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We investigate the dynamics of two coupled vortices driven by spin transfer. We are able to
independently control with current and perpendicular field and to detect the respective chiralities
and polarities of the two vortices. For current densities above J=5.7�107 A /cm2, a highly
coherent signal �linewidth down to 46 kHz� can be observed, with a strong dependence on the
relative polarities of the vortices. It demonstrates the interest of using coupled dynamics in order to
increase the coherence of the microwave signal. Emissions exhibit a linear frequency evolution with
perpendicular field, with coherence conserved even at zero magnetic field. © 2011 American
Institute of Physics. �doi:10.1063/1.3553771�

Dynamics of magnetic vortex in magnetic nanostructures
have been studied extensively �for a review, see Ref. 1�, with
a particular interest in the lowest energy mode corresponding
to the gyrotropic motion of the core around its equilibrium
position. Very recent works demonstrated that this mode can
also be excited by spin transfer torque.2–6 The resulting mi-
crowave signals are characterized by narrow linewidths
�about 1 MHz�7,8 and, for structures based on magnetic tun-
nel junctions instead of metallic nanopillars, large output
powers,9 making these spin transfer vortex oscillators good
candidates for applications as nanoscale frequency synthesiz-
ers.

The reported observation of microwave emission with-
out any applied magnetic field raises questions about the
actual sources of spin torque, in particular about the role
played by the static and/or dynamic behavior of the
polarizer.10,11 Here, we intentionally design samples such
that both the active and polarizer layers can contain a mag-
netic vortex. In addition, the separation between the two
magnetic thin films is much smaller here compared to previ-
ous works �only 10 nm�,11 thus leading to a more complex
but interesting situation of coupled vortices. The problem of
interacting vortices has rarely been treated even for a field-
driven excitation12–16 and never for a current-induced excita-
tion. Taking benefit of this two-vortex configuration, our ob-
jective is to establish some selection rules for the observation
of highly coherent coupled vortices in terms of their relative
chiralities and polarities. To do that, we first demonstrate our
capability to control independently the vortex chiralities and
polarities and to detect the resulting configuration through dc
transport measurements. Consequently, we can provide some
clear evidence that the microwave features associated with
the coupled dynamics greatly depend on the characteristics
of each vortex, notably here their relative core polarities.

Our samples are circular nanopillars having 200 nm
diameters which have been patterned in a Cu �60 nm�/Py
�15 nm�/Cu �10 nm�/Py �4 nm�/Au �25 nm� stack �Py
=Ni80Fe20�. The remanent magnetic configuration is a quasi-
uniform configuration in the thinner Py layer and a vortex in
the thicker one. Nevertheless, the injection of a dc current
produces an orthoradial Oersted field that can easily lead to
the nucleation of a magnetic vortex in the second magnetic
layer. For the present case, a current Idc above 3 mA ensures
that a vortex is present in each Py layer. In the following, we
denote, respectively, the chirality and polarity of the vortex
in the thin �thick� layer by c1 and p1 �c2 and p2�. For our
convention, positive chirality is defined by the Oersted field
direction for positive current, and positive core polarity
�“up”� is associated with the positive field direction.

In Fig. 1, we display the variation of the device resis-
tance R with Idc measured at zero field, which reveals that the
respective vortex chiralities are independently controllable
by the current through the Oersted field. At Idc=+30 mA, the
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FIG. 1. �Color online� Resistance vs bias current at zero field for a 200 nm
diameter Py �15 nm�/Cu �10 nm�/Py �4 nm� nanopillar. A parabolic contri-
bution ��Idc

