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The role of temperature and drive current
in skyrmion dynamics
Kai Litzius1,2,3, Jonathan Leliaert 4, Pedram Bassirian1, Davi Rodrigues1, Sascha Kromin1,
Ivan Lemesh 5, Jakub Zazvorka1,6, Kyu-Joon Lee1, Jeroen Mulkers4,7, Nico Kerber1,2, Daniel Heinze1,
Niklas Keil1, Robert M. Reeve1,2, Markus Weigand3, Bartel Van Waeyenberge4, Gisela Schütz3,
Karin Everschor-Sitte1,2, Geoffrey S. D. Beach 5* and Mathias Kläui 1,2*
Magnetic skyrmions are topologically stabilized nanoscale spin structures that could be of use in the development of future
spintronic devices. When a skyrmion is driven by an electric current it propagates at an angle relative to the flow of current—
known as the skyrmion Hall angle (SkHA)—that is a function of the drive current. This drive dependence, as well as thermal
effects due to Joule heating, could be used to tailor skyrmion trajectories, but are not well understood. Here we report a study
of skyrmion dynamics as a function of temperature and drive amplitude. We find that the skyrmion velocity depends strongly
on temperature, while the SkHA does not and instead evolves differently in the low- and high-drive regimes. In particular,
the maximum skyrmion velocity in ferromagnetic devices is limited by a mechanism based on skyrmion surface tension and
deformation (where the skyrmion transitions into a stripe). Our mechanism provides a complete description of the SkHA in
ferromagnetic multilayers across the full range of drive strengths, illustrating that skyrmion trajectories can be engineered for
device applications.

T

he manipulation of magnetic states using electric currents
is of increasing interest in the development of spintronic
devices1,2, and a wide range of current-driven effects has
been studied, from low-power switching to induced oscillations.
One promising device proposal is the racetrack memory3, in which
propagating domain walls in a track architecture are used for nonvolatile and fast data storage4. In such a design, however, domain
walls need to be driven deterministically without becoming pinned,
for example at the track edges, which may be challenging. An alternative approach is a skyrmion racetrack architecture5,6, which could
potentially circumvent some of the drawbacks of the domain-wallbased system. Magnetic skyrmions7–12 benefit from topological
stabilization12–17, and due to their non-trivial topology they exhibit
complex dynamics and are more robust against inhomogeneities
(such as edge roughness) compared with domain walls.
Skyrmions in multilayer heavy-metal/ferromagnet stacks are
commonly stabilized by the interfacial Dzyaloshinskii–Moriya
interaction (DMI)18,19, which also dictates their chirality. The DMI
can arise from broken inversion symmetry in bulk crystals and at
symmetry-breaking interfaces. Since the DMI favours a perpendicular orientation of adjacent spins, it stabilizes helical magnetization configurations such as skyrmions and spin spirals, together
with the exchange interaction. An efficient and promising approach
to drive skyrmions along a magnetic track is to use spin–orbit
torques (SOTs), since they are conveniently generated through the
same heavy-metal/ferromagnet interfaces that also yield a strong
DMI9,20. Much work has been dedicated to investigating these multilayer systems21–26 and trying to engineer the properties and sizes
of the resulting spin states, including atomistic8, nanoscale24,27

