control
layer 11 or spaced apart from the control layer 11 as long as
the magnetic-field applying mechanism 21 and the electric-
field applying mechanism 31 substantially have the func-
tions of applying a magnetic field and an electric field to the
control layer 11, respectively.

[0101] The magnetization free layer 12 according to the
fourth embodiment has uniaxial magnetic anisotropy in the
stacking direction, and the magnetization direction of the
magnetization free layer 12 is in the staking direction of the
magnetization free layer 12. Arrows illustrated in FIG. 6
represent the magnetization direction of the magnetization
free layer 12 and the magnetization direction of the mag-
netization fixed layer 14. A flow of spin-polarized current
can cause spin precession in the magnetization free layer 12,
and consequently the spin torque oscillation effect and the
spin torque resonance effect can be obtained. Magnetization
of the magnetization free layer 12 is in the direction of the
effective magnetic field in the magnetization free layer 12
before the current is applied to the magnetoresistive effect
element 10. The effective magnetic field is the sum of the
external magnetic field, the anisotropic magnetic field, the
demagnetizing field, and the exchange bias magnetic field in
the magnetization free layer 12. In FIG. 6, the magnetization
direction of the magnetization free layer 12 and the mag-
netization direction of the magnetization fixed layer 14 are
illustrated by way of example. The magnetization directions
of the magnetization free layer 12 and the magnetization
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fixed layer 14 are not limited to the illustrated directions as
long as the magnetization directions are different from each
other.

[0102] The control layer 11 according to the fourth
embodiment has a function of causing an exchange bias
magnetic field in a direction perpendicular to an in-plane
direction for the magnetization free layer 12. The control
layer 11 further has a function of varying the exchange bias
magnetic field in accordance with superposition of an elec-
tric field and a magnetic field in the direction perpendicular
to the in-plane direction by using the ME effect and of
maintaining the state.

[0103] In the case where a DC having a current density of
an oscillation threshold current density or higher flows
through the magnetoresistive effect element 10 according to
the fourth embodiment, the magnetization in the magneti-
zation free layer 12 oscillates mainly with respect to the
direction perpendicular to the in-plane direction owing to
spin torque and an AC signal corresponding to the oscilla-
tion frequency of the magnetization can be extracted owing
to the magnetoresistive effect. That is, so-called spin torque
oscillation effect occurs in the magnetoresistive effect ele-
ment 10. In addition, in the case where an AC signal having
a frequency equal to the resonance frequency flows through
the magnetoresistive effect element 10, the magnetization in
the magnetization free layer 12 oscillates mainly with
respect to the direction perpendicular to the in-plane direc-
tion owing to spin torque and the AC signal can be converted
into a DC signal in accordance with the oscillation fre-
quency of the magnetization and the DC signal can be
extracted or impedance can be reduced for a frequency
component corresponding to the oscillation frequency of the
magnetization. That is, so-called spin torque resonance
effect occurs in the magnetoresistive effect element 10. In
general, it is known that the oscillation frequency of the
magnetization in the magnetization free layer in the case of
oscillation of the magnetization caused by such spin torque
is in a high-frequency band of several to several tens of
gigahertz (GHz) and the oscillation occurs in a higher
frequency band than oscillation in the direction perpendicu-
lar to the in-plane direction.

[0104] Inthe first to four embodiments, the description has
been given of an example in which the magnetoresistive
effect element 10 includes the magnetization free layer 12,
the magnetization fixed layer 14, and the intermediate layer
13 disposed between the magnetization free layer 12 and the
magnetization fixed layer 14. The magnetoresistive effect
element 10 may be replaced with a magnetoresistive effect
element including two magnetization free layers and an
intermediate layer disposed between these two magnetiza-
tion free layers. An example of such a magnetoresistive
effect element may be a magnetoresistive effect element in
which two magnetization free layers are magnetically
coupled via an intermediate layer. More specifically, the two
magnetization free layers are magnetically coupled via the
intermediate layer such that magnetization directions of the
two magnetization free layers are antiparallel to each other.
In such a magnetoresistive effect element, one of the two
magnetization free layers just needs to be magnetically
connected to the control layer. Alternatively, for each of the
two magnetization free layers, a control layer magnetically
connected to the magnetization free layer may be provided.
[0105] Embodiments of specific elements will be
described below as preferable embodiments of the present
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invention. An example of a variable-frequency oscillator is
described in a fifth embodiment. An example of a variable-
frequency detector is described in a sixth embodiment.
Examples of a variable-frequency filter are described in
seventh and eighth embodiments.

Fifth Embodiment

[0106] FIG. 7 is a schematic diagram of a variable-
frequency oscillator 200 according to a fifth embodiment.
The variable-frequency oscillator 200 includes the input
signal line 1a, an upper electrode 2, the variable-frequency
magnetoresistive effect element 100, a lower electrode 3,
and the output signal line 15. Note that FIG. 7 illustrates
only the magnetoresistive effect element 10 of the variable-
frequency magnetoresistive effect element 100 and omits
illustration of the other components of the variable-fre-
quency magnetoresistive effect element 100.

[0107] In the fifth embodiment, the input signal line 1a is
electrically connected to the upper electrode 2 and has a
function of supplying a DC to the magnetoresistive effect
element 10. The output signal line 15 is electrically con-
nected to the upper electrode 2 and has a function of
extracting an AC signal having a frequency f, generated in
the magnetoresistive effect element 10.

[0108] In the fifth embodiment, the upper electrode 2 and
the lower electrode 3 function as a pair of electrodes and are
arranged in the staking direction of the magnetoresistive
effect element 10 with the magnetoresistive effect element
10 interposed therebetween. That is, the upper electrode 2
and the lower electrode 3 have a function of a pair of
electrodes that allows current to flow through the magne-
toresistive effect element 10 in a direction crossing the
planes of the layers constituting the magnetoresistive effect
element 10, for example, in a direction perpendicular to the
planes of the layers constituting the magnetoresistive effect
element 10 (stacking direction). The lower electrode 3 is
connected to the ground.

