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The effects of a weak microwave field in the magnetization dynamics driven by spin-transfer-torque in spin
valves with perpendicular materials have been systematically studied by means of full micromagnetic simula-
tions. In the system we studied, depending on the working point �bias field and current� in the dynamical
stability diagram, we observe either resonant switching or injection locking. The resonant switching, observed
in the switching region, occurs when the field frequency is approaching the frequency of the main preswitching
mode giving rise to an asymmetric power distribution of that mode in the sectional area of the free layer. At the
resonant frequency, the switching time is weakly dependent on the relative phase between the instant when the
current pulse is applied and the microwave field. The injection locking, observed in the dynamical region, is
characterized by the following properties: �i� a locking bandwidth which is linearly dependent on the force
locking and �ii� a locking for integer harmonics of the self-oscillation frequency. We compare our numerical
results with analytical theory for nonautonomous nonlinear system obtaining a good agreement in the current
region where the oscillation frequency and output power are characterized by a linear relationship.
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I. INTRODUCTION

The control of the magnetization dynamics in ferromag-
nets at nanoscale is nowadays a key aspect for technological
point of view. In particular, the possibility to manipulate the
magnetization state by means of a spin-polarized current via
spin-transfer torque �STT� opens perspectives for magnetic
storage elements, nanoscale microwave sources, radio-
frequency detectors, and modulators.1–6 The basic phenom-
ena are for current flowing through in two nanomagnets
separated by a normal metal spacer or a thin insulator, where
one of the nanomagnet acts as “polarizer layer” and the other
as “free layer.”7,8

For data storage applications, STT devices have to satisfy
two main features: �i� reduced critical current in order to be
compatible with the complementary metal-oxide semicon-
ductor technology and �ii� high thermal stability. Reductions
in the critical current have been obtained with different strat-
egies involving complicated structures.9–12 A very interesting
result is the possibility to have current-induced magnetiza-
tion reversal in spin valves with free and polarizer layer fab-
ricated with perpendicular materials13 where, it is possible to
achieve the manipulation of a magnetic state with low cur-
rent density �e.g., 7�106 A /cm2 in Ref. 14� maintaining
high thermal stability. To further improve the switching prop-
erties in those spin valves a resonant switching-based
memory architecture can be a key solution.

For microwave source applications, the main limitations
of spin-torque oscillators �STOs� are their low output power
and large linewidth. From experimental point of view to
achieve enhanced emitted power and reduced linewidth, the
simplest solution is the phase locking of array of STOs.15–18

It is very important from fundamental point of view to study
the way to control an array of STOs to a fixed controlled
frequency by means of the injection-locking mechanism �via

a “weak” microwave source� in order to design practical
STOs.19,20 Experimentally, the injection locking due to a mi-
crowave current �locking bandwidth of tens of megahertz�
has been observed for point-contact geometries21 and spin
valves.22 It should be noted that, even if the injection locking
with a microwave current is the simplest for the experimental
realization, the locking bandwidth, being proportional to the
tangent of the angle between the equilibrium orientations of
the magnetization in the free and the polarizer layer, is sen-
sibly reduced since this angle is usually small.19 From a the-
oretical point of view a different driving signal as a micro-
wave field it is preferred.19,23

Here, we performed a complete study by means of full
micromagnetic simulations of the magnetization reversal and
persistent oscillation of the magnetization driven by the si-
multaneous application of a weak linearly polarized ac field
and dc spin-polarized current in spin valves with free and
polarizer layer of perpendicular material.

In the first part of the paper, we will discuss the resonant
switching. We find that as the field frequency approaches the
resonant frequency the switching time is sensibly reduced
and at that frequency exists a transition from uniform to non-
uniform spatial distribution of the main preswitching excited
mode. In other words, the ac field helps the switching be-
cause it speeds up the break of the symmetry of the pre-
switching oscillations. Differently from the resonant switch-
ing driven by a microwave current, here we find out that at
the resonant frequency the switching time is weakly depen-
dent on the relative phase between the instant when the cur-
rent pulse is applied and the ac field.

In the second part of the paper, we point our attention to
the study of the injection-locking mechanism.24 We compare
our numerical results with a nonlinear analytical theory �no
fitting parameters�, where the oscillation power and the di-
mensionless nonlinear frequency shift have been computed
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from the free running data.19 We obtained a quantitative
agreement for the locking bandwidth as function of the mi-
crowave field amplitude for current density near the thresh-
old. We also found the injection-locking phenomenon to the
second and third harmonic. This harmonic-injection-locked
oscillator can be used as an injection-locked frequency di-
vider.

This paper is organized as follow: Sec. II describes the
numerical details of the micromagnetic model used for our
numerical experiment. In Secs. III–V are discussed the ef-
fects of a microwave field on the switching processes �reso-
nant switching� and on the persistent magnetization oscilla-
tion �injection locking�.

