APPLIED PHYSICS LETTERS 97, 072512 (2010)

Vortex nucleation in spin-torque nanocontact oscillators
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We present an experimental study of the nucleation rate associated with current-driven vortex
oscillations in magnetic nanocontacts. We find that the nucleation and subsequent steady-state
oscillation of a vortex can be initiated using current pulses as short as a few nanoseconds, yielding
instant on oscillator capability. The nucleation rate is governed by an Arrhenius law, with an
exponential dependence on the applied current magnitude. The mechanism for the vortex nucleation
is discussed and compared to analytical estimates assuming the transient presence of a
vortex-antivortex pair. © 2010 American Institute of Physics. [doi:10.1063/1.3478843]

The dynamics of magnetic vortices has drawn consider-
able attention over the past decade because of the rich physi-
cal phenomena associated with such nonlinear objects and
potential applications in information storage and processing.
A system that facilitates the study of magnetic vortex dynam-
ics in extended media, as opposed to the confined submi-
cronic structures typically used, is the magnetic nanocontact.
In this system, large current densities flow through a magne-
toresistive multilayer structure via a nanoscale metallic con-
tact, which leads to large spin-torque effects and oersted-
ampere fields that drive vortex motion. Furthermore, a
steady-state oscillation that comprises an orbital motion of
the vortex around the nanocontact can be made possible.l_5
As a result of this dynamics, a stable oscillation in the nano-
contact resistance (through the giant magnetoresistance ef-
fect) is generated in the 100-500 MHz range, which allows
the possibility of exploiting such systems as compact micro-
wave sources, which can operate at zero applied field, pos-
sessing multioctave frequency coverage with an exceptional
agility.7

One important aspect of such vortex oscillator dynamics
concerns the “boot time,” i.e., the delay between the appli-
cation of an external control parameter (such as the current)
and the start of steady-state oscillations. This point is particu-
larly relevant for mobile applications for which energy man-
agement is crucial. From a fundamental perspective, it is
interesting and important to understand the physical process
by which vortex oscillations can be initiated from a uniform
magnetic state in an extended film, given that the topology of
the initial and final states are so different.

In this article, we present an experimental study of the
nucleation rate of vortex oscillations in a magnetic nanocon-
tact system. The study is conducted under zero applied fields,
whereby the initial state is free of any vortex structure. The
nucleation processes are initiated under pulsed currents and
oscillations, if they occur, are subsequently registered in the
frequency domain. The experimental results, combined with
a simple analytical theory, suggest that the nucleation in-
volves the creation of a vortex-antivortex pair, followed by
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the expulsion of the antivortex from the system.

The nanocontacts we studied are fabricated on spin-
valves of composition IrMn(6 nm)/CogyFe;o(4.5 nm)/
Cu(3.5 nm)/CogyFe (1.5 nm)/NigyFe,(2 nm), with a
nominal contact diameter 2r,=100 nm. Note the importance
of the oersted-ampere field in this geometry; For a current of
50 mA, the field at the contact edge reaches 0.2 T, which is
much stronger than the intrinsic magnetocrystalline aniso-
tropy field and comparable to demagnetizing fields. We write
d=3.5 nm the free layer thlckness The phase noise, the lin-
ear tunability of 7.4 MHz/mA,’ and the agility of a generic
oscillator have been studied elsewhere.” The free layer has a
magnetization of uyM,=1.56x0.05 T and a Gilbert damp-
ing of @=0.013%0.002.% We write Ad=0.42 eV for the
thickness-integrated exchange stiffness of the free layer,
which is calculated assuming bulk properties for Py, Co, and
Fe.”!” Our devices have resistances of typically Rp=9 ()
(including the series electrodes of 7.3 ()) and a magnetore-
sistance of AR=25 m{). The total resistance increases lin-
early with the temperature at 7.5 m{)/K between 4 and
450 K. For the representative device studied in detail here,
vortex nucleation with 52 mA is typically associated with a
delay of 100 ms. Nanocontacts with nominal radii of 40, 50,
60, 80, and 100 nm generally also show vortex oscillations.
Fluctuations during fabrication lead to some scattering in the
effective nanocontact radii. However the dc nucleation cur-
rents were found to be inversely correlated with the device
resistance, indicating a current-density based nucleation
threshold.