[0109] In the fifth embodiment, the upper electrode 2 and
the lower electrode 3 are preferably composed of a material
having a high conductivity, such as Cu, Au, or AuCu. In
addition, shapes of the upper clectrode 2 and the lower
electrode 3 in plan view are preferably defined as a
microstripline shape or a coplanar waveguide shape. With
such a configuration, transmission loss of the AC signal can
be reduced.

[0110] When a DC is input to the magnetoresistive effect
element 10 of the variable-frequency magnetoresistive effect
element 100 according to the fifth embodiment, an AC signal
having a frequency equal to the frequency of spin precession
is generated owing to the spin torque oscillation effect.
[0111] FIG. 8 is a graph illustrating frequency character-
istics of the spin torque oscillation effect caused in the
magnetoresistive effect element 10 according to the fifth
embodiment. The horizontal axis represents the frequency of
the output AC signal, and the vertical axis represents the
oscillation output. As illustrated in FIG. 8, a large oscillation
output can be obtained at a frequency that is equal to or
substantially equal to the spin torque oscillation frequency f,
of the magnetoresistive effect element 10. At that time, the
oscillation output increases in proportion to the magnetore-
sistance ratio (MR) of the magnetoresistive effect element
10.

[0112] Further, the variable-frequency oscillator 200 is
capable of shifting the spin torque oscillation effect to the
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higher frequency side or the lower frequency side by varying
the exchange bias magnetic field applied to the magnetiza-
tion free layer 12 from the control layer 11. That is, the
variable-frequency oscillator 200 is capable of controlling
the frequency characteristics of the spin torque oscillation
effect obtained from the magnetoresistive effect element 10
to be tunable by applying the exchange bias magnetic field
to the magnetization free layer 12 from the control layer 11
so that the spin torque oscillation frequency f, of the
magnetization in the magnetization free layer 12 becomes a
desired oscillation frequency.

[0113] For example, in the case where it is desired to shift
the frequency of the output AC signal to be higher, the
exchange bias magnetic field applied to the magnetization
free layer 12 from the control layer 11 in the fifth embodi-
ment is varied so that the effective magnetic field H,_,
strengthens. In this way, the spin torque oscillation fre-
quency f, in the magnetization free layer 12 is successfully
set to be higher. As a result, the frequency of the oscillated
AC signal can be set higher. In the case where it is desired
to shift the frequency of the output AC signal to be lower, the
exchange bias magnetic field applied to the magnetization
free layer 12 from the control layer 11 is varied so that the
effective magnetic field H, , weakens. In this way, the spin
torque oscillation frequency f, in the magnetization free
layer 12 is successfully set to be lower. As a result, the
frequency of the oscillated AC signal can be set lower. With
such a configuration, a variable-frequency oscillator capable
of achieving the largest oscillation output at the set fre-
quency can be obtained.

[0114] The exchange bias magnetic field applied to the
magnetization free layer 12 from the control layer 11 in the
fifth embodiment can be set by simultaneously applying a
predetermined magnetic field and a predetermined electric
field to the control layer 11 respectively from the magnetic-
field applying mechanism 21 and the electric-field applying
mechanism 31. Further, the state of the exchange bias
magnetic field that has been set can be maintained even after
the applied magnetic field and electric field are removed.
Thus, the resulting spin torque oscillation frequency can be
maintained even after the magnetic field and the electric
field are removed. Further, even if the oscillation frequency
alters due to an influence of disturbance or the like after
being set, re-adjusting the magnitude of the exchange bias
magnetic field enables oscillation at the predetermined fre-
quency again. Thus, a state of a large oscillation output can
be easily maintained even if there is an influence of distur-
bance or the like.

Sixth Embodiment

[0115] FIG. 9 is a schematic diagram of a variable-fre-
quency detector 300 according to a sixth embodiment. The
variable-frequency detector 300 includes the input signal
line 1a, the upper electrode 2, the variable-frequency mag-
netoresistive effect element 100, the lower electrode 3, and
the output signal line 15. Note that FIG. 9 illustrates only the
magnetoresistive effect element 10 of the variable-frequency
magnetoresistive effect element 100 and omits illustration of
the other components of the variable-frequency magnetore-
sistive effect element 100.

[0116] In the sixth embodiment, the input signal line 1a is
electrically connected to the upper electrode 2 and has a
function of supplying an AC signal including a component
of'the frequency f,, to the magnetoresistive effect element 10.
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The output signal line 15 is electrically connected to the
upper electrode 2 and has a function of extracting an output
voltage corresponding to the frequency f, and generated in
the magnetoresistive effect element 10.

[0117] In the sixth embodiment, the upper electrode 2 and
the lower electrode 3 function as a pair of electrodes and are
arranged in the staking direction of the magnetoresistive
effect element 10 with the magnetoresistive effect element
10 interposed therebetween. That is, the upper electrode 2
and the lower electrode 3 have a function of a pair of
electrodes that allows current to flow through the magne-
toresistive effect element 10 in a direction crossing the
planes of the layers constituting the magnetoresistive effect
element 10, for example, in a direction perpendicular to the
planes of the layers constituting the magnetoresistive effect
element 10 (stacking direction). The lower electrode 3 is
connected to the ground.

[0118] In the sixth embodiment, the upper electrode 2 and
the lower electrode 3 are preferably composed of a material
having a high conductivity, such as Cu, Au, or AuCu. In
addition, shapes of the upper clectrode 2 and the lower
electrode 3 in plan view are preferably defined as a
microstripline shape or a coplanar waveguide shape. With
such a configuration, transmission loss of the AC signal can
be reduced.

