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Magnetic skyrmions are chiral spin textures that hold great promise as nanoscale information carri-
ers. Since their first observation at room temperature, progress has been made in their current-induced
manipulation, with fast motion reported in stray-field-coupled multilayers. However, the complex spin
textures with hybrid chiralities and large power dissipation in these multilayers limit their practical imple-
mentation and the fundamental understanding of their dynamics. Here, we report on the current-driven
motion of Néel skyrmions with diameters in the 100-nm range in an ultrathin Pt/Co/MgO trilayer. We
find that these skyrmions can be driven at a speed of 100 m s−1 and exhibit a drive-dependent skyrmion
Hall effect, which is accounted for by the effect of pinning. Our experiments are well substantiated by an
analytical model of the skyrmion dynamics as well as by micromagnetic simulations including material
inhomogeneities. This good agreement is enabled by the simple skyrmion spin structure in our system and
a thorough characterization of its static and dynamical properties.

DOI: 10.1103/PhysRevApplied.12.044007

I. INTRODUCTION

Magnetic skyrmions are fascinating spin textures that
have recently attracted considerable attention. Their pecu-
liar topology and nanometer size confer on them quasi-
particlelike properties that, combined with their ability to
be moved by an electrical current, make them promising
candidates for the storage and manipulation of informa-
tion. They are envisaged to be information carriers in
racetrack memories [1] and logic devices [2] combining
high density, thermal stability, and high data flow. Among
the different classes of materials hosting skyrmions, sput-
tered multilayered stacks comprising ultrathin heavy-metal
(HM)/ferromagnet (FM) layers combine several interest-
ing features. Their structural-inversion asymmetry along
with the large spin-orbit coupling of the HM lead to a
large interfacial Dzyaloshinskii-Moriya interaction (DMI),
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a key ingredient in the skyrmion stabilization that ensures
their homochirality and their Néel nature [3]. In addition,
the current-induced spin-orbit torques (SOTs) in these sys-
tems are expected to provide an efficient way to drive
the skyrmions [4]. In recent years, a concerted effort has
led to the observation of stable magnetic skyrmions under
ambient conditions in these structures [5–13] as well as
their current-driven dynamics [5,8,12,14]. Their topologi-
cal properties affect their dynamics in a nontrivial manner.
Notably, due to their quantized topological charge, mag-
netic skyrmions are subject to the so-called skyrmion Hall
effect (SkHE) [15,16], which leads to their deviation from
the trajectory imposed by the current. This dynamical sig-
nature of their topology needs to be characterized and
taken into account for future applications. Numerous stud-
ies of skyrmion dynamics have been focused on multilay-
ers with a large number of repetitions [8,14,16]. In partic-
ular, fast motion (100 m s−1) of small skyrmions (100 nm)
has been reported in [Pt/CoFeB/MgO]15 [8,16]. How-
ever, in these stray-field-coupled multilayers, the large
dipolar fields can outweigh the DMI and stabilize twisted
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spin structures with a nonuniform chirality across the film
thickness [17–19]. This leads to a complex current-driven
dynamics due to layer-dependent SOTs and topologies
[20,21]. Notably, these hybrid textures may not conserve
their topological charge during motion at high current
density and therefore may not be skyrmions which can-
not be described by existing models [20]. Furthermore,
for a given current density, a larger Joule dissipation is
also expected, since it scales with the total film thick-
ness. Therefore, the demonstration of fast current-driven
skyrmion motion in nanometer-thick film systems is a
prerequisite for the development of low-power skyrmion-
based devices and for a simple understanding of their
dynamics.

In this work, we report on the observation of the current-
driven motion of isolated magnetic skyrmions in an ultra-
thin Pt/Co/MgO film. Previously, we have shown that this
system exhibits a large interfacial DMI and hosts homochi-
ral Néel skyrmions at room temperature [7]. Here, we
find that these skyrmions, with diameters in the 100-nm
range, move at a velocity up to 100 m s−1 and that the
SkHE is markedly drive dependent. These observations
are complemented by a detailed characterization of the
static and dynamical properties of the stack. These mea-
surements and the simple skyrmion spin structure in our
system allow us to approach a quantitative comparison
with the prediction of the Thiele equation at high current
density. Real-scale micromagnetic simulations including
material inhomogeneities reproduce the observed drive
dependence of the skyrmion mobility and the SkHE,
allowing the identification of different dynamic regimes.
The simulations reveal that the drive dependence of the
SkHE is not accounted for by the fieldlike SOT (FL-
SOT), as previously claimed [16], but by pinning, which
greatly impacts the skyrmion dynamics at low current
density.