The following procedure, which is presented schemati-
cally in Fig. 1, was followed to study the vortex nucleation
by pulsed currents. First, we apply no current, which in zero
field is known® to yield a vortex-free magnetic configuration
in the region of interest in the vicinity of the nanocontact. A
dc current of 14 mA is then applied at which a vortex-free
reference voltage spectrum is recorded [Fig. 1(c)]. Note that
for currents above 10 mA, the absence (respectively, the
presence) of vortex could be certified by the value of the
resistance and systematically correlated with an absence (re-
spectively, the presence) of well defined spectral lines in the
voltage noise spectrum.” 3 The dc current is then increased into
the range of /,;,;=44 to 51.9 mA. After a few milliseconds,
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FIG. 1. (Color online) (a) Procedure used to measure the vortex nucleation
probability. (b) Voltage noise power density for 14 mA when a vortex is
present. (c) Idem when there is no vortex (reference curve, taken at the
reference step of panel (a) before the nucleation attempt). (d) Total noise
power before (small symbols) and after each current pulse (large squares).

we measure a maximum increase in the dc resistance of
0.44 (), indicating a device temperature bounded by 353 and
approximately 500 K. Indeed if the electrodes and the nano-
contact were isothermal, the resistance could be translated
into a uniform temperature of 353 K. However since the
electrodes are in contact to 300 K thermostats, there is a
temperature gradient to the nanocontact. If all the resistance
rise was due to a temperature rise of the sole nanocontact,
this would mean a heating up to 500 K, probably not that far
from the Curie temperature which is 853 K for bulk permal-
loy. After this thermalization time, an rf router is then latched
to connect the device to a voltage pulse generator tuned to
deliver a fixed /l,.=10.0 mA, with a duration 7, that
varies from 0.1 to 10 ns. The rf router then brings the con-
figuration back to a voltage spectrum measurement to dis-
criminate between a nucleation with a clear microwave sig-
nature [Fig. 1(b)] and a featureless spectrum indicating no
nucleation. The procedure is then repeated 300 times for
each Iy, and 7, to obtain the nucleation probabilities as a
function of the total current, /iy ="1yias+ puise-

For a given current magnitude, the nucleation probability
exhibits two clear regimes as the pulse duration is increased
(see Fig. 2). A rapid increase in the cumulative nucleation

probability is first observed for pulses up to gy
z Z
= =
3
o 5
o o
5 $
o S
3 z

0 2 4 6 8
Pulse Duration (ns)

85 9.0 95

Device Resistance (Q)

FIG. 2. (Color online) (a) Nucleation probability p vs pulse duration for
several values of total applied current. The first 1.7 ns have been hatched.
(b) Quasistatic nucleation current (reciprocal scale) vs device resistance at
an applied temperature of 300 K.
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FIG. 3. (Color online) Left axis: Vortex nucleation rate I'. Right axis: De-
duced activation energy as a function of total current /., assuming a con-
stant rate prefactor of 10 GHz and a device temperature of 353 K.

=1.7%£0.2 ns, reaching a level of p=pg,, that is well be-
low 1. Since this delay is independent of the current and is of
the same order as the micromagnetic relaxation time
2/(ayyMs)=0.6 ns, we infer that 74,y is related to the time
needed to reach an equilibrium micromagnetic configuration.
After this delay, the nucleation probability p gradually rises
to 1 at a slower rate. This subsequent behavior is consistent
with a constant nucleation rate I', which, after renormalizing
bY Pdelay @nd Zgelay> can be expressed in the relationship

l-p

h’l( ) == F(t - tdelay) . (1)
- P delay

Based on existing results on thermally activated nucleation

and reversal involving soliton—antisoliton pairs,ll we can ex-

pect the nucleation rate to be governed by an Arrhenius law,

= Foe_E”/kBT, (2)

where E, is the activation energy and Iy, is a rate prefactor
that is determined by the dynamics of crossing the activation
barrier and the activation entropy. The nucleation frequency
as a function of total applied current is presented in Fig. 3,
where a quasiexponential current dependence is observed. If
we assume current-independent rate pre-factor (10 GHz) and
temperature, we find an activation energy that varies linearly
with current. The activation energy extrapolates to zero for
the deterministic nucleation current [ ,=66.3 mA. The
slope is 0E,/dI=-=3.2X 10718 J/A, yielding a zero-current
intercept £,=3.8 0.2 Ad=1.56 eV.

