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The 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 non-
volatile 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 alter-
native approach is a skyrmion racetrack architecture5,6, which could 
potentially circumvent some of the drawbacks of the domain-wall-
based 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 perpen-
dicular orientation of adjacent spins, it stabilizes helical magneti-
zation 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 mul-
tilayer 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-pin-
ning 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 topology-
induced gyroforce, analogous to charged particles in the conven-
tional 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 com-
pletely 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, antiferro-
magnets 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 spe-
cific 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 sky-
rmion’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 appli-
cability 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 pic-
ture 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 mea-
surements21. 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 off-
set 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 tem-
peratures46,47 (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 tempera-
ture 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 

faster skyrmion motion, which is a desirable property for applica-
tions. 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 repro-
ducible 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 sky-
rmion 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 tem-
perature 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 appli-
cations 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 dynam-
ics 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  

250 nm

a b

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.
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temperatures, ranging from 225 K to 375 K, as a function of the sky-
rmion velocity. The results for all temperature regions overlap very 
well within the error bars and no strong influence of the tempera-
ture is visible. This contrasts with the strong temperature depen-
dence 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 veloc-
ity 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  

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 uncer-
tainty of the parameters, surpassing the expected ‘clean’, disorder-
free limit for the presented skyrmions and marks the limiting point 
for the theory by Reichhardt and Reichhardt40. Afterwards, the sky-
rmions enter a regime to which we, as previously introduced, refer 
as the depinning regime, even though the skyrmion trajectories are 
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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.
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Fig. 4 | Simulations of SkHa versus skyrmion velocity for temperature-
dependent 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.
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already barely influenced by defects and the skyrmions exhibit flow-
like 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 stron-
ger than the purely FL-SOT-induced behaviour and cannot depend 
strongly on the skyrmion’s rigidity as it is largely temperature inde-
pendent. Since the skyrmions investigated here are larger than the 
ones in ref. 21, one possible explanation is the presence of size fluc-
tuations 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.

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 enter-
ing the flow regime. Note that the absolute values of the SkHA for 
the defect-free case (black) are slightly increased by different sky-
rmion 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 mani-
fest 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 ‘sky-
rmion 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 sky-
rmion 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 

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 out-
of-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 curva-
ture to maintain a circular shape. Additionally, the current can 
cause a torque pointing along the tangential direction of the sky-
rmion perimeter. The combination of the two effects, which are 
proportional to DL- and FL-SOT respectively, produces an elonga-
tion 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 thresh-
olds, 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 ide-
ally compared with simulations where the regimes can be identi-
fied 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.

b d

a c

50 nm

50 nm 50 nm

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.
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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 differ-
ent deformation types do not correspond to the creep and depin-
ning/flow-regime slopes in Fig. 3, but instead both contribute to 
both regimes). Smaller skyrmions at zero temperature and with-
out 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 pre-
sented 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 exhibit-
ing the rather small FL deformations caused by the FL-SOT, these 
skyrmions can strongly alter their shape, leading to DL deforma-
tions. 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 defor-
mations and identify the dominant contribution to the drive depen-
dence 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 investi-
gated 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 

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 experi-
mental 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 sky-
rmions 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 interac-
tion of the skyrmion with the landscape of small material inhomo-
geneities. 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 dynam-
ics. Note that this conclusion is moreover independent of the exact 
identification of the creep, depinning and flow regimes in a sam-
ple, 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 func-
tion 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 simula-
tions were used to model the drive dependence and showed excel-
lent 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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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

DL - SOT
 is given in the legend; error bars give the s.d. The DL deformation at higher current densities occurs even for 

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 low-
drive 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.
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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 three-
dimensional 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 effective-
medium 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 ∝ × +. a bm p p( )j jSOT,impl

with proportionality constants aj and bj in the form
γ

α
ξα ξ ατ =

+
+ × × + − ×. a m m p m p

1
((1 ) ( ( )) ( ) ( ))jSOT,expl

0
2

where = ×p e ej Z is the spin polarization generated by the charge current j and 
= ħ

μ
α ∣ ∣aj e

j
d2 0

H  is the spin Hall parameter, composed of the spin Hall angle αH, the 
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 
is, ξ =

b

a
j

j
.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors on reasonable request.

