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Significance 

Defects and disorder often limit 
the exploration of the dynamical 
properties of materials. In 
magnets, they lead to the pinning 
of domain walls and other 
topological defects. We present 
an experimental and theoretical 
study of a lattice of magnetic 
whirls, or skyrmions, driven by 
electric currents and a slow, 
periodic shaking of their 
orientation via an oscillating 
magnetic field. This shaking 
overcomes disorder, enabling 
motion under arbitrarily small 
forces. As a result, a rich 
dynamical phase diagram 
emerges, where skyrmion 
movement resembles walking 
and running. Our findings reveal 
a strikingly simple phenomenon 
in magnetic materials, providing a 
controlled platform to explore 
nonequilibrium dynamical order. 

In three-dimensional chiral magnets, skyrmions are line-like objects oriented parallel to 
the applied magnetic field. The efficient coupling of magnetic skyrmion lattices to spin 
currents and magnetic fields permits their dynamical manipulation. Here, we explore 
the dynamics of skyrmion lattices when slowly oscillating the field direction by up to 
a few degrees on millisecond timescales while simultaneously pushing the skyrmion 
lattice by electric currents. The field oscillations induce a shaking of the orientation 
of the skyrmion lines, leading to a phase where the critical depinning current for 
translational motion vanishes. We measure the transverse susceptibility of MnSi to 
track various depinning phase transitions induced by currents, oscillating fields, or 
combinations thereof. An effective slip–stick model for the bending and motion of the 
skyrmion lines in the presence of disorder explains main features of the experiment 
and predicts the existence of several dynamical skyrmion lattice phases under shaking 
and pushing representing phases of matter far from thermal equilibrium. 

condensed matter | nonequilibrium | magnetic skyrmions | magnetic susceptibility | MnSi 

Collective dynamical patterns are ubiquitous in nature, appearing in electronically 
ordered phases, chemical systems, biological cells, neural networks, and even social 
contexts. In magnetic materials a particularly rich variety of static patterns has been 
reported such as conventional magnetic domains (1), quantum order (2–4), and 
topological textures such as skyrmions, merons, and hopfions (5, 6). This raises the 
question for the existence and potential properties of collective dynamical patterns among 
the vast range of magnetic systems which is amenable for theoretical and experimental 
exploration. 

The criteria to be met by a magnetic model system of collective dynamical patterns 
comprise well-understood forces underlying their formation, and a well-developed 
theoretical framework providing meaningful insights into the dynamical response. 
Topological spin textures meet these requirements in an ideal manner. Along with 
the initial discovery of skyrmion lattices in cubic chiral magnets (7, 8), several key 
characteristics were reported entailing a search for dynamical patterns. In these materials 
skyrmions, i), stabilize parallel to an applied field except for tiny corrections by magnetic 
anisotropies (9, 10), ii) feature an exceptionally strong coupling to spin currents as inferred 
initially from ultrasmall critical current densities, jc ≈ 106 Am−2 (11–13), iii), display 
a tiny coupling to disorder and defects as reflected also in the low values of jc (14–16), 
and iv), are remarkably well-described using phenomenological modeling (17, 18). 

It was, hence, long known that skyrmion lattices in the presence of a current feature 
two qualitatively different states. First, a static phase where skyrmions do not move, 
up to corrections from thermal creep (19, 20), and, second, a dynamic phase in which 
skyrmions are unpinned and flow with a finite average velocity. However, considering 
that skyrmions in cubic chiral magnets were found to align parallel to the applied 
magnetic field to minimize their free energy, it was appreciated that changes of the 
direction of the magnetic field offer an alternative way to manipulate skyrmion strings. 
Indeed, so-called time-involved small-angle neutron scattering (TISANE) demonstrated 
the unpinning of the skyrmion lattice under slow, periodic changes of field orientation 
above a tiny critical angle of ∼0.4◦ (21, 22). This raises the question addressed in our 
study, if dynamical skyrmion lattice phases can be accessed and created when combining 
the effects of pushing by spin currents with shaking the orientation of the skyrmion 
lattices dynamically. 

Key for the exceptionally strong coupling of skyrmions to spin currents are well-
understood nonvanishing Berry phases picked up when electrons or magnons traverse 
a skyrmion (11, 12, 23, 24). Cast in the framework of an emergent electrodynamics, 
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the skyrmion is described by virtue of an emergent magnetic 
field, that accounts for the deflection of conduction electrons 
and the concomitant appearance of a topological Hall effect of 
electrons traversing a skyrmion lattice (12, 25–27). The resulting 
counterforce on the skyrmion may exceed the pinning forces 
due to disorder such that the skyrmions start to move (11, 12). 
In cubic chiral magnets, the precise microscopic origins of the 
pinning potentials are unknown. In magnetic multilayers, the 
effective disorder potential was explored by measuring the ther-
mally activated diffusion of individual skyrmion bubbles (28). 
However, the pinning of a skyrmion lattice is expected to differ 
qualitatively from that of individual skyrmion bubbles as the 
stiffness of the lattice renormalizes the pinning potentials (29). 