II. RESULTS AND DISCUSSION

A. Experimental results

We study the current-driven dynamics of magnetic
skyrmions in a sputter-deposited Ta(3)/Pt(3)/Co(0.9)/MgO
(0.9)/Ta(2) film (thicknesses in nanometers) at room tem-
perature, using the high-spatial-resolution photoemission
electron microscopy combined with x-ray magnetic circu-
lar dichroism (XMCD-PEEM). The sample is patterned
into 3-μm-wide tracks with injection pads consisting of
Ti(10 nm)/Au(100 nm), as represented in Fig. 1(a). An
external out-of-plane magnetic field μ0Hz ≈ −5 mT is
applied on the initially demagnetized configuration in
order to stabilize skyrmions with a core magnetized along
+ẑ. In Figs. 1(b)–1(e) and 1(f)–1(j), two sequences of
images display the characteristic current-driven motion
of the skyrmions. Between each acquisition, a single 11-
ns current pulse of amplitude J = 5.6 × 1011 A m−2 is
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FIG. 1. (a) A scanning electron microscopy (SEM) image of
the device, consisting of a 3-μm-wide Pt/Co/MgO track con-
tacted with Ti/Au pads for the current injection. A XCMD-PEEM
image (black dashed rectangle) showing isolated skyrmions in
the track is superimposed on the SEM image. (b)–(e),(f)–(j)
Two distinct sequences of images. Each image is acquired after
a single 11-ns current pulse. In both cases, the charge current
is flowing along +x̂ with J = 5.6 × 1011 A m−2. The applied
magnetic field is μ0Hz ≈ −5 mT.

injected along +x̂. Overall, some skyrmions exhibit a net
motion of several hundreds of nanometers along the cur-
rent direction, that is, against the electron flow (yellow and
orange circles). The same directionality is also observed
for skyrmions with the opposite core polarity, when Hz >

0. In addition, these skyrmions experience a net motion
perpendicular to the current direction, which is the signa-
ture of the SkHE. This kind of motion is consistent with the
current-driven dynamics of left-handed Néel skyrmions
governed by the spin Hall effect (SHE), as discussed here-
after. However, it also exhibits a stochastic character,
with events of nucleation (black circle) and annihilation
(red and blue circles). In addition, the sequences (b)–(e)
and (f)–(j) reveal that the skyrmion displacements are not
identical for each current pulse. Finally, some skyrmions
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appear to be distorted after a current pulse and sometimes
acquire an elongated shape. This stochastic behavior can
be attributed to the presence of pinning sites obstruct-
ing the skyrmion motion [22,23]. This local disorder can
also explain the large dispersion observed in the skyrmion
size and shape [24–26], with a measured average effec-
tive diameter dSk = 156 ± 45 nm (see Sec. 1.4 within the
Supplementary Material [27]).

Despite this irregular motion, systematic measure-
ments of the current-induced displacements averaged
over a large number of skyrmions allow us to extract
an average skyrmion velocity and skyrmion Hall angle
(SkHA)—namely, the angle �SkH between the current
and the skyrmion motion directions [see Figs. 2(a)–2(c)].
Figure 2(d) displays the dependence of the skyrmion
velocity on the current density. The velocity is calculated
as the total displacement divided by the measured pulse
width (8 ns and 11 ns in our experiments) and then aver-
aged over multiple events at the same current density.
The thermal drift between each acquisition is corrected
from larger images using the right-angled corner of the
track [see Fig. 1(a)]. Note that below a certain current
density, highlighted by the shaded area in Fig. 2(d), no
significant displacement is observed after a single current
pulse. Above J = 3.5 × 1011 A m−2, the skyrmion veloc-
ity increases monotonically with the current density and
reaches 100 m s−1 for J = 6.8 × 1011 A m−2. This value is
comparable to the largest velocities recorded for skyrmions
of similar size in stray-field-coupled multilayers [8]. How-
ever, the use of a single repetition allows to lower the
power dissipation by one order of magnitude. Furthermore,
as previously mentioned, the current injection also leads
to a motion perpendicular to the current direction. The
direction of deflection with respect to the current direc-
tion is unchanged when reversing the current direction [see
Figs. 2(a)–2(c)], which is characteristic of the SkHE. The
measurements [Fig. 2(e), black squares] reveal that the
SkHA depends on the skyrmion velocity and exhibits a
monotonic increase up to approximately 50◦.

