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We study nanopillar spin-torque oscillators processed from low-resistance-area product MgO-based mag-
netic tunnel junctions. The influence of spin torque can be seen in quasistatic experiments as a strong astroid
distortion, consistent with a pure Slonczewski-type spin torque. At microwave frequencies, the spin-torque
results in pronounced magnetization auto-oscillations with a clear threshold behavior, though only evidenced in
the antiparallel configuration. Two kinds of auto-oscillations are seen depending on the polarity of the voltage
applied to the junction. Free layer oscillations require a large easy axis applied field and electrons flowing from
the reference layers to the free layer. Acoustic excitation of the reference synthetic ferrimagnet can be seen,
provided the electron flow is reversed, indicating a clear similarity with the behavior of conventional all-
metallic spin valves. The analysis of the threshold indicates that the amplitude of the spin torque is neither
proportional to the current nor to the voltage and it is not accompanied by any significant fieldlike torque.
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I. INTRODUCTION

Nanopillars patterned either from all-metallic spin valves
or from magnetic tunnel junctions have been thoroughly in-
vestigated recently thanks to their potential application in the
next generation of magnetic random-access memories1 or as
compact and tunable microwave oscillators.2 These devices
rely on the so-called spin torque,3,4 i.e., the transfer of spin
angular momentum between magnetic layers which results in
current-induced torques. For proper applied fields and cur-
rent densities, the spin torque can manipulate the magnetiza-
tions of the layers, inducing hysteretic switching or various
kinds of steady-state microwave precession.

Spin-transfer-induced oscillations in spin valves have
been extensively reported, both in nanopillar2 and in
point-contact5 geometries. However, the low magnetoresis-
tance inherent to these all-metallic systems sets a limitation
to the microwave power that can be delivered that renders
these devices unusable in practical applications. MgO-based
tunnel junctions provide larger spin polarization and higher
magnetoresistance. Therefore, nanopillars made from MgO-
based tunnel junctions are seen as the straightforward solu-
tion to meet the demand for higher power. However, auto-
oscillations in those systems have been observed only in a
few cases,6,7 and some controversy remains on the required
current polarity, the nature of the excitated modes,8,9 the
value of the threshold current,7,10 and the vector nature of the
spin torque.11–13

In this paper, we study nanopillar spin-torque oscillators
processed from low-resistance-area �RA� product MgO-
based magnetic tunnel junctions. First, we show that the spin
torque acting on the free layer has a pure Slonczewski-type
character. We then study in detail the spin-torque-induced
microwave auto-oscillations and show a clear similarity with
the behavior of conventional all-metallic spin valves. We evi-

dence two kinds of auto-oscillation modes, depending on the
polarity of the bias applied to the junction. By the field de-
pendency of their frequencies they can be classified as an
oscillation in the free layer and an acoustic oscillation of the
synthetic ferrimagnet �SyF� system. Furthermore, our data
shows that spin torque in these devices is neither propor-
tional to the current nor to the voltage.

II. EXPERIMENTAL METHODS

Our samples are patterned from low RA product
MgO-based magnetic tunnel junctions, deposited in
a Singulus Timaris sputtering machine and consisting
of Ta 3 /CuN 40 /Ta 5 /PtMn 20 /CoFe30 2 /Ru 0.8 /
CoFe20B20 2 /MgO 1.3 /CoFe20B20 3 /Ta 8, where the
numbers indicate layer thicknesses in nm. Measurements on
micrometer sized tunnel junctions indicate a RA product that
varies between 0.9 and 1.4 � .�m2. The device to device
variations in the RA product are attributed to variations in
the thickness of the very thin MgO barrier material as also
confirmed by a TEM study, discussed in Sec. IV C. These
magnetic junctions are processed into nanopillars with an
octagonal 70�130 nm2 footprint, using methods described
in Ref. 14. For the complete set of devices the average par-
allel and antiparallel resistances are 225 and 270 �, respec-
tively, and the average magnetoresistance �MR� ratio is 15%.
Assuming the nominal size, this would yield an average R
�A product of 1.8 � .�m2, slightly higher than deduced
from microscopic junctions. This suggests that the actual di-
mensions of our devices are smaller by typically 20% than
the nominal size. Although we performed our studies on two
dozen devices, we shall report in detail only the microwave
properties of two specific devices. These two junctions were
chosen based on several criteria. These two specific devices
show the lowest voltage thresholds, allowing the exploration
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of a larger parameter space before the occurrence of voltage-
induced breakdown of the tunnel junction. Correlated with
this, they have higher than average tunnel magnetoresistance
�TMR� values �15 and 23%�, and also a slightly above aver-
age RA product, of respectively 2.1 �device 1�Dev1�� and
3.1 � .�m2 �device 2 �Dev2��. Some results on larger de-
vices, i.e., 100�180 nm2 will also be reported in Sec. III.