and micrometre-sized skyrmion spin structures28. Recently, fast
and reproducible skyrmion motion in thin multilayer devices
was demonstrated21. Thermally induced skyrmion diffusion has
also been theoretically predicted29–31 and observed in ultralow-pinning materials32.
The non-zero topological charge of skyrmions is responsible for
the skyrmion Hall effect6,33. In particular, current-driven skyrmions
acquire a transverse velocity component through a topologyinduced gyroforce, analogous to charged particles in the conventional Hall effect. The skyrmion Hall angle (SkHA, θSkH), related to
the resulting motion, was originally assumed to depend only on the
skyrmion size and the material parameters, which are fixed for a
given system. However, the SkHA has been experimentally shown
to be drive dependent21,22,34, in contrast to explanations based on
simple rigid skyrmion models with perfect sample properties. In
addition, the transverse motion caused by the SkHA may expel the
skyrmions from the edges of a track, making the development of
practical implementations difficult.
Because both the gyroforce and thus the SkHA originate from
the topological spin structure of the skyrmion, they cannot be completely avoided in ferromagnets6,7. One approach to address this
is to employ (synthetic) antiferro- or ferrimagnetic materials with
sublattices of opposite spin orientations27,34–37. However, antiferromagnets are difficult to tailor and investigate experimentally10,38,
whereas ferrimagnets exhibit a finite SkHA if not operated exactly
at the compensation temperature27,34,39, and Joule heating can make
this problematic. To predict and eventually tailor the SkHA for specific applications, it is important to investigate how the magnitude
of the SkHA varies with the electric drive current, as well as the
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temperature dependence of the skyrmion Hall effect. In particular,
it would be useful to identify how the SkHA is affected by the skyrmion’s topological spin structure and dynamics, including effects
such as deviations from a rigid spin structure and interactions with
defects. Recent work has revealed that in ferromagnets defects of
the magnetic material22,40,41 and the deformation of skyrmions21 are
possible origins for the drive dependence, though there has been
no consistent study of the effects for the full drive region, from the
creep to the high-flow regime. Only the insights of the internal
dynamics of the skyrmion spin structure that govern the motion
would then allow one to predict and eventually tailor the SkHA for
specific applications.
In this Article, we explore the effects of temperature and drive
current on ferromagnetic skyrmion trajectories, defined by the
SkHA and skyrmion velocity. We compare existing theories based
on defect-induced pinning and deformation, and assess their applicability under various drive and temperature regimes. We find that
the skyrmion velocity increases with temperature because it follows
the increase in the damping-like SOT (DL-SOT). We develop a picture of skyrmion dynamics that covers the full range of creep and
flow regimes, which have only been studied separately so far21,22.
We also identify a regime where the SkHA drive dependence is no
longer linear and follows a more complex scaling, which cannot be
explained by existing models. As a result, we develop a model that
incorporates disorder (such as defects and thermal fluctuations),
internal mode excitations and a new type of skyrmion deformation.

Experimental observations

Our system is a [Pt(2.7 nm)/CoFeB(0.86 nm)/MgO(1.5 nm)]15
multilayer stack, similar to the stacks we used in previous measurements21. Imaging was performed using scanning transmission
X-ray microscopy42, with the X-ray magnetic circular dichroism
effect43 in static mode (that is, taking before–after pulse images of
the magnetic states), and a small offset out-of-plane magnetic field
was applied to maintain a constant skyrmion size. This field was
adjusted to compensate for a changing coercive field and maintain a
size of about 180 ± 30 nm diameter, even at different temperatures.
(This is slightly larger than the skyrmions imaged in ref. 21, but much
smaller than those observed in refs. 22,44.) The temperature was
adjusted via a nitrogen gas cryostat with the sample sitting directly
on a thermal coupling plate that acts as a heat sink with variable offset temperatures (Fig. 1). However, in contrast to dynamic imaging
as performed before21, the static imaging performed here allows for
an analysis of the skyrmion trajectories in the entire velocity range
from the creep to the flow regime. This would not be possible with
pump–probe imaging, which requires highly reproducible motion
in the flow regime.
We first investigate the skyrmion velocity and Hall angle as a
function of current density for different cryostat temperatures:
the skyrmion velocity is strongly temperature dependent even in
the high-drive regime (Fig. 2a). As the Joule heating of the wire45,46
was already compensated for with respect to the experiment temperatures46,47 (the real sample temperature was calculated for each
data point, and the points within narrow temperature regions are
grouped together; for details, see Supplementary Note 1), another
effect must be considered.
To reveal the origin of this behaviour, we probe the temperature dependence of the material parameters, which may dictate the
skyrmion velocity. We find changes of saturation magnetization,
anisotropy and DMI48,49 to be too small to induce sufficient changes
of the static skyrmion profile to explain the different slopes and
reveal instead that the DL-SOT is strongly temperature dependent
and increases with increasing temperature (Supplementary Note 2).
Therefore, at a constant current density, the effective drive exerted
on the skyrmion system varies with temperature. Here, the drive
becomes more efficient for higher temperatures and therefore yields

