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We investigated spin-transfer-torque �STT�-induced rf oscillation with a magnetic field applied perpendicu-
lar to the plane of CoFeB/MgO/CoFeB magnetic tunnel junctions �MTJs�. For the rf measurement with the
magnetic field normal to the MTJ plane, the magnetic field dependence of the peak frequency �f0�, the
linewidth ��f�, and the power spectral density �PSD� were well interpreted as behavior in a linear regime,
which showed the minima of f0 and �f and the maximum of PSD at the demagnetizing field of the free layer.
However, no clear onset of STT-induced rf oscillation was observed even with a large bias current applied.
Under the magnetic field slightly tilted from the normal direction, on the other hand, the spectral shape strongly
depended on the bias current. With the current in the direction to stimulate STT-induced rf oscillation, a rapid
blueshift of f0 and an abrupt increase in PSD were observed together with a remarkable broadening of �f ,
indicating that STT-induced rf oscillation was achieved. The critical current for STT-induced rf oscillation
estimated from the variation in �f was also in good agreement with the bias current at which the peak of the
second harmonics of f0 appeared in the rf spectrum.
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I. INTRODUCTION

Spin-polarized current passing through a device compris-
ing a magnetic free layer and a spin-polarizing layer sepa-
rated by a nonmagnetic metal or thin insulating layer gives
rise to a torque on the local magnetization vectors. This
torque is called the “spin-transfer-torque �STT�,” originating
from the spin angular momentum transfer from the conduc-
tion electron spin to the local spin,1,2 and this enables us to
manipulate the local magnetization direction without an ex-
ternal magnetic field. STT acts to enhance or suppress the
intrinsic magnetization damping torque depending on the di-
rection of the current flow and the magnetization directions
of the free and spin-polarizing layers. In certain conditions in
which STT overcomes the intrinsic damping torque, magne-
tization reversal of the free layer occurs. When STT and the
intrinsic damping torque are balanced, the magnetization
shows a steady precession, which is called the STT-induced
rf oscillation. This rf oscillation of magnetization was first
observed in all-metallic multilayers,3–5 and many investiga-
tions have been done to clarify the magnetic dynamics and
to realize potential applications such as a microwave
oscillator.6–9

A magnetic tunnel junction �MTJ� with a MgO barrier
showing a large tunnel magnetoresistance �TMR� effect10–12

is a key for such applications since the large MR ratio leads
to large rf output power. Recently, several studies on STT-
induced rf oscillation have been reported using MgO-based
MTJs.13–18 Compared with all-metallic multilayer systems,
however, there are several difficulties in observing STT-
induced rf oscillation for MTJs. One of the serious problems
is deterioration or dielectric breakdown of the thin tunnel
barrier during the measurement because a large bias voltage

is applied to inject current of the order of 106 A /cm2, which
sometimes leads to low reproducibility in the experimental
results. Although it has been reported that low-resistance
MTJs with a relatively low TMR ratio easily exhibit STT-
induced rf oscillation compared with high-resistance MTJs,
the reason for this and the detail mechanism are still not
clear.15–17 The shape of the rf spectrum, which includes mul-
tiple peaks,13 is also a problem, implying the existence of
several precessional modes and is an obstacle to a precise
analysis. In addition, the large thermal noise enhanced by
STT makes it difficult to clearly determine the onset of STT-
induced rf oscillation. Thus, it is first necessary to suppress
the additional precessional modes and to make the shape of
the rf spectrum a single peak structure for high-quality MgO-
based MTJs with a high TMR ratio. Then, it is important to
determine the critical current for the onset of STT-induced rf
oscillation.

Here, we present STT-induced rf oscillation with a mag-
netic field applied perpendicular to the plane of MgO-based
MTJs. This perpendicular magnetic field is expected to sup-
press the additional precessional modes since it leads to a
uniform demagnetization field in the nanosized pillar of the
MTJ in comparison with the in-plane magnetic field. The
magnetic field and the bias current dependences of the peak
frequency �f0�, the linewidth ��f�, and the power spectral
density �PSD� of the rf spectrum are investigated. In this
paper, the device structure and the measurement setup are
described in Sec. II. Section III is devoted to the results when
a magnetic field is applied normal to the MTJ plane. Section
IV shows STT-induced rf oscillation with the magnetic field
slightly tilted from the normal to the MTJ plane. The experi-
mental results are also discussed based on a theory for non-
linear auto-oscillators.
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II. EXPERIMENTAL PROCEDURES