In our measurement setup �Fig. 1� the two electrodes of
the nanopillars are connected to coplanar waveguides to al-
low various electrical measurements. The two waveguides
are connected to bias tees allowing dc and rf routing. The dc
routes are used for resistance versus field curves up to 250
mT and for differential conductance measurements: an arbi-
trary waveform generator applies a dc voltage bias with a
small superimposed ac modulation at 333 Hz to the device
and a shunt resistance �5 �� is placed in series in order to
measure dI /dV with a lock-in sensitivity. The RF port of the
first bias tee is terminated to a perfect �50 �� load while the
RF port of the other bias tee is sent to a ultrawide band
low-noise amplifier feeding a spectrum analyzer with a res-
olution bandwidth of 5 MHz. The raw-data spectra are trans-
lated into power density units taking into account the fre-
quency dependencies of the amplifier gain and of its noise
figure. In order to take into account the two impedance mis-
matches present at the sample plane and at the input stages of
the amplifiers, the gain is measured with the device con-
nected but unbiased. Thus, any voltage dependence of the
impedance of the tunnel junction is neglected in our data
treatment, yielding a possible 20% underestimation of the
microwave power at the highest bias voltage investigated
here.

Our current convention is that positive voltages corre-
spond to electrons flowing from the SyF to the free layer.
Our magnetic field convention is such that positive fields
favor antiparallel magnetizations of the free layer and the
reference layer of the SyF. Figure 2 shows the hysteresis
loops of our two devices. Both loops exhibit clear free layer
switching at low fields and a reversible spin-flop transition of
the SyF system at large positive field. For Dev1 the free layer
coercivities are −9 and +27 mT while for Dev2 they are −28
and +29 mT. The spin-flop fields are, respectively, 130 and
142 mT. Before reporting the details of the experimental re-
sults, let us describe some guidelines that can be used for the

classification of the spin-torque-induced auto-oscillation
modes to be observed. For this purpose, we have calculated
in Fig. 3 the eigenfrequencies of a system comprising three
macrospins: the free layer and the two SyF layers, the bottom
one being exchange biased. The calculation is done follow-
ing the methods described in Ref. 15 with material param-
eters determined in a previous study15,16 and listed in Table I.
Three generic types of modes are predicted: the free layer
uniform mode �F�, the acoustic excitation of the SyF �A� and
the optical �O� excitation of the SyF. Free layer excitations
have a frequency minimum at the switching field while SyF
oscillations �O,A� have extrema at the spin-flop transition.
Furthermore, SyF modes can be distinguished by the nature
of the extremum, the curvature of the frequency versus field
curve and the value of the mode frequency. In addition, the
voltage polarity can be used to ascertain the nature of the
excitation. Indeed electrons flowing from the SyF to the free
layer are expected to destabilize the free layer when in the

