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Vortex Nucleation Phase in Spin Torque Oscillators Based on Nanocontacts
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We study the starting up phase of a current-controlled oscillator based on a magnetic vortex orbiting around a nanocontact in a
spin-valve. From the idle state, current pulses down to a few nanoseconds can create the vortex, which is detected through the electrical
signature of its steady-state gyration. Two ns are needed to reach the in-current equilibrium. The process can then be described by
an Arrhenius law, with an activation energy that is consistent with the Oersted-field-induced separation of a vortex-antivortex pair.
Requirements for deterministic nucleation are deduced, with prospects for instant-on oscillator capability.

Index Terms— Magnetic microwave devices, magnetoresistive devices.

I. INTRODUCTION

V ORTEXONICS is the science of manipulation of mag-
netic vortices. A model system for its study is a nanocon-

tact (NC) routing current into an extended spin-valve. Indeed
for proper contact dimensions and multilayer configurations,
the Oersted-Ampere field associated with the current flow can
prepare a vortex on demand, which is subsequently set into
steady-state revolution about the NC by the spin-transfer torque
[1]–[5]. A stable oscillation of the NC resistance is generated
at 100–500 MHz, making it worth evaluating the application
potential for compact microwave sources [6] operating at zero
field [3] and allowing multioctave frequency coverage with an
exceptional agility [7]. For mobile applications where energy
management is essential, the oscillator boot time is a key figure
of merit. The vortex nucleation sets a lower limit on this time.
However, the vortex nucleation path is not a well understood
process, since it has only been the subject of sparse studies [8].

In this paper, we investigate how long it takes for a system
initially free of any vortex to undergo a current-induced transi-
tion to a vortex state. The low value of the energy barrier for the
preparation of the vortex state witnesses the complexity of the
underlying micromagnetic process. From topology arguments,
the nucleation process is found to happen in several steps. First,
there is a micromagnetic distortion towards the in-pulse config-
uration in the two first ns, with a significant rise of the nanocon-
tact temperature. This is followed by the spin-torque activated
nucleation of a vortex-antivortex pair. The pair is then sepa-
rated through thermally activation with a possible influence of
spin-torque. The final evolution depends on the polarities of the
vortex and antivortex cores.

II. SAMPLES

Our nanocontacts are fabricated on spin-valves of com-
position IrMn nm Co Fe nm Cu nm
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Co Fe nm Ni Fe nm . The free layer has
[9] a magnetization of T and a Gilbert
damping of . We write nm the
free layer thickness. We write J the thick-
ness-integrated exchange stiffness of the free layer, calculated
assuming bulk properties [10], [11] for Py, Co, and Fe. Note
that the natural energy scale is the exchange energy of a vortex
core in a uniform film which is [12] . We report here the
detailled study of a NC of nominal diameter .
Note that the Oersted field is very large in this geometry. Indeed
in the infinite cylinder approximation the Oersted field would
reach 200 mT at the NC edge for a current of 50 mA. The phase
coherence time, the multioctave linear tunability [3], and the
agility of a generic oscillator have been studied elsewhere [7].

At room temperature, our devices have resistances of typi-
cally (including the series electrodes of circa 7.5 )
and a magnetoresistance of . Prior calibrations
indicated that the resistance increases linearly with the temper-
ature at m K between 4 and 450 K. As-
suming proportionality between the contributions of the elec-
trode series resistance and the NC resistance, one can estimate of
the NC contribution to this increase is m K.
When in constant current, the resistance will thus be used as an
estimative thermometer. For the representative device studied in
detail here, quasi-static dc current induced vortex nucleation oc-
curs for 52 mA. We emphasize that the nucleation occurs only
for one current polarity, indicating that the sole Oersted-Ampere
field is not sufficient to trigger the nucleation, and that the spin
torque is likely to play some role, as we will discuss.

III. EXPERIMENTAL METHODS

To study pulse-current-induced vortex nucleation in zero ap-
plied field, we used the following procedure. Prior experiments
have shown that setting the current to zero is a reproducible
way to remove any vortex present in the system. The current
is then risen to 44–51.9 mA, just below the dc nu-
cleation threshold, and a few ms are waited to let the system
reach a new equilibrium. In the worse case, the resistance in-
creases by . Assuming that this resistance rise
would solely occur in the nanocontact with an assumed uniform
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Fig. 1. Nucleation probability � versus pulse parameters. A: versus pulse du-
ration for several values of current. The hatched area corresponds to the initial
delay. B: versus current for several values of the pulse duration.

temperature, this would yield a NC temperature increase
. Note that this number is a higher

bound, since part of the current-induced increase of the resis-
tance must also be attributed to the electrodes and since there
may be steep temperature gradients near the NC. A lower bound
of the temperature rise is obtained when assuming that the whole
sample (NC and electrode) contributes isothermally, which then
yield a global temperature increase

. At the end of this preparation steps, the NC temperature
is thus somewhere between 353 K and 600 K, and is likely to be
nonuniform.

