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We calculate the efficiency with which magnetic tunnel junctions can be used as resonant detectors
of incident microwave radiation via the spin-torque diode effect. The expression we derive is in
good agreement with the sensitivities we measure for MgO-based magnetic tunnel junctions with an
extended �unpatterned� magnetic pinned layer. However, the measured sensitivities are reduced
below our estimate for a second set of devices in which the pinned layer is a patterned synthetic
antiferromagnet �SAF�. We suggest that this reduction may be due to an undesirable coupling
between the magnetic free layer and one of the magnetic layers within the etched SAF. Our
calculations suggest that optimized tunnel junctions should achieve sensitivities for resonant
detection exceeding 10 000 mV/mW. © 2009 American Institute of Physics.
�doi:10.1063/1.3197137�

The spin-transfer-torque effect1–3 in magnetic tunnel
junctions �MTJs� is under development for several types of
applications,4 including the switching of magnetic elements
in nonvolatile magnetic random access memory5–7 and the
excitation of steady-state magnetic precession to produce
nanometer-scale microwave sources.8–12 MTJs also have the
capability to be used as frequency-tunable resonant micro-
wave detectors, via a process dubbed spin-torque diode
detection13 or spin-torque-driven ferromagnetic resonance
�ST-FMR�.14–16 In this process, when a microwave signal
with frequency close to the natural FMR frequency of one of
the electrodes of a magnetic tunnel junction is incident onto
the device, the oscillating tunnel current that it induces can
excite magnetic precession via spin transfer. The resistance
oscillations that result from this precession mix with the os-
cillating current to produce an easily measurable dc voltage
component across the tunnel junction. This effect has re-
cently been used to make quantitative measurements of spin
transfer torque vector in magnetic tunnel junctions, along
with its bias dependence.17–19 Here we use a similar analysis
to discuss how to maximize the microwave detector sensitiv-
ity of a tunnel junction, which we define as �= �Vres� / Pinc,
where �Vres� is the resonant part of the measured dc voltage
�above a nonresonant background� and Pinc is the incident
microwave power. This sensitivity is of course only one of
several parameters important for applications �e.g., back-
ground noise, dynamic range, and speed�, but achieving a
competitive detector sensitivity is a first prerequisite for
evaluating whether more detailed studies are warranted.

We note first that the detector sensitivity can vary as a
function of a dc bias applied across the tunnel junction.19

However, in the devices measured thus far, we find that the
maximum detection sensitivity is within 10% of the value at
zero bias �see Fig. 1�. For the purposes of estimating the

typical detector sensitivity, we will therefore limit our dis-
cussion to the simple case of zero applied bias. The falloff in
sensitivity at large biases can be explained by a reduction in
the tunnel magnetoresistance �TMR� as a function of bias,
which decreases the size of the resistance oscillations con-
tributing to the mixing signal. The maximum sensitivity is
not found exactly at zero bias because there are several other
mechanisms by which an applied bias can either enhance or
suppress the microwave sensitivity. For example, the
strength of the spin torque is bias dependent.17–19 An incident
microwave signal can also change the time-averaged junc-
tion resistance, which in the presence of a nonzero bias gives
a contribution Idc�R to the dc voltage on resonance in addi-
tion to the mixing contribution noted above.17,19 Further-
more, for the correct sign of bias one can decrease the effec-
tive magnetic damping, thereby making the resonant
detection more efficient. If future improvements in magnetic-
tunnel-junction technology allow for a TMR that does not
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FIG. 1. �Color online� Bias dependence of the detector-diode sensitivity for
sample 1 measured at room temperature, for three different values of the
offset angle � between the free and pinned-layer magnetic moments.
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decrease strongly as a function of bias, it may be possible to
take advantage of these other mechanisms by using a non-
zero bias to improve the sensitivity beyond the value we
estimate in this paper. The influence of these mechanisms on
the detection sensitivity can be calculated using the methods
described in the appendix of Ref. 19.

