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Abstract 

 

Magnetic skyrmions, topologically stabilized chiral magnetic textures with particle-like properties have 

so far primarily been studied statically. Here, we experimentally investigate the dynamics of skyrmion 

ensembles in metallic thin film conduits where they behave as quasi-particle fluids. By exploiting our 

access to the full trajectories of all fluid particles by means of time-resolved magneto-optical Kerr 

microscopy, we demonstrate that boundary conditions of skyrmion fluids can be tuned by modulation 

of the channel geometry. We observe as a function of channel width deviations from classical flow 

profiles even into the no- or partial-slip regime. Unlike conventional colloids, the skyrmion Hall effect 

can also introduce transversal flow-asymmetries and even local motion of single skyrmions against the 

driving force which we explore with particle-based simulations, demonstrating the unique properties of 

skyrmion liquid flow that uniquely deviates from previously known behavior of other quasi-particles. 

 

Introduction - Skyrmions are chiral magnetic quasiparticles1–6 that have attracted significant attention 

since their discovery6 in the fields of magnetism and spintronics owing to their topologically enhanced 

stability7–9. Once nucleated, these non-trivial spin textures can be manipulated and moved by using low-

power spin-orbit torques induced by electric current10–13. These properties make them interesting for 

potential application in spintronics1,4,14–25 but also as a model system in statistical physics, as they can 

be considered a highly tunable, virtually ideal two-dimensional system26. Dynamic features like size-

control15,27, stochastic Brownian motion15,28–30 and skyrmion-skyrmion-31–33, as well as skyrmion-

boundary31–35 repulsion in patterned structures grant them high experimental value to model rheological 

2D phenomena like lattice ordering6,34, phase transitions34,36,37 and fluid motion38,39. In this context, 



skyrmion flow is the semi-synchronous, driven motion of individual skyrmions in a dense state39, 

confined by other skyrmions into a low density lattice.  

Classical incompressible Newtonian fluids in laminar flow obeying the Navier-Stokes equation exhibit 

Poiseuille flow40 for which the velocity flow profile along the cross-section of a simple confining 

geometry with flat walls is parabolic. In the context of Newtonian fluids in laminar flow, the frictional 

interaction between fluid particles and the wall of the channel leads to the observation of the lowest 

velocity at the channel's walls, with the highest particle velocity occurring in the middle of the channel. 

The fulfilment of the no-slip boundary conditions occurs as the velocity of fluid particles at the 

channel’s wall approaches zero. In cases where the velocity decreases toward the boundaries but does 

not reach zero, the system satisfies partial-slip conditions41. 

The flow of magnetic skyrmions induced by spin-orbit torques exhibits fluid-like characteristics 

analogous to, e.g., colloidal fluids42. Similar to the latter, skyrmions also move in a rough energy 

landscape originating from defects in magnetic thin films, so-called pinning sites43. In a hypothetical 

perfect, pinning-free skyrmion sample with straight walls and without stray fields, no interactions exist 

that slow down skyrmions near the boundary of the system and thus leads to slip boundary conditions. 

No-slip boundary conditions can be fulfilled artificially in experiments if channels with rough confining 

walls are used, e.g., by triangular modulation of edges. Notably, this means that the boundary conditions 

of skyrmion fluids can be controlled by the artificial roughness of the structure edge. Comparable rough 

geometries have been used to tune the flow in simulations of colloidal systems44,45. As the constituent 

particles of a skyrmion fluid can also be tracked individually in space and time, this makes skyrmion 

fluids compelling systems to study flow phenomena in two dimensions. Skyrmion flow, the role of 

confinement, and its application have been reported in work based on simulations46–49, primarily with a 

focus on the skyrmion Hall effect12,50–52. However, in contrast to colloids, so far little has been studied 

experimentally about the flow properties of skyrmions.  

In this study, we investigate rheological characteristics and dynamics of skyrmion systems and their 

viability as a dynamical 2D model system. We determine the influence of boundary conditions on 

skyrmion channel flow experimentally and observe drastically varying velocity profiles. With quasi-

particle simulations we explore conditions beyond the current capability of our experimental setup and 

demonstrate asymmetric channel flow inaccessible to conventional colloidal systems showing how 

additional complexities of skyrmion dynamics result from the skyrmions’ topological spin structure. 