FIG. 1. �Color online� Schematic representation of the experi-
mental setup, the nanopillar under investigation is indicated by de-
vice under test �DUT�. The DUT is connected to two bias tees. One
of the RF sides is amplified and fed to the spectrum analyzer, the
other RF signal is terminated in a 50 � resistance. Through the dc
chain a dc and a small ac bias �333 Hz� are applied by the voltage
source, a lock-in amplifier is used to measure the resistance over a
5 � shunt resistance.
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FIG. 2. �Color online� dV /dI loops at zero bias for Dev1 �tri-
angles� and Dev2 �circles�, two 70�130 nm2 octagonal
nanopillars.
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FIG. 3. �Color online� Calculated normalized magnetoresistance
loop �bottom� and calculated frequencies of the eigenmodes �top�
for a nanopillar in the macrospin approximation. The frequencies
are shown for the parallel �triangles pointing right� and antiparallel
�triangles pointing left� magnetization states. The labels indicate the
free layer �F�, acoustic SyF �A� and optical SyF �O� modes. The
vertical lines indicate the free layer coercive fields and the spin-flop
transition field. For comparison we have superimposed the experi-
mentally found frequencies of Dev1 �downward triangles� and
Dev2 �circles�.
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AP state. Electrons flowing from free layer to SyF are ex-
pected to destabilize the reference layer of the SyF when in
the AP configuration.

III. EFFECT OF VOLTAGE ON THE QUASISTATIC
PROPERTIES

In order to confirm the expected sign of the spin torque
acting on the free layer, we have measured the Stoner aster-
oids of the free layer under several bias voltages. Because we
wanted to explore a large bias interval, resulting in a risk of
sample degradation, these measurements were performed on
devices of size 100�180 nm2 instead of on the ones whose
auto-oscillation properties have been measured in detail. The
asteroids are constructed from resistance versus easy axis
field loops measured for several discrete values of applied
hard axis fields. In zero bias, the asteroid �Fig. 4� is not
centered around zero field but around an easy axis field of
7.5 mT, favoring a P configuration. The zero bias asteroid is
not symmetrical, indicating that the AP to P and P to AP
reversal paths are significantly different, most probably be-
cause of the nonuniform dipolar coupling field with the un-
compensated SyF.

Three points are worth noticing in the voltage dependency
of the asteroids. First, there is no global displacement of the

asteroid as the voltage is increased. Following the analysis
method described in Ref. 17, this indicates that there is
hardly any current-induced fieldlike torque in our tunnel
junctions. We will see hereafter that this statement is further
supported by the fact the microwave oscillation frequency is
hardly affected by the current flow. Second, the vertical size
of the asteroids is not significantly affected by the voltage,
which indicates that there is no substantial heating of the
junction that would reduce the magnetization or the shape
anisotropy field and consequently shrink the asteroid in a
rather symmetric manner.18 Finally, at 200–350 mV of posi-
tive voltage bias, a re-entrant zone develops in the left part of
the asteroid, indicating a current-induced lowering of the AP
to P coercivity. This confirms that a positive voltage bias
�electrons flowing from the SyF to the free layer� applies a
torque on the free layer that destabilize the AP configuration.
The shape of the re-entrant zone is typical9,17,19 of a spin
torque of pure Slonczewski vector form, i.e., m� �m� p�
where m indicates the free layer magnetization direction and
p indicates the polarization of the current along the magne-
tization direction of the top SyF layer. The opposite �nega-
tive� voltage impacts the other coercivity �P to AP� but with
a much reduced efficiency. We shall see hereafter that this
reduced efficiency prevents free layer auto-oscillation in the
P configuration. This reduced efficiency at negative voltage
also indicates that the spin-torque amplitude is not a linear
function of the applied voltage bias but exhibits some curva-
ture in agreement with recent predictions.20

IV. MICROWAVE OSCILLATIONS AND THEIR VOLTAGE
DEPENDENCE

Microwave oscillations with clear voltage threshold were
not obtained when the sample was in the parallel state. Con-
versely, two very different auto-oscillation behaviors were
identified in the AP state, depending on the voltage polarity.

A. Auto-oscillations for negative applied voltages

For negative applied voltages �electrons flowing from free
layer to SyF�, the majority of the studied devices showed a
strong auto-oscillation mode if the system was prepared in
the AP configuration. This is for instance the case for Dev1,
as shown in Figs. 5�A� and 5�B�. The mode exists in a wide

TABLE I. Magnetic parameters used for modeling the frequen-
cies of the eigenmodes in a three-layer system. MS indicates satu-
ration magnetization, t the thickness of the layers, and Hk the an-
isotropy fields for all three layers, the free layer �F�, and the two
layers of the SyF �SyF1, SyF2�. Hdip is the F to SyF1 dipolar cou-
pling field, Jint the interlayer coupling strength, and Heb the ex-
change field from the antiferromagnet.