2 �, due to Joule heating, has been subtracted for clarity. The
sketches depict the four accessible chirality configurations with c1 �c2� being
the vortex chirality in the thin �thick� layer.
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two chiralities are parallel and positive in our convention
�c1=c2=+1�. Upon decreasing Idc �follow double arrows
in Fig. 1�, the low resistance state is conserved until
Idc=−3 mA, even though the sign of the Oersted field is
reversed when Idc is reversed. Below this threshold value, the
Oersted field magnitude is large enough to reverse the chiral-
ity of the vortex in the thin Py layer. This transition from
parallel to antiparallel chiralities is associated with a sharp
jump of the resistance equal to about 80% of the full giant
magnetoresistance �GMR�, measured at very low Idc �total
GMR equal to 22 m��. This loss of GMR is attributed to a
loss of spin accumulation in the core region due to transverse
spin diffusion, as described in Ref. 17. The configuration
with opposite chiralities is observed between �3 and �18
mA. Due to its higher stability, the vortex in the thick layer
eventually switches its chirality �to c2=−1� at this higher
threshold value,17 resulting in a low resistance state, again
associated with two vortices with parallel chiralities �c1=c2

=−1�. When Idc is swept back from �30 to +30 mA �follow
single arrows in Fig. 1�, similar features corresponding to
individual chirality switches are detected even though the
transitions are more progressive due to the impact of the spin
torque on the static configuration.18 Indeed, in our conven-
tion, for negative current, the spin torque destabilizes the
configuration with the vortices having parallel chiralities.
Thereby, in the thin layer where the vortex is less stable and
the spin torque is more efficient, the vortex is distorted and
then annihilated at low negative current, leading to stabiliza-
tion of a quasiuniform state around 0 mA. The vortex is then
nucleated again with inverted chirality as a positive current is
applied. Similarly, spin torque destabilizes the configuration
with antiparallel chiralities for positive current, explaining
the curved resistance behavior in this region.

Then after, in order to independently control and detect
the polarities of each vortex, we measure R versus out-of-
plane field Hperp at Idc=+20 mA �see solid line in Fig. 2�.
Note that this measurement could be achieved only in the
c1=c2=+1 state at Idc�0, because only there the spin torque
and the Oersted field act jointly to stabilize the two vortices’
chiralities. At large negative �0Hperp, both polarities are par-

allel and negative �p1= p2=−1�, while increasing �0Hperp up
to 220 mT, a reversible variation of R is measured due to a
modification of the vortex shapes. Then at �0Hperp
=220 mT, a small jump of R �of about 0.4 m�� is detected.
We relate this to the core polarity switching of the vortex in
the thin Py layer,19,20 i.e., to p1=+1. The two core polarities
remain opposite until a larger �0Hperp=280 mT is applied at
which the polarity of the vortex in the thick layer eventually
switches. Then R returns to the low level state corresponding
to parallel polarities �p1= p2=+1�. The small difference of R,
between parallel and opposite polarities, is related to the dis-
placement of the equilibrium position of vortices’ cores due
to their dipolar core-core interaction. The hysteretic behavior
of vortex core switching in the thin layer is demonstrated by
inverting the field sweeping direction before the vortex core
of the thick layer switches, resulting in the minor loop pre-
sented in Fig. 2 �see the dashed line�.

Having achieved the control on vortex configuration,
we then study the influence of their polarities on the dynam-
ics of the coupled vortices. While we sweep Hperp, in the
c1=c2=+1 configuration, we measure simultaneously the
high frequency part of the sample voltage. An important re-
sult of our work is that a large and coherent spin-transfer-
induced emission is observed solely for one configuration of
the cores, namely, when the two polarities are opposite:
p1p2=−1. In a previous analytical work, we demonstrated
that, for a given current sign, the spin-transfer-induced pre-
cession of noninteracting vortices should only depend on
their relative chiralities.10 The fact that we observe a dynam-
ics depending on relative core polarities hence appears as a
strong clue that the two vortices are interacting, leading to
coupled vortex dynamics. Note that the onset of the vortices’
dynamics is another source of increase of R, in particular for
the large increase observed in the negative field region on the
minor loop in Fig. 2. As can be seen in Fig. 3�a�, the depen-
dence of the emission frequency on Hperp is linear, with the
sign of the slope related to the orientation of the core polari-
ties with respect to the field direction �this results in two
frequency branches as a function of Hperp�. Therefore the fact
that the frequency of the observed coupled mode increases

FIG. 2. �Color online� Resistance vs out-of-plane field Hperp in the c1=c2

=+1 configuration at Idc=+20 mA. The solid line corresponds to the major
loop for an increasing field after a negative saturation. The minor loop
appears as a dashed line. The sketches represent the two vortex polarities for
each configuration with p1 �p2� being the vortex core polarity in the thin
�thick� layer. Vertical dotted lines indicate field values at which a core re-
versal occurs. The colored field region corresponds to the region where the
highly coherent microwave emission with antiparallel core polarities can be
observed.