[0119] When an AC signal having a frequency close to the
spin torque resonance frequency f, is input to the magne-
toresistive effect element 10 of the variable-frequency mag-
netoresistive effect element 100 according to the sixth
embodiment, a DC voltage (hereinafter, referred to as an
output voltage) that is proportional to the square of the
amplitude of the AC signal is generated by the spin torque
diode effect.

[0120] FIG. 10 is a graph illustrating frequency charac-
teristics of the spin torque diode effect in the magnetoresis-
tive effect element 10 according to the sixth embodiment.
The horizontal axis represents the frequency of the AC
signal, and the vertical axis represents the output voltage. As
is apparent from FIG. 10, a large output voltage is generated
when the frequency component of the AC signal is equal to
the spin torque resonance frequency f, of the magnetoresis-
tive effect element 10. At that time, the output voltage
increases in proportion to the magnetoresistance ratio (MR)
of the magnetoresistive effect element 10.

[0121] Further, the variable-frequency detector 300 is
capable of shifting the spin torque resonance effect to the
higher-frequency side or the lower-frequency side by vary-
ing the exchange bias magnetic field applied to the magne-
tization free layer 12 from the control layer 11. That is, the
variable-frequency detector 300 is capable of controlling the
frequency characteristics of the spin torque diode effect
obtained from the magnetoresistive effect element 10 to be
tunable by applying the exchange bias magnetic field to the
magnetization free layer 12 from the control layer so that the
spin torque resonance frequency of the magnetization in the
magnetization free layer 12 becomes equal to the frequency
of the input AC signal.

[0122] Forexample, in the case where the frequency of the
input AC signal is lower than the spin torque resonance
frequency f,, the spin torque resonance frequency f, of the
magnetization free layer 12 is successfully set to be lower by
varying the exchange bias magnetic field applied to the
magnetization free layer 12 from the control layer 11 in the
sixth embodiment so that the effective magnetic field H,,



US 2018/0102475 Al

weakens. As a result, the spin torque resonance frequency f,,
of the magnetization free layer 12 can be set equal to the
frequency of the input AC signal. On the other hand, in the
case where the frequency of the input AC signal is higher
than the spin torque resonance frequency f,,, the spin torque
resonance frequency f; in the magnetization free layer 12
can be set to be higher by varying the exchange bias
magnetic field applied to the magnetization free layer 12
from the control layer 11 so that the effective magnetic field
H,, strengthens. As a result, the spin torque resonance
frequency f, of the magnetization free layer 12 can be set
equal to the frequency of the input AC signal. In this way,
the output voltage corresponding to the frequency of the
input AC signal can be maximized. That is, a variable-
frequency detector capable of obtaining a largest output
signal even if the frequency of the input AC signal varies can
be obtained.

[0123] The exchange bias magnetic field applied to the
magnetization free layer 12 from the control layer 11 in the
sixth embodiment can be set by simultaneously applying a
predetermined magnetic field and a predetermined electric
field to the control layer 11 respectively from the magnetic-
field applying mechanism 21 and the electric-field applying
mechanism 31. Further, the state of the exchange bias
magnetic field that has been set can be maintained even after
the applied magnetic field and electric field are removed.
Thus, the resulting spin torque resonance frequency f, can be
maintained even after the magnetic field and the electric
field are removed. Further, even if the spin torque resonance
frequency f,, deviates from the frequency of the input AC
signal due to an influence of disturbance or the like after
being set equal to the frequency of the input AC signal, the
spin torque resonance frequency f, can be set equal to the
frequency of the input AC signal again by re-adjusting the
magnitude of the exchange bias magnetic field. Thus, a state
of'a large output signal can be easily maintained even if there
is an influence of disturbance or the like.

Seventh Embodiment

[0124] FIG. 11 is a schematic diagram of a variable-
frequency filter 400 according to a seventh embodiment. The
variable-frequency filter 400 includes the input signal line
la, the upper electrode 2, the variable-frequency magne-
toresistive effect element 100, the lower electrode 3, and the
output signal line 15. Note that FIG. 11 illustrates only the
magnetoresistive effect element 10 of the variable-frequency
magnetoresistive effect element 100 and omits illustration of
the other components of the variable-frequency magnetore-
sistive effect element 100.

[0125] In the seventh embodiment, the input signal line 1a
is electrically connected to the upper electrode 2 and has a
function of supplying an AC signal including at least a
component of a first frequency and a component of a second
frequency different from the first frequency to the magne-
toresistive effect element 10. Hereinafter, the first frequency
and the second frequency are respectively denoted by f; and
f,. The output signal line 15 is electrically connected to the
upper electrode 2 and has a function of extracting an AC
signal output from the magnetoresistive effect element 10.
[0126] In the seventh embodiment, the upper electrode 2
and the lower electrode 3 function as a pair of electrodes and
are arranged in the staking direction of the magnetoresistive
effect element 10 with the magnetoresistive effect element
10 interposed therebetween. That is, the upper electrode 2
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and the lower electrode 3 have a function of a pair of
electrodes that allows current to flow through the magne-
toresistive effect element 10 in a direction crossing the
planes of the layers constituting the magnetoresistive effect
element 10, for example, in a direction perpendicular to the
planes of the layers constituting the magnetoresistive effect
element 10 (stacking direction). The lower electrode 3 is
connected to the ground.

[0127] In the seventh embodiment, the upper electrode 2
and the lower electrode 3 are preferably composed of a
material having a high conductivity, such as Cu, Au, or
AuCu. In addition, shapes of the upper electrode 2 and the
lower electrode 3 in plan view are preferably defined as a
microstripline shape or a coplanar waveguide shape. With
such a configuration, transmission loss of the AC signal can
be reduced.