a

b
250 nm

Fig. 1 | Measurement principle and typical observed skyrmion contrast.
a, X-rays are focused onto a thin-film device sample, placed on top of a
SiN membrane. The wire is connected by two gold striplines for current
injection and moved to scan the magnetization pattern with the focused
X-ray beam. On the other side, the transmitted photons are counted by
a photodetector. Due to the X-ray magnetic circular dichroism effect, the
absorption of circularly polarized photons by the material is dependent
on the magnetization state. The sample holder provides additional
temperature control. b, Typical image of skyrmions in the studied
material system.

faster skyrmion motion, which is a desirable property for applications. When renormalizing the data for the temperature-dependent
relative torque values, the curves overlap and form a universal curve
above roughly 20 m s−1 (Fig. 2b). This threshold for reproducible
motion also corresponds well to previous findings21, where reproducible dynamics was only observed above roughly 20 m s−1 in a
nominally identical stack.
The fit of the velocities in this linear regime does not go through
the origin due to pinning effects at defects in the material. This
behaviour is historically attributed to the ‘depinning’ regime,
leading to the conclusion that the flow regime would only start at
around 75 m s−1. This is, however, inconsistent with our previous
report of fully reproducible (‘flow-like’) dynamics in this material21
and simulations (Supplementary Note 3), which show linear skyrmion trajectories. As a result, we see a clear discrepancy between
the regime historically termed ‘flow’, which was initially defined
for a pinning-free system, and the onset of skyrmions exhibiting
reproducible flow-like dynamics in our system that is not strictly in
the conventionally termed flow regime. We use here the commonly
accepted terminology, but point out that, although we are talking
about the depinning regime, we still observe that skyrmions can
move fully reproducibly and without being dominated by defects,
which is usually attributed to the flow regime. As described below,
this is also in agreement with our SkHA measurements.
We then examine the effects of temperature on the SkHA, which
is particularly important due to inevitable heating effects during
pulse injection. This property is key for applications where large
variations of the SkHA and thus the skyrmion trajectory with temperature pose problems, and at the same time we probe the influence
of temperature on the internal structure of the skyrmions. Next, we
consider the SkHA drive dependence for different temperatures:
theoretically there are currently two different models to explain the
drive dependence, each with different implications for device applications based on skyrmions. One model considers spin structure
deformations21 due to the field-like (FL-) SOT and the other one is
based on skyrmion pinning and depinning at defects40,50–52. While
the defect-based model only affects the dynamics in the low-drive
regime, that is for rather slow movements, and is mostly governed
by the density of the defects, the FL-SOT deformation-based model
has an effect for all regimes as it depends on the internal dynamics of the skyrmions. Therefore, we now investigate the SkHA with
regard to its entire behaviour, that is from the creep to the depinning
and eventually the flow regime at varying temperatures. Figure 3
shows the resulting angles for a variety of different real sample
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Fig. 2 | Skyrmion velocity as a function of current density. a, Skyrmion velocity v versus current density ja for a few corrected sample temperatures. The
slopes change as a function of temperature, which originates from a change in the SOT fields, as revealed in Supplementary Note 2. The uncertainty in
the temperature corresponds to the width of the temperature window allowed for this dataset (Supplementary Note 4). b, When rescaled including the
changing torques, the different slopes overlap and create a universal velocity dependence with all temperatures T overlapping well within the error bars
(given as s.d. over all observed skyrmions at a given current density). To allow for a correct temperature compensation, the data were plotted as a function
of the SOT effective field, aj (Methods), which is proportional to the current density but additionally includes temperature-dependent changes in the
magnetization and spin Hall angle.
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Fig. 3 | SkHA as a function of skyrmion velocity. Different and
distinguishable regimes are visible at various temperatures. A steep
increase in the SkHA is observed in the low-drive (creep) regime, while
in the depinning and flow regimes a shallower slope is observed. The red
and green background colours mark these regimes as a guide for the eye.
The second slope also crosses the expected disorder-free SkHA for rigid
skyrmions (black broken line); here θSkH ≈ 15.2°, indicating that we can
indeed observe a flow-like behaviour of the skyrmions, which agrees with
our micromagnetic simulations shown in Fig. 4. The colour of the data
points marks the sample temperature during the current pulse. Error bars
are given by the s.d. of the observed SkHA of all skyrmions present during
one current pulse. Solid black lines are guides to the eye.

