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Direct imaging of current induced magnetic vortex gyration in an
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Employing time-resolved x-ray microscopy, we investigate the dynamics of a pinned magnetic
vortex domain wall in a magnetic nanowire. The gyrotropic motion of the vortex core is imaged in
response to an exciting ac current. The elliptical vortex core trajectory at resonance reveals
asymmetries in the local potential well that are correlated with the pinning geometry. Using the
analytical model of a two-dimensional harmonic osciIIator, we determine the resonance frequency
of the vortex core gyration and, from the eccentricity of the vortex core trajectory at resonance, we
can deduce the stiffness of the local potential well.

Electrons traveling through ferromagnets with inhomogeneous magnetization act via the spin-transfer-torque on the
local magnetization, which leads to current induced domain
waIl motion 1,2 or domain wall excitation, such as osciIIations
of domain walls 3- 6 or the excitation of magnetic vortices?,8
Such a control of magnetic domain waIls or vortices by electrical currents opens the possibility to store information in
nonvolatile devices. 9
Domain walls in magnetic nanowires often exhibit an
energeticaIly favorable vortex structure in which the magnetization curls in the plane of the wire around a central point,
caIled the vortex core, where the magnetization points
out-of-plane. 1O This smaIl region, only = I 0-20 nm in
diameter,1I,12 controls the dynamics of the whole vortex domain wall. The out-of-plane component of the core magnetization, the polarity p, can either point up, p=+I, or down,
p=-I, and the chirality c is defined by the sense of the
curling of the in plane magnetization, either counterclockwise (c=+ 1) or clockwise (c=-l). Magnetic fields as well as
spin-polarized currents interacting with the domain wall can
induce a gyration of the vortex core. While the sense of
rotation of the vortex core gyration is solely determined by
the core polarity p, the phase with respect to the excitation
depends on the excitation type (adiabatic spin-torque, nonadiabatic spin-torque, or magnetic field) and also on the
chiraIity c. 13- 15
So far, current induced vortex core gyration has been
studied by electrical detection of the resonant response of the
magnetic vortex core of a vortex domain waIl trapped at a
local confinement in a magnetic nanowire. 4- 6 While the field
and current induced gyration in symmetric elements with
symmetric potential wells has been studied,8 the more relevant case of asymmetric potential wells, occurring for
pinned domain waIls, has not been revealed. In particular, a
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direct observation of the vortex core trajectory in local asymmetric potential wells is missing and this is all the more
important since the vortex core velocity is no longer constant, but varies with respect to its position, depending on the
local potential geometry. Additionally, both field and current
driven vortex core motion has been observed in disks and
squares, but investigations of pure current induced gyration
is difficult, because of the Oersted fields generated by the
inhomogeneous current flow through the contacts. 8 In the
case of disks or squares, the contacts are overlapping with
the elements, leading to higher Oersted fields, while in the
nanowire geometry, where the contacts are placed far away
from the area under investigation, Oersted field contributions
are minimized.
Here we report on the experimental observation of vortex core gyration of a pinned vortex domain wall in a confined magnetic nanowire. Employing time-resolved scanning
transmission x-ray microscopy (STXM), we image the vortex core gyration trajectory, exciting with an ac current injected into the wire. The eIliptical local potential is revealed
by the eccentricity of the core trajectory. Following the twodimensional harmonic oscillator model, based on the extended Thiele equation including spin-torque terms, we determine the local potential shape. Finally finite element
calculations are carried out to calculate the local current density at the vortex core and show that there are only minor
contributions to the excitation due to the Oersted field.
We study magnetic vortex domain waIls in a 50 nm thick
and 500 nm wide circular permaIloy (Ni8oFe2o) nanowire (radius 5 ,urn), where the domain waIl is pinned by an artificial
notch at the center of the wire, see Fig. I (a). The wire is
fabricated on top of a 100 nm Si3Ni4 membrane by electron
beam lithography, molecular beam evaporation in UHV and
lift-off processing. To improve cooling, a 150 nm thick aluminum nitride layer was deposited on top of the structures
and a 120 nm thick aluminum layer was sputtered on the
back of the sample. The wires are contacted by er(7 nm)1
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VrV(r) + G