[0128] When an AC signal including a frequency close to
the spin torque resonance frequency f, is input to the
magnetoresistive effect element 10 of the variable-frequency
filter 400 according to the seventh embodiment, the spin
torque resonance effect can be caused in the magnetoresis-
tive effect element 10. At that time, the magnetoresistive
effect element 10 can be handled as an element whose
resistance periodically varies at a frequency corresponding
to the spin torque resonant frequency f,,. Owing to this effect,
element impedance of the magnetoresistive effect element
10 reduces at a frequency equal to the spin torque resonance
frequency f,. Connection of the magnetoresistive effect
element 10 in parallel to the input signal line 1a and the
output signal line 15 allows an AC signal having a frequency
close to the spin torque resonance frequency f, of the
magnetoresistive effect element 10 of the AC signal input
from the input signal line 1a to easily flow into the magne-
toresistive effect element 10 and hinders the AC signal
having such a frequency from flowing into the output signal
line 15. That is, the AC signal input from the input signal line
1a can be hindered from flowing into the output signal line
15 at a frequency near the spin torque resonance frequency
f, of the magnetoresistive effect element 10.

[0129] FIG. 12 is a graph illustrating frequency charac-
teristics of the variable-frequency filter 400 according to the
seventh embodiment. The horizontal axis represents the
frequency of the AC signal, and the vertical axis represents
the signal pass rate. As is apparent from FIG. 12, the signal
pass rate greatly reduces at frequencies where the frequency
component of the AC signal is equal to the spin torque
resonance frequency f, of the magnetoresistive effect ele-
ment 10. That is, the variable-frequency filter 400 can have
a function of attenuating an AC signal, in the input AC
signal, having a frequency component equal to the reso-
nance frequency f, of spin precession in the magnetoresis-
tive effect element 10, that is, a function of so-called band
elimination filter.

[0130] Further, the variable-frequency filter 400 according
to the seventh embodiment is capable of shifting the spin
torque resonance effect to the higher frequency side or the
lower frequency side by varying the exchange bias magnetic
field applied to the magnetization free layer 12 from the
control layer 11. That is, the variable-frequency filter 400 is
capable of controlling the frequency characteristics of the
variable-frequency filter 400 to be tunable by applying the
exchange bias magnetic field to the magnetization free layer
12 from the control layer 11 so that the spin torque resonance
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frequency f,, of magnetization in the magnetization free layer
12 becomes equal to a desired cutoff frequency.

[0131] Forexample, in the case where the frequency of the
AC signal to be cut off by the variable-frequency filter 400
is desired to be shifted to be higher, the spin torque reso-
nance frequency f, of the magnetization free layer 12 is
successfully set to be higher by varying the exchange bias
magnetic field applied to the magnetization free layer 12
from the control layer 11 in the seventh embodiment so that
the effective magnetic field H,; strengthens. As a result, the
frequency of the AC signal to be cut off can be set to be
higher. On the other hand, in the case where the frequency
of'the AC signal to be cut off by the variable-frequency filter
400 is desired to be shifted to be lower, the spin torque
resonance frequency {;, of the magnetization free layer 12 is
successfully set to be lower by varying the exchange bias
magnetic field applied to the magnetization free layer 12
from the control layer 11 so that the effective magnetic field
H,weakens. As a result, the frequency of the AC signal to
be cut off can be set to be lower. In this way, a variable-
frequency filter capable of having the best cutoff character-
istics at a set frequency can be obtained. For example, in the
case where an AC signal including a first frequency com-
ponent and a second frequency component is input to the
magnetoresistive effect element 10, the variable-frequency
filter 400 is able to output a signal obtained by attenuating
the signal of the first frequency component (AC signal
mainly of the second frequency component in this example)
as illustrated in FIG. 11 by setting the spin torque resonance
frequency {, in the magnetization free layer 12 to be equal
to the first frequency f,. In this case, a DC voltage is
generated in the variable-frequency filter 400 as in the
variable-frequency detector 300 illustrated in FIG. 9. If this
DC voltage is desired to be eliminated, a capacitor may be
connected in series to the output signal line 15.

[0132] The exchange bias magnetic field applied to the
magnetization free layer 12 from the control layer 11 can be
set by simultaneously applying a predetermined magnetic
field and a predetermined electric field to the control layer 11
respectively from the magnetic-field applying mechanism
21 and the electric-field applying mechanism 31. Further, the
state of the exchange bias magnetic field that has been set
can be maintained even after the applied magnetic field and
electric field are removed. Thus, the resulting spin torque
resonance frequency f, can be maintained even after the
magnetic field and the electric field are removed. Further,
even if the cutoff frequency shifts due to an influence of
disturbance or the like after being set, the signal of the
predetermined frequency can be cut off again by re-adjusting
the magnitude of the exchange bias magnetic field. Thus, a
state of good cutoff characteristics can be easily maintained
even if there is an influence of disturbance or the like.

Eighth Embodiment

[0133] FIG. 13 is a schematic diagram of a variable-
frequency filter 500 according to an eighth embodiment. The
variable-frequency filter 500 includes the input signal line
la, the upper electrode 2, the variable-frequency magne-
toresistive effect element 100, the lower electrode 3, and the
output signal line 156. Note that FIG. 13 illustrates only the
magnetoresistive effect element 10 of the variable-frequency
magnetoresistive effect element 100 and omits illustration of
the other components of the variable-frequency magnetore-
sistive effect element 100.
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[0134] In the eighth embodiment, the input signal line 1a
is electrically connected to the upper electrode 2 and has a
function of supplying an AC signal including at least a
component of a first frequency and a component of a second
frequency different from the first frequency to the magne-
toresistive effect element 10. Hereinafter, the first frequency
and the second frequency are respectively denoted by f; and
f,. The output signal line 15 is electrically connected to the
lower electrode 3 and has a function of extracting an AC
signal output from the magnetoresistive effect element 10.