For our estimate of the sensitivity, we consider a mag-
netic tunnel junction in which the magnetization of one elec-
trode is pinned �e.g., by exchange bias to an antiferromag-
netic layer� so that only a single magnetic layer �the “free
layer”� can undergo magnetic precession in response to the
microwave signal. We assume that the volume of the free
layer is sufficiently small that it can be modeled as a single
macrospin, and that its magnetic orientation m̂ is initially
oriented at an angle � from the magnetization of the pinned

layer M̂pin. We define the ẑ direction as parallel to the initial

orientation of m̂, the x̂ axis as along M̂pin� ẑ, and the ŷ axis

in the plane defined by m̂ and M̂pin such that M̂pin · ŷ�0. For
mathematical simplicity we assume that the plane defined by

m̂ and M̂pin is parallel to one of the symmetry planes of the
magnetic anisotropy tensor for the free layer,15,16 as is the
case in all existing experiments. We calculate the magnetic
dynamics by means of the Landau–Lifshitz–Gilbert–
Slonczewski �LLGS� equation1

dm̂

dt
= − �m̂ � H� eff + �m̂ �

dm̂

dt
− �

��

MStA
ŷ − �

��

MStA
x̂ .

�1�

Here �=2	B /
=1.76�107 G−1 s−1 is the absolute value of
the gyromagnetic ratio, 	B is the Bohr magneton, H� eff ac-
counts for total effective field acting on the precessing layer
including both the external field �H� and demagnetization
terms, � is the phenomenological Gilbert damping constant,
MS is magnetic moment per unit volume of the free layer, t
its thickness and A its area, ���I ,�� and ���I ,�� are the in-
plane and out-of-plane components of the spin-transfer
torque, and I is the current. We neglect any effects of the
Oersted field due to the current.

If a microwave-frequency current IRF passes through the
tunnel junction, the solution of the LLGS equation yields an
expression for the resonant dc voltage signal due to the mix-
ing between the ST magnetic precession and IRF �to lowest
order in IRF� �Ref. 19�

�Vres� =
dR

d�

	B

2
�MStA��
IRF

2 �d��

dI
S���

−
d��

dI

��Hz + 4
Meff�
�m

A���	 , �2�

where R is the differential resistance of the tunnel junction,
Hz is the ẑ component of the external magnetic field, 4
Meff

is the effective out-of-plane anisotropy, and S���= �1+ ��
−�m�2 /�2�−1 and A���= ���−�m� /��S��� are symmetric
and antisymmetric components of the resonance line shape
as a function of frequency �, with �m the resonance fre-
quency and � the linewidth. �We have neglected a small
contribution from the within-plane anisotropy.� If the micro-
wave signal is incident onto the tunnel junction from a trans-

mission line with impedance Z0 �Z0=50 � for our appara-
tus�, after taking into account the impedance mismatch with
the junction the incident power can be related to the micro-
wave current in the junction as20

Pinc =
1

2Z0
�R + Z0

2
	2

IRF
2 . �3�

Therefore the overall sensitivity for the detected signal is

� 
 �Vres�/Pinc =
dR

d�

4	B


�MStA��
Z0

�R + Z0�2�d��

dI
S���

−
d��

dI

��Hz + 4
Meff�
�m

A���	 . �4�

This expression can be simplified further. In the case we
are considering, for zero applied bias on the tunnel junction,
it is predicted theoretically3,21 and observed
experimentally17,18 for a symmetric tunnel junction �with
both magnetic electrodes made from the same material� that
d�� /dI=0. Therefore, for this case the second term in the
brackets of Eq. �4� is zero and the line shape should be
symmetric in frequency, with the maximum detector sensi-
tivity occurring at the resonance frequency, for which
S��m�=1. �The cases of symmetric junctions with nonzero
bias or asymmetric junctions may both be more compli-
cated.� The angular dependence of the zero-bias tunnel junc-
tion conductance is expected to be purely sinusoidal,22

