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Nonadiabatic spin-transfer torque of magnetic vortex structures in a permalloy square
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The stationary displacement of a magnetic vortex core in a permalloy square caused by an ultrahigh direct
current has been measured utilizing scanning electron microscopy with polarization analysis. Data have been
analyzed for three different generic states of the Landau structure and up to a current density of 3 × 1011A/m2.
This procedure allows for separating the effects caused by the Oersted field, the nonadiabatic, and the adiabatic
spin-transfer torque. In addition, the spin polarization of the driving current P = (65 ± 4)% is independently
determined from the spin drift velocity of vj = (4.79 ± 0.26) m/s at j = 1 × 1011A/m. Ferromagnetic resonance
measurements have been conducted to complete the set of parameters for our film system (α,g,MS). The full set
of parameters allows for a direct comparison of the nonadiabatic spin-transfer torque with previously published
results. In contrast to published values in the range of the damping parameter, a strongly increased value of
β = 0.119 ± 0.022 as a parameter of nonadiabaticity is found, which supports recent theoretical predictions of
an additional nonlocal spin-transfer torque contribution effective at the vortex structure.

DOI: 10.1103/PhysRevB.89.174426 PACS number(s): 75.76.+j, 75.50.Bb, 75.75.Fk, 75.78.Fg

I. INTRODUCTION

Triggered by the advent of a new concept of data storage
via magnetic domain walls [1], the manipulation of domain
walls with electric current has become an issue of great
interest [2]. The interaction of a current with a magnetic
microstructure is described in the framework of the Landau-
Lifshitz-Gilbert (LLG) equation [3,4]. The latter equation
is commonly extended to include the effect of an electrical
current via two additional terms describing the adiabatic and
nonadiabatic contributions [5–8]. The nonadiabatic contri-
bution is phenomenologically covered via the parameter of
nonadiabaticity β. Both, the velocity of a domain wall [9]
and the critical current for domain wall movement [9] depend
on β. Thus, the exact determination of β is crucial for the
optimization of material systems for the above-mentioned new
memory devices.

The parameter of nonadiabaticity, however, is an issue of
long-standing debate. The published values for permalloy vary
over several orders of magnitude [2,10–12]. Most of the results
have been obtained with experiments that investigate the
movement of so-called “domain walls” in magnetic nanowires
built from soft-magnetic materials. In contrast to early one-
dimensional theoretical models, these domain walls in general
have a more complex internal structure, called vortex or
transverse walls. The results appear to depend strongly on the
geometry, the microstructure, and pinning due to imperfections
of the wire, which strongly contributes to the large span
of reported β values. To overcome the latter problems, a
robust measurement scheme was proposed by Krüger et al.
in 2010 [13] based on the measurement of the current-induced
displacement of a magnetic vortex core in a square magnetic
element.

First measurements based on this approach have been
performed utilizing permalloy discs [14]. The disc geometry
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offers the highest probability to obtain a magnetic vortex as
equilibrium microstructure. Its major drawback, however, is
the inhomogeneous current density that has to be expected
due to the geometry of the structure. The varying current
distribution puts limits on the exact analysis based on a macro-
scopic, Thiele-like approach [13]. Consequently, a relatively
high uncertainty of the measured value (β = 0.15 ± 0.07)
[14] is obtained. Pollard et al. [15] measured the orbit of a
harmonically exited vortex and claim to determine β with
higher precision (β = 0.15 ± 0.02). The error margins given
in this publication, however, are not well founded, as the
authors did not determine all necessary material parameters.
The largest uncertainty stems from the spin polarization of
the current, for which published values vary by a factor of
two [16]. This course of action has been criticized in a recent
paper, and the necessity to determine the material parameters
in one and the same experiment for the same sample has been
put forward [17].

From the theoretical point of view, the large spread
of experimental values for the nonadiabaticity caused a
re-examination of the nonadiabatic spin-transfer torque. In
general, the microstructure in small wires, called the “domain
wall,” has a large extent, and the truly nonadiabatic effect
should not appear [18]. With dynamical damping being the
only contribution, β will be of the same order as the damping
parameter [18–20]. In fact, in recent papers studying spin
waves, nonadiabaticity values in the range of the damping
constant have been found [21,22]. In the latter publications the
authors make a complete analysis in the sense of Lepadatu [17]
(i.e., they determine all necessary parameters to characterize
their films in full). That finding lets the question arise whether
the former “incomplete” investigations on vortices and vortex
walls that came up with a much larger β value can be confirmed
and how they can be understood.