MS

�T�
t

�nm�
�0Hk

�T�

SAF1 1.3 2 0.04

SAF2 1.4 2 0.05

F 1.3 3 0.025

�0Hdip �T� Jint �J/m� �0Heb �T�

0.01 2.9�10−4 −0.12

-10 -5 0 5 10 15 20

-15

-10

-5

0

5

10

15

20

0 V
50 mV
100 mV
150 mV
200 mV
250 mV
300 mV
350 mV

µ 0
H
ha
rd
(m
T)

µ0Heasy(mT)

Positive Vdc, increasing

AP

AP
P

P

-10 -5 0 5 10 15 20

-15

-10

-5

0

5

10

15

20

0 V
50 mV
100 mV
150 mV
200 mV
300 mV
350 mVµ 0

H
ha
rd
(m
T)

µ0Heasy(mT)

Negative Vdc, increasing

AP

AP
P

P

(b)(a)

FIG. 4. �Color online� �a� asteroid for positive bias voltages showing the presence of spin torque on the free layer preferring the P state.
�b� Asteroid for negative voltages the AP state is slightly preferred due to the opposite sign of the spin torque on the free layer.
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range of easy axis fields, typically from just above zero field
�5 mT� to the spin-flop field with an interruption between 65
and 90 mT. Close to zero field the mode frequency is typi-
cally 11.5 GHz and decreases regularly to some 4.5 GHz at
the spin-flop field �Fig. 5�B��. At the highest investigated
voltage �−340 mV�, the mode intensity is maximal and the
linewidth is minimal near zero field, where the power density
exceeds 400 nV2 /Hz and the second harmonic can be de-
tected. The negative voltage mode at 11.15 GHz exhibits a
very clear threshold, as illustrated in Fig. 5�C� for an applied
field of 33 mT. The mode can hardly be detected for voltages
below −280 mV and its amplitude suddenly rises by two

orders of magnitude as the voltage is increased from the
threshold �−290 mV� up to −320 mV. This power increase
is accompanied by a reduction of the linewidth down to 16.5
MHz. Above the threshold this mode shows a tiny blueshift
with increasing voltage. This clear threshold behavior is in
stark contrast to the positive voltage case �inset of Fig. 5�C��,
where no oscillation of interest is present with increasing
voltage bias.

Let us now discuss the nature of the excited mode in
negative voltage. The value of the experimental frequency,
i.e., 11.5 GHz at low field �5 mT� indicates that the observed
mode cannot be a free layer mode. Indeed the uniform free
layer mode is expected at a much lower frequency �Fig. 3�
and the frequency should lower as the applied fields ap-
proach the coercivity, which is not observed. Also, the SyF
optical mode is expected at significantly higher frequencies.
In addition, the curve of the predicted optical-mode fre-
quency versus field has a curvature and a slope that are both
opposite to what is observed in the experiments, such that we
can exclude an optical SyF mode. In contrast, an acoustic
excitation of the SyF can account for our experimental find-
ings and gives reasonable numerical agreement to our mea-
surements �Fig. 3�. The easy-axis field dependence of the
frequency has the correct slope sign, i.e., it extrapolates to-
ward zero when increasing the field toward the spin-flop field
of the SyF. The frequency versus easy axis field has the
concave curvature expected for an acoustic excitation �Fig.
3�. We conclude that the microwave oscillation seen for
negative bias is consistent with an acoustic excitation of the
two layers of the synthetic ferrimagnet subsystem. This is
consistent with the common belief that, in the AP configura-
tion, spin torque destabilizes the layer toward which the elec-
trons are flowing. However, due to strong interlayer coupling
the oscillation induced in the top layer of the SyF persists in
both magnetic layers of the SyF.