In the following, we discuss and interpret these results
in the light of the Thiele model as well as micromagnetic
simulations. For this purpose, we realize a detailed char-
acterization of the static and transport properties of the
Pt/Co/MgO stack to approach a quantitative comparison
with the experimental results. Details of the different mea-
surements are given in the Supplementary Material [27]
and the parameters extracted are summarized in Table I.

B. Comparison with the analytical model

The experimental results are first compared with the pre-
diction of the Thiele equation [28], which captures the
dynamics of magnetic skyrmions well. Under the assump-
tion that the skyrmions behave as rigid spin textures, the
steady-state velocity v results from an equilibrium between

(a)

(d)

(e)

(b) (c)

v
v

FIG. 2. (a)–(c) A sequence of XMCD-PEEM images showing a
skyrmion after two consecutive 8-ns current pulses with opposite
polarities (the scale bar is 200 nm). The skyrmion Hall angle
(SkHA) �SkH is defined as the angle between the current and
the skyrmion-motion directions. (d) The skyrmion velocity as a
function of the current density. (e) The SkHA as a function of the
skyrmion velocity. The red solid lines and red dashed lines are
the analytical skyrmion velocity and the SkHA calculated from
Eqs. (2) and (3) using the parameters given in Table I for α =
0.43 and α = 0.30, respectively. The error bars denote the sum
of the systematic measurement error and the standard deviation.
The shaded areas highlight the regime for which no significant
displacement is observed after a single current pulse.

different forces acting on the skyrmion:

FDL + G × v − αD · v = 0. (1)

Here, FDL is the force due to the current injection. In
the case of HM/FM ultrathin films, the force results from
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TABLE I. A summary of the parameters used in the analytical model and the simulations. The saturation magnetization Ms and the
uniaxial anisotropy Ku obtained from SQUID magnetometry measurements. The DMI parameter D measured using Brillouin-light-
scattering (BLS) spectroscopy. The damping parameter α extracted from the DW mobility in the field-driven steady-flow regime. The
exchange constant A extracted from micromagnetic simulations and BLS measurements. The DW width parameter � deduced from
micromagnetic simulations. The average skyrmion radius R measured at μ0Hz ≈ −5 mT. The DL-SOT and FL-SOT effective fields
per unit current density, CDL and CFL respectively (given in mT per 1011 A m−2), extracted from harmonic Hall voltage measurements.
The current density is calculated from the measured current transmitted through the device, assuming that it flows uniformly in
Pt(3)/Co(0.9), owing to the larger resistivity of the Ta(3) underlayer. Additional details can be found in the Supplementary Material
[27].

Ms (MA m−1) Ku (MJ m−3) |D| (mJ m−2) α A (pJ m−1) � (nm) R (nm)
CDL10−14

(T A−1 m2)
CFL10−14

(T A−1 m2)