temperatures, ranging from 225 K to 375 K, as a function of the skyrmion velocity. The results for all temperature regions overlap very
well within the error bars and no strong influence of the temperature is visible. This contrasts with the strong temperature dependence observed for the velocity as a function of current density,
and implies that in the investigated temperature regime the rigidity
of the skyrmions does not play a critical role for the SkHA drive
dependence. This is a major benefit for the application of skyrmion
motion in devices, as the SkHA does not depend on the temperature
and the device can thus generally operate at higher temperatures
where the skyrmion dynamics can become more efficient, as shown
in Fig. 2.
There are two distinct velocity regimes visible in Fig. 3. At first
there is a rather steep increase of the SkHA with increasing velocity at low drives, indicative of the creep and low-depinning regime,
which agrees qualitatively with the previously established theory
based on defects22,40. This model predicts an increase in the SkHA up
to the drive that leads to flow-like dynamics. Similar observations
32

10

Fig. 4 | Simulations of SkHA versus skyrmion velocity for temperaturedependent material parameters with thermal fluctuations. The
simulations with disorder (that is grains as defects and thermal
fluctuations) were averaged over ten simulations of 1 µs length each and
show a continuous increase of the SkHAs over a wide range of velocities
from the depinning/creep regime to the flow regime, where the DL
deformations eventually lead to massive changes in the skyrmion shape.
The continuous increase can be attributed to an increasing average
skyrmion size as shown by the insets (box size ~270 nm, boxes are centred
over the velocity regions where this type of deformation commonly occurs
at 300 K) and in Supplementary Note 5. While the SkHAs at the beginning
stay below the perfect (that is no defects and no thermal effects) sample
limit (black data points), they eventually catch up with it and even surpass
this limit due to stronger deformations (the main deformation axis as
well as the velocity vector v are shown in orange in the rightmost inset).
Note that the initially lower Hall angles can be attributed to slightly larger
skyrmions due to the variation of the material parameters that model the
effect of inhomogeneities and temperature. Error bars indicate the s.d. of
the skyrmion speed within the sample set.