B. Auto-oscillations for positive applied voltages

We summarize our findings for positive applied voltages
here. Compared to the devices showing SyF oscillations, a
smaller number of devices showed oscillations with clear
threshold behavior and without suffering breakdown. Dev2 is
one of them: an oscillation mode for positive applied biases
is clearly present for a field direction favoring the AP con-
figuration �Fig. 6�. A number of oscillation modes are present
in these spectra but only one of them carries a significant
power. This main mode is present in a narrow field interval
just above the free layer coercivity and also between 65 mT
and the spin-flop field �Fig. 6�A��. The threshold behavior of
this mode is illustrated in Fig. 6�C� for an externally applied
field of 120 mT, representative of the region where a power-
ful oscillation is seen. The voltage threshold for this particu-
lar oscillation mode lies in between 200 and 250 mV, where
a peak suddenly appears at 12.5 GHz with a linewidth of 23
MHz and a clear second harmonic. This peak is very intense
compared to our noise floor, in strong contrast to spectra
taken with voltages below the threshold.

Let us now discuss the nature of this mode. The experi-
mental frequency resembles that expected for a uniform free

FIG. 5. �Color online� �A� Color plot of the power spectra taken
from Dev1 for −340 mV bias as function of the easy-axis-applied
field. The different modes are labeled: SyF and SyF2 are the high-
power oscillations in the SyF system and its harmonic, FTs are
thermal modes in the free layer, SyFT is what we assume to be
thermal modes in the SyF system. �B� Center frequency and line-
width as function of the applied field, fitted to A in the region where
a high-power oscillation mode is present. �C� Threshold behavior in
Dev1 for negative �inset: positive� bias voltage showing a clear
threshold accompanied by a nonlinear power increase and linewidth
collapse in an externally applied field of 33 mT. Note that the sine-
like behavior is an artifact of the measurement system due to im-
perfect corrections of frequency-dependent impedance mismatches.
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layer mode �Fig. 3�: it increases with the applied field and in
addition, it shows a reasonable numerical agreement with the
Kittel relation valid for this uniform free layer mode. We
conclude that the microwave oscillation seen in positive field
is consistent with a quasiuniform free layer excitation, which
agrees with the common belief that the positive bias polarity
should destabilize the free layer when in the AP configura-
tion.

C. Sample to sample dispersion and significance of the data

From a previous study,16 performed on stacks with higher
and more reproducible RA products due to a longer oxidation
time, the variations in size and shape of the nanopillars re-
sulted in resistance variation not bigger than 20% for nano-
pillars in this size range. Therefore size and shape variations

are excluded from being responsible for a preference toward
a certain mode. Hence, the resistance and TMR differences
in the devices discussed here have to originate elsewhere.
When the present low RA multilayers are compared to those
with higher RA in a TEM study �Fig. 7�, it becomes clear
that the difference in oxidation time induces different de-
grees of roughness and a variation in the MgO thickness
across a wafer. From Fig. 2 it is clear that both resistance and
TMR in Dev2 are higher than Dev1 so locally the barrier in
Dev2 is slightly thicker than in Dev1. A higher TMR implies
a better current polarization and consequently more spin-
transfer torque for the same current density. However re-
cently it has been stated that thickness variations can change
the asymmetry of the spin torque.20 The induced uncertainty
on the reproducibility of the asymmetry of any device can
lead to a scattering of the thresholds at different polarities
which we believe is the reason for the origin of the different
modes in Dev1 and Dev2.

V. DISCUSSION

Several points are worth discussing. Let us first discuss
the relation between voltage polarity and the destabilization

FIG. 6. �Color online� �A� Color plot of the spectra taken from
Dev2 for 250 mV bias in function of the applied field along the
devices’ easy axis. The main free layer mode �F� and its harmonic
are labeled �F2� and are the only clearly present modes. �B� Center
frequency and linewidth in the field region where the high-power
oscillation mode is present. �C� Threshold behavior in Dev2 at 120
mT applied field for positive �inset: negative� bias voltages showing
the clear threshold behavior for positive bias.