Received: 23 November 2018; Accepted: 16 December 2019;  
Published online: 24 January 2020

References
 1. Boulle, O., Malinowski, G. & Kläui, M. Current-induced domain wall motion 

in nanoscale ferromagnetic elements. Mater. Sci. Eng. R 72, 159–187 (2011).
 2. Kent, A. D. & Worledge, D. C. A new spin on magnetic memories.  

Nat. Nanotechnol. 10, 187–191 (2015).
 3. Parkin, S. S. P., Hayashi, M. & Thomas, L. Magnetic domain-wall racetrack 

memory. Science 320, 190–194 (2008).
 4. Parkin, S. S. P. & Yang, S.-H. Memory on the racetrack. Nat. Nanotechnol. 10, 

195–198 (2015).
 5. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nanotechnol. 8, 

152–156 (2013).
 6. Tomasello, R. et al. A strategy for the design of skyrmion racetrack memories. 

Sci. Rep. 4, 6784 (2014).
 7. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic 

skyrmions. Nat. Nanotechnol. 8, 899–911 (2013).
 8. Romming, N. et al. Writing and deleting single magnetic skyrmions. Science 

341, 636–639 (2013).
 9. Hellman, F. et al. Interface-induced phenomena in magnetism. Rev. Mod. 

Phys. 89, 025006 (2017).
 10. Finocchio, G., Büttner, F., Tomasello, R., Carpentieri, M. & Kläui, M. 

Magnetic skyrmions: from fundamental to applications. J. Phys. D 49,  
423001 (2016).

 11. Purnama, I., Gan, W. L., Wong, D. W. & Lew, W. S. Guided current-induced 
skyrmion motion in 1D potential well. Sci. Rep. 5, 10620 (2015).

 12. Legrand, W. et al. Room-temperature current-induced generation and motion 
of sub-100 nm skyrmions. Nano Lett. 17, 2703–2712 (2017).

 13. Hagemeister, J., Romming, N., von Bergmann, K., Vedmedenko, E. Y. & 
Wiesendanger, R. Stability of single skyrmionic bits. Nat. Commun. 6,  
8455 (2015).

 14. Rohart, S., Miltat, J. & Thiaville, A. Path to collapse for an isolated Néel 
skyrmion. Phys. Rev. B 93, 214412 (2016).

 15. Stosic, D., Mulkers, J., Van Waeyenberge, B., Ludermir, T. B. & Milošević, M. 
V. Paths to collapse for isolated skyrmions in few-monolayer ferromagnetic 
films. Phys. Rev. 95, 214418 (2017).

 16. Bessarab, P. F. et al. Lifetime of racetrack skyrmions. Sci. Rep. 8, 3433 (2018).
 17. Müller, G. P. et al. Duplication, collapse, and escape of magnetic skyrmions 

revealed using a systematic saddle point search method. Phys. Rev. Lett. 121, 
197202 (2018).

 18. Dzyaloshinskii, I. E. A thermodynamic theory of weak ferromagnetism of 
antiferromagnets. J. Phys. Chem. Solids 4, 241–255 (1958).

 19. Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. 
Phys. Rev. 120, 91 (1960).

 20. Brataas, A. & Hals, K. M. D. Spin–orbit torques in action. Nat. Nanotechnol. 
9, 86–88 (2014).

 21. Litzius, K. et al. Skyrmion Hall effect revealed by direct time-resolved X-ray 
microscopy. Nat. Phys. 13, 170–175 (2017).