FIG. 3. �Color online� �a� Fundamental frequency of the coupled dynamics
vs Hperp for configurations with positive chiralities and opposite polarities
�see sketches�. Filled circles are obtained for p1=+1 and p2=−1, corre-
sponding to the experiment described in Fig. 2, whereas open triangles are
obtained for the symmetric case p1=−1 and p2=+1. �b� Power spectrum at
Idc=+20 mA and �0Hperp=−65.8 mT �see vertical arrow in Fig. 3�a��,
which is characterized by one of our narrowest observed linewidths.
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when Hperp increases in the direction of the core polarity of
the thick layer �p2� indicates that the dynamical behavior is
governed by the vortex in the thick layer.21 In addition, by
following the frequency at the crossing point of the two
branches �at Hperp=0�, as a function of Idc, we can estimate
the frequency at zero current associated to the coupled dy-
namic mode at f0=563 MHz �see Fig. 4�a��. The linear de-
pendence of the frequency with Idc is consistent with the
expected linear frequency increase induced by the Oersted
field confinement and the spin torque.2 This zero current fre-
quency lies between the calculated eigenfrequencies of the
two isolated layers, being a clue that a strong coupling exists
between the two vortices:12,13 f1=150 MHz for the thin 4
nm layer and f2=700 MHz for the thick 15 nm layer �MS1
=7.48�105 A /m and MS2

=6.21�105 A /m, measured by
mechanical ferromagnetic resonance in the nanopillar�. This
emphasizes that the observed mode corresponds to one of the
two modes of excitation for a pair of interacting vortices.

Interestingly, we note that the device emits a significant
power, even at zero field. The spectral linewidth, presented in
Fig. 4�b�, remains approximately constant for Idc�18 mA.
Decreasing the current below this threshold value, the line-
width increases exponentially until Idc=10 mA where the
signal associated with the opposite polarities configuration
disappears. However, the disappearance of the signal is not,
in this case, related to a polarity reversal since the emission
can always be recovered by increasing Idc again. Notably,
a peak linewidth at zero field of only 200 kHz with a
100 pW/GHz intensity for Idc=+20 mA has been obtained.
The most intense and narrow peak is obtained around
�0Hperp=−60 mT, with a maximum intensity of 3 nW/GHz
at the fundamental frequency together with a minimum line-
width of 46 kHz �see Fig. 3�b��. Such an extremely narrow
linewidth compared to the state of the art spin transfer na-
nooscillators demonstrates the usefulness of coupled mag-
netic layers in tackling the important issue of spectral coher-
ence of this kind of oscillators.

To conclude, we demonstrate our ability, using injected
current and external magnetic field, to independently control

and discriminate vortex chiralities and polarities in a com-
plex system containing two vortices, one in each magnetic
layer of a trilayer GMR device. Notably, for positive current
and positive chiralities, we observe a clear difference be-
tween the dc resistance levels of configurations with opposite
and parallel core polarities. Peculiarly, in the dynamical re-
gime, only configurations with p1p2=−1 are associated with
emission of a high frequency voltage signal. In these con-
figurations, the evolution of the frequency with Hperp as well
as the value of the observed frequency led us to conclude
that the vortex in the thick layer plays a major role in
coupled two-vortex dynamics. The narrow linewidths that
are reached, even at zero field, demonstrate the high potential
of using coupled dynamics of vortices to increase the quality
factor of spin transfer oscillators.

The authors acknowledge A. V. Khvalkovskiy and K. Y.
Guslienko for discussion. Financial support by the CNRS
and the ANR agency �Grant No. VOICE PNANO-09-P231-
36� and EU Grant MASTER No. NMP-FP7-212257 is ac-
knowledged.

