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We present the first space- and time-resolved images of the spin-torque-induced steady-state
oscillation of a magnetic vortex in a spin valve nanostructure. We find that the vortex structure
in a nanopillar is considerably more complicated than the 2D idealized structure often assumed,
which has important implications for the driving efficiency. The sense of the vortex gyration is
uniquely determined by the vortex core polarity, confirming that the spin torque acts as a source
of negative damping even in such a strongly-nonuniform magnetic system. The orbit radius is ∼10
nm, in agreement with micromagnetic simulations.

PACS numbers: 85.75.-d, 72.25.-j, 75.75.Jn, 72.25.Pn

It has been suggested [1, 2] and verified [3–5] that spin
torque can lead to steady-state precession of magneti-
zation, forming the basis for highly-tunable microwave
nano-oscillators. Research on spin-torque-induced mi-
crowave emission has until recently largely focused on
magnetic systems with strong anisotropies and single-
domain-like configurations [3–5], but similar microwave
signals have also recently been observed when dc spin cur-
rent is injected into a magnetic nanostructure containing
a vortex [6–9], the most common magnetization configu-
ration topologically different from the uniformly magne-
tized “macrospin.” Remarkably, vortex oscillations can
be more coherent [6] or lead to larger power output [9]
than uniform mode oscillations, and do not require an
external applied magnetic field [6, 9], thus reducing the
complexity of potential applications.

While the electronic transport properties of spin-
torque oscillators have been studied previously, the de-
tails of their magnetic structure and dynamics have re-
mained hidden to experiments. In this Letter we present
the first images of the ground-state vortex structure in a
3-dimensional (3D) nanopillar and of its steady-state os-
cillation induced by a dc spin current. In particular, we
report real space, time-resolved x-ray images of the pre-
cessing vortex core that produces microwave emission.
The elemental selectivity of the x-ray technique allows
us to isolate the magnetization of the magnetic layer of
interest, while the combined high temporal and spatial
resolution of time-resolved x-ray microscopy allows the
underlying magnetization dynamics to be observed in de-
tail. We find that the static vortex profile differs con-
siderably from the often-assumed 2D idealized structure.
In addition, when the vortex is excited by a dc current
the orbit radius is of order 10 nm, much smaller than
when driven by ac magnetic fields or currents [11, 12],
but in agreement with micromagnetic simulations [6, 10]
for nanopillars. The precession direction is determined
by the core polarity, as for resonantly-driven vortices.

We studied devices with a spin valve structure as
shown in Fig. 1, with a 60 nm-thick magnetic layer com-
posed of Ni81Fe19 and a thinner (5 nm) magnetic layer
composed of Co60Fe20B20, separated by a 40 nm-thick Cu
spacer. The samples were patterned into nanopillars hav-
ing elliptical cross-section with a major axis of ∼170 nm
and a minor axis of ∼120 nm. The transport properties
were very similar to devices characterized previously [6].
To allow x-ray transmission, the Si wafer was etched,
leaving the pillars suspended on 200 nm-thick low-stress
silicon nitride windows. Persistent gigahertz-frequency
voltage oscillations are excited when a direct current is
applied corresponding to electrons flowing from the thin
magnetic layer to the thick magnetic layer. The data re-
ported here were obtained at zero magnetic field and at
room temperature, where the linewidths were ∼10 MHz.
Our x-ray experiments were carried out at the Advanced
Light Source (ALS), using the Scanning Transmission X-
ray Microscope (STXM) on beamline 11.0.2 [13]. The
spatial resolution of the STXM is about 30 nm and the
temporal resolution of our experiment is about 70 ps.
The samples were excited by a direct current of ∼3-8
mA.

Typically the synchronization of magnetization dy-
namics to x-ray pulses relies on the “pump-probe” ap-
proach: the “pump” consists of pulses of magnetic field
or electric current to study the response to transient ex-
citations or continuous sinusoidal signals to study reso-
nant behaviors, while the “probe” consists of circularly
polarized x-ray pulses. However, since in our experiment
the dynamics are driven by a direct current instead of
pulses or ac signals, achieving synchronization between
the sample and the x-ray source requires a different tech-
nique. We developed a method that relies on injection
locking [14] to phase lock the dc driven oscillation and a
small ac current isync. Fig. 1 shows the schematic of our
setup: a direct current IDC was applied to the sample
to excite the steady-state GHz oscillation, a small alter-
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FIG. 1: (color online) Schematic of the experimental setup.
The sample is positioned perpendicular to the incoming x-ray
pulses and the transmitted x-ray intensity is recorded by an
avalanche photodiode (APD) detector.

nating current isync was added to IDC to synchronize the
sample oscillation to x-ray pulses. The synchronization
procedure consists in first tuning the oscillator close to a
frequency compatible with the x-ray pulse repetition rate
by adjusting the current, then turning on isync with a fre-
quency synchronized to the pulses. The root mean square
value of the phase-locking current isync was less than 7%
of the direct current which drives the magnetization dy-
namics. Electrical measurements of the linewidth and
power emitted as a function of isync, performed on a sim-
ilar device, show that phase locking occurs already when
isync is ∼ 0.03IDC [19]. A photon counting system [15]
was developed to distribute the x-ray transmission signals
recorded by an avalanche photodiode detector (APD) to
16 different channels, corresponding to 16 equally-spaced
phases of the oscillation.