II. NUMERICAL DETAILS

We studied magnetization dynamics in spin valves with
perpendicular material CoPt-CoNi�4.5 nm� �polarizer�/Cu�4
nm�/CoNi�2.8 nm� �free layer� and elliptical cross-sectional
area �100�50 nm2�. Figure 1 shows a schematic description
of the spin valves under investigation. We introduce a Car-
tesian coordinate system with the x and the y axes related to
the easy and the hard in-plane axes of the ellipse, respec-
tively. Our results are based on the numerical solution25,26 of
the Landau-Lifshitz-Gilbert-Slonczweski �LLGS� equation,7

we included together with the standard effective field �exter-
nal, exchange, self-magnetostatic, and perpendicular uniaxial
anisotropy� the magnetostatic field due to the polarizer layer
and the Oersted field due to the current density �for a com-
plete numerical description of the model see Refs. 25 and
27�. The simulation parameters are: 500�103 and 650
�103 A /m saturation magnetization of polarizer and free
layer, 20�105 and 3.3�105 J /m3 perpendicular anisotropy
constant of polarizer and free layer, exchange constant 1.2
�10−11 J /m, damping parameter 0.1, we use for the torque
the expression computed by Slonczweski in 1996 �Ref. 7�
with polarization of P=0.35. Those parameters are the same
of the ones used in the Ref. 13 to numerically reproduce the
data of that experimental framework. We performed some
simulations with damping 0.025 and P=0.4 obtaining quali-

tatively the same results described in the next sections.
For the resonant switching simulations, we apply a bias

field with an amplitude of −46 mT in order to compensate
the magnetostatic coupling with the polarizer �the magneti-
zation of the polarizer is fixed along the +z direction �0,0,1��.
The external field was applied with a tilted angle of 5° with
respect to the z direction along the +x-axis direction, in order
to control the in-plane component of the magnetization �see
Fig. 1 Happ switching�. For the injection-locking simulations,
the bias field is applied along the x direction �see Fig. 1 Happ
dynamics�. For each field value, the magnetic configuration
of the polarizer has been computed by solving the static LLG
equation �magnetization parallel to the effective field� for the
whole CoPt-CoNi/Cu/CoNi system.

The free layer has been discretized in computational cells
of 2.5�2.5�2.8 nm3. The time step used was 32 fs. The
current density is considered positive when the electrons
flow from the polarizer to the free layer. The thermal fluc-
tuations have been taken into account as an additive stochas-
tic contribution to the deterministic effective field for each
computational cell.28–31 The microwave field is linearly po-
larized at 45° of amplitude h in the x-y plane �see Eq. �1��
and it is directly added to the effective field.

hac = hx sin�2�fact + �H�x̂ + hy sin�2�fact + �H�ŷ �1�

The t, fac, and �H are the time, the field frequency, and
phase, hx=hy =0.5�2h, �H=45°.32

III. RESONANT SWITCHING PROCESSES

Here, we systematically studied results of resonant
switching for fast switching processes with reversal time
smaller than 3.5 ns �STT switching regime�.33 First of all, we
characterized the switching processes with no microwave
field, Fig. 2�a� displays the reversal time34 computed for the
P→AP �parallel to antiparallel configuration of magnetiza-
tion of the polarizer and the free layer� and AP→P transi-
tions for T=0 and 300 K as function of the current density.
For T=300 K we consider the reversal time as the most
probable in the distribution of the reversal time computed for
100 realizations �see the inset of Fig. 2�a��, we also included
some error bars to have a better idea of the distribution width
�computed at the values where the switching probability is
50% of the maximum value� as function of current density.
As observed in Fig. 2�a�, to have the same reversal time the
current density for the P→AP transition has to be at least
two times larger than the one for the AP→P transition �due
to asymmetry of the STT�. An example of a reversal time
trace for P→AP transition is displayed in Fig. 2�b� for a
current density of J=−8.5�107 A /cm2 �T=0 K�.

Our data show different qualitative behavior for the rever-
sal processes. For the AP→P the switching time is almost
independent of the thermal fluctuations while for the P
→AP the switching time depends on the thermal fluctuations
�compare the data in Fig. 2�a��.35 The origin of this differ-
ence is due to the Oersted field, in fact it plays a more im-
portant role in P→AP transitions due to the larger current
necessary to obtain the switching. This conclusion is also
supported by simulations performed with no Oersted field

FIG. 1. Sketch of the simulated spin valves. For the switching
processes the external field is applied mainly along the z-direction
Happ switching for the precessional dynamics the external field is
applied along the x-direction Happ dynamics.
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�not shown� where also for the P→AP transitions the
switching time is independent of the thermal fluctuations.36

Qualitatively similar results have been also observed in the
experiments of Ref. 35.