 22. Jiang, W. et al. Direct observation of the skyrmion Hall effect. Nat. Phys. 13, 
162–169 (2017).

 23. Büttner, F. et al. Dynamics and inertia of skyrmionic spin structures.  
Nat. Phys. 11, 225–228 (2015).

 24. Woo, S. et al. Observation of room-temperature magnetic skyrmions and 
their current-driven dynamics in ultrathin metallic ferromagnets. Nat. Mater. 
15, 501–506 (2016).

 25. Boulle, O. et al. Room-temperature chiral magnetic skyrmions in ultrathin 
magnetic nanostructures. Nat. Nanotechnol. 11, 449–454 (2016).

 26. Moreau-Luchaire, C. et al. Additive interfacial chiral interaction in multilayers 
for stabilization of small individual skyrmions at room temperature.  
Nat. Nanotechnol. 11, 444–448 (2016).

 27. Caretta, L. et al. Fast current-driven domain walls and small skyrmions in a 
compensated ferrimagnet. Nat. Nanotechnol. 13, 1154–1160 (2018).

 28. Jiang, W. et al. Skyrmions in magnetic multilayers. Phys. Rep. 704,  
1–49 (2017).

 29. Desplat, L., Suess, D., Kim, J.-V. & Stamps, R. L. Thermal stability of 
metastable magnetic skyrmions: entropic narrowing and significance of 
internal eigenmodes. Phys. Rev. B 98, 134407 (2018).

 30. Miltat, J., Rohart, S. & Thiaville, A. Brownian motion of magnetic domain 
walls and skyrmions, and their diffusion constants. Phys. Rev. B 97,  
214426 (2018).

 31. Kravchuk, V. P., Sheka, D. D., Rößler, U. K., van den Brink, J. & Gaididei, Y. 
Spin eigenmodes of magnetic skyrmions and the problem of the effective 
skyrmion mass. Phys. Rev. B 97, 064403 (2018).

 32. Zázvorka, J. et al. Thermal skyrmion diffusion used in a reshuffler device. 
Nat. Nanotechnol. 14, 658–661 (2019).

 33. Everschor, K., Garst, M., Duine, R. A. & Rosch, A. Current-induced 
rotational torques in the skyrmion lattice phase of chiral magnets. Phys. Rev. 
B 84, 064401 (2011).

 34. Woo, S. et al. Current-driven dynamics and inhibition of the skyrmion  
Hall effect of ferrimagnetic skyrmions in GdFeCo films. Nat. Commun. 9,  
959 (2018).

NaTuRE ELEcTRoNIcS | VOL 3 | JAnUARY 2020 | 30–36 | www.nature.com/natureelectronics 35

http://www.nature.com/natureelectronics


Articles NATure elecTrONIcS

 35. Zhang, X., Zhou, Y. & Ezawa, M. Magnetic bilayer-skyrmions without 
skyrmion Hall effect. Nat. Commun. 7, 10293 (2016).

 36. Zhang, X., Zhou, Y. & Ezawa, M. Antiferromagnetic skyrmion: stability, 
creation and manipulation. Sci. Rep. 6, 24795 (2016).

 37. Kim, S. K., Lee, K.-J. & Tserkovnyak, Y. Self-focusing skyrmion racetracks in 
ferrimagnets. Phys. Rev. B 95, 140404(R) (2017).

 38. Tomasello, R. et al. Performance of synthetic antiferromagnetic racetrack 
memory: domain wall versus skyrmion. J. Phys. D 50, 325302 (2017).

 39. Hirata, Y. et al. Vanishing skyrmion Hall effect at the angular momentum 
compensation temperature of a ferrimagnet. Nat. Nanotechnol. 14,  
232–236 (2019).

 40. Reichhardt, C. & Reichhardt, C. J. O. Noise fluctuations and drive 
dependence of the skyrmion Hall effect in disordered systems. New J. Phys. 
18, 095005 (2016).