1

R
=

1

2
� 1
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+

1

RAP
� +

1

2
� 1
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−

1

RAP
�cos � , �5�

so that

dR

d�
=

R2

2RPRAP
�RAP − RP�sin � . �6�

Finally, for a symmetric tunnel junction the in-plane spin
torque is predicted to have the magnitude23,24

d��

dI
=




4e

2P

1 + P2

R

RP
sin � , �7�

where P2= �RAP−RP� / �RAP+RP�. ST-FMR measurements17

have found good quantitative agreement with Eq. �7�. Incor-
porating these values into Eq. �4�, we reach an expression for
the maximum detector sensitivity of a symmetric magnetic
tunnel junction for zero applied bias

� =
RAP − RP

RP

	B

2e�MStA��
RZ0

�R + Z0�2

2P

1 + P2

R2

RPRAP
sin2 � .

�8�

We have tested this estimate using two batches of MgO-
based magnetic tunnel junctions. The first batch, with an av-
erage resistance-area product for parallel magnetic alignment
of RA=12 � 	m2, had the layer structure �in nano-
meters� Ta�5�/Cu�20�/Ta�3�/Cu�20�/PtMn�15�/Co70Fe30�2.5�/
Ru�0.85�/Co60Fe20B20�3�/MgO�1.25�/Co60Fe20B20�2.5�/Ta�5�/
Ru�7� deposited on an oxidized silicon wafer. The top
�“free”� magnetic layer of these samples was etched to be a
rounded rectangle, with nominal dimensions either 50
�100 nm2 or 50�150 nm2, and had a saturation magneti-
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zation per unit area measured to be MSt=2.75
�10−4 emu /cm2. The milling process used to define the
nanopillar was stopped at the tunnel barrier, leaving the bot-
tom magnetic electrode extended. The exchange bias for the
bottom electrode was parallel to the magnetic easy axis of
the top layer. The second batch of samples, with RA
=1.5 � 	m2, had the layer structure �in nanometers�
Ta�3�/CuN�41.8�/Ta�3�/ CuN�41.8�/Ta�3�/Ru�3.1�/IrMn�6.1�/
CoFe�1.8�/Ru /CoFeB�2�/ MgOx/CoFe�0.5�/CoFeB�3.4�/
Ru�6�/Ta�3�/Ru�4�. These samples were etched to 90 nm di-
ameter circles, with the etch extending through both the
CoFe/CoFeB composite free layer and the IrMn/CoFe/Ru/
CoFeB exchange-biased synthetic antiferromagnetic �SAF�
pinned layer. For these free layers, MSt=3.2
�10−4 emu /cm2. We measured more than five samples from
each batch, and found good consistency for each sample
type, with microwave detection sensitivities varying within a
range of 20%. Here we will report results from three
samples, whose parameters are listed in Table I.

The measurements were performed at room temperature
by contacting each sample to a 50 � semirigid coaxial cable
via a high-frequency probe station. A magnetic field was ap-
plied within the sample plane at various directions to control
the initial offset angle � between the magnetic orientations of
the two electrodes. We determined � from the magnetoresis-
tance �Eq. �5��, measured in situ using a lock-in amplifier. To
measure the microwave detection sensitivity, we swept the
frequency of an incident microwave signal while keeping the
power Pinc constant. The incident microwaves were chopped
as a function of time, and the resonant dc detector mixing
voltage was measured using a second lock-in amplifier hav-
ing a large input impedance and connected to the sample via
a bias tee. The incident microwave power was calibrated by
using a nonresonant background voltage in the mixing signal
arising from the nonlinear tunnel junction resistance to de-
termine IRF within the sample, and then using Eq. �3� to
evaluate Pinc.