Intimately connected to the spin-current-driven motion of 
skyrmions is the physics of their depinning (29, 30) and 
their dynamical response (31–33). For instance, an emer-
gent electric field was observed with the onset of skyrmion 
motion (12, 34, 35), and the current-induced deformation 
dynamics of moving skyrmion strings was tracked by means 
of the second-harmonic Hall effect (36). Moreover, techniques 
such as small-angle neutron scattering (37, 38), ultrasound spec-
troscopy (20), and transmission electron or X-ray microscopy (39, 
40) were combined with numerical methods to study the current-
driven depinning, deformation, and creep of skyrmion lines (41– 
45). In this context, open questions are whether skyrmion lines 
remain intact or break up into pieces by virtue of Bloch points 
and how they interact with surfaces (46–52). 

To explore the properties of a skyrmion lattice under simulta-
neous application of spin transfer torques and dynamic changes 
of orientation, we measured the transverse susceptibility of MnSi. 
This compound represents the perhaps most extensively studied 
and best understood metallic skyrmion-hosting material. The 
unpinning of the skyrmion lattice under either electric currents or 
oscillations of the magnetic field direction has been demonstrated 
previously in MnSi (11, 21) but electric currents and magnetic 
field oscillations had not been combined. 

As our main new result we identify, track, and interpret 
two key signatures: first, an increase of the real part of the 
susceptibility 𝜒 as the skyrmion lattice becomes unpinned and 
responds better to the probing field, and second, the emergence 
of dissipation with the onset of unpinning, encoded in a rise 
of the imaginary part of 𝜒 , followed by a reduction of the 
dissipation once the skyrmions are depinned completely. We 
use measurements of a thermodynamic quantity, namely the 
magnetic AC susceptibility, in the presence of electrical currents 
as an unusual approach to track the depinning transition and 
thus the motion of skyrmions. Our experimental results are in 
remarkable qualitative and semiquantitative agreement with an 
effective slip-stick model of the bending and motion of the 
skyrmions. This permits the prediction of several dynamical 
skyrmion lattice phases representing phases of matter far from 
thermal equilibrium not created and observed before. 

Results 

In our study, we consider a static magnetic field in the z direction, 
Bz , that is combined with a slowly oscillating field with small 
amplitude, b, in the x direction, B(t) = (Bx(t), 0, Bz) with 
Bx(t) = b cos(𝜔t). We consider frequencies 𝜔 in the range of a 
few hertz up to a few kilohertz, which is much smaller than the 
gigahertz regime of typical magnons (53, 54). 

When slowly changing the direction of the field in the absence 
of pinning, the skyrmion lines follow the applied field (10), tilting 
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Fig. 1. Characteristics of skyrmion motion when an oscillating magnetic 
field b and an electrical current density j are applied perpendicular to the 
skyrmion lines. (A) Depiction of the skyrmion lines forming along the static 
magnetic field B in a trigonal lattice. (B–E) Stroboscopic visualization of the 
bending and motion of a skyrmion string in the plane spanned by B and b for 
dierent values of b and j. Decreasing color saturation encodes the progress 
of time. In the fully pinned phase (FPP, B), the skyrmion string is static. In 
the partially pinned phases (PPP, C), only the ends of the string move. In the 
walking (WP, D) and running phases (RP, E), a net translational velocity v is 
observed. In the WP, a part of the string is not moving during parts of the time 
evolution. In the RP, the entire string moves. (F ) Phase diagram of skyrmion 
motion obtained from simulations of Eq. p,b 1 using parameters 𝜖0/LF  = 36.7, 
𝜔/𝜔0 = 1.26, Fp,st  /(LFp,b ) = 0.2, 𝛼D/G = 0.1, and 𝛽D/G = 0.07 (see SI
Appendix for details). Crosses denote the field b and current j values visualized 
in B–E. 

by a small angle 𝛼 ≈ Bx(t)/Bz . As a consequence, the ends of the 
skyrmion line will move a macroscopically large distance ∼L𝛼/2, 
where 𝛼  1 is the tilt angle of the magnetic field and L the 
length of the skyrmion line. 

In the presence of pinning, in contrast, whether and how 
the skyrmion lines follow the field direction depends on the 
amplitude b and the frequency 𝜔 of the oscillating field. For 
small amplitudes, the orientation of the skyrmion line does 
not change. The associated magnetic texture deforms only 
slightly as described by standard linear-response theory. For large 
amplitudes, the skyrmion lines depin and follow the magnetic 
field, as previously reported (21). 