Before proceeding further, we give some heuristic argu-
ments for the most likely scenarios for vortex nucleation. It
is assumed the free layer magnetization is uniform before the
current pulse (and consequently the large oersted-ampere
fields). To reach an orbiting vortex as a final state from this
initial uniform state, some physical process that does not
conserve topological charge needs to take place. Now, from a
topological perspective, the uniform state possesses the same
Skyrmion (¢=0) and winding number (n=0) as a vortex-
antivortex pair (n=1 for a vortex, n=-1 for an antivortex)
with the same out-of-plane magnetization (polarization) p,'*
so it is possible to continuously deform the magnetization
configuration to pass from one state to the other. In the ab-
sence of damping, such a vortex-antivortex pair is known to
exhibit linear motion in the direction perpendicular to the
pair axis. On the other hand a pair with opposite polariza-
tions, while still retaining the same total winding number
(and therefore ensuring a uniform magnetic configuration
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FIG. 4. (Color online) (a) Energy profile of a vortex-antivortex pair as a
function of antivortex distance from contact center (X,=0). Inset: Schematic
profile of energy surface. (b) Energy barrier as a function of current, with a
zoom on the experimental range as an inset (yellow). Top inset: Transient
trajectories of vortex pairs with different Skyrmion numbers ¢, with the
contact shown in gray. In both panels the calculations use the room tem-
perature magnetic properties.

far from the pair), possesses a nonzero Skyrmion number
(g==1) and therefore belongs to a different topological
class. Such a pair exhibits rotational motion" and requires
more energetic processes, related to Skyrmion decay or
Bloch-point injection.lz’14 For both cases one might assume
that the antivortex is eventually expelled from the system by
the oersted-ampere field, leaving only the vortex behind.

To test the key aspects of this proposal, we have con-
structed a simple analytical and numerical theory that allows
vortex pair energetics and dynamics to be studied easily. The
approach is based on a rigid-vortex model in which a mag-
netic configuration for the vortex-antivortex pair is assumed
and its dynamics is determined by a Thiele equation.2 The
model presupposes the existence of a vortex-antivortex pair
and so only the transient pair dynamics can be followed in
order to estimate whether antivortex expulsion is likely; pro-
cesses involving pair creation and annihilation are beyond
the scope of this treatment.

A likely activation barrier involves the competition be-
tween the exchange energy, which leads to an attractive in-
teraction between the vortex and antivortex, and the Zeeman
energy due to the oersted-ampere field, which favors separat-
ing the pair; to lowest order in the displacement variables
Iév,aE (X,.4-Y,.0), which describe the position of the vortex
(v) and antivortex (a) in the film plane, the total energy reads

IR, - R

L
E =4mAd In—> + poM Hoo(mdr,)In—(Y, - Y,),
T, T

3)

where r, is the core radius, Hp.=1/(27r,) is the oersted-
ampere field at the contact edge, and L is the system size.
The winding numbers have been chosen to give a uniform
magnetization along the positive x axis far from the pair. By
assuming that the pair separation remains symmetric with
respect to the contact (§U=—§a), we find an activation barrier
of the form shown in Fig. 4(a). As the current increases, the
Zeeman energy progressively favors the separation of the
vortex-antivortex pair. The 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(b)].
Note that for currents in the range of interest, the energy
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barrier always corresponds to vortex-antivortex separations
of the order of a few nanometers, for which the approxima-

tion ﬁv:—ﬁa does not impact the calculation result.

While this barrier is a nonlinear function of the current,
an approximate linear dependence is seen in the range of
currents relevant to the experiment. Two additional points are
worth noticing: the model predicts the correct order of mag-
nitude for the deterministic nucleation current at which the
activation energy changes sign. It however overestimates the
activation energy by a factor of 5 to 10, depending on the
assumptions made for the device temperature. Note that the
two terms in the activation energy are proportional to M and
A [see Eq. (3)]. This is another indication that the magneti-
zation and the exchange stiffness are much reduced during
the current pulse, which is consistent with a substantial tem-
perature rise during the nucleation process. Such a high tem-
perature is likely to ease the injection of the Bloch point
needed to get opposite core polarizations within the vortex-
antivortex pair.

Finally, we emphasize that while this energy surface
leads to the expulsion of the vortex pair from the contact, the
ensuing transient dynamics depend crucially on the Skyr-
mion number. For parallel core polarizations (¢=0) the un-
derlying linear motion eventually leads to pair annihilation
as a result of damping, a feature that is independent of the
nucleation site. In contrast a pair with opposite p(g=* 1),
which undergoes rotational motion, is expelled from the con-
tact in opposite directions [top inset of Fig. 4(b)]. As the
antivortex is expelled at a greater velocity than the vortex,
we conjecture that the antivortex reaches the system edge
before the vortex, at which it is expelled, and subsequently
the vortex becomes attracted to the conic potential2 of the
oersted-ampere field.
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