were recently reported by Juge et al.53, who also showed that from the
depinning regime towards the flow regime variations in the slope
can occur. These changes precede a second slope where our data
only show a gradual increase over a much larger velocity interval.
In our measurements the SkHA is here eventually, within the uncertainty of the parameters, surpassing the expected ‘clean’, disorderfree limit for the presented skyrmions and marks the limiting point
for the theory by Reichhardt and Reichhardt40. Afterwards, the skyrmions enter a regime to which we, as previously introduced, refer
as the depinning regime, even though the skyrmion trajectories are
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already barely influenced by defects and the skyrmions exhibit flowlike characteristics before entering the historically defined flow
regime at roughly 75 m s−1. Note that generally the transition point
from the creep to the flow regime can be temperature dependent
and thus so can the transition between the slopes. However, within
the error of the recorded datasets, there is no significant change of
this transition velocity visible. In the depinning regime, we expect
the increase in SkHA with velocity to be related to deformations
of the skyrmions, similarly to the FL-SOT-induced deformations
proposed in ref. 21. However, the influence observed here is stronger than the purely FL-SOT-induced behaviour and cannot depend
strongly on the skyrmion’s rigidity as it is largely temperature independent. Since the skyrmions investigated here are larger than the
ones in ref. 21, one possible explanation is the presence of size fluctuations of the skyrmions, which we will check in the following by
micromagnetic simulations. Finally, an indication of a possible third
slope is observed at very high drives in the flow regime, which leads
to an additional increase in the SkHAs.

a

50 nm

b

50 nm

Modelling by simulations and interpretation

To investigate the origin of the slope for the depinning and flow
regimes in Fig. 3, we perform micromagnetic simulations for finite
temperatures, that is including thermal fluctuations54, and with
accurate temperature-dependent material parameters using the
software package MuMax355 (for details see Methods). The results
of the simulations are shown in Fig. 4. As expected and suggested
in ref. 40, the SkHA is suppressed in the low-creep regime due to
defects and eventually increases to the defect-free value when entering the flow regime. Note that the absolute values of the SkHA for
the defect-free case (black) are slightly increased by different skyrmion sizes compared with the case with disorder, since modelling
of the defects also slightly increases the skyrmion diameters. This
leads to a small shift of the black line to higher angles.
However, just as in the experiment, when moving beyond the
regimes described by the model by Reichhardt and Reichhardt40, we
can see an additional increase in the Hall angles, even in the absence
of an FL-SOT as studied here. In the simulations, we can identify the
origin of the increasing angles as a deformation of the skyrmions
that is distinctly different from the FL deformations proposed in
ref. 21. Closer investigations show that the effect occurs due to the
DL-SOT and that it can also be observed in the disorder-free case,
albeit only at higher drives around 80 m s−1. It is worth noting that
in the latter regime the disorder only plays a minor role, as shown
by the fact that the curves start to overlap and that disorder and
temperature in our system increase the effect of the DL-SOT at
lower drives. The two deformation types are distinct and manifest in different spin structure changes, as shown in Fig. 5. The
correlation between the DL-SOT-induced shape fluctuations and
the SkHA is outlined in Supplementary Note 5. Furthermore, we
introduce a theory for SOT-based high-drive deformations as
depicted in the rightmost inset in Fig. 4: the elongation in the y
direction is rooted in an interplay of SOTs acting on a skyrmion
and its surface tension at the boundary56. The concept of ‘skyrmion surface’ tension, that is of the encircling domain wall around
the skyrmion core, is rooted in the fact that inhomogeneous and
anisotropic perturbations can modify the shape of skyrmions
in magnetic materials. In the case of isotropic materials and the
absence of a broken symmetry in the lateral direction of the sample,
all investigated skyrmions would show a perfect circular profile.
An applied current is, however, capable of breaking the in-plane
symmetry of the otherwise isotropic system and therefore our skyrmion can deviate from the circularly symmetric case as reported
in ref. 21. Depending on the strength of the applied torque, the
deformation is influenced by the interplay between the ‘surface
interactions’ on the border of the skyrmion and the local torque
produced by the spin–current interaction (for more details see

c

50 nm

d

50 nm

Fig. 5 | Different types of skyrmion deformation. a,c, Small skyrmions
without thermal fluctuations as described in ref. 21. In a the skyrmion is
shown at rest and in c an elliptical FL deformation caused by the FL-SOT
is visible. b,d, Skyrmions at finite temperatures, which therefore exhibit
a rougher domain-wall profile (corresponding to the low- and high-drive
insets in Fig. 4). The low-drive skyrmion (b) is still relatively round while
the high-drive skyrmion (d) shows strong irregular deformations induced
by the DL-SOT.