In this paper, we present the results of an investigation
in which all three parameters α, β, and P are determined
independently. Our method utilizing scanning electron mi-
croscopy with polarization analysis (SEMPA) follows the
proposed robust scheme [13]. We determine β without any
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assumptions on spin polarization or damping. Furthermore, we
independently determine the spin polarization of the current
within the same set of experiments.

II. THEORETICAL APPROACH

For a current flowing in the x direction (electrons moving
in a negative x direction) the LLG equation reads [3–8]

ṁ = −γ m × Heff + αm × ṁ + vj

∂m
∂x

− βvj m × ∂m
∂x

, (1)

with Gilbert damping α and the effective field Heff consisting
of external, demagnetization, anisotropy, and exchange fields.
Also included are the parameter of nonadiabaticity β and the
spin drift velocity vj ,

vj = gμBP

2eMS
j, (2)

which parameterizes the strength of the interaction and
includes the spin polarization of the conduction electrons P.

Many problems in experiments that try to determine the
β parameter arise from the separation of the different con-
tributions that originate from the adiabatic and nonadiabatic
spin-transfer torques, the Oersted field, and an inhomogeneous
current flow. In time-resolved experiments utilizing short
current pulses, the impact of rise time and duration of the
pulses on the temporal evolution of resistance and lateral
temperature profile (and implicitly on pinning processes) are
to a large extent not specified [13,23]. To avoid most of these
uncertainties, a stationary experiment has been proposed in
which the equilibrium displacement of a vortex core in a
square structure by a direct current is determined [13]. The
displacement depends on the magnetic configuration of the
vortex structure (i.e., the sense of rotation and polarity of
the vortex core). The latter feature bears the power to separate
the contributions caused by the Oersted field and the adiabatic
as well as the nonadiabatic spin-transfer torque. As only
small displacements are considered in the experiments, edge
roughness and imperfections can be neglected [13]. Also, one
should note that in a stationary experiment, local pinning of the
vortex core will only increase the statistical error of a data set.
This is different for a dynamic experiment, as frequent pinning
and depinning of the vortex can lead to additional damping due
to the generation of spin waves, which results in a systematic
error.

A sketch of the sample geometry, as well as the definition
of the coordinate system, is given in Fig. 1. The magnetic
vortex is described by its core polarity p, being positive for
core magnetization pointing in +z direction, and its rotational
sense c, being positive for counterclockwise rotation when
looking at the sample from above (z > 0).

The equilibrium position R of a magnetic vortex core under
current flow can be written as a two-dimensional vector [13]

Rp
c (j ) = −|G0|

mω2
r

(
H̃ c + ∣∣D0

G0

∣∣ξvj

vjp

)
, (3)

with G0, the z component of the gyrovector, and mω2
r

parameterizing the confining potential. The first contribution
to the displacement in the x direction is due to the Oersted

FIG. 1. (Color online) Schematic of the sample layout. A
permalloy square of edge length 5 μm is prepared on a single-
crystalline diamond and contacted by gold leads. The diamond
guarantees best thermal conductivity. The vortex core in the center
of the magnetic structure is displaced by a direct current. The
displacement is mapped via SEMPA.

field H̃ . The direction of this displacement depends on the
sense of rotation c of the vortex core. A second contribution
comes from the nonadiabatic spin-transfer torque consisting of
the diagonal element of the dissipation tensor D0 and ξ , with
β = ξ

1+ξ 2 . Displacement in the y direction is solely caused by
the adiabatic spin-transfer torque, which depends directly on
the polarity of the vortex core p and the spin drift velocity
vj . Comparing the displacement of two vortices with different
senses of rotation, the different contributions can be separated.
The parameter of interest can be extracted according to the
formula [13,14]

ξ = 1

2

G0

D0

(
p

dx

dy
(c,p) + p

dx

dy
(−c,p)

)
. (4)

The equation for the displacement of the vortex core
includes some material properties that have to be determined
independently for the sample that is studied. In particular, the
factors |G0|

mω2
r

and D0
G0

depend on the saturation magnetization
(and therefore on temperature) and on sample geometry (film
thickness), which means that to get rid of all the uncertainties
that can and will influence the data found in literature, it
is strongly advised to determine all the parameters of the
experiment and the sample.