17 The applied power was kept small enough
that the magnetic precession angle was always �0.5°, within
the linear-response regime. The dominant uncertainty in
comparing the measured and predicted values of the detec-
tion sensitivity comes from estimating the sample area using
scanning electron microscope pictures. The true areas are
less than the nominal values listed in Table I because the
pillars do not have perpendicular sidewalls. We estimate that
our values of the true areas �and hence MStA� are accurate to
�15%.

The measured mixing voltage as a function of frequency
is shown in Fig. 2�a� for sample 1 for various offset angles,
�. Both the magnitude and angle of the applied magnetic
field were varied �as noted in the figure caption� to access a

wide range of �. In each spectrum in Fig. 2�a� we observe
only a single large resonant peak, with a peak shape that to a
good approximation is a symmetric Lorentzian, as predicted.
The measured microwave sensitivities corresponding to the
maxima of these resonance curves are listed in Table II. For
sample 1, the measurements show excellent quantitative
agreement with the values predicted by Eq. �8�, within the
estimated uncertainty of 
15% associated with the determi-
nation of the sample area. The detector sensitivity is pre-
dicted to be maximal near 90° �to be precise, at �
=arccos��−1+�1− P4� / P2� in the limit R�Z0, or slightly
greater than 90°�, since this maximizes both the spin torque
and the response of the resistance to changes in �. The an-
gular dependence of the data is in good agreement. Sample
2, with the same RA product but a larger area than sample 1,
exhibits very similar maximum detection sensitivities �see
Table II�. This is also in agreement with Eq. �8�. In the limit
that the tunnel junction resistance R is much greater than Z0

�50 ��, the sensitivity is predicted to depend on R and A
only through their product RA, which is independent of the
area A. Physically, the explanation for the area-independent
sensitivity is that the better impedance matching provided by
the lower resistance of sample 2 is offset by its larger total
magnetic moment. The excellent quantitative agreement be-
tween our estimate �Eq. �8�� and the sensitivities measured
for samples 1 and 2 give us confidence in the reliability of
our estimate.

TABLE I. Sample parameters.

Sample
Nominal cross section

�nm2�
RA value
�� 	m2� RP RAP P

MStA
�emu�

1 50�100 12 3.9 k� 10.2 k� 0.67 1.1�10−14

2 50�150 12 2.21 k� 5.89 k� 0.67 1.6�10−14

3 90�90 1.5 279 � 537 � 0.56 1.8�10−14
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FIG. 2. �Color online� Selected ST-FMR resonance curves, measured at
room temperature for selected initial offset angles �, for �a� sample 1 and �b�
sample 3. The data are artificially offset in the vertical direction. The inci-
dent power in �a� is Pinc=2.7 	W and in �b� is Pinc=5.0 	W. The magni-
tude and angle �measured relative to the exchange bias direction� of the
applied magnetic field corresponding to the various values of � are �a� �
=49°: H=700 Oe at 70°, �=64°: H=400 Oe at 70°, �=95°: H=800 Oe at
120°, �=120°: H=700 Oe at 140°, �=142°: H=500 Oe at 150°, and �
=160°: H=300 Oe at 160°, �b� �=56°: H=200 Oe at 62°, �=78°: H
=200 Oe at 88°, �=87°: H=200 Oe at 92°, �=103°: H=200 Oe at 118°,
and �=138°: H=200 Oe at 147°.
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The measured mixing voltage as a function of frequency
for a lower-RA sample �sample 3� is shown in Fig. 2�b� for
various offset angles. Here we observe two peaks in each
spectrum, with a significant degree of asymmetry in the peak
shapes as a function of frequency, in contrast to the other
samples which exhibited only a single large peak symmetric
in frequency. We attribute this difference to the fact that the
pinned magnetic electrode in samples 1 and 2 is left as an
unetched extended film, while the pinned electrode in sample
3 is etched. This etching leaves the upper CoFeB layer
within the CoFe/Ru/CoFeB SAF in sample 3 free to precess
in response to a spin torque, giving a second resonant mode
in addition to the free layer. Magnetic coupling between
these two modes can induce the asymmetric peak shapes
seen in Fig. 2�b�.25 We use the larger, lower-frequency reso-
nance peak to determine the resonant detector response �Vres�
�listed in Table II�.