To probe the thick magnetic layer, the x-ray energy
was tuned to the Ni L3 edge and STXM images of the
sample transmission intensity I+(x, y) and I−(x, y) were
recorded using right and left circularly polarized x-rays.
Fig. 2(a) is a typical x-ray transmission image of our sam-
ple where topography contrast strongly dominates over
magnetic contrast. The darker regions indicates the posi-
tion of the nanopillar, which absorbs x-rays more strongly
than the surrounding silicon nitride. To suppress the to-
pography contrast, we computed the normalized differ-

ence I+(x,y)−I−(x,y)
I+(x,y)+I−(x,y) , and the resulting image of the dif-

ferential intensity is shown in Fig. 2(b). The magnetic
contrast of this figure comes from the X-ray Magnetic
Circular Dichroism (XMCD) effect [16]. The sample sur-
face is perpendicular to the x-ray propagation direction,
thus the contrast in Fig. 2(b) corresponds to the out-of-
plane magnetization of the thick layer.

We studied both the equilibrium magnetic state of
these samples without any external excitation and the
persistent oscillations excited by a direct current. The
static measurement shown in Fig. 2(b) confirms that
the magnetic configuration of the thick layer is a vor-
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FIG. 2: Static STXM image and magnetic image. (a) STXM
image showing mainly topographic contrast. (b) Magnetic
image deduced from STXM images showing XMCD contrast
corresponding to the out-of-plane magnetization.

tex. However, besides the black area in the center of the
image corresponding to the vortex core, there are also
two lighter regions indicating a considerable out-of-plane
magnetization component with opposite orientation to
that of the core. To depict this magnetization distribu-
tion more clearly, the pillar area in Fig. 2(b) is plotted in
Fig. 3 (top) using both pseudocolor and a surface plot,
where the height is proportional to the out-of-plane mag-
netization. The observed distortions indicate that the
static vortex profile strongly deviates from an ideal vor-
tex profile, where the magnetization would lie in plane
everywhere except at the core. The data also clearly
show that the magnetization breaks the symmetry of the
elliptical shape of the sample and is rotated with respect
to the device long axis. Thus, although most studies of
vortices in micro- and nano-scale magnetic elements have
focused on idealized two-dimensional structures, our data
show that the magnetic vortex as a ground state in a
spin-torque nanopillar is more complicated.
To understand the static structure of the vortex we

performed micromagnetic simulations on an isolated
Permalloy (Py) pillar with the same dimensions as the
thick layer in our samples, using the LLG Micromagnetic
Simulator [17] (bottom part of Fig. 3). We find that the
out-of-plane component of the simulated magnetization
on the top and bottom surfaces also breaks the in-plane
symmetry, looking similar to the data. The variation of
the magnetization distributions from the top surface to
the bottom surface results from the fact that the 60 nm
thickness of our vortex layer is comparable to the lateral
size [18] and is also considerably larger than the exchange
length for Permalloy, which is only about 5 nm. Although
the XMCD contrast deduced from x-ray transmission im-
ages corresponds to the magnetization averaged along the
entire normal axis of the vortex layer, the data are similar
to the simulated magnetization distribution at the top or
bottom surfaces of the Py pillar, but not to the simula-
tion average over the whole thickness. In the simulations
the two surfaces exhibit mirror symmetry, leading to a
cancellation of the rotations when performing the aver-
age. We conclude that the rotation of the magnetization
seen in the data is due to asymmetry in the experimen-
tal device, arising from interlayer coupling, the tapered
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FIG. 3: (color online) Comparison of experimental data and
micromagnetic simulation of the static magnetization distri-
bution. Top: The magnetic contrast within the sample area
of the magnetic image, Fig. 2(b), with pseudo color (left)
and its surface plot (right), where the height is proportional
to the out-of-plane magnetization. Bottom: Micromagnetic
simulation, showing the out-of-plane component of the equi-
librium magnetization in different planes of an isolated 60
nm-thick Py pillar with the same dimensions as in our sam-
ple (as shown).

profile of the device sidewalls and possibly other shape
non-idealities. In short, the non-ideal vortex profile re-
vealed in our x-ray data can be understood as follows:
first the 3D nature of the thicker layer allows the magne-
tization structure to rotate as a function of position along
the thickness of the layer; second, the mirror symmetry
between top and bottom surfaces is also broken due to
the asymmetric environment.