A MTJ film with the following stacked structure was pre-
pared by sputter deposition: thermally oxidized Si wafer/
buffer layers/PtMn �15 nm�/CoFe �2.5 nm�/Ru �0.85 nm�/
CoFeB �3 nm�/Mg �0.6 nm�/MgO �0.6 nm�/CoFeB �2 nm�/
capping layers. The buffer layers consist of CuN and Ta
layers. The 2-nm-thick CoFeB layer is a free layer. The com-
position of the CoFeB layers is Co:Fe:B=60:20:20. A Mg
layer with the thickness of 0.6 nm was inserted between the
3-nm-thick CoFeB pinned layer and the 0.6-nm-thick MgO
tunnel barrier to obtain a high MR ratio and a low resistance-
area �RA� product.19 The MTJ film was patterned into a
pillar-shaped structure with an elliptical cross section of 70
�160 nm2 by a combination of electron beam lithography,
ion milling, and lift-off techniques.

Figure 1 schematically illustrates the device and the mea-
surement setup. The MTJ pillar is placed at the intersection
of the top and bottom electrodes. The MR measurement was
performed at room temperature using a conventional two-
terminal technique with a bias voltage of 10 mV applied. The
frequency-domain measurement was carried out using a
spectrum analyzer. The MTJ device was connected to the
circuit with a two-terminal rf probe and a dc bias current
�Idc� was applied from a dc power source through a bias-Tee.
The STT-induced rf oscillation generates a high-frequency
voltage output signal �Vrf�Idc�� due to the time variation in
resistance originating from the TMR effect. Output signals
amplified by a preamplifier were fed to a spectrum analyzer.
All the rf measurements were performed at room tempera-
ture. The positive Idc is defined as the direction of the elec-
tron flow from the free layer to the pinned one. The back-
ground signal at Idc=0 mA was subtracted from the
measured rf spectra. PSD for the present measurement is
expressed as

PSD = � 1

Gpreamp
�2Vrf�Idc�2

Z0�fRB
�W/Hz� , �1�

where Gpreamp, Z0, and �fRB denote the frequency-dependent
gain of the preamplifier, the characteristic impedance

�50 ��, and the resolution bandwidth of the spectrum ana-
lyzer �3 MHz�, respectively.

III. rf SPECTRA UNDER A PERPENDICULAR MAGNETIC
FIELD

Figure 2�a� shows a MR curve with an external magnetic
field �Hext� applied along the in-plane easy-axis direction of
the MTJ. The MR ratio which is defined as �RAP−RP� /RP
�where RAP and RP are the resistance values of the antiparal-
lel and parallel alignments of the magnetizations� is �100%
and the RA value in the parallel state is �2.3 � �m2 for the
present device. Figure 2�b� shows a MR curve with Hext
applied normal to the plane of the MTJ. At Hext=0 Oe, the
antiparallel alignment is stable due to the dipole interaction
between the free and pinned layers. The resistance of the
MTJ gradually decreases as Hext increases, which means the
continuous change in the magnetic configuration from the
antiparallel to the parallel alignment. An important point is
that the measured MR curve is completely symmetric with
respect to the zero magnetic field, indicating that Hext is ap-
plied strictly normal to the MTJ plane.

rf spectra at various Hext normal to the MTJ plane are
shown in Fig. 3. Although Idc=0.1 mA is small enough to
neglect the effect of STT, a clear single peak structure was
observed in a wide range of Hext. Such an explicit peak struc-
ture enables us to precisely analyze the magnetic field and
the bias current dependences of f0, �f , and PSD. Figures
4�a�–4�c� show f0, �f , and PSD as a function of Hext, respec-
tively. Idc was fixed at 0.1 mA. As Hext increases, f0 gradu-
ally decreases and reaches a minimum at Hext=11 kOe, and
then increases linearly for Hext�11 kOe. �f also shows a
minimum value around Hext=11 kOe, whereas PSD shows a
maximum. The peaks observed in the rf spectra originate
from the thermally excited ferromagnetic resonance �FMR�
mode of the free layer. The decrease in f0 is due to the
continuous change from the in-plane precession to the out-
of-plane precession and the magnetization direction is
aligned to the normal axis of the MTJ plane in the magnetic
field region where f0 increases linearly. These magnetic field
dependences of f0 and �f are interpreted as behavior in the
linear regime. Using Kittel’s FMR formula,20 f0 under a per-
pendicular magnetic field is expressed as21
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FIG. 1. �Color online� Schematic illustration of the device and
the measurement setup for the rf spectrum. The external magnetic
field �Hext� was applied in the perpendicular direction to the plane
of the MTJ.
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FIG. 2. MR curves measured with �a� the in-plane easy-axis
magnetic field and �b� the perpendicular magnetic field. The direc-
tion of the perpendicular magnetic field is strictly along the normal
to the MTJ plane. A bias voltage of 10 mV was applied.
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f0 = �
�

2�
	HcHd�1 −

Hext
2

Hd
2 � Hext 	 Hd

�

2�
	�Hext − Hd��Hext − Hd + Hc� Hd 	 Hext,


 �2�

where Hc and Hd denote the coercivity and the demagnetiz-
ing field, respectively. � is the gyromagnetic ratio. It is found
that the experimental data are well fitted by Eq. �2�. From the
result of the fitting �the dashed line in Fig. 4�a��, Hc
�240 Oe and Hd�11.08 kOe are obtained. Using the value
of Hd, saturation magnetization �Ms� for the CoFeB free
layer is calculated to be �880 emu /cm3, which is lower
than 1100 emu /cm3.22 This discrepancy suggests that per-
pendicular magnetic anisotropy exists in the CoFeB free
layer as a previous paper reported.21 �f at Hext=0 Oe is
given by �f =
�� /2���Hc+Hd�, where 
 is the damping pa-
rameter. In this study, 
 is calculated to be 0.009 using �f
�300 MHz, Hc�240 Oe, and Hd�11.08 kOe. This value
of 
 is almost equal to the value used in the STT-induced
switching measurement.22 Since PSD shows a maximum
around Hext=11 kOe, the precessional angle of magnetiza-
tion becomes large when Hext is comparable to Hd.

Figures 5�a� and 5�b� show f0 and �f as a function of Idc,
respectively. Hext was fixed at 10 kOe. The relative angle
between the free and the fixed layers was �60°. The positive
Idc is the current direction stimulating the rf oscillation
�which is labeled the “antidamping side”�, and the negative
one is that constricting the magnetization precession �which
is labeled the “forced side”�. In the high bias current region,
f0 shifts due to the effect of STT �Fig. 5�a��. f0 shows a
blueshift on the forced side whereas it shows a redshift on
the antidamping side. The blueshift �redshift� indicates that
the precessional angle becomes smaller �larger� due to STT.
According to a theory proposed by Kim et al.,23 �f decreases
linearly with increasing Idc in the linear regime. The linear
decrease in �f means that the effective damping is reduced
by STT. The Idc dependence of �f in the linear regime is
simply expressed as

�f =
�

2�
�Ic0 − Idc� , �3�

where � is the spin-polarization efficiency defined by Eq. �5�
in Ref. 24 and Ic0 is the critical current for the onset of
STT-induced rf oscillation. The value of Ic0 is estimated by
linearly extrapolating �f to zero. This linear dependence has
been observed in other reports at low bias currents.15,16,25,26

In this measurement, the linear relationship is observed in
the negative Idc region, indicating that the STT supports the
magnetization damping in the negative Idc. On the other
hand, �f at the positive Idc shows the deviation from the
linear relationship. Although it is not clear why the variation
in �f deviates from the linear relationship even at the low
Idc, the transition from a linear to a nonlinear regime might
occur due the STT. Ic0 is estimated to be 3.6 mA for this
measurement condition from the linear extrapolation �the
dashed line in Fig. 5�b��. This value of Ic0 is much higher
than the maximum Idc applied in the experiment. Figure 5�c�
shows Idc versus PSD. At the low Idc region from −1.7 to 1.7
mA, PSD shows a quadratic increase. This is because the
values of PSD are not normalized by Idc.

2 The output power
due to the thermally excited ferromagnetic resonance mode
shows the quadratic increase with Idc. However, PSD for the
forced side decreases at Idc	−1.7 mA, implying that STT
reduces the precessional angle. In contrast, the quadratic in-
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crease in PSD with Idc remains even at Idc�1.7 mA. This
asymmetry of the Idc versus PSD implies the contribution of
the STT. Although the increment of PSD for the antidamping
side is observed, the STT-induced rf oscillation is not
achieved because the value of Idc is lower than the estimated
Ic0. In the measurement using other MTJs, the irreversible
reduction in the device resistance was often observed around
Idc=2.5 mA �the bias voltage of �750 mV�, indicating the
dielectric breakdown of the MgO barrier. Idc	2.5 mA is not
sufficient to achieve STT-induced rf oscillation in this ap-
plied field direction. Consequently, in the present condition
with the magnetic field applied strictly normal to the plane of
the MTJ, a definite onset of the STT-induced rf oscillation is
not observed.