Although this uncertainty may be considered as large, we will
see below that it does not impact on the deterministic nucleation
current that we will deduce, together with the other conclusions
of our study. Also, we emphasize that although potentially high
and consequently altering the magnetic properties, the NC tem-
perature is still below the Curie temperature, which is 853 K for
bulk Permalloy and much higher for CoFe, i.e., the two mate-
rials composing our free layer.

After these preparation steps, a voltage pulse generator tuned
to deliver a fixed mA, with duration from
0.1 to 10 ns is disconnected from the spectrum analyzer and con-
nected to the sample using an rf switch. After the pulse, the rf
switch brings the configuration back to a voltage spectrum mea-
surement to discriminate between a successful nucleation with a
clear microwave signature and no nucleation (featureless spec-
trum). The procedure is repeated 300 times for each and

to yield nucleation probabilities (Fig. 1) versus pulse
duration and total current .

IV. RESULTS

When increasing the pulse duration, the nucleation prob-
ability evolves in two successive stages. During the first

1–2 ns, the nucleation probability creeps up to a finite
which stays very low and can not be estimated properly

Fig. 2. A: delay times versus pulse amplitude. The line is a guide to the eye.
B: Nucleation rate � (left axis) and energy barrier (right axis) versus total
applied current during the pulse. The top (resp. bottom) curve is calculated as-
suming a nanocontact temperature of 600 K (resp. 353 K).

with our present statistics (Fig. 1(A)). Then the nucleation
probability gradually rises to 1 at a different rate, first lin-
early then saturating. The shape of this increase is consistent
with a constant probability of nucleation per unit time
(“nucleation rate”) after an initial nonreactive time . The
nucleation probability increases with the current in a sigmoidal
manner (Fig. 1(B)). After renormalizing by and ,
we write the nucleation rate as

(1)

For each applied current, fits of the nucleation probability
versus pulse duration can be used to extract the nucleation rate

, the delay time by choosing to fix either to
zero or to pass through the exact experimental data. This choice
has no influence on the nucleation rate and its influence on
the deduced stays inside our error bars. The delay times
[Fig. 2(A)] seems ill-defined and fluctuates between 0 and 2.5
ns, with a mean value of 1.7 ns. Since this delay is not correlated
with the current [see Fig. 2(A)], and since it is of the same order
as the micromagnetic relaxation time ,
we infer that is related to the time needed to reach the
new equilibrium micromagnetic configuration influenced by the
presence of the new value of the Oersted-Ampere field during
the current pulse. The nucleation rate is much better de-
fined, and it clearly varies exponentially with the current. We are
thus tempted to translate in a current-dependent activation
energy using an Ahrrenius law ,
where is the NC temperature obeying K
and is an attempt frequency, assumed equal to 0.1 ns.
The choice of within the interval 0.1–2 ns has little influ-
ence on our conclusions. The so-deduced activation energy is
found to decrease linearly with the current [Fig. 2(B)]. It ex-
trapolates to zero energy for the deterministic nucleation current

mA that does not depend on the assumed NC
temperature, but slightly depend on the choice of . The slope
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yields a zero-current intercept (1.56 eV) in
case is assumed, or to if
is assumed.

V. DISCUSSION

This value of the activation energy deserves to be dis-
cussed, since it helps to identify the possible nucleation paths.
It is worth noticing that is an order of magnitude smaller
than the energy of a single vortex core in a uniform material.
Such a discrepancy is too large to just result from the sample
inhomogeneities related to the polycrystallinity of the free layer
[8], [13], [14]. This large difference between the theoretical en-
ergy of a vortex and the experimental barrier to crossed to get a
vortex indicates that the limiting step defining the barrier is not
the nucleation of a vortex. This implies that a significant energy
is fed to the system through nonconservative torques whose role
can not be captured by an Ahrrenius law.

Let us thus discuss the possible scenario leading to the
appearance of a vortex within the extended spin valve. The
evolution during the first is straightforward: the Oer-
sted-Ampere field distorts the magnetization configuration
under the nanocontact, as sketched in Fig. 3, step 1. Because
the magnetization far from the NC can not be affected, the
distortion is localized mainly under the nanocontact. From
topology arguments (conservation of total vorticity for an infin-
itely extended easy plane magnet [12]), any vortex nucleation
must be accompanied with the nucleation of an antivortex. The
appearance of a pair does not require twice as much energy
as a single vortex, since vortices and antivortices suffer an
attractive, exchange-based force [15]. However, even when the
core-to-core spacing is vanishingly small, the exchange energy
of the configuration is still [12] scaling with [see (2)],
i.e., much larger than the experimental energy barrier. There
must thus exist a process by which sufficient energy is pumped
into the system through a nonconservative channel. Considering
the very large current densities used in the present experiment,
power transfer from spin-torque is likely. For instance, Berkov
et al. [5] have shown that in similar geometries, comparable
current densities could lead to the pumping of high amplitude
spinwaves, that finally decay in generating vortex-antivortex
pairs when the magnetization hits the axis normal to the sample
plane. This is our likely scenario (Fig. 3, step 2A).