 41. Kim, J.-V. & Yoo, M.-W. Current-driven skyrmion dynamics in disordered 
films. Appl. Phys. Lett. 110, 132404 (2017).

 42. Weigand, M. Realization of a New Magnetic Scanning X-Ray Microscope and 
Investigation of Landau Structures under Pulsed Field Excitation. PhD thesis, 
Univ. Stuttgart (2014).

 43. Schütz, G. et al. Absorption of circularly polarized X rays in iron. Phys. Rev. 
Lett. 58, 737–740 (1987).

 44. Jiang, W. et al. Blowing magnetic skyrmion bubbles. Science 349,  
283–286 (2015).

 45. You, C.-Y. & Ha, S.-S. Temperature increment in a current-heated nanowire 
for current-induced domain wall motion with finite thickness insulator layer. 
Appl. Phys. Lett. 91, 022507 (2007).

 46. Laufenberg, M. et al. Temperature dependence of the spin torque effect in 
current-induced domain wall motion. Phys. Rev. Lett. 97, 046602 (2006).

 47. Yamaguchi, A. & Nasu, S. Effect of Joule heating in current-driven domain 
wall motion. Appl. Phys. Lett. 86, 012511 (2005).

 48. Rózsa, L., Atxitia, U. & Nowak, U. Temperature scaling of the Dzyaloshinsky-
Moriya interaction in the spin wave spectrum. Phys. Rev. B 96, 094436 (2017).

 49. Wang, J. et al. Temperature dependence of magnetic anisotropy constant in 
iron chalcogenide Fe3Se4. J. Appl. Phys. 112, 103905 (2012).

 50. Lin, S.-Z., Reichhardt, C., Batista, C. D. & Saxena, A. Particle model for 
skyrmions in metallic chiral magnets: dynamics, pinning, and creep.  
Phys. Rev. B 87, 214419 (2013).

 51. Salimath, A., Abbout, A., Brataas, A. & Manchon, A. Current-driven skyrmion 
depinning in magnetic granular films. Phys. Rev. B 99, 104416 (2019).

 52. Reichhardt, C. & Reichhardt, C. J. O. Thermal creep and the skyrmion Hall 
angle in driven skyrmion crystals. J. Phys. Condens. Matter 31, 07LT01 (2018).

 53. Juge, R. et al. Current-driven skyrmion dynamics and drive-dependent 
skyrmion Hall effect in an ultrathin film. Phys. Rev. Appl. 12, 044007 (2019).

 54. Leliaert, J. et al. Adaptively time stepping the stochastic Landau-Lifshitz-
Gilbert equation at nonzero temperature: implementation and validation in 
MuMax3. AIP Adv. 7, 125010 (2017).

 55. Vansteenkiste, A. et al. The design and verification of MuMax3. AIP Adv. 4, 
107133 (2014).

 56. Rodrigues, D. R., Abanov, A., Sinova, J. & Everschor-Sitte, K. Effective 
description of domain wall strings. Phys. Rev. B 97, 134414 (2018).

 57. Woo, S. et al. Spin-orbit torque-driven skyrmion dynamics revealed by 
time-resolved X-ray microscopy. Nat. Commun. 8, 15573 (2017).

 58. Leliaert, J. et al. Current-driven domain wall mobility in polycrystalline 
Permalloy nanowires: a numerical study. J. Appl. Phys. 115, 233903 (2014).

 59. Hayashi, M., Kim, J., Yamanouchi, M. & Ohno, H. Quantitative 
characterization of the spin-orbit torque using harmonic Hall voltage 
measurements. Phys. Rev. B 89, 144425 (2014).

 60. Legrand, W. et al. Hybrid chiral domain walls and skyrmions in magnetic 
multilayers. Sci. Adv. 4, eaat0415 (2018).

 61. Dovzhenko, Y. et al. Magnetostatic twists in room-temperature skyrmions 
explored by nitrogen-vacancy center spin texture reconstruction. Nat. 
Commun. 9, 2712 (2018).