III. EXPERIMENTAL DETAILS

To determine the vortex core position at ultrahigh current
densities with high precision we used SEMPA [24–27]. Due
to a low efficiency of the polarization analysis, typical times
for taking an image are in the range of a few minutes, which
means that the ultrahigh current densities have to be applied
over extended periods. To meet this prerequisite, the permalloy
square is fabricated on a single-crystalline diamond substrate
[28]. Due to the high thermal conductivity of diamond [29], an
efficient connection to a heat sink is ensured, which prevents
excessive heating of the structure during current flow.

The sample consists of a magnetic square that is connected
to bond pads by gold leads. All films are prepared by thermal
evaporation at room temperature. In the first preparation step,
two Pt/Cr bond pads with a separation of 20 μm are deposited.
Next, the permalloy square of size 5000 × 5000 × 12 nm3

is deposited between them utilizing a stencil mask. A second
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FIG. 2. SEMPA image (128 × 128 pixels, dwell time 15 ms) of
the Py square at zero applied current. Both images have been obtained
simultaneously and show the x and y components of the in-plane
magnetization, respectively (see arrows). The as-grown structure
exhibits a Landau state with sense of rotation c = +1.

mask is then used to evaporate two gold leads (thickness 15 nm)
that close the gap between the square and bond pads for an
electrical connection. Finally, the diamond is mounted on a
polished copper plate.

Figure 2 shows a SEMPA image of the magnetic structure,
a Landau state, in the as-prepared state with a sense of rotation
of c = +1. During the course of the investigation the sense
of rotation was changed by applying an in situ demagnetizing
cycle. The polarity can be set by applying a field with a small
z component during the latter procedure. Using this approach,
three different Landau states have been generated.

Due to the high surface sensitivity of the spin-polarized
secondary electron emission, the measuring time is limited
even in ultrahigh vacuum (base pressure 4 × 10−11 mbar).
In the case of Py, the latter base pressure allows for a
typical measurement time of hours before the signal gets
too faint due to contamination by residual gases [30]. The
sample has to be cleaned after that time span. During the
course of the investigation presented here, cleaning via ion
milling (1 keV, Ar) was performed four times. After each
of the necessary cleaning steps, the thickness of the Py
square is slightly reduced. The film thickness before ti =
(11.8 ± 0.2) nm and after tf = (6.4 ± 0.2) nm was determined
via atomic force microscopy (AFM). The value at the end
of the investigation has been corrected by accounting for
some removal of diamond utilizing a tabulated sputtering
yield of diamond [31]. Assuming a linear decrease of film
thickness with ion dose, Py thicknesses for the individual
measurements were calculated (i.e., t1 = 9.6 nm, t2 = 8.5 nm,
and t3 = 7.3 nm). These thicknesses fit quite well with the
evolution of the electrical resistances after each milling. Direct
current densities within the range ±3 × 1011 A/m2 have been
applied during the investigation.

The temperature of the sample is determined via its
resistance. The resistance calibration has been performed in
thermal equilibrium while slowly cooling down to 80 K with
LN2. Utilizing the latter calibration curve, the temperature and
its variation has been determined to be T = (341 ± 9) K during
measurement (without applied cooling). As each measurement
cycle is started with the highest current density jmax, the tem-
perature first increases to T � 350 K. On changing the current
density in equal steps to −jmax the temperature profile is that

FIG. 3. (Color online) Current-induced displacements of the
vortex core for three configurations of the Landau state. The current
density has been varied in the range of j = ±3 × 1011 A/m2. The
vortex core moves along a line in this representation. Displacements
caused by a constant background field (�0.5 mT) have been
eliminated (see text).

of a parabola with a minimum of T � 332 K at zero current.
The parabola is shifted with respect to room temperature due
to heating of the sample holder. It was recently shown that a
temperature variation of that magnitude has no effect on the
nonadiabatic spin-transfer torque in permalloy [32].