[0135] In the eighth embodiment, the upper electrode 2
and the lower electrode 3 function as a pair of electrodes and
are arranged in the staking direction of the magnetoresistive
effect element 10 with the magnetoresistive effect element
10 interposed therebetween. That is, the upper electrode 2
and the lower electrode 3 have a function of a pair of
electrodes that allows current to flow through the magne-
toresistive effect element 10 in a direction crossing the
planes of the layers constituting the magnetoresistive effect
element 10, for example, in a direction perpendicular to the
planes of the layers constituting the magnetoresistive effect
element 10 (stacking direction).

[0136] In the eighth embodiment, the upper electrode 2
and the lower electrode 3 are preferably composed of a
material having a high conductivity, such as Cu, Au, or
AuCu. In addition, shapes of the upper electrode 2 and the
lower electrode 3 in plan view are preferably defined as a
microstripline shape or a coplanar waveguide shape. With
such a configuration, transmission loss of the AC signal can
be reduced.

[0137] When an AC signal including a frequency close to
the spin torque resonance frequency f, is input to the
magnetoresistive effect element 10 of the variable-frequency
filter 500 according to the eighth embodiment, the spin
torque resonance effect can be caused in the magnetoresis-
tive effect element 10. At that time, the magnetoresistive
effect element 10 can be handled as an element whose
resistance periodically varies at a frequency corresponding
to the spin torque resonant frequency f,,. Owing to this effect,
element impedance of the magnetoresistive effect element
10 reduces at a frequency equal to the spin torque resonance
frequency f,. Connection of the magnetoresistive effect
element 10 in series to the input signal line 1a and the output
signal line 15 allows an AC signal, in the AC signal input
from the input signal line 14, having a frequency close to the
spin torque resonance frequency f, of the magnetoresistive
effect element 10 to easily pass through the magnetoresistive
effect element 10 and easily flow into the output signal line
15. That is, the AC signal input from the input signal line 1a
can be attenuated at non-resonance frequencies at which
impedance is high and can pass through at the resonance
frequency at which impedance is low.

[0138] FIG. 14 is a graph illustrating frequency charac-
teristics of the variable-frequency filter 500 according to the
eighth embodiment. The horizontal axis represents the fre-
quency of the AC signal, and the vertical axis represents the
signal pass rate. As is apparent from FIG. 14, the signal pass
rate greatly increases at frequencies where the frequency
component of the AC signal is equal to the spin torque
resonance frequency f, of the magnetoresistive effect ele-
ment 10. That is, the variable-frequency filter 500 can have
a function of passing therethrough an AC signal, in the input
AC signal, of a frequency component equal to the resonance
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frequency f,, of spin precession in the magnetoresistive effect
element 10, that is, a function of so-called bandpass filter.

[0139] Further, the variable-frequency filter 500 according
to the eighth embodiment is capable of shifting the spin
torque resonance effect to the higher frequency side or the
lower frequency side by varying the exchange bias magnetic
field applied to the magnetization free layer 12 from the
control layer 11. That is, the variable-frequency filter 500 is
capable of controlling the frequency characteristics thereof
to be tunable by applying the exchange bias magnetic field
to the magnetization free layer 12 from the control layer 11
so that the spin torque resonance frequency f, of magneti-
zation in the magnetization free layer 12 becomes equal to
a desired pass frequency.

[0140] Forexample, in the case where the frequency of the
AC signal that passes through the variable-frequency filter
500 is desired to be shifted to be higher, the spin torque
resonance frequency {;, of the magnetization free layer 12 is
successfully set to be higher by varying the exchange bias
magnetic field applied to the magnetization free layer 12
from the control layer 11 so that the effective magnetic field
H,strengthens. As a result, the frequency of the AC signal
that passes through can be set to be higher. On the other
hand, in the case where the frequency of the AC signal that
passes through the variable-frequency filter 500 is desired to
be shifted to be lower, the spin torque resonance frequency
f, of the magnetization free layer 12 is successfully set to be
lower by varying the exchange bias magnetic field applied to
the magnetization free layer 12 from the control layer 11 so
that the effective magnetic field H, ,weakens. As a result, the
frequency of the AC signal that passes through can be set to
be lower. In this way, a variable-frequency filter capable of
having the best pass characteristics at a set frequency can be
obtained. For example, in the case where an AC signal
including a first frequency component and a second fre-
quency component is input to the magnetoresistive effect
element 10, the variable-frequency filter 500 is able to
selectively pass therethrough the signal of the first frequency
component of the input AC signal as illustrated in FIG. 13
by setting the spin torque resonance frequency f, of the
magnetization free layer 12 to a frequency equal to the first
frequency f;.

[0141] The exchange bias magnetic field applied to the
magnetization free layer 12 from the control layer 11 in the
eighth embodiment can be set by simultaneously applying a
predetermined magnetic field and a predetermined electric
field to the control layer 11 respectively from the magnetic-
field applying mechanism 21 and the electric-field applying
mechanism 31. Further, the state of the exchange bias
magnetic field that has been set can be maintained even after
the applied magnetic field and electric field are removed.
Thus, the resulting spin torque resonance frequency f, can be
maintained even after the magnetic field and the electric
field are removed. Further, even if the pass frequency shifts
due to an influence of disturbance or the like after being set,
the signal of the predetermined frequency can be passed
through again by re-adjusting the magnitude of the exchange
bias magnetic field. Thus, a state of good pass characteristics
can be easily maintained even if there is an influence of
disturbance or the like.

[0142] Embodiments of the present invention will be
specifically described below on the basis of an experiment
example and a simulation example. Note that the following
description confirms the advantageous effects of the embodi-
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ments of the present invention by using an experiment
example and a simulation example and does not limit the
present invention. It should be noted that as long as an
embodied product has the technical spirit of the present
invention, the product is within the scope of the present
invention.