We expect that the sensitivity of sample 3 should be
greater than for the other samples, due primarily to its lower
RA product, which enables better impedance matching to the
50 � input waveguide. Indeed, sample 3 exhibits the largest
peak sensitivity we have observed to date, 54 mV/mW for �
near 100°. However, the measured sensitivities for sample 3
do not agree with Eq. �8�, in all cases being approximately
30%–35% below the predicted values. One potential expla-
nation for this difference could in principle be a weaker spin
torque in these low-RA samples than expected from Eq. �7�.
We suggest that a more likely cause is coupling between the
free layer and the top CoFeB layer within the CoFe/Ru/
CoFeB SAF “pinned layer.” Coupled motion of these layers
would reduce the detector sensitivity because the extra vol-
ume of precessing magnetic material would produce an ef-
fectively larger value of MS in Eq. �8�. To achieve the goal of
maximizing the detector sensitivity in spin-torque diodes, we
therefore suggest that the pinned layer should be left un-
etched so that exchange coupling to the extended film can
suppress any tendency of the pinned layer to precess, thereby
leaving the free layer without undesired coupling to other
magnetic modes.

None of the devices that we have studied thus far were
designed with optimization of the detector sensitivity in

mind. Equation �8� suggests several strategies for significant
improvement. For best sensitivity, one should maximize the
TMR, while minimizing the free layer magnetization MS and
the free-layer thickness. In particular, the free-layer thick-
nesses can be reduced significantly below the values used for
the samples in this paper �2.5 and 3.9 nm�. For a given free
layer volume, Eq. �8� predicts that the maximum sensitivity
should be achieved by tuning the thickness of the tunnel
barrier �or equivalently, the RA product� so as to match the
tunnel junction resistance to the impedance of the waveguide
�Z0, typically 50 �� from which the microwaves are inci-
dent. However, for a given barrier thickness �i.e., a given RA
product� there is no advantage to increasing the tunnel junc-
tion area in order to improve the impedance match. We have
already noted above in comparing samples 1 and 2 that for
the case R�Z0, Eq. �8� predicts that the sensitivity should be
independent of the junction area for a given value of RA. For
the case that R is comparable to Z0, for a given barrier thick-
ness the sensitivity should be optimized by always minimiz-
ing the junction area, even if this increases the impedance
mismatch.

According to Eq. �8�, the microwave sensitivity is also
optimized by minimizing the resonance linewidth, �. For the
usual case that both the applied magnetic field and the initial
orientation of the free layer moment are in the sample plane,
the solution of the LLGS equation predicts17,19 that

�in plane � ���Hz + 2
Meff� , �9�

where 4
Meff is the effective demagnetization field perpen-
dicular to the plane, and we have neglected a small contri-
bution from the within-plane anisotropy. The measured line-
widths in our samples agree with this expression using the
parameters �=0.010�0.002 and 4
Meff=11�1 kOe for
samples 1 and 2, and �=0.014�0.002 and 4
Meff

=13�1 kOe for sample 3.19 For the case that H is small
relative to 4
Meff, in this in-plane orientation the microwave
sensitivity should be relatively insensitive to the applied
magnetic field, except through the effect of H on the offset
angle �, and the detection sensitivity should scale inversely
with 4
Meff. Consequently, efforts26 to use interface aniso-
tropy effects to reduce 4
Meff well below the value 4
MS

TABLE II. Results of the detector diode sensitivity measurements, with a comparison to the sensitivity pre-
dicted by Eq. �8�, calculated using the measured values of �, R, RP, and RAP.