The micromagnetic spectral analysis37,38 of the small os-
cillation region from the time t0 �when the current pulse
reaches its maximum value �rise time 0.05 ns�� up to t1 �t0

+1 ns� shows that two preswitching modes are excited dur-
ing the fast switching processes �see Fig. 2�c��. For the P
→AP transition, the lower frequency mode �P1, f
=8.8 GHz�39 has much larger power than the higher fre-
quency mode �P2, f =10.3 GHz� �Fig. 2�c� bottom curve�,
differently for the AP→P transition the power of the modes
AP1 �f =9.0 GHz� and AP2 �f =11.3 GHz� is substantially

FIG. 2. �Color online� �a� Switching time for P→AP and AP→P transitions for T=0 and 300 K as function of the current density. Inset:
probability histogram for 100 realizations at T=300 K. �b� Temporal evolution of the magnetization for P→AP transition at a current
density of J=−8.5�107 A /cm2. Inset: example of excitation wave form which combines microwave field and square-wave current-density
pulse. �c� Frequency spectra for the first nanosecond of reversal for P→AP �bottom curve, J=−8.5�107 A /cm2� and AP→P �top curve,
J=2.7�107 A /cm2� transitions �an offset is applied�. �d� and �e� show the switching time as function of the field frequency together with
the spatial distribution of the main excited mode for P→AP and AP→P transitions, respectively. �f� Switching time as function of the
current density at T=0 and 300 K for resonant switching assisted by a microwave field. Inset: probability histogram for 100 realizations at
T=300 K.
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the same �Fig. 2�c� top curve�. The excited modes are edge
modes distributed symmetrically in the cross-sectional area
of the spin valve, the spins oscillate out of phase giving rise
to a giant-magnetoresistance signal with very small oscilla-
tions �see Fig. 2�b��. Another interesting feature of our data,
it is that the frequencies of those excited modes are almost
independent of the amplitude of the current-density pulse in
the range −11�107�J�−8�107 A /cm2 for P→AP tran-
sition and 2�107�J�4�107 A /cm2 for AP→P transi-
tion, even if the thermal fluctuations �300 K� are taken into
account.

Experimentally, the effect of a microwave current on the
critical switching current40 and resonant switching41 has been
already studied. Particularly in Ref. 41, it is measured that
STT from a microwave-frequency current pulse can produce
a resonant excitation of a nanomagnet and improve fast
switching characteristics in combination with a square cur-
rent pulse. The larger speedup of the switching time occurs at
the resonant frequency if the phase of the microwave current
at the onset time of the square pulse is the optimum value. In
that experiment a strong dependence of the switching time
on that phase value has been found.

The inset of Fig. 2�b� shows an example of our excitation
wave form which combines a microwave field and a square-
wave current-density pulse, the phase �D, between the mi-
crowave field and the instant when the current pulse is ap-
plied, is computed from the time delay tD as �D=2�factD. In
the rest of the paper, we show results due to a microwave
field amplitude of h=1 mT, similar results have been ob-
tained for h=0.5 and 2 mT. Figures 2�d� and 2�e� show the
switching time as function of the field frequency �T=0 K�
for two different current densities J=−8.5�107 A /cm2 and
J=2.7�107 A /cm2 for the P→AP and AP→P magnetiza-
tion reversal, respectively. For the P→AP transition, the
switching time reaches a minimum at the field frequency of
the P1 mode and for field frequency larger than 11.0 GHz the
switching time stabilizes to a value larger than the one at
zero ac field. Basically, around that frequency, the spatial
distribution of the P1 mode computed by means of the mi-
cromagnetic spectral mapping technique becomes asymmet-
ric �see insets of Fig. 2�d�� favoring the switching process.
The spatial distribution of the P2 mode does not change for
any frequency of the microwave field. A similar result is
observed for the AP→P transition, in particular a minimum
switching time is achieved at the field frequency of the AP1
mode, at that frequency also the spatial distribution of the
AP1 becomes asymmetric �see insets of Fig. 2�e��. For the
AP→P switching processes, the dependence of the switch-
ing time as function of the field frequency is strongly non-
linear, and its value tends to be constant for a large field
frequency �as example for the data in Fig. 2�e� this value is
14 GHz�. We also found that the spatial distribution of AP2
mode does not change for any field frequency. Those trends
are qualitatively similar for other current densities, −11
�107�J�−8�107 A /cm2 for P→AP transition and 2
�107�J�4�107 A /cm2 for AP→P transition. The mi-
crowave field does not affect the switching mechanism for
the other current-density range.

Differently from the resonant switching assisted by a mi-
crowave current, our numerical results show at the resonant

frequency a switching time almost independent of the phase
�D. In particular, for J=−8.5�107 A /cm2, by changing �D
by step of 15°, we find that the main difference between the
maximum and the minimum switching time was less than 0.2
ns �fac=8.8 GHz�. The origin of this behavior is related to
the fact that the conservative torque due to the microwave
field drives the magnetization of the free layer to oscillate in
a circular trajectory around its equilibrium axis, as conse-
quence for systems with collinear configuration of the equi-
librium axis of the free layer and the polarizer, the initial
STT due to the current-density pulse will be independent of
the time of application �the angle between the two magneti-
zations is constant in time�. When the free-layer equilibrium
axis and the magnetization of the polarizer are not collinear
�as in our system due to the misalignment introduced by the
external dc field�, this gives rise to a weakly switching time
dependence on the relative phase �D. Simulations performed
with an external field applied with a misalignment of 1°
show the switching time dependence on �D completely dis-
appears.