IV. EXPERIMENTAL RESULTS

In Fig. 3 the y versus x displacements are plotted for
the three different Landau configurations for varying current
densities. Obviously, the position of the vortex core follows
a linear trajectory in this presentation. From Eq. (3) it
immediately follows that the Oersted contribution must depend
linearly on current density. The Oersted field is caused by
a vertically inhomogeneous current flow in the sample [33]
and the geometry of the contact leads [34]. Furthermore, the
sign of the slope is given by the product of sense of rotation
and core polarization cp, which indicates that the Oersted
field contribution in the displacement along the x direction is
dominant. In the as-grown state (c = +1, p = −1, red crosses)
we find that the vortex core is displaced in the negative x

direction for increasing currents (positive current flowing from
left to right). This indicates that the Oersted field is pointing
in the positive y direction, as it is favoring the right domain
in Fig. 1. The nonadiabatic spin-transfer torque drives the
vortex core in the negative x direction for increasing current
densities (i.e., the direction of electron flow). Displacement in
the y direction is solely caused by the adiabatic spin-transfer
torque. Since the core is displaced toward lower y values for
increasing current densities, the polarity of the vortex core is
p = −1 according to Eq. (3). Two more magnetic states (i.e.,
c = −1, p = −1 and c = +1, p = +1; represented by blue and
green crosses in Fig. 3) reveal a similar behavior in accordance
with Eq. (3).

The equilibrium position of the vortex core (Fig. 3) was
corrected for displacements due to a small residual field
(�0.5 mT), which is generated by the objective lens of
the SEM column and points in the y direction. As the
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STEFAN RÖßLER et al. PHYSICAL REVIEW B 89, 174426 (2014)

TABLE I. Vortex core displacement per unit current density j0 =
1011 A/m2 obtained from Fig. 3. For the sake of better comparison,
the values are divided by the thickness-dependent confining potential
a = G0/mω2

r . The such-corrected displacement in the y direction is
the spin drift velocity vj , which is constant within the error margin.
The amplitude of the displacement in the x direction is larger when
the nonadiabatic spin-transfer torque and the Oersted field act in the
same direction (c = +1) compared with the case of opposite action
(c = −1). The fact that the amplitude in the x direction for Nos. 1
and 3 (identical c = +1) increases with decreasing thickness reveals
that the Oersted field gets stronger with reduced thickness [54].

No. c p t (nm) 1/a (MHz) x(j0)/a (m/s) y(j0)/a (m/s)

1 +1 −1 9.6 ± 0.2 99 ± 5 − 7.8 ± 0.5 4.8 ± 0.4
2 −1 −1 8.5 ± 0.2 88 ± 4 4.0 ± 0.5 4.6 ± 0.5
3 +1 +1 7.3 ± 0.2 76 ± 4 − 9.8 ± 0.7 − 5.1 ± 0.4

position of the vortex depends on the sense of rotation
and film thickness, the equilibrium was determined for each
measurement independently. For that purpose, equilibrium
positions were calculated via Req = 1

2 (R(+j ) + R(−j )). The
average over all values, including the value when no current is
applied (R(j = 0)), is taken as the equilibrium position. Since
only the slope of the trajectories enters in the determination of
the experimental parameters, this correction is not critical.

A. Determination of v j and P

From linear fits to the data presented in Fig. 3, displace-
ments for the given current are calculated and given in Table I.
All values are divided by the prefactor a = |G0|

mω2
r

to eliminate
the thickness dependence of the confining potential (see the
Appendix). The error margins are determined by considering
the uncertainties in vortex position, film thickness, lateral
dimension, and stability of the current.

The spin drift velocity vj (i.e., the displacement in the
y direction divided by a = |G0|

mω2
r
) is constant within the error

margin (last column in Table I). The mean value is vj = (4.79 ±
0.26) m/s for j = 1 × 1011A/m at T = (341 ± 9) K.

The method applied here gives direct access to the spin
drift velocity without any further assumptions. Spin drift
velocities can also be directly obtained from measurements
of the Doppler shift of spin waves. Published data for identical
current densities are vj = 4.1 ± 0.1 m/s (at 340 K) [16] and
vj = 5.0 m/s [21,35]. Within the temperature uncertainty we
can conclude excellent agreement. As the values of vj (last
column in Table I) do not reveal any systematic change with
thickness, it can be concluded that the magnetic properties of
the films are not altered by the ion milling.