Sample
�

�deg�
R

�k��
� / �2
�
�GHz�

Measured �

�mV/mW�
Predicted �

�mV/mW�

1 49 4.36 0.197 12.3 10
64 4.71 0.159 18.5 19
95 5.86 0.174 24.6 27

120 7.23 0.179 22.8 24
142 8.65 0.188 15.7 14
160 9.65 0.150 8.7 6

2 42 2.41 0.179 7.4 9
96 3.37 0.188 25.0 28

153 5.42 0.167 11.0 11
3 56 0.314 0.327 21.9 33

87 0.363 0.286 42.6 65
103 0.403 0.270 54.2 76
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could provide dramatic improvements to the detector sensi-
tivity, as long as the Gilbert damping, �, remains small in the
process. The linewidth could also be decreased by designing
the tunnel junction so that the free layer magnetization points
out of plane, either through the use of materials giving a
perpendicular anisotropy27 or by using a perpendicularly ap-
plied magnetic field.14 In these limits the form of our esti-
mate for the sensitivity �Eq. �8�� is unchanged, but the LLGS
prediction for the linewidth is14

�� = ���Hz � 4
Meff� , �10�

where the plus sign corresponds to an anisotropy favoring a
perpendicular magnetization and the minus sign corresponds
to an easy-plane anisotropy.

By extrapolating somewhat the current state of the art in
MgO-based tunnel junctions, we estimate that one should be
able to achieve the following parameters for a simple tunnel
junction with an easy-plane magnetic anisotropy: t=1.0 nm,
RA=1 � 	m2, �RAP−RP� /RP=100%, �=0.01, 4
MS

=10 kOe, 4
Meff=1 kOe,26 and A=
�50 nm�2 /4. Using
these parameters, Eq. �8� predicts an achievable sensitivity
for resonant microwave detection of 10 300 mV/mW. In
comparison, the zero-bias Schottky diode detectors used
commonly for microwave detection at room temperature
have sensitivities an order of magnitude less, 500–1000
mV/mW,28 and are not frequency-tunable. Of course in judg-
ing the suitability for applications one should consider the
signal-to-noise ratio and other figures of merit, not just the
sensitivity. The noise limit in diode detectors is likely to be
governed by thermal fluctuations in the orientation of the
precessing magnetization, which increase with decreasing
volume for the magnetic free layer. This effect may ulti-
mately limit the effectiveness of increasing the detector sen-
sitivity by simply decreasing the sample size. Techniques for
calculating the effects of thermal fluctuations in spin-torque
devices are under development,29 but these techniques have
not yet been applied to the diode-detector problem.

The detector sensitivity might be improved even more
by making devices with two magnetic pinned layers rather
than just one �one pinned layer on either side of the free
layer�. This geometry has been shown to give a factor of 2 or
more increase in the strength of the spin torque on the free
layer per unit current.30–32

In summary, we have derived an estimate of the sensi-
tivity of resonant microwave detection by MTJs used as
spin-torque diodes. Our estimate is in excellent quantitative
agreement with the measured sensitivities for RA
=12 � 	m2 MgO-based MTJs in which the pinned mag-
netic electrode is left unetched. The measured sensitivity is
decreased below our estimates in RA=1.5 � 	m2 tunnel
junctions in which the pinned layer consists of a synthetic
antiferromagnet which is etched so that the top magnetic
layer of the SAF is able to precess. We suggest that coupled
precession of the free layer and this top layer of the SAF may
be the cause of the reduced detector sensitivity. The maxi-
mum sensitivity that we have observed experimentally to
date in our nonoptimized tunnel junctions is 54 mV/mW. Our
estimate for the detector sensitivity �Eq. �8�� suggests that

device optimization should be able to improve the sensitivity
to greater than 10 000 mV/mW.