1K. Y. Guslienko, J. Nanosci. Nanotechnol. 8, 2745 �2008�.
2A. V. Khvalkovskiy, J. Grollier, A. Dussaux, K. A. Zvezdin, and V. Cros,
Phys. Rev. B 80, 140401 �2009�.

3Y. Choi, K. Lee, and S. Kim, Phys. Rev. B 79, 184424 �2009�.
4Q. Mistral, M. van Kampen, G. Hrkac, J.-V. Kim, T. Devolder, P. Crozat,
C. Chappert, L. Lagae, and T. Schrefl, Phys. Rev. Lett. 100, 257201
�2008�.

5B. A. Ivanov and C. E. Zaspel, Phys. Rev. Lett. 99, 247208 �2007�.
6T. Devolder, J.-V. Kim, P. Crozat, C. Chappert, M. Manfrini, M. van
Kampen, W. Van Roy, L. Lagae, G. Hrkac, and T. Schrefl, Appl. Phys.
Lett. 95, 012507 �2009�.

7A. 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�.

8V. S. Pribiag, I. N. Krivorotov, G. D. Fuchs, P. M. Braganca, O. Ozatay, J.
C. Sankey, D. C. Ralph, and R. A. Buhrman, Nat. Phys. 3, 498 �2007�.

9A. Dussaux, B. Georges, J. Grollier, V. Cros, A. V. Khvalkovskiy, A.
Fukushima, M. Konoto, H. Kubota, K. Yakushiji, S. Yuasa, K. A. Zvezdin,
K. Ando, and A. Fert, Nat. Commun. 1, 8 �2010�.

10A. V. Khvalkovskiy, J. Grollier, N. Locatelli, Ya. V. Gorbunov, K. A.
Zvezdin, and V. Cros, Appl. Phys. Lett. 96, 212507 �2010�.

11V. S. Pribiag, G. Finocchio, B. J. Williams, D. C. Ralph, and R. A. Buhr-
man, Phys. Rev. B 80, 180411 �2009�.

12K. Y. Guslienko, K. S. Buchanan, S. D. Bader, and V. Novosad, Appl.
Phys. Lett. 86, 223112 �2005�.

13J. Shibata, K. Shigeto, and Y. Otani, Phys. Rev. B 67, 224404 �2003�.
14K. S. Buchanan, P. E. Roy, M. Grimsditch, F. Y. Fradin, K. Yu. Guslienko,

S. D. Bader, and V. Novosad, Nat. Phys. 1, 172 �2005�.
15K. W. Chou, A. Puzic, H. Stoll, G. Schutz, B. Van Waeyenberge, T. Tyl-

iszczak, K. Rott, G. Reiss, H. Bruckl, I. Neudecker, D. Weiss, and C. H.
Back, J. Appl. Phys. 99, 08F305 �2006�.

16S.-H. Jun, J.-H. Shim, S.-K. Oh, S.-C. Yu, D.-H. Kim, B. Mesler, and P.
Fischer, Appl. Phys. Lett. 95, 142509 �2009�.

17S. Urazhdin, C. L. Chien, K. Y. Guslienko, and L. Novozhilova, Phys.
Rev. B 73, 054416 �2006�.

18J. G. Deak, J. Appl. Phys. 103, 07A505 �2008�.
19A. Thiaville, J. M. García, R. Dittrich, J. Miltat, and T. Schrefl, Phys. Rev.

B 67, 094410 �2003�.
20T. Okuno, K. Shigeto, T. Ono, K. Mibu, and T. Shinjo, J. Magn. Magn.

Mater. 240, 1 �2002�.
21G. de Loubens, A. Riegler, B. Pigeau, F. Lochner, F. Boust, K. Y. Gus-

lienko, H. Hurdequint, L. W. Molenkamp, G. Schmidt, A. N. Slavin, V. S.
Tiberkevich, N. Vukadinovic, and O. Klein, Phys. Rev. Lett. 102, 177602
�2009�.

FIG. 4. �Color online� At �0Hperp=0: �a� Evolution of the zero field funda-
mental frequency as a function of bias current for positive chiralities and
opposite polarities. The dotted line gives by extrapolation an estimate of one
of the eigenfrequencies of the coupled two vortices. �b� Linewidth as a
function of bias current.
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