IV. rf SPECTRA UNDER A MAGNETIC FIELD TILTED
FROM THE NORMAL AXIS

As described in Sec. III, the application of a perpendicular
magnetic field was effective in making the spectral shape a
single peak structure although STT-induced rf oscillation was
not achieved. This section shows the results when a magnetic
field is slightly tilted from the normal axis of the plane of the
MTJ. The tilt angle is a few degrees. Figure 6 shows a MR
curve measured under a tilted magnetic field. While the

shape of the MR curve in the negative field region is almost
the same as that measured in the normal direction �Fig. 2�b��,
an abrupt change in the resistance appears for 8�Hext
�10 kOe. Considering the magnetization configuration
�schematically shown in Fig. 6�, the resistance change is at-
tributable to the in-plane magnetization switching induced by
the in-plane component of the tilted magnetic field.

Figure 7 displays RF spectra for �a� positive and �b� nega-
tive Idc. Hext was fixed at 11 kOe, which was the field after
the in-plane magnetization switching. The positive bias cur-
rent direction corresponds to the antidamping side whereas
the negative one is the forced side. It is found that the peak
intensities are clearly different between the positive and the
negative bias current polarities. The peak intensity for the
maximum positive bias current �Idc=2.3 mA� is three orders
of magnitude larger than that for the negative bias current
�Idc=−2.3 mA�. In contrast to the variation in f0 for the
negative Idc, which shows a gradual shift, f0 for the positive
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Idc shows a discontinuous change together with peak broad-
ening at 1.0� Idc�1.8 mA. Figure 8 summarizes �a� f0, �b�
�f , and �c� PSD as a function of Idc. f0 varies linearly in the
low Idc region and shows a redshift �blueshift� on the anti-
damping �forced� side with Idc. At high negative Idc, a large
blueshift occurs since STT on the forced side supports the
intrinsic damping. On the other hand, f0 for high positive Idc
also shows a remarkable blueshift with the discontinuous
change in f0 at Idc=1.0 and 1.8 mA. At these values of Idc, �f
also abruptly increases up to more than 1 GHz. Together with
these abrupt changes in f0 and �f , PSD significantly in-
creases. Using Eq. �3�, Ic0 is estimated to be �1.8 mA by
extrapolating the linear variation in �f in the low Idc region
to zero �the dashed line in Fig. 8�b��. This is almost the same
as the value of Idc at which PSD begins to increase drasti-
cally. Therefore, STT-induced rf oscillation is achieved at
Idc�1.8 mA.

According to a theory of nonlinear auto-oscillators,23 �f
above Ic0 is given by,

�f =
Ic0�

2�

kBT

E0
�1 + � N

�eff
�2� , �4�

where kB is the Boltzmann constant, T is the absolute tem-
perature, and E0 is the average energy of the auto-oscillation.

N is the nonlinear frequency shift which expresses the cou-
pling between the oscillation frequency and the oscillation
power. �eff is the effective nonlinear damping. Equation �4�
means that if the STT-induced rf oscillation exhibits a strong
nonlinearity, �f decreases in the nonlinear regime with in-
creasing Idc because of N�0 and the increase in �eff due to
the effect of STT. At the boundary between the linear and
nonlinear regimes, the theory also predicts line-shape distor-
tion, which leads to the non-Lorentzian power spectrum near
Ic0, and the spectral shape is recovered with increasing Idc.

23

The experimentally observed drastic increase in �f around
Ic0 and the following decrease in �f are qualitatively similar
to the tendency predicted by a theory for nonlinear auto-
oscillators. However, the magnitude of the increase in �f
may be much larger than the theoretical prediction. Kim et
al.23 calculated �f normalized by �f at Idc=0 ��f0� as a
function of applied current and �f /�f0�0.5 near Ic0 was
reported using typical parameters for the metallic multilayer.
On the other hand, �f /�f0 is obtained to be �8.5 for the
present results. It is unclear whether the theory of nonlinear
auto-oscillators quantitatively explains the present results or
not. Another mechanism might be required in order to ex-
plain the remarkable increase in �f .