We thank Y. Nagamine, D. D. Djayaprawira, N. Wa-
tanabe, and K. Tsunekawa of Canon ANELVA Corp. and D.
Mauri of Hitachi Global Storage Technologies �now at West-
ern Digital Corp.� for providing the junction thin film stacks
that we used to fabricate the tunnel junctions. Cornell ac-
knowledges support from DARPA �Contract No. GG10969–
128888�, ARO �Agreement No. W911NF-08–2–0032�, NSF
�Contract No. DMR-0605742�, and the NSF/NSEC program
through the Cornell Center for Nanoscale Systems. We also
acknowledge NSF support through use of the Cornell Nano-
fabrication Facility/NNIN and the Cornell Center for Mate-
rials Research facilities.

1J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 �1996�.
2L. Berger, Phys. Rev. B 54, 9353 �1996�.
3D. C. Ralph and M. D. Stiles, J. Magn. Magn. Mater. 320, 1190 �2008�.
4J. A. Katine and E. E. Fullerton, J. Magn. Magn. Mater. 320, 1217 �2008�.
5J. A. Katine, F. J. Albert, R. A. Buhrman, E. B. Myers, and D. C. Ralph,
Phys. Rev. Lett. 84, 3149 �2000�.

6M. Hosomi, H. Yamagishi, T. Yamamoto, K. Bessho, Y. Higo, K. Yamane,
H. Yamada, M. Shoji, H. Hachino, C. Fukumoto, H. Nagao, and H. Kano,
Tech. Dig. - Int. Electron Devices Meet. 2006, 473.

7T. Kawahara, R. Takemura, K. Miura, J. Hayakawa, S. Ikeda, Y. M. Lee,
R. Sasaki, Y. Goto, K. Ito, T. Meguro, F. Matsukura, H. Takahashi, H.
Matsuoka, and H. Ohno, IEEE J. Solid-State Circuits 43, 109 �2008�.

8S. I. Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Emley, R. J. Schoe-
lkopf, R. A. Buhrman, and D. C. Ralph, Nature �London� 425, 380 �2003�.

9G. D. Fuchs, N. C. Emley, I. N. Krivorotov, P. M. Braganca, E. M. Ryan,
S. I. Kiselev, J. C. Sankey, D. C. Ralph, R. A. Buhrman, and J. A. Katine,
Appl. Phys. Lett. 85, 1205 �2004�.

10A. V. Nazarov, H. M. Olson, H. Cho, K. Nikolaev, Z. Gao, S. Stokes, and
B. B. Pant, Appl. Phys. Lett. 88, 162504 �2006�.

11D. Houssameddine, S. H. Florez, J. A. Katine, J.-P. Michel, U. Ebels, D.
Mauri, O. Ozatay, B. Delaet, B. Viala, L. Folks, B. D. Terris, and M.-C.
Cyrille, Appl. Phys. Lett. 93, 022505 �2008�.

12A. M. Deac, A. Fukushima, H. Kubota, H. Maehara, Y. Suzuki, S. Yuasa,
Y. Nagamine, K. Tsunekawa, D. D. Djayaprawira, and N. Watanabe, Nat.
Phys. 4, 803 �2008�.

13A. A. Tulapurkar, Y. Suzuki, A. Fukushima, H. Kubota, H. Maehara, K.
Tsunekawa, D. D. Djayaprawira, N. Watanabe, and S. Yuasa, Nature �Lon-
don� 438, 339 �2005�.

14J. C. Sankey, P. M. Braganca, A. G. F. Garcia, I. N. Krivorotov, R. A.
Buhrman, and D. C. Ralph, Phys. Rev. Lett. 96, 227601 �2006�.

15J. N. Kupferschmidt, S. Adam, and P. W. Brouwer, Phys. Rev. B 74,
134416 �2006�.

16A. A. Kovalev, G. E. W. Bauer, and A. Brataas, Phys. Rev. B 75, 014430
�2007�.

17J. C. Sankey, Y.-T. Cui, J. Z. Sun, J. C. Slonczewski, R. A. Buhrman, and
D. C. Ralph, Nat. Phys. 4, 67 �2008�.