Supplementary Note 6). Above the critical current density, the
skyrmion starts to deform and eventually elongates. This effect
becomes stronger with increasing drive until a stripe domain is
formed. In general, the components of any torque along the outof-plane direction acting on the skyrmion surface tend to change
the local curvature of the skyrmion. This corresponds to the fact
that the skyrmion tends to counteract any variation of its curvature to maintain a circular shape. Additionally, the current can
cause a torque pointing along the tangential direction of the skyrmion perimeter. The combination of the two effects, which are
proportional to DL- and FL-SOT respectively, produces an elongation of the skyrmion, and together these torques eventually lead to
the deformation presented in Fig. 4. Note that additional disorder
contributes to the symmetry breaking and therefore can lead to a
stronger deformation or a lower threshold current, above which
the deformation occurs. Experimentally this type of deformation
is, however, likely not to be observable in real time since it causes
non-reproducible skyrmion dynamics and therefore cannot be seen
either in pump–probe imaging, or in the quasistatic before–after
images, since the skyrmion quickly relaxes back to its circular shape
when at rest. Micromagnetic simulations can, however, shed light
on this type of internal skyrmion dynamics.
As mentioned before, the different regimes (creep, depinning
and flow) exhibit a gradual evolution and no exact, sharp thresholds, and thus blend into a general increase of the SkHA over the
full probed velocity range up to 100 m s−1. Therefore, experimental
data must be carefully treated when sorted into regimes and ideally compared with simulations where the regimes can be identified more easily. Note that the occurrence of high-drive DL-SOT
deformation marks a point when reproducible skyrmion dynamics
may become suppressed by the (non-reproducible) deformations of
the skyrmion on the background of material inhomogeneities. This
effect becomes apparent at high drives exceeding 100 m s−1, where
the magnetic structure eventually approaches a worm-like shape
that stops being a well defined round skyrmion.
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Fig. 6 | Influence of DL- and FL-SOT on the SkHA. a,b, The FL-torque effects are compared with the DL-torque-induced deformation at a temperature of
300 K. The FL-torque strength ξ = FL - SOT is given in the legend; error bars give the s.d. The DL deformation at higher current densities occurs even for
DL - SOT
zero FL-SOT contribution, and only very strong FL-SOTs can surpass it. Comparing the cases with (a) and without (b) disorder, the general influence of the
FL-SOT stays approximately the same while the influence of DL deformations is larger for lower drives. Note that the data also show two distinct slopes
for the low- and high-drive regimes. The former is, however, not well resolved in this plot as it occurs in the very low velocity regime. This effect originates
from the nature of the creep regime, where experimentally there are many thermally activated hops over long timescales, which would require impractical
simulation times to model. Therefore, simulations tend to underestimate the skyrmion velocity in the creep regime and thus increase the slope in the lowdrive regime. We further note that the SkHA value in the disorder-free plot (b) for the lowest velocity (semi-transparent data points) is not reliable due
to the low skyrmion velocities and the limited simulation time, so only values above about 10 m s−1 can be considered accurate, implying that the SkHA is
relatively constant for low velocities.