Figure 2�f� summarizes results of the switching time as
function of the current density for T=0 and 300 K at the
resonant frequency. As can be observed, the gap in the
switching time for the P→AP due to the thermal fluctuations
is deleted, and a narrow distribution of the switching time as
function of the number of switching processes is achieved
�see inset of Fig. 2�f��.

IV. PERSISTENT OSCILLATIONS

Before to study the injection-locking mechanism, we
identify the dynamical region of dynamical stability diagram.
In those spin valves, we do not observe precessional dynam-
ics for out-of-plane fields �up to 750 mT along z direction�
basically because the energy landscape is mainly character-
ized by two minima related to the parallel and antiparallel
configurations. For large in-plane fields, at T=0 K, we
found self-oscillations �free running data� with a single-
excited mode �linewidth limited only by the simulation time�
in a wide range of current density. In Fig. 3, it is displayed
the precessional dynamical region �we also plot the threshold
current densities as function of the in-plane bias field�. The
micromagnetic computations in that region will be used to
identify the oscillation power �T=0 K� and the dimension-

FIG. 3. Threshold current density as function of the in-plane
bias field and indication of the precessional dynamical region.
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less nonlinear frequency shift �T=300 K� which are neces-
sary to compare our numerical results of injection locking
with the prediction of a nonlinear analytical theory.19

Even though here we describe in detail computations re-
lated to the bias field region between 450 and 550 mT, the
results obtained for a wide range of field in the dynamical
region are qualitatively similar. Figures 4�a� and 4�b� show
the oscillation frequency f and the dimensionless power p
computed as the nonlinear power42,43 as function of the cur-
rent density for three external fields �450, 500, and 550 mT�.
As can be observed both oscillation power and frequency are
nonmonotonic function of the current density.42 The para-
metric plot �the current density increases� in Fig. 4�c� shows
two regions of linear relationship of the oscillation frequency
as function of the oscillation power, which are characterized
from two different values of nonlinear frequency shift N
=2�

df
dp �Ref. 19� for H=550 mT �N1=18 GHz−1 and N2

=49.8 GHz−1�, H=500 mT �N1=18.1 GHz−1 and N2
=38.8 GHz−1�, and H=450 mT �N1=18.3 GHz−1 and N2
=37.6 GHz−1�.19

In the following part of the paper, we point out our atten-
tion to computations related to the external field H
=500 mT, qualitatively similar results are also observed for
other external fields. Figure 4�d� shows the linewidth �f for

a temperature of T=300 K �computed by means of a Lorent-
zian fit of the power spectrum� as function of the current
density �simulation time of 550 ns which fixes the minimum
numerical linewidth to 1.8 MHz� compared to the analytical
formula �the dimensionless nonlinear frequency shift v is
used as a fitting parameter� of Ref. 44

�f = �0�p�
kBT

	p
�1 + v2� . �2�

�0�p� is the natural positive damping computed for the di-
mensionless oscillation power p �see Fig. 4�b��, 	

=2�f
MSVEFF


 is the coefficient relating the averaged energy to
the dimensionless oscillation power, VEFF is the effective
magnetic volume where the magnetization oscillates �in this
system is the whole free layer volume�, and kB and 
 are the
Boltzmann constant and the electron gyromagnetic ratio. We
found for the term �1+v2� a value of 2.5. Experimentally, the
term �1+v2� can also be estimated using the procedure pre-
sented in Ref. 45.

As can be observed for current density near the threshold
�J�1.6�108 A /cm2�, the analytical linewidth computed by
Eq. �2� differs largely from the micromagnetic linewidth as

FIG. 4. �a� Oscillation frequency f and �b� dimensionless oscillation power p �nonlinear power� as function of the current density and �c�
parametric plot of f as function of p for three different bias fields: 450, 500, and 550 mT. �d� Comparison between micromagnetic and
analytical �computed using Eq. �2�� linewidth as function of the current density for H=500 mT and T=300 K, the only fitting parameter is
the dimensionless nonlinear frequency shift.
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expected for STOs with large nonlinear frequency-shift
coefficient.46

V. INJECTION LOCKING

In agreement with general synchronization theories, our
computation results show the coupling of the auto-oscillation
state of a STO to a weak microwave field gives rise to sev-
eral phenomena �i� frequency locking, �ii� frequency pulling,
and �iii� frequency modulation.24,47 P modes are excited in
the injection-locking region where basically the self-
oscillation mode is locked at the field frequency. In the
frequency-pulling region, the dynamics is characterized by a
quasiperiodic dynamical state �Q modes� where in the power
spectrum is observed the weak mode due to the ac field and
the self-oscillation mode pulled from its original oscillation
frequency.24 Figure 5�a� summarizes a stability diagram for
phase locking as function of the amplitude of external field h
for a current density of 1.6�108 A /cm2 and H=500 mT
�the central frequency is 10.8 GHz�. As can be observed, the
regions are symmetric with respect to the central frequency
in agreement with recent experiment22 and analytical
theories.19,23

For h�2 mT �we simulated values up to h=3 mT� we
found numerically the predicted23 and measured48 narrow

hysteretic Q/P region �not shown�. In the system we studied,
this region disappears �or it is smaller than 2 MHz� in the
presence of thermal fluctuations. For h=2 and 3 mT, we
found an hysteretic region of 10 and 20 MHz with a sym-
metric configuration23 as expected to have in the range of
current density with a linear relationship between oscillation
frequency and power.