 

Experimental skyrmion velocity flow profiles – We employ experimental measurements on a thin film 

sample deposited by magnetron sputtering with the following layers beginning with the seed layer on a 

thermally oxidized Si substrate: Ta(5)/Co20Fe60B20(0.95)/Ta(0.09)/MgO(2)/Ta(5) (respective 

thicknesses in nanometers in parentheses and relative stoichiometric concentration in percentage). More 



information on manufacturing of the sample is given in Appendix A. We record the skyrmion dynamics 

at around 315 K using magneto-optical Kerr effect (MOKE)53 microscopy with differential imaging 

technique at a frame rate of 16 frames per second. More information on the experimental protocol is 

given in Appendix B. Spin-orbit torques induced by electrical currents at the Ta/CoFeB interface cause 

controllable skyrmion motion12,54 along the current flow with skyrmion velocities in the µm/s regime at 

low electric current densities of the order of 107
𝐴

𝑚2 
16. The samples’ skyrmion-edge and skyrmion-

skyrmion repulsion confine the particles in the available space, causing a relatively dense skyrmion 

state when nucleated15,33,34 (see Fig. 1. a)). To examine the impact of the imposed boundary conditions 

on the fluid-like behavior of skyrmions, we have fabricated channels with varying confinements. The 

confinements include straight and thus sharp (Fig. 1 (a)) wire edges, and diametrically zigzag modulated 

and thus rough edges (Fig. 1 (c, e)).  

 

To understand the type of flow, we first determine the velocity flow profile of skyrmions from 

trajectories based on frame-to-frame displacements. Fig. 1 a) shows one frame with tracked skyrmions 

encircled in red, while Fig. 1 b) displays the resulting experimental velocity flow profile for an applied 

current density of 5.7 ∙ 107
𝐴

𝑚2 along the width of the wire. In a straight wire, the velocities exhibit a 

flow that is not very significantly influenced by the edge of the geometrical confinement. Hence, this 

setup corresponds to slip conditions. Discrepancies observed between experimental flow and a 

completely homogeneous skyrmion velocity profile likely arise from pinning effects as discussed in 

Supplementary Figure 1 64. Conversely, the skyrmion velocity profile in the modulated channel with an 

inner width of 80 µm (see Fig. 1 d)) clearly shows the influence of the modulation: While velocities in 

the inner part are almost constant, velocities in the outer parts within the triangular modulation rapidly 

decrease towards the edge, as the skyrmion motion is strongly hindered due to edge repulsion and lower 

current density. Thus, we can effectively impose partial-slip condition with these boundary 

modulations. 

When we decrease the width of the channel but keep the edge modulation, the flattened region in the 

center of the velocity profiles can be minimized, or even avoided, as seen in Fig. 1 e and f). In this 

experiment, the distance between opposing triangle edges is halved to a 40 µm channel width, while 

the current density stays the same, resulting in an almost parabolic velocity profile, resembling that of 

a classical fluid. Note, however, that this is a finite-size effect and only occurs in narrow channels while 

the repulsive interactions stay unaltered.  

 



 

 

Figure 1: a), c) and e) Single experimental Kerr microscopy frame with skyrmions encircled in red in 

channels with straight (a) and modulated edges (c, e). Skyrmions are tracked frame by frame and their 

trajectories are used to extract their respective velocity profiles in x-direction (along the wire). The blue 

dashed lines help illustrate the channels edge/confinement, which is not visible due to difference 

imaging. b), d), f) Corresponding velocity profiles; showing the average velocity in µm/s of tracked 

skyrmions across the channel width (y-axis). Lines at the tip of each histogram bar represent error bars. 

 

To rationalize and better understand the observed behavior, we perform particle-based simulations 

parametrized to reproduce experimental conditions in the creep regime leading to Fig.1c) and d). 

Experimental data of rectangular current pulses leads to effective skyrmion Hall angles of 𝜃𝑠𝑘𝐻𝐴 =

(0.58 ± 0.13)° 55 and hence corresponding simulations can assume 𝜃𝑠𝑘𝐻𝐴 = 0 for the presented current 



densities and corresponding velocities in the creep regime. Note that experimentally, a skyrmion Hall 

angle of exactly zero is difficult to achieve in the evaluation due to the alignment of the sample and 

electrical contacts. In a second step, we explore scenarios beyond the capabilities of our current 

experimental setup and investigate skyrmions with spin structures that go beyond our experimentally 

realized spin structures leading to strong flow asymmetries arising from non-zero skyrmion Hall angles. 