1.42 ± 0.05 1.34 ± 0.12 1.27 ± 0.04 0.43 ± 0.08 16 ± 6 11.5 78 ± 23 2.1 0.9

the action of the so-called dampinglike spin-orbit torque
(DL-SOT): the charge current flowing in the Pt layer is
converted into a spin current due to the SHE. The spin
accumulation at the Pt/Co interface leads to a torque act-
ing on the Co magnetization. In the case of Pt/Co/MgO,
since the spin Hall angle (SHA) is positive for Pt [29] and
skyrmions are of Néel type and exhibit a left-handed chi-
rality [7], the symmetries of the DL-SOT impose that the
resulting force drives the skyrmion in the current direc-
tion (i.e., opposite to the electron flow) [12]. In addition,
the topology of the skyrmion leads to a gyrotropic force,
G × v, where G = Gẑ is the gyrovector, the sign of which
depends only on the topological charge NSk, with G ∝ NSk
[28,30]. For instance, in Figs. 2(a)–2(c), G points in the −ẑ
direction. This second term thus describes the SkHE. The
third term describes the dissipative force, in which D is the
dissipative tensor and α is the Gilbert damping parameter.
Note that the effect of the FL-SOT is neglected. Indeed,
the action of the FL-SOT is equivalent to that of an exter-
nal magnetic field applied in a direction perpendicular to
the current direction and a spatially homogeneous mag-
netic field does not result in a force on a rigid skyrmion
in Thiele’s approach. This approximation is justified in the
next section by micromagnetic simulations. Although sim-
ple, this equation captures most of the physical ingredients
that drive the skyrmion dynamics and is particularly rele-
vant in our ultrathin films with a homogeneous homochiral
Néel spin configuration across the film thickness. Assum-
ing that the skyrmion has a radial 360◦ Bloch wall profile
[31], a rotational symmetry, and that its radius R is much
larger than the domain wall (DW) width parameter � (R �
�), the skyrmion velocity and the SkHA can be written as
follows [12,32]:

v = γπ

4
R√(

αR
2�

)2 + 1
CDLJ , (2)

tan �SkH = 2�

αR
. (3)

Here, γ is the gyromagnetic ratio, α is the Gilbert damping
parameter, J is the current density flowing in the Pt layer,
and CDL is the effective field (per unit current density) asso-
ciated with the DL-SOT. We use the parameters listed in
Table I. The analytical solution for the velocity is plot-
ted in Fig. 2(d) (red solid line): it reveals a relatively good
agreement with the experimental data at high current den-
sity, considering that the velocity depends critically on all
the aforementioned parameters. Nevertheless, we observe
that the experimental values are smaller than the one pre-
dicted by the Thiele equation at low current density. A
similar observation has been pointed out in the study of the
current-driven dynamics of DWs in Pt/Co/AlOx ultrathin
films [33]. It can be accounted for by the effect of pinning
on the skyrmion dynamics, not taken into account in this
simple model, which is expected to lead to a thermally acti-
vated regime at low drive current, characterized by smaller
velocities. This indicates that the skyrmion dynamics in
our experiments is in a depinning regime and this points
at the existence of a flow regime for the largest current
densities injected.

With regard to the SkHA, we find a value �SkH = 34◦
± 8◦ using Eq. (3). The uncertainty includes the uncer-
tainty on the skyrmion radius. Note that this value is
independent of the skyrmion velocity or the applied cur-
rent, in sharp contrast with our observations as well
as previous experimental studies [15,16]. This disagree-
ment with the experiments can also be explained by the
presence of pinning sites [22,23,34–36]. The calculated
SkHA (i.e., the steady-flow SkHA) is found to be smaller
than the maximum measured values [see Fig. 2(e), red
solid line]. However, as detailed in the next section, one
expects the SkHA to tend toward the calculated value
for large skyrmion velocities. Note that the damping is a
key parameter in the calculation of the skyrmion veloc-
ity and the SkHA. Here, we use the value α = 0.43. It is
extracted from field-driven DW dynamics measurements
in a Pt/Co(0.63 nm)/MgO film (see Sec. 1.5 within the
Supplemental Material [27]). This value is in good agree-
ment with previous DW dynamics experiments in ultrathin
Pt/Co/Pt [37] and Pt/Co/AlOx [33,38] films. To explain
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such large damping values, besides the contributions of
surface roughness [39] and spin pumping into the Pt layer
[40], the presence of Rashba spin-orbit coupling is also
predicted to enhance the damping [41]. This additional
contribution can be expected in our stack considering the
non-negligible FL-SOT (see Table I) and can lead to a sig-
nificant reduction of the DW and skyrmion velocity as well
as the SkHA [42]. We note that the damping parameter is
measured in a stack with a slightly thinner Co layer, which
is required to stabilize larger domains and drive DWs
with an external field. In a thicker Co layer, the different
interfacial contributions to the damping mentioned above
are expected to decrease. The simplest approximation to
account for the change in the Co thickness is to assume that
α ∼ 1/t, leading to α = 0.30 for the Pt/Co(0.9 nm)/MgO
film used to study the skyrmion dynamics. Accounting for
this correction leads to an enhancement of the calculated
skyrmion velocity and of the SkHA �SkH = 45◦ ± 8◦ [see
Figs. 2(d) and 2(e), red dashed lines] that provides a bet-
ter agreement with the experimental results, as it will be
justified in the next section.