 62. Lemesh, I. & Beach, G. S. D. Twisted domain walls and skyrmions in 
perpendicularly magnetized multilayers. Phys. Rev. B 98, 104402 (2018).

 63. Mizukami, S. et al. Gilbert damping in perpendicularly magnetized Pt/Co/Pt 
films investigated by all-optical pump–probe technique. Appl. Phys. Lett. 96, 
152502 (2010).

 64. Moon, K.-W. et al. Domain wall motion driven by an oscillating magnetic 
field. J. Phys. D 50, 125003 (2017).

acknowledgements
We thank C. Reichhardt and C. J. O. Reichhardt for a helpful discussion about the 
effects proposed in their recent paper52. K.L., D.R., N.Kerber, M.K. and R.M.R. gratefully 
acknowledge financial support by the Graduate School of Excellence Materials Science in 
Mainz (MAINZ, GSC266). Work at MIT was supported by the US Department of Energy 
(DOE), Office of Science, Basic Energy Sciences (BES) under award DE-SC0012371 
K.E.-S. acknowledges funding from the German Research Foundation (DFG) under 
project EV 196/2-1. Measurements were carried out at the MAXYMUS end station at 
Helmholtz-Zentrum Berlin. We thank HZB for the allocation of beamtime. M.K. and 
the groups in Mainz acknowledge funding by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation)—projects 290319996/TRR173, 403502522/SPP 
2137 Skyrmionics and 290396061/TRR173. This work was supported by the Fonds 
Wetenschappelijk Onderzoek (FWO-Vlaanderen) through project G098917N and a 
postdoctoral fellowship (J.L). J.L was also supported during part of this research by 
the Ghent University Special Research Fund with a BOF postdoctoral fellowship. We 
gratefully acknowledge the support of NVIDIA Corporation with the donation of the 
graphics processing units (GPUs) used for this research.

author contributions
K.L. and M.K. proposed the study. M.K., G.S., B.V.W. and G.S.D.B. supervised the 
respective members of the study. I.L. and K.L. fabricated devices. K.L., P.B., S.K., 
N.Kerber, D.H., N.Keil and M.W. were part of the beamtime teams. K.L. performed 
and supervised the beamtime experiments. K.L., P.B. and S.K. analysed the beamtime 
data. K.-Y.L., J.Z. and K.L. performed the sample characterization. I.L. performed 
numerical calculations on the three-dimensional magnetization in the stack. J.L. and 
J.M. performed MuMax3 simulations. D.R. and K.E.-S. provided the surface tension 
model. All authors participated in the discussion and interpreted results. K.L. drafted the 
manuscript with the help of M.K. and R.M.R. and assistance from G.S.D.B. All authors 
commented on the manuscript.

competing interests
The authors declare no competing interests.

additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41928-019-0359-2.

Correspondence and requests for materials should be addressed to G.S.D.B. or M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

NaTuRE ELEcTRoNIcS | VOL 3 | JAnUARY 2020 | 30–36 | www.nature.com/natureelectronics36

https://doi.org/10.1038/s41928-019-0359-2
https://doi.org/10.1038/s41928-019-0359-2
http://www.nature.com/reprints
http://www.nature.com/natureelectronics

	The role of temperature and drive current in skyrmion dynamics
	Experimental observations
	Modelling by simulations and interpretation
	Conclusions
	Methods
	Acknowledgements
	Fig. 1 Measurement principle and typical observed skyrmion contrast.
	Fig. 2 Skyrmion velocity as a function of current density.
	Fig. 3 SkHA as a function of skyrmion velocity.
	Fig. 4 Simulations of SkHA versus skyrmion velocity for temperature-dependent material parameters with thermal fluctuations.
	Fig. 5 Different types of skyrmion deformation.
	Fig. 6 Influence of DL- and FL-SOT on the SkHA.