 

Thiele Model Simulations – Quasi-particle simulations are based on the common form of the Thiele 

framework51,56–58 with isotropic dissipation, which is used to describe skyrmions as quasi-particles:59,60  

−𝛾𝑣⃗ − 𝐺𝑧 × 𝑣⃗ + 𝐹⃗ = 0 

with friction coefficient 𝛾, instantaneous velocity 𝑣⃗ induced by the total force 𝐹⃗, and gyrotropic vector 

𝐺𝑧 = (0,0, 𝐺) responsible for the skyrmion Hall effecta. The corresponding term is set to zero for our 

first set of simulations while our study of flow asymmetries requires a finite Magnus force. 

Contributions to the total force 𝐹⃗ are a driving force 𝐹⃗𝐷, replicating spin-orbit torque induced motion 

through a confining geometry, a random force 𝐹⃗𝑅 to mimic Brownian diffusive motion observed in 

skyrmions, as well as purely repulsive skyrmion-skyrmion and skyrmion-boundary interactions based 

on previous results of iterative Boltzmann inversion33. Note that conventional colloidal systems are also 

simulated with a similar overdamped Langevin equation which, however, typically does not contain a 

gyro tropic term required to induce flow asymmetries61,62 and thus skyrmion flow dynamics exhibits 

additional complexity not found in conventional colloids. Further details on the simulation protocol and 

chosen parameters are given in Appendix C of the Supplementary Material64. As there is no inertia in 

the model, skyrmions in the middle of the confining geometry approximately flow with velocity |𝑣⃗𝑚𝑎𝑥| 

directly induced by the driving force 𝐹⃗𝐷 in the center: 

|𝑣⃗| = |𝑣⃗𝑚𝑎𝑥| =
|𝐹⃗𝐷|

𝛾
 . 

The applied driving forces directly follow current density distributions corresponding to each 

experimental sample, which are obtained using the COMSOL software package63. One exemplary 

current distribution of a sample with modulated edges is given in Supplementary Figure 2 64. 

 

Simulations of symmetric channel flow – First, simulations with a negligible skyrmion Hall effect (γ 

= 1, G = 0) were performed and reproduce the creep regime behavior observed in Fig. 1c), d). The 

average velocity only decreases in the immediate vicinity of the modulation, while skyrmions in the 

 

a It is important to ensure that the dissipative force opposes the total force, whereas the sign of the Magnus force 

does not affect the results except for a spatial reflection. In some of our previous publications32,33,35  there have 

been typos concerning the sign of the dissipative force. All simulations have however been using the correct 

equations. 



inner part of the channel flow almost homogeneously as they are accelerated back to |𝑣⃗𝑚𝑎𝑥| 

immediately after collisions due to lack of inertia. The resulting flat profile in the center of the channel 

(Fig. 2 red) is in good agreement with corresponding experimental results (Fig. 2 blue) confirming the 

viability of our approach. In comparison, skyrmion flow in a straight channel without modulation (not 

shown here) is not significantly hindered and the velocity profile is flat even close to the confining 

boundaries. We conclude that the flow behavior does not resemble that of a classical fluid but is indeed 

very similar to behavior expected for other quasi-particle systems such as colloids as both can be 

modelled using similar equations of motion. See Appendix C of the Supplementary Material for further 

information on simulation parameters64.  

 

 

 

 

Figure 2: Skyrmion flow velocity profiles of the modulated channel of 80 µm width. Comparison of 

averaged experimental (blue, in µm/s) and simulated (red, in µm/𝜏 with 𝜏 the simulation time parameter) 

velocity profiles. Both profiles become flat in the inner part of the channel.  

 



Simulations of asymmetric channel flow and local backflow – While so far, our simulations did not 

consider the Magnus term, in the next step we include this term to account for the skyrmion Hall effect. 

With non-zero skyrmion Hall angles, the mirror symmetry of the velocity flow profiles with respect to 

the center of the channel is broken and driving forces push skyrmions preferentially to one side of the 

sample. This does not only lead to asymmetric skyrmion flow, but reinforced interactions with the 

boundaries of the confining geometry enabling interesting and more complex flow phenomena 

inaccessible to conventional colloidal systems. One of these examples we discuss below. At a particular 

driving force, the average velocity of skyrmions flowing near the top edge of the geometry becomes 

negative in simulations with a Magnus parameter of G = 0.25, resulting in a skyrmion Hall angle of 