As depicted in Fig. 1A, the interplay of slow oscillations of the 
direction of the magnetic field by a small transverse magnetic 
field, b, with an applied electric current density, j, leads to a rich 
nonequilibrium phase diagram already at the level of mean-field 
calculations (see Discussion for details). At least four different 
phases may be distinguished: i) In the fully pinned phase (FPP, 
Fig. 1B), all parts of the skyrmion lines are static at all times with 
the exception of the tiny oscillations associated with magnons 
(not depicted in the figure). ii) In the partially pinned phase 
(PPP, Fig. 1C ), macroscopic parts of the skyrmion lines unpin 
and follow the applied field, while other parts remain pinned. 
iii) In the walking phase (WP, Fig. 1D), all parts of a skyrmion 
line move over the course of a field oscillation, but remain 
pinned during a finite fraction of the oscillation period. We 
name this phase in loose analogy to the motion of humans, 
where walking implies that at each time at least one foot is 
on the ground and thus not moving. iv) In the running phase 
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(RP, Fig. 1E), all parts of the skyrmion line are unpinned and 
move at all times of an oscillation. 

A crucial difference of the unpinned phases as compared to 
the pinned phases concerns the response to an applied electric 
current. In the walking and the running phase arbitrarily small 
currents cause a net motion of the skyrmion lines despite the 
presence of disorder. On a related note, for micrometer-sized 
skyrmion bubbles in magnetic multilayers a 300-fold increase 
of the diffusion constant was reported under oscillations of the 
magnetic field (55). Most likely, however, this increase reflects 
a crossover rather than a pinning–depinning phase transition as 
observed in our study. Compared to the macroscopic motion 
of the ends of skyrmion strings induced by the oscillating field 
in MnSi, the domain wall motion in the multilayers remains 
restricted to much smaller distances (55). 

Shown in Fig. 1F is the diagram of dynamical phases as 
a function of oscillation amplitude and current density. At 
vanishingly small oscillation amplitude, the FPP of the skyrmion 
lattice undergoes a complete unpinning into the RP above a 
critical current density jc . At zero current density, an increasing 
oscillation amplitude induces a transition from the FPP to the 
PPP, followed by the transition from the PPP to the WP. Under 
increasing current density, the oscillation amplitude necessary to 
induce the transition into the WP is reduced. Independent of the 
oscillation amplitude, above jc the WP is transformed into the RP. 

Before turning to our experiments, we recall that the magnetic 
phase diagram of MnSi includes different static magnetic phases 
at a temperature suitable for our study (56). As a function of in-
creasing magnetic field helical order, conical order, the skyrmion 
lattice, conical order, and the field-polarized (ferromagnetic) state 
are stabilized. 

For information on the experimental set-up, the precise 
conditions of our measurements, the correction of heating effects, 
and the data reduction, we refer to Materials and Methods and 
SI Appendix. Shown in Fig. 2 A and B are the real and the 
imaginary parts of the transverse susceptibility, Re𝜒 ⊥ and Im𝜒⊥ , 
as a function of the magnetic field B at 28.1 K for different current 
densities j. Starting from the helical state at B = 0, a pronounced 
peak at Bc1 marks the transition to the conical state. At the lower 
and upper transition fields of the skyrmion lattice state at Ba1 
and Ba2, changes of slope are observed. Above a kink at Bc2, the 
field-polarized state is entered. 

In the field range of the skyrmion lattice state, Ba1 < B < Ba2, 
both Re𝜒 ⊥ and Im𝜒⊥ increase monotonically under increasing j. 
In comparison, in the helical and conical states, no dependence 
on j was observed. Relative changes of the real and the imaginary 
part of the susceptibility with respect to j = 0 under various 
current densities are depicted in gray shading in Fig. 2 C and 
D. Data at j = 0 are consistent with previous reports of the 
transverse susceptibility (57, 58). 

We turn now to the two limiting ways of unpinning the 
skyrmion lattice (SkX), namely either by virtue of an electric 
current or oscillations of the applied field, as shown in Fig. 3 
A and B or C and D, respectively. For ease of comparison, 
additional data recorded in the helical (Hel), conical (Con), and 
field-polarized (FP) states are shown. 