We also compare our data with the nonlinear analytical
theory developed in Ref. 19 based on the universal oscillator
model. The force locking fe for an ac field is a complex
number given by

fe = 
�hx + ihy�/�2. �3�

The bandwidth locking � is related to the force locking
by the equation

� = 2�1 + v2 Fe

�p�J�
�4�

being Fe= �fe�, while p and v are the oscillation power and
the dimensionless nonlinear frequency shift computed from
the free running data �see Fig. 4�. Figure 5�b� shows the
comparison among micromagnetic computations of d�

2dh
�slope of the line which separates the “injection-locking” and

FIG. 5. �a� Stability diagram as function of the amplitude of external field h for a current density of 1.6�108 A /cm2 and H
=500 mT at T=0 K. �b� Micromagnetic stability diagram for the injection-locking �symbol� region for T=0 K �solid circle� and T
=300 K �stars� compared to the computation of d�

2dh by means of Eq. �4� �solid line�, fp=10.8 GHz. �c� Locking bandwidth and dimen-
sionless oscillation power as function of the current density for H=500 mT and T=0 K. �d� Locking bandwidth for integer harmonics first
�open circle�, second �solid circle�, and third �stars� as function of h �J=1.6�108 A /cm2�.
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the “frequency-pulling” regions� at T=0 K �solid circle� and
T=300 K �stars� and the nonlinear analytical theory �solid
line� for J�1.6�108 A /cm2 �we estimated a d�

2dh =

�1+v2

�p
=80 MHz /mT considering �1+v2�=2.5�. Our results show
that this quantitative agreement is achieved up to current
densities J�1.8�108 A /cm2, range of current densities
with a linear relationship between f and p �see Figs.
4�a�–4�c��.

On the other hand, it can be observed a qualitative pre-
diction of the � by means of Eq. �4� in the whole range of
current density where the magnetization dynamics is charac-
terized by a single mode as displayed in Fig. 5�c�, in fact if
the oscillation power p increases, � decreases and vice versa
and at the minimum in the � corresponds a maximum in the
p.

Finally, our numerical experiment also shows the possi-
bility to have frequency locking in the second and third har-
monic as summarized in the simplified Arnold tongue dia-
gram of Fig. 5�d� �the locking bandwidth is symmetric with
respect to the central oscillation frequency�. For the system
we have studied, the locking bandwidth � in second and
third harmonic maintains a linear functional dependence on
the force locking even if those are reduced compared to the
one of the first harmonic. Our findings are in qualitative
agreement with a very recent experimental data where, to-
gether to the locking at integer harmonics, it has also been
measured fractional and integer locking in the regime of
moderate and large amplitude of external ac field.49 Our re-
sults point out the possibility to use the STOs also for a
different application, namely, injection-locked frequency
dividers.50

VI. SUMMARY AND CONCLUSIONS

We have described, by means of a numerical experiment,
the effects of a weak microwave field in the fast magnetiza-

tion reversal and self-oscillation state of spin valves with
perpendicular materials. We find out resonant switching as
the field frequency approaches the frequency of the main
preswitching excited mode. The advantage from the practical
point of view, with respect to the resonant switching driven
by an ac current, is the weak dependence of the switching
time on the relative phase between the ac field and the instant
at which the dc current pulse is applied. This gives the pos-
sibility to have a more simple scheme for resonant switching
magnetoresistive random access memories.

Regarding the injection-locking data, our numerical study
underlines the possibility to predict the locking bandwidth,
for a current region also quantitatively, from the free running
data using a nonlinear analytical formulation based on the
universal model of nonlinear oscillators. In other words, we
identify the analytical model from the micromagnetic com-
putations of the oscillation power and dimensionless nonlin-
ear frequency shift to have an estimation of the locking
bandwidth expected.

We also observe the injection-locking phenomenon for
integer harmonics of the self-oscillation frequency, second
and third harmonic, where the locking bandwidth exhibits a
linear dependence on the force locking. This harmonic-
injection-locked oscillator can be used as an injection-locked
frequency divider.

ACKNOWLEDGMENTS

This work was supported by Spanish Project under Con-
tracts No. MAT2008-04706/NAN and No. SA025A08. The
authors would like to thank Massimiliano d’Aquino for help-
ful discussions and Sergio Greco for his support with this
research.

1 S. I. Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Emley, R. J.
Schoelkopf, R. A. Buhrman, and D. C. Ralph, Nature �London�
425, 380 �2003�.

2 A. A. Tulapurkar, Y. Suzuki, A. Fukushima, H. Kubota, H. Mae-
hara, K. Tsunekawa, D. D. Djayaprawira, N. Watanabe, and S.
Yuasa, Nature �London� 438, 339 �2005�.