C. Micromagnetic simulations

To go beyond the assumptions and limitations of the
analytical model, we perform micromagnetic simulations
using the parameters listed in Table I. Both the DL-SOT
and the FL-SOT are taken into account. These torques are
given, respectively, by TDL = −γ0CDLJ m × [(ẑ × ĵ) ×
m] and TFL = −γ0CFLJ m × (ẑ × ĵ), in which γ0 = μ0γ ,
m is the reduced magnetization vector, ĵ is the unit vec-
tor in the current direction, and CDL (CFL) is the measured
effective field per unit current density associated with the
DL-SOT (FL-SOT) [43]. The simulations are carried out
using the MICRO3D code [44]. The geometry consists of
a 1040 × 560 × 0.9 nm3 track with a cell size of 3.2 ×
3.2 × 0.45 nm3. An out-of-plane external field μ0Hz =
−5.4 mT is applied, which sets the skyrmion radius to 78.8
nm—that is, the experimental value—and thermal fluctua-
tions are neglected. Figures 3(a) and 3(b) show snapshots
of the skyrmion dynamics during the application of a cur-
rent with J = 2.9 × 1011 A m−2 and 6.7 × 1011 A m−2,
respectively. As indicated by the red arrow, the current is
tilted by 45◦ with respect to the track direction so that the
skyrmions move along the track. The simulations reveal
that the skyrmion experiences an expansion accompanied
by a deformation that becomes more pronounced with
increasing driving current. This effect is purely dynamical:
when the current is turned off, the skyrmion shrinks back
to its original size and recovers its rotational symmetry.
In addition, we find that this deformation is independent
of the FL-SOT and is therefore only due to the DL-SOT
(see Sec. 2.2 within the Supplemental Material [27]). To
highlight this effect, we calculate the effective skyrmion

(a) (c)

(e) (f)
(b)

(d)

FIG. 3. (a),(b) Sequences of snapshots showing the current-
driven dynamics of a skyrmion in an ideal disorder-free film
with (a) J = 2.9 × 1011 A m−2 and (b) J = 6.7 × 1011 A m−2

(the scale bar is 100 nm). (c) The evolution of the skyrmion
size as a function of the applied current density (at 5 ns). The
size is defined as the area for which mz > 0 (in red), normalized
by the area at rest. (d) A sequence of snapshots in a disor-
dered film. The dark grains are region of higher anisotropy and
the bright grains those of lower anisotropy. (e),(f) A summary
of the trajectories recorded for different grain distributions for
(e) J = 2.9 × 1011 A m−2 and (f) 6.7 × 1011 A m−2. The blue
dotted lines indicate the skyrmion trajectories in the disorder-
free scenario. The position of deformed skyrmions is defined as
that of their barycenter. The simulations are performed for the
experimental parameters listed in Table I with the applied field
μ0Hz = −5.4 mT.

size, defined as the total area for which mz > 0, normal-
ized by the skyrmion area at rest. Figure 3(c) displays
its evolution with the current density. It shows that the
skyrmion size increases significantly, in contradiction with
the rigid-core assumption of the Thiele model. We note that
the simulated skyrmion size matches that of the observed
skyrmions and it is significantly larger than the size con-
sidered in most studies [4,16,22,23], which could explain
why this dynamical effect has not been emphasized before.