FIG. 7. �Color online� Comparison of barrier thickness unifor-
mity by a transmission-electron microscope study for a standard RA
�16 � .�m2, panel A� multilayer showing variation in MgO thick-
ness between 0.6 and 0.9 nm and for a low RA �1.4 � .�m2, panel
B� multilayer showing variation in the MgO thickness between 0.5
and 1.0 nm.
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of the magnetic layers. We have observed a free layer exci-
tation at positive bias, where electrons flow from the SyF
system to the free layer, and a SyF acoustic oscillation at
opposite bias, both in the antiparallel configuration. In both
cases, the oscillations occur for the voltage polarity expected
to yield a spin torque destabilizing the layer system that is
effectively oscillating. In that sense, our results indicate that
the spin torque in our tunnel junctions is of similar sign as in
conventional all-metallic spin valves. Still one point is worth
noticing. To get a description of the excitation mode, most
studies assume one layer to be static �fixed� when evaluating
the effect of spin torque on the dynamics of the other layer.
Such reasoning has proven to be insightful but in our case it
cannot be applied when the field is near 70 mT. Indeed for
that field, there is a crossing of the dispersion relation of the
SyF acoustic mode and the free layer mode �Fig. 3�. The two
modes are hybridized by the interlayer dipolar coupling and
neither the free layer nor the SyF could be considered as
static if this mode was excited. The destabilizing effect on
one layer comes with a stabilizing effect on the other, mak-
ing the excitation of a hybridized mode difficult. This appar-
ently results in a higher-voltage threshold for microwave ex-
citations: for both positive �Figs. 5�A� and 5�B�� and
negative �Figs. 4�A� and 4�B�� applied voltages, the auto-
oscillation modes are not present in this field interval up to
the breakdown voltage.

Let us now discuss whether the positive and negative
thresholds are best defined by currents or by voltage. In
most previously reported studies, the measurements were
performed in a constant current mode. However since
junction breakdown is a voltage mediated mechanism,
junctions would always break in the AP state. Like break-
down, spin torque has been stated to be a voltage-mediated
phenomena,20 such that we have chosen to work in constant
applied voltage mode. We have never observed microwave
oscillations in the P configuration, indicating the voltage
thresholds in the P state were systematically higher than the
breakdown voltage. Since threshold for free layer oscillation
in the P and in the AP configuration are expected to corre-
spond to the same amplitude of spin torque, our results indi-
cate that the spin torque is not proportional to the voltage.
Nonetheless, spin torque does also not seem to be propor-
tional to the current. Indeed since the resistance of the P state

is lower, the same applied voltage yields a larger current,
such that if the spin torque was proportional to the current it
would be easier to destabilize the layers when in the P con-
figuration, which is opposite to experimental findings. We
conclude that the amplitude of the spin torque is neither pro-
portional to the current nor to the voltage in on our tunnel
junctions.

As a last comment, we emphasize that our study of the
asteroids indicates that spin torque in our devices is not ac-
companied by a large fieldlike torque. In addition to asteroid
measurements, a significant fieldlike torque would shift the
mode frequencies with the voltage, which is opposite to ex-
perimental findings.

VI. CONCLUSION

In conclusion, our study of nanopillar spin-torque oscilla-
tors processed from MgO-based magnetic tunnel junctions
clearly showed the presence of Slonczewski-type spin torque
acting on the free layer of our system, through strong aster-
oid distortion for positive voltage biases. In the antiparallel
magnetic configuration two excitation modes with clear
threshold behaviors and clearly different origins were mea-
sured at microwave frequencies. Depending on the polarity
of the bias to the junction two kinds of auto-oscillation were
witnessed. From the field dependence of the auto-oscillation
frequency, we identified free layer oscillations at large easy
axis applied field for electrons flowing from the reference
layers to the free layer. When reversing the voltage polarity,
we saw the acoustical excitation of the synthetic ferrimagnet.
The bias polarity that provides selectivity toward a mode
recalls a similarity with conventional all-metallic spin
valves. Finally, the analysis of the threshold indicated that
the amplitude of spin torque in our devices is neither propor-
tional to the current nor to the voltage.
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