3 D. Houssameddine, U. Ebels, B. Delaët, B. Rodmacq, I. Firas-
trau, F. Ponthenier, M. Brunet, C. Thirion, J.-P. Michel, L.
Prejbeanu-Buda, M.-C. Cyrille, O. Redon, and B. Dieny, Nature
Mater. 6, 447 �2007�.

4 M. R. Pufall, W. H. Rippard, S. Kaka, T. J. Silva, and S. E.
Russek, Appl. Phys. Lett. 86, 082506 �2005�.

5 T. Devolder, C. Chappert, J. A. Katine, M. J. Carey, and K. Ito,
Phys. Rev. B 75, 064402 �2007�.

6 M. Covington, M. AlHajDarwish, Y. Ding, N. J. Gokemeijer, and
M. A. Seigler, Phys. Rev. B 69, 184406 �2004�.

7 J. Slonczewski, J. Magn. Magn. Mater. 159, L1 �1996�.
8 J. S. Moodera and G. Mathon, J. Magn. Magn. Mater. 200, 248

�1999�; G. 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. Burman, and J. A. Katine, Appl. Phys. Lett. 85, 1205
�2004�; Y. T. Cui, G. Finocchio, C. Wang, J. A. Katine, R. A.
Buhrman, and D. C. Ralph, Phys. Rev. Lett. 104, 097201
�2010�.

9 O. Ozatay, N. C. Emley, P. M. Braganca, A. G. F. Garcia, G. D.
Fuchs, I. N. Krivorotov, R. A. Buhrman, and D. C. Ralph, Appl.
Phys. Lett. 88, 202502 �2006�; G. Finocchio, O. Ozatay, L.
Torres, M. Carpentieri, G. Consolo, and B. Azzerboni, IEEE
Trans. Magn. 43, 2938 �2007�.

10 P. M. Braganca, O. Ozatay, A. G. F. Garcia, O. J. Lee, D. C.
Ralph, and R. A. Buhrman, Phys. Rev. B 77, 144423 �2008�.

11 P. M. Braganca, I. N. Krivorotov, O. Ozatay, A. G. F. Garcia, N.
C. Emley, J. C. Sankey, D. C. Ralph, and R. A. Buhrman, Appl.
Phys. Lett. 87, 112507 �2005�; Y. Jiang, S. Abe, T. Ochiai, T.
Nozaki, A. Hirohata, N. Tezuka, and K. Inomata, Phys. Rev.
Lett. 92, 167204 �2004�.

12 G. Consolo, G. Finocchio, L. Torres, M. Carpentieri, L. Lopez-
Diaz, and B. Azzerboni, J. Magn. Magn. Mater. 316, 492
�2007�; L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman,
Appl. Phys. Lett. 94, 122508 �2009�.

SPIN-TRANSFER-TORQUE RESONANT SWITCHING AND… PHYSICAL REVIEW B 82, 094434 �2010�

094434-7

http://dx.doi.org/10.1038/nature01967
http://dx.doi.org/10.1038/nature01967
http://dx.doi.org/10.1038/nature04207
http://dx.doi.org/10.1038/nmat1905
http://dx.doi.org/10.1038/nmat1905
http://dx.doi.org/10.1063/1.1875762
http://dx.doi.org/10.1103/PhysRevB.75.064402
http://dx.doi.org/10.1103/PhysRevB.69.184406
http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1016/S0304-8853(99)00515-6
http://dx.doi.org/10.1016/S0304-8853(99)00515-6
http://dx.doi.org/10.1063/1.1781769
http://dx.doi.org/10.1063/1.1781769
http://dx.doi.org/10.1103/PhysRevLett.104.097201
http://dx.doi.org/10.1103/PhysRevLett.104.097201
http://dx.doi.org/10.1063/1.2206683
http://dx.doi.org/10.1063/1.2206683
http://dx.doi.org/10.1109/TMAG.2007.892326
http://dx.doi.org/10.1109/TMAG.2007.892326
http://dx.doi.org/10.1103/PhysRevB.77.144423
http://dx.doi.org/10.1063/1.2045552
http://dx.doi.org/10.1063/1.2045552
http://dx.doi.org/10.1103/PhysRevLett.92.167204
http://dx.doi.org/10.1103/PhysRevLett.92.167204
http://dx.doi.org/10.1016/j.jmmm.2007.03.164
http://dx.doi.org/10.1016/j.jmmm.2007.03.164
http://dx.doi.org/10.1063/1.3107262


13 S. Mangin, D. Ravelosona, J. A. Katine, M. J. Carey, B. D.
Terris, and E. E. Fullerton, Nature Mater. 5, 210 �2006�.

14 S. Mangin, Y. Henry, D. Ravelosona, J. A. Katine, and E. E.
Fullerton, Appl. Phys. Lett. 94, 012502 �2009�.

15 S. Kaka, M. R. Pufall, W. H. Rippard, T. J. Silva, S. E. Russek,
and J. A. Katine, Nature �London� 437, 389 �2005�.

16 F. B. Mancoff, N. D. Rizzo, B. N. Engel, and S. Tehrani, Nature
�London� 437, 393 �2005�.

17 A. Ruotolo, V. Cros, B. Georges, A. Dussaux, J. Grollier, C.
Deranlot, R. Guillemet, K. Bouzehouane, S. Fusil, and A. Fert,
Nat. Nanotechnol. 4, 528 �2009�.