The spin drift velocity vj gives access to the spin polar-
ization of the conduction electrons [9]. For that purpose, the
saturation magnetization and the gyromagnetic ratio of the
system under investigation have to be known. To eliminate
any uncertainty, we have performed ferromagnetic resonance
measurements utilizing a reference film that has been grown
simultaneously. Fitting the resonance line as presented in
Ref. [36], we obtain for the least square fit MS = (824 ±
5) kA/m, α = (0.0085 ± 0.0006), and g = 2.071 ± 0.005

at room temperature. Extrapolating to the MS value at the
somewhat elevated temperature [37], we can determine the
spin polarization of P = (65 ± 4)%, which is in fairly good
agreement with the values from Doppler measurements [16].

B. Determination of ξ and β

The quantity that depends on the ξ parameter is the
displacement in the x direction. In general, the Oersted field
contribution is eliminated by summing up the displacements
along the x direction for two vortices with opposite sense
of rotation, as shown in Eq. (4). It is striking that the x

displacement values are different for identical c, while the
y displacements are the same within the error margins. The
variation of the x values originates predominantly from the
contribution due to Oersted fields, while a weak thickness
dependence can be expected for the nonadiabaticity term
[Eq. (3)] via the prefactor |D0|

|G0| (see Appendix). To eliminate
the Oersted field contribution, it is necessary to determine
the x displacement for c = ±1 at the same thickness. For
that purpose, an estimation for the x displacement at the
intermediate thickness (t = 8.5 nm) for positive sense of
rotation (c = +1, p = −1) is made based on the values
for the positive sense of rotation at the lower and higher
thicknesses, i.e., dx/.dy(c = +1,p = −1,t = 9.6 nm) =
−1.63 ± 0.14 and −dx

/
dy(c = +1,p = +1,t = 7.3 nm) =

−1.93 ± 0.16 (Table I). Assuming a monotonous change
with thickness, the calculation gives a value for the
slope of dx

/
dy(c = +1,p = −1,t = 8.5 nm) = −1.78 ±

0.10. Utilizing Eq. (4), the nonadiabaticity ξ is calcu-
lated from the extrapolated and measured values, i.e.,
dx/dy(c = −1,p = −1,t = 8.5 nm) = 0.87 ± 0.14 (second
row Table I), considering |D0|

|G0| = 3.75 for a thickness of
8.5 nm:

ξ = 0.121 ± 0.023,

β = 0.119 ± 0.022.

A similar consideration gives the value for H̃ /vj = 1.33 ±
0.16 for that thickness, which corresponds to an effective
field of 44 μT for j = 1 × 1011A/m. Finally, as the Oersted
contribution is predominant, the values given in Table I reveal
the thickness dependence of the Oersted field. Its contribution
to the vortex displacement increases with decreasing thickness
[54].

V. DISCUSSION

In our investigation, the spin drift velocity, the spin
polarization, and the β parameter have been determined from
a single stationary-state experiment. The latter quantities are
determined without any assumptions on and independent
from transient temperature profiles and/or damping processes.
In combination with the independently measured saturation
magnetization and damping parameter, we have all relevant
material parameters of the system at hand, which allows for a
strict comparison to previously published data. First, it has to
be emphasized that the β parameter found here is almost the
same as in the two previous experiments utilizing magnetic
vortices in microstructures [14,15]. As the error bars in the
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previous experiments were large or nonproven assumptions
were made (e.g., about spin polarization), our findings have
their relevance and self-reliance in the accurateness of the
experiments. Second, our data supports the assumption of
P = 60% in the paper by Pollard et al. [15], albeit the
reported damping parameters disagree considerably, indicating
that the β values determined here and in Refs. [14,15] are
independent of damping. However, this conclusion can only
be drawn assuming that the damping parameter is independent
of magnetic structure, which is currently under debate [38].

Third, Sekiguchi et al. [21] did a complete analysis of
their system, which allows for comparison on firm grounds.
The authors report almost identical numbers for the damping
parameter, spin drift velocity and spin polarization, while the
nonadiabaticity parameter is much smaller (β = 0.022) than
the value found here (β = 0.119 ± 0.022). Fourth, all the other
investigations on the nonadiabatic spin-transfer torque come
about with more or less strong deviations from our results.
This obviously stems from the different structures that are
used, which will be more or less affected by pinning, while
in general not all relevant parameters have been determined
simultaneously [39–45].