Our measurements of the 16 evenly-spaced phases of
the magnetization dynamics directly confirm that the
GHz-frequency GMR signal observed under dc bias [6]
originates from the vortex translational mode [19]. Fig.
4 shows the vortex core trajectory (red) of a sample os-
cillating at 0.95 GHz, excited by a direct current of 7.8
mA (isync ∼0.4 mA RMS). No dynamics are observed
when isync is present but IDC = 0. The core positions
for the same sample without any excitation (black dots in
Fig. 4) are recorded by the same photon counting system
used for the dynamic measurement. Thus we can use the
standard deviation of the recorded static core positions
to estimate the uncertainty of the vortex core trajectory
(transparent red disks in Fig. 4).

From the dynamics data taken on the same device as
the static data we determine the radius of the vortex tra-
jectory, which we find to be ∼10 nm. The radius is much
smaller than that seen in resonating vortex core gyration
excited in single-layer devices by ac magnetic field (∼100
nm in Ref. 11), ac current (∼250 nm in Ref. 12), or dc
driven vortex gyration in a metallic nanocontact to an ex-
tended film with an out-of-plane external magnetic field

-15 -10 -5 0 5
-15

-10

-5

0

5

10

15

Y
(n

m
)

static core position

dynamic core position

X (nm)

10 15

50 nm

Pillar

FIG. 4: (color online) Vortex core trajectory deduced from
STXM images. Black dots: static core positions recorded by
16 photon counters. (Some of the static positions overlap.)
Red dots: core positions of the same sample during the os-
cillations, recorded by the same photon counters. Red disks:
an estimate of the position uncertainty by using the standard
deviation of the static core positions. The direction of vortex
gyration is clockwise, as indicated.

(∼158 nm in the simulations in Ref. 8). However, the
smaller radius found here is in rough agreement with the
value of ∼ 20 nm obtained based on transport measure-
ments and micromagnetic simulations in Refs. 6 and 10,
on a system similar to ours, and is also consistent with
the emitted RF power from the vortex oscillator, which
is less than ∼ 1% of the maximum power that would cor-
respond to a full 360◦ rotation of the magnetization. A
smaller gyration radius than in Refs. 8, 11 and 12 might
be expected due to the stronger geometrical confinement
in our devices (∼100 nm lateral dimensions vs. 500 nm
or more in the cited experiments) [20]. We note that
since the simulations in Refs. 6 and 10 were performed
without ac current this agreement suggests that the ac
current values in the x-ray experiment have only a weak
effect on the orbit.

Time-resolved images for the same sample, but hav-
ing the opposite core polarity due to its magnetic history
(as evidenced by the change from white to black contrast
in the center of the normalized difference images) reveal
that the core moves counterclockwise, opposite to the di-
rection of gyration for the case shown in Fig. 4 [19]. Thus,
we find that the vortex core rotation direction is uniquely
determined by the internal structure of the vortex, just
as for a freely relaxing magnetic vortex [21], even when
the spin-torque, an intrinsically nonlinear effect, is strong
enough to balance the damping.

Analytical models of vortex dynamics have assumed
an “ideal” 2D vortex profile where the magnetization is
uniform along the normal axis and the in-plane distribu-
tion maintains the sample topographic symmetry [22, 23];
however, our data, in conjunction with the simulations
(Fig. 3), suggest that these models may not be strictly
applicable to vortices in nanopillar spin valves due to
the 3D nature of the magnetization distribution. Most
strikingly, analytical models based on Thiele’s equa-
tion [24, 25] and that assume an ideal vortex structure
predict that uniform in-plane spin polarization should
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not excite stable vortex gyration [8, 26]. Under these
assumptions, only the perpendicular component of the
spin polarization should sustain persistent vortex gyra-
tion, while the in-plane component should lead only to
vortex core displacement. In contrast, our x-ray data
clearly show that in our samples the vortex undergoes
steady-state oscillation under the influence of a predom-
inantly in-plane spin-polarized longitudinal current (the
thin magnetic layer does not have detectable out-of-plane
magnetization, non-uniform in-plane magnetization, or
spin dynamics within our measurement sensitivity [19]).
We suggest that a possible reason for the discrepancy is
the unusual profile of the vortex in spin valve nanopil-
lars such as studied here. Since both damping and spin-
torque are strongly dependent on the vortex magnetiza-
tion distribution, models that assume an idealized vortex
configuration may not be accurate for the non-ideal vor-
tex structure we observe in spin-torque nanopillars, but
more work is needed for a full understanding. On the
other hand, the analytical prediction that a uniform in-
plane polarized spin current should not induce gyration
at all in the ideal case suggests that spin-torque driving
might be rendered more efficient by using nonuniform po-
larizers [26, 27].
In summary, we presented the first space- and time-

resolved images of steady-state magnetization dynamics
in a dc-driven spin-torque oscillator. We find that the
vortex precession direction is determined by the core po-
larity, and that the orbit radius is on the order of 10
nm, in agreement with micromagnetic simulations. We
also observe that the vortex profile in spin-valve nanopil-
lars deviates from the often-assumed 2D structure. We
suggest that this non-ideality, currently not taken into
account by analytical models, plays an important role in
the excitation of the oscillations.
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