x [u(t) - r] + D· Car - ,Bu(t)] =0,

(1)

where r=(x,y) describes the position of the vortex core. Following our experimental observation of an elliptical trajectory, we assume a paraboloidal potential well V(i) = K.\,~2 /2
+ Kyy2 /2, where Kx and Kv are the effective stiffness
4
coefficients. •19 This approximation is valid for small vortex
core displacements around its equilibrium position. The gyrovector G=pGez , with G=27TMsJ.Lot/y is pointing out-ofplane, t and Ms are the thickness and the saturation magnetization of the wire, respectively, and y is the gyromagnetic
ratio. The external force is described by the spin drift velocity u(t)=UeP/1-B/eMs)eo·sin(27Tlt+</», where je is the current density and P its spin polarization, e is the positive elementary charge, and /1-B the Bohr magneton. The damping
20
tensor D is diagonal for the case of a disk and its components are given by Dxy= G[ I + I /2 In(Rv/ ov)]o,y, where
2Rv=590 nm is the domain wall width and ov= 10 nm is
ll
the vortex core radius. The parameter a=0.005 is the Gilbert damping of permalloy and ,B=2a is assumed for the
nonadiabaticity of the spin_torque.3.4,21 Note that the harmonic approximation holds only for small oscillations at low
excitation power because recent experiments indicate nonharmonic contributions to the local potential at higher
power.6
This two-dimensional harmonic oscillator model has
been solved analytically for sinusoidal excitation and any
19
harmonic potential by Buchanan et al. and has been ex4
tended by Moriya et al. for current induced excitations. The
steady state solution has the form of an elliptical trajectory as
follows:

(2)
(3)
where Ax(Kx, Ky,f) in our case is the minor axis and
Ay(Kp Ky,f) is the major axis. Both depend on the excitation
frequency and reflect the strength of the pinning potential
VCr). The two phases EJKx , Ky,p,f) and Ey(Kx, Ky,P,f) furthermore depend on the vortex core polarity p. The resonance frequency in this model is
Wr

Gr,;;;;:

Ir= 27T = G 2 + ifD 2 '

(4)

giving a relation between Kx and Ky for Ir=334 MHz. The
ratio
r( Kx,Ky'I)
r =

AxCKx,K)"lr)
,
Ay( Kx, Ky,fr)

(5)

gives another relationship between Kx and Ky at the resonance frequency, From Eqs. (4) and (5) it is then possible to
unambiguously determine Kx and Ky. The measured vortex
core trajectory at 340 MHz, close to the resonance frequency
Ir=334 MHz, has amplitudes AxCKx,KY'lr)=20.5± 1.2 nm
and Ay(Kx, Ky,fr) =32.0 ± 0.9 nm. With these values the potential stiffness coefficients can be determined as Kx
=4.7±0.4X 10-3 kg/s2 and K y =1.9±0.2X 10-3 kg/s2.
Note that the absolute measured values of the amplitudes
A, and Ay are smaller than the amplitudes calculated using

this model; Ax=66 nm and A y= 103 nm, respectively. This
can be attributed to the fact that the absolute amplitudes at
the resonance peak are very sensitive to the excitation frequency. Furthermore, due to reflections of the microwave
injection, the effective current density je can be lower than
the maximum injected density of 9.6 X 1010 A/m 2.
In conclusion, we have investigated the asymmetric pinning potential for a vortex domain wall employing timeresolved STXM imaging of current-induced vortex core gyration with only minor contributions from the Oersted field.
From the gyration amplitudes at the resonance frequency we
determine the stiffness Kx and Kv of the local potential, which
opens a way to obtain the full potential landscape.
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