18 V. Tiberkevich, A. Slavin, E. Bankowski, and G. Gerhart, Appl.
Phys. Lett. 95, 262505 �2009�.

19 A. Slavin and V. Tiberkevich, IEEE Trans. Magn. 45, 1875
�2009�.

20 C. Serpico, R. Bonin, G. Bertotti, M. d’Aquino, and I. D. May-
ergoyz, IEEE Trans. Magn. 45, 3441 �2009�.

21 W. H. Rippard, M. R. Pufall, S. Kaka, T. J. Silva, S. E. Russek,
and J. A. Katine, Phys. Rev. Lett. 95, 067203 �2005�.

22 B. Georges, J. Grollier, M. Darques, V. Cros, C. Deranlot, B.
Marcilhac, G. Faini, and A. Fert, Phys. Rev. Lett. 101, 017201
�2008�.

23 R. Bonin, G. Bertotti, C. Serpico, I. D. Mayergoyz, and M.
d’Aquino, Eur. Phys. J. B 68, 221 �2009�.

24 A. Pikovsky, M. Rosenblum, and J. Kurths, Synchronization: A
Universal Concept in Nonlinear Sciences �Cambridge Univer-
sity Press, Cambridge, 2003�.

25 G. Finocchio, I. N. Krivorotov, L. Torres, R. A. Buhrman, D. C.
Ralph, and B. Azzerboni, Phys. Rev. B 76, 174408 �2007�.

26 M. Carpentieri, L. Torres, G. Finocchio, B. Azzerboni, and L.
Lopez-Diaz, IEEE Trans. Magn. 43, 2935 �2007�.

27 L. Torres, L. Lopez-Diaz, E. Martinez, M. Carpentieri, and G.
Finocchio, J. Magn. Magn. Mater. 286, 381 �2005�; A. Romeo,
G. Finocchio, M. Carpentieri, L. Torres, G. Consolo, and B.
Azzerboni, Physica B 403, 464 �2008�; E. Martinez, L. Torres,
L. Lopez-Diaz, M. Carpentieri, and G. Finocchio, J. Appl. Phys.
97, 10E302 �2005�; See also http://www.ctcms.nist.gov/~rdm/
mumag.org.html standard problem #4 reported by Martinez et
al..

28 W. F. Brown, Jr., Phys. Rev. 130, 1677 �1963�.
29 D. M. Apalkov and P. B. Visscher, Phys. Rev. B 72, 180405�R�

�2005�.
30 Z. Li and S. Zhang, Phys. Rev. B 68, 024404 �2003�.
31 G. Finocchio, V. S. Pribiag, L. Torres, R. A. Buhrman, and B.

Azzerboni, Appl. Phys. Lett. 96, 102508 �2010�.
32 G. Finocchio, I. Krivorotov, M. Carpentieri, G. Consolo, B.

Azzerboni, L. Torres, E. Martinez, and L. Lopez-Diaz, J. Appl.

Phys. 99, 08G507 �2006�.
33 N. C. Emley, I. N. Krivorotov, O. Ozatay, A. G. F. Garcia, J. C.

Sankey, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Lett. 96,
247204 �2006�.

34 We define the switching time from the P→AP transition and
vice versa, as the time elapsed from the instant the current pulse
reaches its maximum value until the moment the normalized
giant-magnetoresistance signal achieves the value of 0.9 or 0.1,
respectively.

35 T. Devolder, A. Tulapurkar, Y. Suzuki, C. Chappert, P. Crozat,
and K. Yagami, J. Appl. Phys. 98, 053904 �2005�.

36 D. Apalkov, M. Pakala, and Y. Huai, J. Appl. Phys. 99, 08B907
�2006�; G. Finocchio, M. Carpentieri, B. Azzerboni, L. Torres,
E. Martinez, and L. Lopez-Diaz, J. Appl. Phys. 99, 08G522
�2006�.

37 R. D. McMichael and M. D. Stiles, J. Appl. Phys. 97, 10J901
�2005�.

38 L. Torres, L. Lopez-Diaz, E. Martinez, G. Finocchio, M. Carpen-
tieri, and B. Azzerboni, J. Appl. Phys. 101, 053914 �2007�.

39 The Fourier analysis has been performed by zero padding the 1
ns signal in order to have a resolution in the frequency space of
0.1 GHz.

40 S. H. Florez, J. A. Katine, M. Carey, L. Folks, O. Ozatay, and B.
D. Terris, Phys. Rev. B 78, 184403 �2008�.

41 Y.-T. Cui, J. C. Sankey, C. Wang, K. V. Thadani, Z.-P. Li, R. A.
Buhrman, and D. C. Ralph, Phys. Rev. B 77, 214440 �2008�.