𝜃𝑠𝑘𝐻𝐴 = 15°, i.e., skyrmions propagate opposite to the applied force. The striking asymmetry in the 

simulated velocity flow profile between the upper half of the confining geometry and the lower half is 

shown in Fig. 3a). Notably, the velocity increases significantly towards the lower edge, while the 

velocity towards the upper edge decreases and even becomes negative. These asymmetries are purely 

caused by the skyrmion Hall effect, since all forces and the confinement are symmetric in our 

simulations and there are no pinning-effects in this system. Similar asymmetries might be observable 

in experiments with larger applied current densities where the skyrmion Hall effect is not suppressed55 

and the effects of pinning are overcome. However, tracking the dynamics of skyrmions within the 

viscous flow regime (velocities on the order of m/s)55 while a direct current is applied is currently not 

possible in our experimental setup. The negative velocity at the top edge of the confining geometry in 

these simulations is caused by a dynamic effect in which one skyrmion forces another one towards the 

upper boundary of the confining geometry, which then moves against the flow direction along the 

contour of the modulation. As sketched in Fig. 3b), a skyrmion (marked in red) can be shoved into the 

space between two modulating triangles by a skyrmion located directly behind it (marked in blue). 

Notably, this only occurs frequently at the top edge of the confining geometry since skyrmions are 

constantly pushed downwards by the skyrmion Hall effect, thus leaving more room for a skyrmion to 

be pushed towards the upper edge of the confining geometry. After following the contour of the 

modulation, the skyrmion marked as red realigns with the flowing skyrmions in the bulk, effectively 

switching positions with the skyrmion marked as blue. During this process, the red skyrmion is pushed 

against the direction of applied current, which is significantly lower in between the triangular 

modulation (see Suppl. Fig. 2), thus resulting in a negative velocity for that particular bin. Note, 

however, that this effect does not lead to an effective backflow as skyrmions are propelled in the flow 

direction as soon as they move away from the upper confining boundary. This backflow effect occurs 

for various geometries, and it is particularly pronounced in the geometry shown in Fig. 3. It can also 

occur when the confining geometry has no modulation, i.e., is completely flat; the balance of the driving 

force and skyrmion Hall angle can create a sufficiently low particle density near the upper confining 

boundaries such that skyrmions can be pushed closer towards the upper boundaries and exhibit this 



demonstrated backflow effect. Further geometries exhibiting backflow are shown in appendix D of the 

Supplementary Materials64. 

 

Figure 3: a) Simulated velocity flow profile of a 20 µm channel with oblate modulation (see b)) and a 

skyrmion Hall angle set to 𝜃𝑠𝑘𝐻𝐴 = 15°, resulting in an asymmetric velocity flow profile. Notably, the 

average skyrmion velocity at the upper edge of the confining geometry is negative, implying that 

skyrmions in this region flow opposite to the applied driving force. b) Sketch of a dynamic process 

which occurs at the upper edge of the confining geometry, leading to negative velocities on average. 

Skyrmions experiencing a force from left to right will also be pushed downwards due to the skyrmion 

Hall effect. As a result, a skyrmion (marked red) can be pushed into the space created between the 

flowing skyrmions and two triangle tips (i-ii). (iii-iv) Then the red skyrmion slightly moves against the 

applied current and finally moves back in line with the flowing skyrmions, behind the skyrmion it was 

initially ahead of.  

 

Conclusion - In this paper, we determine the characteristics of skyrmion quasi-particle flow in a low 

velocity, current driven creep regime in two-dimensional channels by combining experiments and 

simulations. We demonstrate that a large variety of flow profiles can be obtained by tuning the confining 

boundaries. A regular triangular modulation hinders movement of skyrmions along the boundaries 

effectively imposing partial-slip conditions, while flat boundaries provide slip conditions. In the 

modulated case we obtain an almost parabolic flow profile for small channels and driving forces, while 

velocities flatten in the middle of wider channels. On a fundamental level, skyrmion quasi-particles can 

thus share many transport characteristics with other macroscopic particles in overdamped scenarios like 

colloids. While previous studies of skyrmion fluid dynamics have been very limited, the ability to tune 

the boundary conditions of skyrmion flow in combination with various skyrmion-specific effects grants 

skyrmion fluids high potential for interdisciplinary research beyond what is possible in conventional 

systems. For instance, unlike the conventional (quasi-) particles, asymmetries arising from Magnus 

forces enable a whole new variety of phenomena including local backflow which we demonstrate with 



particle-based simulations. This together with the ability to adjust sizes and densities of skyrmions on 

the fly underscores their potential as a highly tunable model system for studying fundamental aspects 

of forces and transport in statistical physics.  
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