The subsequent evolution is what sets the activation energy.
Indeed if the vortex and antivortex stay close together, they can
annihilate and the nucleation needs to be redone. The likely en-
ergy barrier involves thus the competition between the attrac-
tive exchange energy, and the Zeeman energy due to the Oer-
sted-Ampere field, which favors separating the pair; to lowest
order in the displacement variables , which
describe the position of the vortex and antivortex in the
film plane, the total energy [16] reads

(2)
where is the vortex core radius,
is the Oersted-Ampere field at the contact edge, and m
is the system size. The winding numbers have been chosen to give

Fig. 3. Schematic of the different steps of the assumed nucleation scenario.
The circle in dotted line is the nanocontact. Each intermediate micromagnetic
configuration is generated only from the two cores’ positions as sole degrees of
freedom, with winding numbers ensuring that the magnetization at infinite dis-
tance from the nanocontact is along the � axis. Note that while virtually rotating
the vortex-antivortex pair from step 2, then 3A then step ��, the chirality of the
vortex must gradually reverse, as emphasized by the arrows superimposed on
steps 2 and ��.

Fig. 4. Sum of the Zeeman and Exchange energies of a vortex antivortex pair
in an Oersted field configuration versus the vortex to antivortex separation. The
energy is arbitrarily set to zero for a separation equal to an interatomic distance.
Inset: value of the energy barrier versus applied current.

a uniform magnetization along the positive axis far from the
pair (see Fig. 3 steps 1 to 3). By assuming that the pair separa-
tion remains symmetric with respect to the contact ,
we find an activation barrier of the form shown in Fig. 4. As the
current increases, the Zeeman energy progressively favors the
separation of the pair. Note that large pair rotations (scenario

in Fig. 3) are inhibited to a large extend since this would re-
quire a reduction of, or even of change of the sign of the chirality,
yielding a large increase of the Zeeman energy of the vortex. The
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energy barrier is obtained as the difference between the energy
at the peak and the energy at a one atomic spacing between the
core centers (Fig. 4), which is arbitrarily taken as zero energy
reference. Note that for currents in the range of interest, the en-
ergy barrier always corresponds to vortex-antivortex separations
of the order of a few nanometers, for which the approximation

does not impact the calculation result. Note also that
the so-deduced activation energy (Fig. 4) should be regarded as
an upper bound since energy can be supplied by (nonconserva-
tive) spin torque effects.

There remain to discuss how from this separated pair situa-
tion, we can end with a single vortex in the sample, yielding
the well reported oscillator behavior with linear tunability [17].
In the absence of Bloch point injection [18], the vortex and an-
tivortex share the same polarity. In this case, it is known that the
cores undergo first a parallel translational motion. But that the
damping dissipate the attraction energy, tending to finally dis-
solve the pair into a singularity free magnetization pattern [18].
This scenario sketched as 3B in Fig. 3 lets the system come back
to step 2.

The evolution is very different if the vortex and antivortex
have opposite core polarities. In the absence of Oersted field,
vortex and antivortex with opposite core polarities are known
to rotate around their common center of mass. Once the barrier
crossed, the Oersted field tends to separate the pair to reduce the
total energy. However in our case, it is physically reasonable to
assume that the magnetization far away from the nanocontact
can not be affected by the torques acting solely under or solely
near the nanocontact; qualitatively, the magnetization is pinned
in the regions far from the NC. As a result, any rotation of the
vortex-antivortex pair would reduce the chirality number of the
vortex; the chirality would even reverse for half a rotation of the
pair (see the arrows superimposed on the micromagnetic con-
figurations in steps and of Fig. 3). Such a change of chirality
is very unlikely to occur in the presence of the Oersted-Am-
pere field. As a result, once the energy barrier is crossed, the
antivortex is bound to move away from the NC neighborhood,
till it reaches a sufficiently strong pinning center or till it is anni-
hilated at the sample border. This may be why models [2], [17]
disregarding the unavoidable nucleation of the antivortex can
successfully predict the steady state current-induced dynamics.

VI. CONCLUSION

We have studied the starting up phase of a vortex-based spin
torque oscillator in the point contact geometry. In the two first
ns following the rise of the current, the magnetization equili-
brates with the new value of the Oersted-Ampere field. Then a

vortex-antivortex pair is created after a stochastic waiting time,
consistent with an Arrhenius law. The value of the energy bar-
rier indicates that the limiting step in the preparation of a vortex
is not the nucleation, but rather the separation of a vortex-an-
tivortex pair with opposite polarities. Calculations indicate that
when the vortex to antivortex distance exceeds typically 10 nm,
the antivortex is deterministically expelled away far from the
point contact area, allowing the spin-torque induced vortex gy-
ration mode to start up, with quasi instant-on capability.
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