After the onset of STT-induced rf oscillation, f0 shows a
blueshift with the discontinuous change as Idc increases.
Since the magnetization direction of the free layer is almost
out-of-plane due to the perpendicular magnetic field, the
mode of the rf oscillation is considered to be an out-of-plane
precession. The increase in the f0 with Idc is attributable to
the change in the magnetization direction for the free layer
due to the STT. The STT tilts the free layer magnetization
away from the normal direction, which leads to the increase
in the effective magnetic field. It is interesting that the rf
oscillation is induced by applying the magnetic field at a tiny
angle to the normal of the MTJ plane. One of the possible
reasons is the difference in the relative angles between the
two measurement conditions. Actually, the magnetization
configuration for the tilted field condition is almost the par-
allel alignment whereas the relative angle for the normal di-
rection case is 60° even at almost the same Hext, leading to
the different values of Ic0. The magnetic field angular depen-
dence of the rf oscillation was also investigated using the
point-contact devices27,28 and it was reported that the lack of
in-plane magnetic anisotropy led to the state of the compli-
cated magnetization precession in the case of the perpendicu-
lar magnetic field. The in-plane component of magnetic field
may be important to achieve the clear state of the STT-
induced rf oscillation. This is another possible reason why
the rf oscillation is not achieved at the magnetic field applied
normal to the plane of the MTJ.

Figure 9 displays the rf spectra for Idc=1.8, 1.9, and 2.3
mA in a logarithmic scale. The spectra for Idc=1.9 mA
shows another peak around 10 GHz, which is not observed
for Idc=1.8 mA. The peak frequency shifts with increasing
Idc to 2.3 mA and is twice as high as the frequency of the
peak around 5 GHz. This means that the higher-frequency
peaks correspond to the second harmonics of the peaks
around 5 GHz. Idc for the observation of the second-
harmonic peak is in good agreement with Ic0. The maximum
output power is calculated to be 26 nW at Idc=2.3 mA tak-
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ing into account the rf output efficiency for the present de-
vice. A previous experiment for MgO-MTJs achieved a
larger output power of 0.14 �W with applying the in-plane
magnetic field.13 The output power for the present study is
reduced because both the free and pinned layer magnetiza-
tions are almost aligned in the perpendicular direction and
the precession is an out-of-plane mode, which gives rise to a
small resistance change. However, the present output power
is still much larger than those reported for all-metallic mul-
tilayers.

Since the present measurement confirms the remarkable
improvement in the spectral shape, the application of a per-
pendicular magnetic field is useful for the STT-induced rf
oscillation of MTJs from the practical and fundamental
points of view. In a previous paper using the in-plane mag-
netic field,13 the precessional mode at the two ends of the
long axis of the ellipsoidal pillar was observed in addition to
the mode at the center of the pillar, leading to the multiple
peaks in the rf spectra. On the other hand, the additional
mode is suppressed owing to the perpendicular magnetic
field, and single peak structures are obtained in the present

study. The ratio of the power of the second harmonics to that
of the fundamental peak �P2nd / PFund� is �0.01 at Idc
=2.3 mA, which is much lower than other previous works
using the in-plane magnetic field, e.g., P2nd / PFund�13.5
�Ref. 13�. This low output power of the second harmonics
indicates that the precessional angle is small even though the
state of the rf oscillation is achieved. Although the applica-
tion of the perpendicular magnetic field improves the spec-
tral shape, �f is still large. The minimum �f is 170 MHz at
Idc=0.5 mA. After the onset of the rf oscillation, �f is ob-
tained to be 430 MHz at Idc=2.3 mA, which is larger than
those for metallic multilayers. The origin of the large �f is
an open question. Recently, the STT-induced rf oscillation
was reported in the high-quality single-crystal Fe/MgO/Fe
MTJs.26 However, the minimum �f was 200 MHz even for
such single-crystal MTJs. On the other hand, the narrow �f
was reported in MTJs showing low junction resistance.15 In
order to understand the origin of the large �f , further inves-
tigation is required.

V. CONCLUSION

We measured the rf spectra for CoFeB/MgO/CoFeB
MTJs under a magnetic field applied perpendicular to the
MTJ plane. Applying a perpendicular magnetic field was an
effective way in making the shape of rf spectrum a single
peak structure. This enabled us to precisely analyze the mag-
netic field and bias current dependences of the rf spectra. The
rf spectra measured with the field applied strictly normal to
the plane of MTJ were interpreted as behavior in the linear
regime and STT-induced rf oscillation was not achieved in
this magnetic field direction even when large bias currents
were applied. On the other hand, a significant increase in
PSD was observed with the magnetic field direction tilted
slightly from the normal to the plane of MTJ. A remarkable
broadening of �f was also observed, which was qualitatively
consistent with a theoretical prediction based on a model of
nonlinear auto-oscillators. At Ic0=1.8 mA, PSD drastically
increased and the second harmonics appeared, indicating the
clear onset of STT-induced rf oscillation.
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