To quantify the dynamics of a noncircular skyrmion, we
define its position as that of its barycenter. The obtained
skyrmion velocity and SkHA are plotted as blue dots in
Figs. 4(a) and 4(b) respectively. Remarkably, the simula-
tions are in very good agreement with the simple prediction
of the analytical model (red line). This highlights the rele-
vance of discussing our experimental results in the light
of the Thiele model. In addition, it emphasizes that the
effect of the FL-SOT, which is not taken into account in
the model, is not significant in our system. Surprisingly,
the DL-SOT-induced expansion and/or deformation does
not significantly alter the skyrmion dynamics in the range
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(a)

(b)
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FIG. 4. (a) The skyrmion velocity as a function of the current
density in the case of a disorder-free film (blue circles) and in the
case of a disordered film (black stars). (b) The SkHA �SkH as a
function of the skyrmion velocity. The analytical solutions (red
solid lines) are calculated from (a) Eq. (2) and (b) Eq. (3) using
the parameters given in Table I. To mimic the experimental con-
ditions, the velocity and the SkHA are calculated from the total
skyrmion displacement within an 8-ns time window. The error
bars denote the standard deviation. The shaded areas highlight
the pinned regime.

of current density considered, in spite of the large increase
in the skyrmion size [Fig. 3(c)]. Therefore, this effect
cannot account for the evolution of the skyrmion velocity
and SkHA observed experimentally (Fig. 2). Furthermore,
mechanisms involving a sizeable FL-SOT have been put
forward to explain the drive dependence of the SkHA of
slightly deformed skyrmions [16] or breathing skyrmions
[45]. However, our micromagnetic simulations including
both SOTs with realistic relative amplitudes (up to CFL =
CDL) show no significant effect of the FL-SOT (see Sec. 2.2
within the Supplemental Material [27]). Finally, note that
the Oersted field may also impact the measured SkHA, as

it generates a force on the skyrmion perpendicular to the
current direction. For skyrmions with a core magnetized
along +ẑ, which corresponds to the condition of most of
our experiments, this force is opposite to the gyrotropic
force [12]. Thus, besides being of negligible amplitude, it
may only reduce the measured SkHA and therefore can-
not explain the pronounced drive dependence observed
experimentally [Fig. 2(e)].

Another explanation to account for our experimental
results is the presence of pinning sites in the material
[22,23,35,36]. To include such an effect, we introduce
disorder, modeled by a distribution of grains with dif-
ferent anisotropies [46,47]. The average grain size is 30
nm, a value in line with previous estimations in simi-
lar systems [23,24,26], and the anisotropy is varied ran-
domly between (1 ± 0.05) Ku. This approach has been
shown to provide good qualitative agreement with exper-
imental observations of the skyrmion statics under an
applied field [22–26]. Figure 3(d) displays the motion of
a skyrmion for a given disorder configuration and for J =
6.7 × 1011 A m−2. It reveals that the skyrmion experiences
an additional dynamical deformation due to the local vari-
ation of anisotropy that creates minima for the DW energy.
This makes it difficult to draw a distinction between the
two contributions, namely that of the DL-SOT and that of
the disorder. The skyrmion at rest is also distorted, since it
relaxes on an inhomogeneous energy landscape, explain-
ing the (static) deformation of some skyrmions in Fig. 1
[24–26]. Figures 3(e) and 3(f) display the skyrmion tra-
jectories recorded for different grain distributions and for
J = 2.9 × 1011 A m−2 and J = 6.7 × 1011 A m−2, respec-
tively. The blue dotted lines represent the trajectories in
the absence of disorder, which deviate slightly from lin-
earity due to the skyrmion deformation. The first plot
reveals a stochastic dynamics, with a large dispersion in
the direction of motion. In some cases, the skyrmions
are stopped on a strong pinning site, preventing further
motion. For larger current densities, the number of such
events decreases and the trajectory approaches that of the
ideal case. This is emphasized in Fig. 4(a), which shows
the skyrmion velocity as a function of the current density
in the ideal case (blue dots) and the disordered case (black
stars).