Experiment Example

[0143] Inan experiment example, a sample simulating the
relationship between the control layer 11 and the magneti-
zation free layer 12 constituting the variable-frequency
magnetoresistive effect element 100 was fabricated as illus-
trated in FIG. 15, and advantageous effects thereof were
investigated.

[0144] A configuration of the sample according to the
experiment example is described with reference to FIG. 15.
A substrate 53 is a sapphire substrate. A lower electrode 52
is composed of Pt. The control layer 11 is an antiferromag-
netic oxide layer having the ME effect and composed of
Cr,0;. The magnetization free layer 12 is a ferromagnetic
metal layer composed of Co. An upper electrode 51 is
composed of Pt. The upper electrode 51 and the lower
electrode 52 are connected to a power supply 54 and are
capable of applying a positive or negative electric field to the
control layer 11 in a perpendicular direction. Thus, the upper
electrode 51 and the lower electrode 52 correspond to an
example of an electric-field applying mechanism according
to embodiments of the present invention. In addition, a
magnetic-field applying mechanism that includes an elec-
tromagnet and applies a magnetic field is provided in an
up-down direction of the sample. However, since details of
the magnetic-field applying mechanism are known art, a
description thereof is omitted. The lower electrode 52, the
control layer 11, the magnetization free layer 12, and the
upper electrode 51 may be formed by using any given
physical or chemical deposition process, for example, sput-
tering, pulsed layer deposition (PLD), ion beam deposition
(IBD), or chemical vapor deposition (CVD).

[0145] Fabrication of the sample is described. The lower
electrode 52 composed of Pt and having a thickness of 25
nm was formed on a step-controlled C-plane sapphire sub-
strate by DC sputtering in an argon atmosphere.

[0146] Then, a Cr,05(001) layer having a thickness of 500
nm was formed on the lower electrode 52 composed of Pt by
reactive RF sputtering using a metal target of Cr in an
argon-oxygen atmosphere at 500° C., 0.3 Pa, and a plasma
power of 100 W. The control layer 11 was composed of this
Cr, O, layer.

[0147] Then, the magnetization free layer 12 composed of
a ferromagnetic metal layer of Co having a thickness of 1 nm
was formed by DC sputtering in a argon atmosphere at 150°
C. Further, the upper electrode 51 composed of Pt and
having a thickness of 5 nm was formed on the magnetization
free layer 12. In addition, in this experiment, an exchange
coupling buffer layer composed of Cr and having an appro-
priate thickness was formed at an interface between the
control layer 11 and the magnetization free layer 12 by DC
sputtering in an argon atmosphere in order to adjust the
magnitude of exchange coupling to an appropriate level.
[0148] An evaluation method of the obtained sample is
described. The exchange bias magnetic field applied to the
magnetization free layer 12 from the control layer 11 was
electrically investigated using the anomalous Hall effect
(AHE). To measure the anomalous Hall effect, the upper
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electrode 51 was shaped in a cross-like Hall bar. In addition,
an intersection portion of the Hall bar shape where the
magnetization free layer 12 was present was processed to
have an area of 40x40 um?. The anomalous Hall effect was
evaluated by passing a constant current between 11 and 12 of
the Hall bar and measuring a Hall voltage generated across
V1 and V2 at that time.

[0149] A variation in the exchange bias magnetic field in
response to ME manipulation was actually investigated by
using the fabricated sample. FIG. 16 is a graph illustrating
a result of a measurement of the anomalous Hall effect in the
fabricated sample. In FIG. 16, the vertical axis represents a
normalized AHE signal, which is proportional to a direction
of magnetization of the sample. A loop represented as w/o
Hzy in FIG. 16 indicates an AHE loop obtained from the
magnetization free layer 12 in a state where the exchange
bias magnetic field is 0. In addition, the ME manipulation
experiment was performed using, as the initial state, a state
where a positive exchange bias was applied to the sample by
performing magnetic field cooling with a magnetic field of
+10 kOe first. From the loop in the initial state, it was
confirmed that the AHE loop obtained from the magnetiza-
tion free layer 12 was shifted from the origin by +90 Oe.
This indicates that the exchange bias magnetic field of —-90
Oe is applied to the magnetization free layer 12.

[0150] In response to application of superposition of a
magnetic field and an electric field to the control layer 11 of
this sample so that a relationship between the magnetic field
and the electric field was in a parallel state, the value of the
exchange bias gradually varied from the initial state and was
successfully inverted to a negative value ultimately. The
experiment showed the result of AHE measurement in the
case where the magnetic field was fixed to +10 kOe and an
electric field was applied to the control layer 11 while
gradually increasing the applied voltage. It was confirmed
that the value of the exchange bias gradually reduced in
response to an increase of the voltage to 5V and then 10V
and that the exchange bias was completely inverted after the
application of 70 V. That is, it was confirmed that the
exchange bias magnetic field applied to the magnetization
free layer 12 from the control layer 11 were successfully
varied continuously in a range from -90 Oe to +90 Oe.
Further, it was confirmed that the value of the exchange bias
shifted from a negative value to a positive value when the
magnetic field and the electric field were applied after the
direction of the electric field was inverted so that the
relationship between the magnetic field and the electric field
was in an antiparallel state. That is, it was confirmed that the
two states could be repeatedly switched between by switch-
ing the direction of the electric field with the direction of the
magnetic field fixed. This indicates that the magnitude of the
exchange bias magnetic field applied to the magnetization
free layer 12 from the control layer 11 is controllable in a
range from a positive value to a negative value by ME
manipulation.