42 C. Boone, J. A. Katine, J. R. Childress, J. Zhu, X. Cheng, and I.
N. Krivorotov, Phys. Rev. B 79, 140404�R� �2009�.

43 G. Finocchio, G. Siracusano, V. Tiberkevich, I. N. Krivorotov, L.
Torres, and B. Azzerboni, Phys. Rev. B 81, 184411 �2010�.

44 J.-V. Kim, V. Tiberkevich, and A. N. Slavin, Phys. Rev. Lett.
100, 017207 �2008�.

45 K. Kudo, T. Nagasawa, R. Sato, and K. Mizushima, Appl. Phys.
Lett. 95, 022507 �2009�; M. Carpentieri, L. Torres, and E. Mar-
tinez, IEEE Trans. Magn. 45, 3426 �2009�.

46 J.-V. Kim, Q. Mistral, C. Chappert, V. S. Tiberkevich, and A. N.
Slavin, Phys. Rev. Lett. 100, 167201 �2008�.

47 G. Consolo, V. Puliafito, G. Finocchio, L. Lopez-Diaz, R.
Zivieri, L. Giovannini, F. Nizzoli, G. Valenti, and B. Azzerboni,
IEEE Trans. Magn. 46, 3629 �2010�.

48 P. Tabor, V. Tiberkevich, A. Slavin, and S. Urazhdin, Phys. Rev.
B 82, 020407�R� �2010�.

49 S. Urazhdin, P. Tabor, V. Tyberkevych, and A. Slavin, Proceed-
ings of the 11th Joint MMM/Intermag Conference, Washington,
2010, p. 161.

50 S. Verma, H. R. Rategh, and T. H. Lee, IEEE J. Solid-State
Circuits 38, 1015 �2003�.

CARPENTIERI et al. PHYSICAL REVIEW B 82, 094434 �2010�

094434-8

http://dx.doi.org/10.1038/nmat1595
http://dx.doi.org/10.1063/1.3058680
http://dx.doi.org/10.1038/nature04035
http://dx.doi.org/10.1038/nature04036
http://dx.doi.org/10.1038/nature04036
http://dx.doi.org/10.1038/nnano.2009.143
http://dx.doi.org/10.1063/1.3278602
http://dx.doi.org/10.1063/1.3278602
http://dx.doi.org/10.1109/TMAG.2008.2009935
http://dx.doi.org/10.1109/TMAG.2008.2009935
http://dx.doi.org/10.1109/TMAG.2009.2025515
http://dx.doi.org/10.1103/PhysRevLett.95.067203
http://dx.doi.org/10.1103/PhysRevLett.101.017201
http://dx.doi.org/10.1103/PhysRevLett.101.017201
http://dx.doi.org/10.1140/epjb/e2009-00091-9
http://dx.doi.org/10.1103/PhysRevB.76.174408
http://dx.doi.org/10.1109/TMAG.2007.892329
http://dx.doi.org/10.1016/j.jmmm.2004.09.126
http://dx.doi.org/10.1016/j.physb.2007.08.076
http://dx.doi.org/10.1063/1.1847292
http://dx.doi.org/10.1063/1.1847292
http://www.ctcms.nist.gov/~rdm/mumag.org.html
http://www.ctcms.nist.gov/~rdm/mumag.org.html
http://dx.doi.org/10.1103/PhysRev.130.1677
http://dx.doi.org/10.1103/PhysRevB.72.180405
http://dx.doi.org/10.1103/PhysRevB.72.180405
http://dx.doi.org/10.1103/PhysRevB.68.024404
http://dx.doi.org/10.1063/1.3358387
http://dx.doi.org/10.1063/1.2165136
http://dx.doi.org/10.1063/1.2165136
http://dx.doi.org/10.1103/PhysRevLett.96.247204
http://dx.doi.org/10.1103/PhysRevLett.96.247204
http://dx.doi.org/10.1063/1.2012512
http://dx.doi.org/10.1063/1.2170047
http://dx.doi.org/10.1063/1.2170047
http://dx.doi.org/10.1063/1.2177049
http://dx.doi.org/10.1063/1.2177049
http://dx.doi.org/10.1063/1.1852191
http://dx.doi.org/10.1063/1.1852191
http://dx.doi.org/10.1063/1.2435812
http://dx.doi.org/10.1103/PhysRevB.78.184403
http://dx.doi.org/10.1103/PhysRevB.77.214440
http://dx.doi.org/10.1103/PhysRevB.79.140404
http://dx.doi.org/10.1103/PhysRevB.81.184411
http://dx.doi.org/10.1103/PhysRevLett.100.017207
http://dx.doi.org/10.1103/PhysRevLett.100.017207
http://dx.doi.org/10.1063/1.3176939
http://dx.doi.org/10.1063/1.3176939
http://dx.doi.org/10.1109/TMAG.2009.2023921
http://dx.doi.org/10.1103/PhysRevLett.100.167201
http://dx.doi.org/10.1109/TMAG.2010.2046178
http://dx.doi.org/10.1103/PhysRevB.82.020407
http://dx.doi.org/10.1103/PhysRevB.82.020407
http://dx.doi.org/10.1109/JSSC.2003.811975
http://dx.doi.org/10.1109/JSSC.2003.811975