Theory predicts two different contributions to β [19]: the
true nonadiabatic contribution due to spin scattering [6] and a
magnetic-damping–related transfer of momentum [7,18]. The
former depends on the gradient of the magnetization along the
current direction [46,47] and is essentially of nonlocal nature,
while the latter scales with damping [18,48]. In other words,
the first effect needs strong magnetization gradients while the
latter does not. Sekiguchi et al. [21] analyzed spin waves
with a characteristic length scale of magnetization variation
of 10 μm. On such large scales only the damping-related
nonadiabatic contribution will cause the spin-transfer torque.
Consistently the authors find a ratio β/α in the range of unity
(β/α = 2). In accordance with this interpretation and stressing
the fact that the material parameters are almost identical in both
investigations, we may conclude that the present investigation
proves and quantifies experimentally the existence of two
contributions to β. The latter conclusion is strictly valid, as
the only difference between the two samples investigated
is the gradient of the magnetization structure at the vortex
core.

The potentially strong influence of a nonlocal, nonadiabatic
correction in vortex structures has been proposed by theory
[46,49]. A seven times stronger effective β has been reported
in an experiment comparing vortex with transverse walls [50].
Recently, an iterative micromagnetic simulation of nonlocal
spin-transfer torque in the framework of Zhang and Li [6]
has been published by Claudio-González et al. [51]. The
authors include spin diffusion and accumulation and could
demonstrate that, in case of a transverse wall, no significant
deviations from a homogeneous β could be found while
the strong magnetization gradient originating at the core
of a vortex wall increases the locally acting β by almost
a factor of three. In such a nonlocal picture the β value
determined by our analysis has to be interpreted as a properly
weighted average over the spatial distribution of the locally
varied values in a way similar to the effective βdiff calculated
in Ref. [51]. Our experiment offers a reliable set of data
to test the adequacy of such a new simulation scheme, as

it is not systematically disturbed by extrinsic effects like
pinning. The stationary-state solution will allow simulation
with less calculative effort compared with a gyrating system.
Alternatively, a nonlocal reformulation of the Thiele equation
ansatz, which leads to Eq. (3), can be attempted. Once a refined
model becomes available, our data can be used to extract the
diffusion constant of electrons in permalloy and to test for
consistency.

VI. SUMMARY AND CONCLUSION

In a stationary-state experiment the β parameter of a
Landau pattern and the spin drift velocity are determined
independently. A value of β = 0.119 ± 0.022 is found for
a magnetic vortex core displaced by a direct current in the
theoretical framework of local spin-transfer torques. A spin
polarization of P = (65 ± 4)% is deduced from a spin drift
velocity of vj = (4.79 ± 0.26) m/s at a current density of
j = 1 × 1011A/m2. Our experiment proves and quantifies the
strong increase of the nonadiabatic spin-transfer torque that
is effective at magnetic vortices—a finding that is presently
attributed to the nonlocal contribution from spin-flip scattered
conduction electrons. Our complete set of data can be used to
validate recent simulations in the quest for a unified description
of spin-transfer torque with the predictive power required in
technological application engineering.
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APPENDIX: MICROMAGNETIC SIMULATIONS

The dependence of the prefactors |G0|
mω2

r
and D0

G0
on MS has

been extracted from simulations in the range of 800 kA/m �
MS � 890 kA/m for the three measured thicknesses in steps
of �MS = 30 kA/m. Simulations were performed using
MicroMagnum [52] with a cell size of 2 × 2 × t nm3 and
A = 13 × 10−12J/m for permalloy. Square structures with an
edge length in the range of 500 nm � l � 1700 nm were used
in the simulation. The data for the confining potential was
calculated from the vortex displacement in the y direction. It
was best fit by

mω2
r

2
= 0.9

μ0M
2
S t2

l
+ 65

pJ

m
× t + 8.5 nm

l2
. (A1)

The values of G0 can be found in Ref. [53]. Results for
the inverse of the confining potential of our sample mω2

r /G0

are found in Table I. With α2 � 1, they correspond to the
resonance frequency of the vortex core 2πfres [53].

The data for D0
G0

was extracted from the ratio of x and y

displacements and is best fit by

D0

G0
= 1

2
ln

(
1.85

nAm
l

(
MS + 220

kA

m

)
(97 nm − t)

)

+ 27.7

μAm
(t + 2 nm)

(
MS − 550

kA

m

)
l. (A2)
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