18H. Kubota, A. Fukushima, K. Yakushiji, T. Nagahama, S. Yuasa, K. Ando,
H. Maehara, Y. Nagamine, K. Tsunekawa, D. D. Djayaprawira, N. Wa-
tanabe, and Y. Suzuki, Nat. Phys. 4, 37 �2008�.

19C. Wang, Y.-T. Cui, J. Z. Sun, J. A. Katine, R. A. Buhrman, and D. C.
Ralph, Phys. Rev. B 79, 224416 �2008�.

20D. M. Pozar, Microwave Engineering, 3rd ed. �Wiley, New York, 2005�.
21I. Theodonis, N. Kioussis, A. Kalitsov, M. Chshiev, and W. H. Butler,

Phys. Rev. Lett. 97, 237205 �2006�.
22J. C. Slonczewski, Phys. Rev. B 39, 6995 �1989�.
23J. C. Slonczewski and J. Z. Sun, J. Magn. Magn. Mater. 310, 169 �2007�.
24J. Z. Sun and D. C. Ralph, J. Magn. Magn. Mater. 320, 1227 �2008�.
25Z.-P. Li et al. �unpublished�.
26L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman, Appl. Phys. Lett.

94, 122508 �2009�.
27W. Chen, J.-M. L. Beaujour, G. de Loubens, A. D. Kent, and J. Z. Sun,

Appl. Phys. Lett. 92, 012507 �2008�.

053905-5 Wang et al. J. Appl. Phys. 106, 053905 �2009�

Downloaded 09 Oct 2009 to 128.84.158.108. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1016/j.jmmm.2007.12.013
http://dx.doi.org/10.1103/PhysRevLett.84.3149
http://dx.doi.org/10.1109/JSSC.2007.909751
http://dx.doi.org/10.1038/nature01967
http://dx.doi.org/10.1063/1.1781769
http://dx.doi.org/10.1063/1.2196232
http://dx.doi.org/10.1063/1.2956418
http://dx.doi.org/10.1038/nphys1036
http://dx.doi.org/10.1038/nphys1036
http://dx.doi.org/10.1038/nature04207
http://dx.doi.org/10.1038/nature04207
http://dx.doi.org/10.1103/PhysRevLett.96.227601
http://dx.doi.org/10.1103/PhysRevB.74.134416
http://dx.doi.org/10.1103/PhysRevB.75.014430
http://dx.doi.org/10.1038/nphys783
http://dx.doi.org/10.1038/nphys784
http://dx.doi.org/10.1103/PhysRevB.79.224416
http://dx.doi.org/10.1103/PhysRevLett.97.237205
http://dx.doi.org/10.1103/PhysRevB.39.6995
http://dx.doi.org/10.1016/j.jmmm.2006.10.507
http://dx.doi.org/10.1016/j.jmmm.2007.12.008
http://dx.doi.org/10.1063/1.3107262
http://dx.doi.org/10.1063/1.2827570


28For, e.g., Herotek, Inc., San Jose, CA.
29A. Slavin and V. Tiberkevich, IEEE Trans. Magn. 45, 1875 �2009�.
30L. Berger, J. Appl. Phys. 93, 7693 �2003�.
31G. D. Fuchs, I. N. Krivorotov, P. M. Braganca, N. C. Emley, A. G. F.

Garcia, D. C. Ralph, and R. A. Buhrman, Appl. Phys. Lett. 86, 152509
�2005�.

32Y. M. Huai, M. Pakala, Z. T. Diao, and Y. F. Ding, Appl. Phys. Lett. 87,
222510 �2005�.

053905-6 Wang et al. J. Appl. Phys. 106, 053905 �2009�

Downloaded 09 Oct 2009 to 128.84.158.108. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1109/TMAG.2008.2009935
http://dx.doi.org/10.1063/1.1555771
http://dx.doi.org/10.1063/1.1899764
http://dx.doi.org/10.1063/1.2138363