To clarify the nature of the two introduced deformations, we
now explicitly sort the deformations into two different categories,
as shown in Fig. 5. This plot serves as an example for the typical
morphologies of the two different deformation categories that
usually occur at different external fields (note that the two different deformation types do not correspond to the creep and depinning/flow-regime slopes in Fig. 3, but instead both contribute to
both regimes). Smaller skyrmions at zero temperature and without defects in the material are relatively rigid and tend to maintain
their general shape even at high drives. The FL-SOT can however
lead to a redistribution of the magnetization, in particular in the
domain wall delineating the skyrmions, and cause the skyrmion to
be slightly elliptic. This type of FL deformation causes the effect presented in ref. 21. Slightly larger skyrmions for our sample stacks in
the range of about 200 nm and above at finite temperatures and with
defects are more susceptible to the drive. Instead of only exhibiting the rather small FL deformations caused by the FL-SOT, these
skyrmions can strongly alter their shape, leading to DL deformations. This can occur up to the point where reproducible motion is
no longer possible, since the skyrmion deforms too much and does
not show symmetric motion for pulses forwards and backwards.
Note that the deformations we report here are not the commonly
observed breathing modes of skyrmions, which have been shown to
occur in a reproducible fashion57.
Finally, we consider the relation between the DL and FL deformations and identify the dominant contribution to the drive dependence of the SkHA. To investigate this, we focus here on larger
skyrmions than previously investigated in ref. 21 (that is ~180 nm
instead of ~110 nm). As a result, the skyrmions are more easily
affected by the current-induced torques and tend to increase in size
beyond a threshold torque. A direct comparison of the influence
of the torques can be found in Fig. 6, where the SkHA is shown
as a function of the current density for different ξ values (FL- to
DL-SOT ratios; Methods) in the range −3 ≤ ξ ≤ 3 for skyrmions of
size comparable to that in the experiment. The different slopes for
different ξ values reveal that, in this size range and for the investigated material, the DL deformations have a larger influence than
the ones caused by the FL-SOT. This stems from the fact that DL
deformations also lead to stronger size variations of the skyrmions,
while the FL deformations only redistribute the magnetization
around the skyrmion core (see Fig. 5). The latter observation of an
34

increase of the skyrmion size is the reason why dynamic imaging, as
performed before (at higher out-of-plane fields), did not show such
(non-reproducible) randomly induced deformations on the experimental resolution of ~20 nm. The simulations therefore provide the
insight that the larger the skyrmions, the more important the shape
and size (DL) deformations become, independent of the FL-SOT.
At smaller skyrmion sizes however, the FL deformations can have
a stronger influence relative to DL deformations, since these skyrmions are more stable towards disorder-induced changes in the
shape (‘wobbling’). Note that this wobbling appears to be largely
temperature independent and instead mostly caused by the interaction of the skyrmion with the landscape of small material inhomogeneities. This leads to a lower influence of temperature fluctuations
and explains why the rigidity of the skyrmion in our samples does
not change notably. In other words, as the major contribution to the
wobbling is from small material inhomogeneities, the changing real
sample temperature, while still contributing to the wobbling, is not
the major effect.
Overall, the simulations show very good agreement with the
experimental measurements and confirm the interpretation of both
disorder and deformations being relevant for the skyrmion dynamics. Note that this conclusion is moreover independent of the exact
identification of the creep, depinning and flow regimes in a sample, and all effects should be considered when fully modelling the
dynamics of skyrmions in thin films.

Conclusions

We have examined the SkHA over the entire dynamical range, from
the creep to the high-velocity flow regime. When plotted as a function of skyrmion velocity, the SkHA was found to be independent of
temperature, indicating no notable change in the skyrmion rigidity
due to thermal activation. Therefore, it should be possible to employ
skyrmions at elevated temperatures in a device. When the SkHA was
studied as a function of the drive current, several distinct regimes
were identified, which cover the regimes of the previously proposed
models based on defects and deformation. Micromagnetic simulations were used to model the drive dependence and showed excellent agreement with the experiment. Moreover, we showed that the
skyrmions can be influenced by two types of deformation, which
are related to DL- and FL-SOTs. These deformations induce spin
structure changes, and their relative contributions depend on the
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skyrmion size and spin structure but not on temperature. Our
results suggest that, by varying the drive, the skyrmion trajectory
can be tuned independently of temperature, and, combined with
efficient SOTs, skyrmionic systems can be tailored to operate with
high efficiency at elevated temperatures.