Simulation Example

[0151] The spin torque precession effect (oscillation phe-
nomenon, specifically) of the magnetoresistive effect ele-
ment according to the first embodiment was simulated using
the LLG equation. The configuration of the magnetoresistive
effect element used in the simulation is described with
reference to FIG. 17. The magnetization free layer 12 was
configured to have a cylindrical shape with an element
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diameter of 170 nm. The x-axis was set to the magnetization
direction of the magnetization fixed layer 14, and the z-axis
direction is set to the thickness direction. A CoFe alloy was
used as materials of the magnetization free layer 12 and the
magnetization fixed layer 14. It was assumed that magneti-
zation of the magnetization fixed layer 14 was fixed by
exchange coupling with an antiferromagnetic material (not
illustrated) adjacent to the magnetization fixed layer 14.
[0152] As the initial state of the magnetoresistive effect
element 10, a state was assumed where an external magnetic
field (Hy) of 200 Oe was applied at an angle of 179 degrees
from the direction of magnetization of the magnetization
fixed layer 14. In addition, since the film thickness could be
considered to be sufficiently small, the demagnetizing coef-
ficients were set such that Nx=0, Ny=0, and Nz=1.

[0153] Magnetization of the magnetization free layer 12
was assumed to be uniform. The exchange bias magnetic
field applied to the magnetization free layer 12 was denoted
by H,,.. In addition, in this simulation example, the aniso-
tropic magnetic field is not taken into account for the
magnetoresistive effect element 10 (H,=0). Thus, the effec-
tive magnetic field in the magnetization free layer 12 was the
sum of the external magnetic field Hy, the demagnetizing
field H,, and the exchange bias magnetic field H. based on
the exchange bias. In addition, in order to simulate oscilla-
tion at a finite temperature, H,,,,,,; below is added as the
term of the torque based on the magnetic field in the LL.G
equation, in addition to the effective magnetic field. H
is represented by Equation 5.

thermal

20KgT 1 Equation 5

H, = | — =
| Hinermatl LoSAM] d

[0154] Table 1 shows parameters used in this simulation
example.
TABLE 1
Symbol Value Unit
Ryp 100 Q
R, 50 Q
Magnetoresistance Ratio MR 100 %
Spin Polarizability P 0.577
Current I, 4.5 mA
RA 1.14 Qum?
a 0.02 —
MS 1.31 x 10° A/m
Temperature 300 K
[0155] FIG. 18A illustrates the dependence of the oscilla-

tion frequency of the magnetoresistive effect element on the
exchange bias magnetic field (Hyz) determined by this
simulation example. In FIG. 18A, the vertical axis repre-
sents an oscillation output in an arbitrary unit, and the
horizontal axis represents the oscillation frequency. The
oscillation spectrum denoted by f, in FIG. 18A indicates a
reference oscillation spectrum in the case where the
exchange bias magnetic field Hyz is 0 and the effective
magnetic field H_1is the sum of the external magnetic field
Hj and the demagnetizing field H,. In addition, two spectra
on the lower frequency side of f, respectively indicate
oscillation spectra in the cases where the exchange bias
magnetic field H.; is set to =50 Oe and —100 Oe. Further,
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two spectral on the higher frequency side of f; respectively
indicate oscillation spectra in the cases where the exchange
bias magnetic field H is set to 50 Oe and 100 Oe. FI1G. 18B
is a graph illustrating a relationship between the set
exchange bias magnetic field H.; and the oscillation fre-
quency. In FIG. 18B, the vertical axis represents the oscil-
lation frequency, and the horizontal axis represents the
strength of the exchange bias magnetic field.
[0156] As is apparent from FIG. 18A, it was confirmed
that in the case where a positive exchange bias magnetic
field (Hzz=50 Oe and H,z;=100 Oe in FIG. 18A) was
applied, the oscillation frequency was successfully shifted to
the higher frequency side without application of a magnetic
field from the outside. Conversely, it was confirmed that in
the case where a negative exchange bias magnetic field
(Hzz=-50 Oe and H z=-100 Oe in FIG. 18A) was applied,
the oscillation frequency was successfully shifted to the
lower frequency side. That is, it was confirmed from this
simulation that the frequency of spin precession is control-
lable by using an exchange bias magnetic field. In the
simulation example, computation was performed for the
case where the spin torque oscillation effect was caused in
a state where a fixed external magnetic field was applied in
advance by using a permanent magnet or the like and the
exchange bias magnetic field was varied to vary the fre-
quency. However, the frequency is likewise controllable
even in the case where the spin torque oscillation effect is
caused in a state where magnetic anisotropy is applied to the
magnetization free layer instead of the external magnetic
field or in the case where the spin torque oscillation effect is
caused in a state where both the magnetic anisotropy and the
external magnetic field are applied. In addition, although the
spin torque oscillation effect was simulated in the simulation
example, the similar advantageous effects can be expected
for the spin torque resonance effect based on spin preces-
sion. That is, the frequency of the spin torque resonance
effect is controllable by using an exchange bias magnetic
field.
[0157] As described above, the variable-frequency mag-
netoresistive effect elements according to the embodiments
of the present invention are capable of electrically control-
ling the frequency of spin precession in a magnetoresistive
effect element and can be used in high-frequency devices,
such as variable-frequency oscillators, detectors, or filters.
What is claimed is:
1. A variable-frequency magnetoresistive effect element
comprising:
a magnetoresistive effect element;
a magnetic-field applying mechanism that applies a mag-
netic field to the magnetoresistive effect element;
an electric-field applying mechanism that applies an elec-
tric field to the magnetoresistive effect element; and
a control terminal connected to the electric-field applying
mechanism and used for applying a voltage to the
electric-field applying mechanism, the voltage varying
in at least one of magnitude and polarity,
wherein the magnetoresistive effect element contains an
antiferromagnetic material or ferrimagnetic material
having a magnetoelectric effect, and
wherein a spin torque oscillation frequency or spin torque
resonance frequency of the magnetoresistive effect
element is controlled by varying the voltage applied via
the control terminal in at least one of magnitude and
polarity.
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2. The variable-frequency magnetoresistive effect element
according to claim 1,

wherein the magnetoresistive effect element includes
a control layer, and
a magnetization free layer that is magnetically con-

nected to the control layer and in which direction of
magnetization is variable, and

wherein the control layer contains the antiferromagnetic
material or the ferrimagnetic material.