The disorder introduces different regimes in the
skyrmion dynamics: at low driving current, the average
velocity, calculated from the total displacement after a
computation time of 8 ns, is close to zero. This pinned
regime is highlighted by the shaded areas in Fig. 4. At
higher current density, the force due to the current becomes
large compared to the pinning force and the velocity
increases and finally reaches the disorder-free velocity,
defining the flow regime. This behavior is analogous to
that of current-driven DWs [33] and highlights the fact that
care should be taken when interpreting the regime of the
skyrmion dynamics. In the pinned regime, a reduction in
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the average SkHA is observed. Upon increasing the driving
force, the SkHA increases monotonically and converges to
the disorder-free SkHA in the flow regime. These results
can be understood as follows: the pinning can be viewed
as a force acting opposite to the ideal skyrmion motion
direction [48], thus lowering its velocity. The gyrotropic
response to this force will make the skyrmion deviate from
its initial trajectory in a direction transverse to this pinning
force, according to the second term of Eq. (1). This effect,
referred to as extrinsic SkHE [22], prevails at low current
density and becomes negligible as the force due to the cur-
rent becomes sufficiently large as compared to the pinning
force.

These results are in excellent agreement with our obser-
vations and strongly suggest that the observed drive depen-
dence of the skyrmion velocity and that of the SkHA
is largely due to pinning. Note that only the nonshaded
areas in Fig. 4 are to be compared with the experimen-
tal results in Fig. 2. Although the critical current densities
and skyrmion velocities for which the depinning and flow
regimes are reached depend on the choice of disorder
parameters [22,23,49], this approach constitutes a good
qualitative description of the pinning effect on the current-
driven skyrmion dynamics. Qualitatively, the micromag-
netic simulations reveal that the disorder-free velocity and
SkHA constitute upper bounds for the velocity and SkHA
in disordered systems. This supports the aforementioned
assumption of a lower damping in our film, which would
increase the disorder-free velocity and the SkHA (Fig. 2,
red dashed lines), leading to an excellent agreement with
the simulations. Therefore, it confirms that the observed
skyrmion dynamics are in a depinning regime and this sug-
gests that the flow regime is reached for the largest current
densities.

III. CONCLUSIONS

We have studied the current-driven dynamics of small
magnetic skyrmions in an ultrathin Pt/Co/MgO film at
room temperature. We observe that isolated magnetic
skyrmions exhibit fast motion (100 m s−1) and a drive-
dependent SkHE. Supported by a detailed characterization
of the film properties and the SOTs governing the skyrmion
dynamics, we show that these observations can be well
accounted for by Thiele’s model at high current density,
which is particularly relevant in an ultrathin film hosting
skyrmions with a well defined chirality. Micromagnetic
simulations including the measured DL-SOT and FL-SOT
as well as material inhomogeneities reproduce the differ-
ent regimes of the drive-dependent skyrmion velocity and
SkHA. This, in turn, allows us to rule out the impact of the
FL-SOT on the skyrmion dynamics and to identify pinning
as the dominant effect responsible for the drive dependence
of the SkHE. Our results shed light on the current-driven
skyrmion dynamics in ultrathin films, which paves the way

for future experimental investigations for the purpose of
developing low-power skyrmion-based applications.
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[52] T. O. Menteş, G. Zamborlini, A. Sala, and A. Locatelli,
Cathode lens spectromicroscopy: Methodology and appli-
cations, Beilstein J. Nanotechnol. 5, 1873 (2014).

Correction: The units for the last two columns in Table 1 were
incomplete and have been fixed.

044007-9

https://doi.org/10.1103/PhysRevLett.99.217208
https://doi.org/10.1209/0295-5075/113/67001
https://doi.org/10.1103/PhysRevLett.104.217201
https://doi.org/10.1103/PhysRevB.74.214405
https://doi.org/10.1103/PhysRevLett.108.217202
https://doi.org/10.1103/PhysRevB.92.014418
https://doi.org/10.1103/PhysRevB.87.020402
https://doi.org/10.1016/S0927-0256(02)00184-2
https://doi.org/10.1103/PhysRevB.98.224418
https://doi.org/10.1088/0022-3727/49/18/185001
https://doi.org/10.1088/1367-2630/18/7/075011
https://doi.org/10.1038/ncomms2442
https://doi.org/10.1103/PhysRevB.99.104416
https://doi.org/10.1107/S1600577515003537
https://doi.org/10.1016/j.ultramic.2016.08.016
https://doi.org/10.3762/bjnano.5.198

	I. INTRODUCTION
	II. RESULTS AND DISCUSSION
	A. Experimental results
	B. Comparison with the analytical model
	C. Micromagnetic simulations

	III. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