Methods

The [Pt(2.7 nm)/CoFeB(0.86 nm)/MgO(1.5 nm)]15 multilayer stack was deposited
on top of a SiN membrane and contacted by gold striplines so that electric current
can be sent through the patterned 2-µm-wide wires. The out-of-plane magnetic
field that sets the skyrmion size was adjusted to maintain a diameter of about
180 ± 30 nm.
The experimental skyrmions in this study are driven back and forth several
times by current pulses to acquire sufficient statistics, and their trajectories
are tracked by fitting their position with an elliptical Gaussian function. This
procedure provides a series of quasistatic frames before and after the motion
that correspond very well to the actual trajectories. Small pinning effects are
averaged out as shown by comparison of static and dynamic imaging on a very
similar stack, as previously employed in ref. 21. Fit uncertainties are given in the
individual figures.
All simulations were performed with and without additional grain structures
and thermal fluctuations54,58, with an average grain size of 10 nm to model the
real sample morphology. The program used is MuMax355 with the parameters
given in ref. 21 and a cell size of 2 nm. The SOTs are modelled according to the
description in ref. 59. To reduce the simulation time, the skyrmion was simulated
in a 500-nm-wide square simulation window with periodic boundary conditions.
The effective-medium model was used to shrink the experimental stack into a
single magnetic layer24. We note that recent experiments60,61 have revealed that
domain walls and skyrmions in multilayer films can exhibit a through-thickness
variation in the spin structure due to magnetostatic interactions. We therefore
performed full three-dimensional simulations to verify that, with the present
material parameters, recently described magnetostatically induced twists through
the thickness of the film60–62 do not manifest, and that the skyrmion structure
can be treated as effectively two dimensional60. We find that the experimentally
determined DMI in our films is considerably larger than the threshold DMI
required to ensure a uniform Néel structure throughout the thickness, computed
using the expression given in ref. 62. We further verified with the full threedimensional micromagnetic simulations that under the experimental driving
currents no dynamical twists develop either, and thus the skyrmions can be
treated as effectively two dimensional and modelled accurately using the effectivemedium approach (for details of the domain structure, see Supplementary Note
7). Within the grains, the micromagnetic parameters (DMI, anisotropy, saturation
magnetization) were varied by 10% following a normal distribution. Additionally,
the exchange coupling was reduced by 20% along the grain boundaries. The
skyrmion size was adjusted to 150 nm, that is close to the experimental size, by
tailoring the external out-of-plane field. As a result, a skyrmion was influenced by
the average of the varied parameters within its circumference.
The SkHA for rigid skyrmions in a disorder-free system was calculated from
the equation θSkH ≈ arctan(2Δ/αR) (ref. 21) with Gilbert damping α = 0.5, skyrmion
radius R = 90 nm and domain-wall width Δ ≈ A∕K ≈ 6 nm. The high Gilbert
damping value used here is motivated by the reports of large damping in systems
based on heavy metals63,64 and the fact that our material is stacked several times,
which enhances the coupling within the material and therefore also the damping
that should be used in the theoretical description of the material.
Following the description given in ref. 60, the SOTs were implemented by
adding the SOT τSOT directly to the explicit Landau–Lifshitz–Gilbert equation. τSOT
itself follows from the implicit form of the SOT
τ SOT,impl. ∝ a j (m × p) + bj p
with proportionality constants aj and bj in the form
γ0
τ SOT,expl. =
a j ((1 + ξα) (m × (m × p)) + (ξ − α) (m × p))
1 + α2
where p = e j × eZ is the spin polarization generated by the charge current j and
ħ α ∣j∣
a j = 2μ e Hd is the spin Hall parameter, composed of the spin Hall angle αH, the
0
reduced Planck constant ħ, the vacuum permeability μ0, the gyromagnetic ratio
γ0, the electron charge e, the amplitude of the applied current ∣j∣ , and the thickness
d of the magnetic layer. The FL-SOT prefactor is then effectively given by ξaj, that
b
is, ξ = j .
aj
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