3. The variable-frequency magnetoresistive effect element
according to claim 2, wherein the control layer further
contains another antiferromagnetic material having a Neel
temperature that is higher than a Neel temperature of the
antiferromagnetic material or the ferrimagnetic material.

4. The variable-frequency magnetoresistive effect element
according to claim 1, further comprising:

a control mechanism connected to the control terminal
and having a function of controlling the voltage applied
via the control terminal and polarity of the voltage.

5. The variable-frequency magnetoresistive effect element
according to claim 4, further comprising:

a feedback circuit that detects at least one of an input
signal and an output signal of the magnetoresistive
effect element and provides a feedback to the control
mechanism to achieve a desired spin torque oscillation
frequency or a desired spin torque resonance frequency.

6. The variable-frequency magnetoresistive effect element
according to claim 1, wherein the magnetic-field applying
mechanism includes a permanent magnet.

7. The variable-frequency magnetoresistive effect element
according to claim 2,

wherein the magnetization free layer has magnetic anisot-
ropy in an in-plane direction,

wherein a magnetic field is applied by the magnetic-field
applying mechanism to the control layer in a direction
perpendicular to a stacking direction of the magnetore-
sistive effect element,

wherein an electric field is applied by the electric-field
applying mechanism to the control layer in a direction
perpendicular to the stacking direction of the magne-
toresistive effect element,

wherein the magnetic field and the electric field are
superposed and applied to the control layer so as to
have a substantially parallel relationship or a substan-
tially antiparallel relationship, and

wherein the spin torque oscillation frequency or the spin
torque resonance frequency is varied by varying mag-
nitude or direction of the applied electric field.

8. The variable-frequency magnetoresistive effect element

according to claim 2,

wherein the magnetization free layer has magnetic anisot-
ropy in an in-plane direction,

wherein a magnetic field is applied by the magnetic-field
applying mechanism to the control layer so as to
include a component of a stacking direction of the
magnetoresistive effect element,

wherein an electric field is applied by the electric-field
applying mechanism to the control layer so as to
include a component of the stacking direction of the
magnetoresistive effect element,

wherein the magnetic field and the electric field are
superposed and applied to the control layer so as to
have a substantially parallel relationship or a substan-
tially antiparallel relationship, and
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wherein the spin torque oscillation frequency or the spin
torque resonance frequency is varied by varying mag-
nitude or direction of the applied electric field.
9. The variable-frequency magnetoresistive effect element
according to claim 2,
wherein the magnetization free layer has magnetic anisot-
ropy in a direction perpendicular to a stacking plane,

wherein a magnetic field is applied by the magnetic-field
applying mechanism to the control layer so as to
include a component of the stacking direction of the
magnetoresistive effect element,

wherein an electric field is applied by the electric-field

applying mechanism to the control layer so as to
include a component of the stacking direction of the
magnetoresistive effect element,

wherein the magnetic field and the electric field are

superposed and applied to the control layer so as to
have a substantially parallel relationship or a substan-
tially antiparallel relationship, and

wherein the spin torque oscillation frequency or the spin

torque resonance frequency is varied by varying mag-
nitude or direction of the applied electric field.
10. The variable-frequency magnetoresistive effect ele-
ment according to claim 1, wherein the antiferromagnetic
material includes at least one oxide selected from the group
consisting of Cr,O;, YMnO;, and BiFeO;.
11. The variable-frequency magnetoresistive effect ele-
ment according to claim 1, wherein the ferrimagnetic mate-
rial includes Al Ga,Fe,, O;, where O=xsl, 0<y=0.3,
and O=x+y=l.
12. A variable-frequency oscillator comprising:
the variable-frequency magnetoresistive effect element
according to claim 1,

wherein the magnetoresistive effect element has a func-
tion of receiving an input DC signal and outputting an
AC signal, and

wherein a frequency of the AC signal output from the

magnetoresistive effect element is varied by varying

l—x—y
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magnitude or direction of the electric field applied to
the magnetoresistive effect element.

13. A variable-frequency detector comprising:

the variable-frequency magnetoresistive effect element
according to claim 2,

wherein the spin torque resonance frequency of the mag-
netization free layer of the magnetoresistive effect
element is varied by varying magnitude or direction of
the electric field applied to the magnetoresistive effect
element, and

wherein the magnetoresistive effect element receives an
input AC signal and outputs a DC signal in response to
a signal having a frequency equal to the spin torque
resonance frequency in the input AC signal.

14. A variable-frequency filter comprising:

the variable-frequency magnetoresistive effect element
according to claim 2,

wherein the spin torque resonance frequency of the mag-
netization free layer of the magnetoresistive effect
element is varied by varying magnitude or direction of
the electric field applied to the magnetoresistive effect
element, and

wherein upon receiving an input AC signal, the magne-
toresistive effect element outputs an AC signal obtained
by attenuating a signal having a frequency equal to the
spin torque resonance frequency in the input AC signal.

15. A variable-frequency filter comprising:

the variable-frequency magnetoresistive effect element
according to claim 2,

wherein the spin torque resonance frequency of the mag-
netization free layer of the magnetoresistive effect
element is varied by varying magnitude or direction of
the electric field applied to the magnetoresistive effect
element, and

wherein upon receiving an input AC signal, the magne-
toresistive effect element selectively passes there-
through a signal having a frequency equal to the spin
torque resonance frequency in the input AC signal.
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