In the skyrmion lattice phase at 0.22 T, both Δj=0Re𝜒 ⊥ and 
Δj=0Im𝜒 ⊥ display essentially the same three key characteristics 
as a function of increasing j as shown in Fig. 3 A and B. Namely, 
the susceptibility i) is unchanged up to a critical current density 
j −2 
c ≈ 0.5 MA m , ii) displays an abrupt increase for j > jc , 

followed iii) by a sublinear increase approaching a saturation 
for j  jc . In the helical and conical states, recorded at 0.01 T 
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Fig. 2. Transverse susceptibility of MnSi as a function of static magnetic 
field, B, across the dierent magnetic states under various applied current 
densities j for a medium-sized oscillating field, b = 1.26 mT measured at the 
frequency f = 120 Hz. (A) Real part, Re 𝜒 ⊥ , and (B) imaginary part, Im 𝜒 ⊥ , 
of the transverse susceptibility. Changes of slope, labeled Bc1, Ba1, Ba2, and 
Bc2, indicate the transitions between the equilibrium magnetic states, see 
text for details. Applied currents increase the transverse susceptibility for 
Ba1 < B < Ba2, i.e., in the skyrmion lattice state. (C and D) Change of the real 
and imaginary part relative to the values observed without current, Δj=0Re𝜒 ⊥ 

and Δ ⊥ 
j=0Im𝜒 , in the field range of the skyrmion lattice state. Data were 

oset for better visibility. 

and 0.30 T, respectively, the susceptibility remains essentially 
unchanged, where the small increase of Δj=0Re𝜒⊥ in the helical 
state (Fig. 3A) may be related to small systematic errors of the 
correction of the ohmic heating (cf. SI Appendix). 

Qualitatively, Δj=0Re𝜒⊥ and Δj=0Im𝜒⊥ agree well with the 
behavior calculated theoretically presented below. Quantitatively 
the value of jc corresponds quite well to current densities in small-
angle neutron scattering and the Hall effect which established 
first that the skyrmion lattice starts to move freely (11, 12). 
As the skyrmions are unpinned from disorder, they adjust to 
the small excitation field and the susceptibility increases. Thus, 
these characteristics in the susceptibility represent the signature of 
the unpinning of the skyrmion lattice under an electric current. 
Indicated in color shading in Fig. 3 are the dynamical phases 
under increasing j, notably the FPP (yellow) and the RP (green). 
The transition must include a small regime of WP (blue) we 
cannot distinguish further. 
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Fig. 3. Changes of the transverse susceptibility, 𝜒 ⊥ , in the dierent mag-
netic equilibrium states in MnSi under dierent applied current densities, 
j, and oscillating fields, b. Static field values, B, are representative of the 
helical (Hel, squares), skyrmion lattice (SkX, circles), conical (Con, diamonds), 
and field-polarized state (FP, triangles). Depicted in color shading below each 
panel are the dierent dynamic phases, namely the fully pinned phase (FPP), 
the partially pinned phase (PPP), the walking phase (WP), and the running 
phase (RP). (A and B) Change of the real and imaginary part as a function of 
current density relative to the values observed without current, Δj=0Re𝜒 ⊥ 

and Δj=0Im𝜒 ⊥ . The oscillating field was b = 1.26 mT. (C and D) Change of the 
real and imaginary part as a function of the oscillation amplitude relative to 
the values observed at vanishing amplitude, Δb→0Re𝜒 ⊥ and Δb→0Im  𝜒 ⊥. No 
current was applied, j = 0. 

Shown in Fig. 3 C and D are Δj=0Re𝜒 ⊥ and Δj=0Im𝜒 ⊥ 

as a function of oscillation amplitude, b, at j = 0. The key 
characteristics observed as a function of b are similar though 
not identical to those observed under increasing j. Namely, 
Δ Re𝜒 ⊥ and Δ Im𝜒⊥ 
j=0 j=0 are unchanged up to a critical 

amplitude bc ≈ 0.7 mT. They initially exhibit a monotonic 
increase for b > bc . However, Δj=0Re𝜒 ⊥ and Δj=0Im𝜒 ⊥ 

display a point of inflection and a maximum, respectively, around 
b∗ 

≈ 5 mT beyond which they do not track each other. In 
comparison to the skyrmion lattice phase (SkX), data recorded 
in the helical phase (Hel) at 0.01 T and conical phase (Con) at 
0.30 T are essentially constant as a function of b. 

The dependence on oscillation amplitude is also in remarkable 
qualitative agreement with the theoretical calculation presented 
below. The unpinning permits the skyrmions to align better with 
the applied field, resulting in an increase of the real part of the 
susceptibility. The maximum observed in Δj=0Im𝜒 ⊥ reflects the 
decreases of dissipation as the skyrmions become fully unpinned. 
The color shading denotes the field range of the FPP (yellow), the 
PPP (orange), and the WP (blue). As j = 0, the skyrmions are 
walking on the spot in the WP. Underscoring this interpretation 
quantitatively, the value of bc ≈ 0.7 mT translates to a tilting 
angle of ◦ ◦ 

∼0.2 compared to a tilting angle for unpinning ∼0.4
observed microscopically in TISANE (21). 

The main result of our study is finally obtained when com-
bining different current densities with different field oscillation 
amplitudes. Most notably, Fig. 4 establishes that sufficient 
shaking of the skyrmion lattice by the oscillating field, namely 
b > b∗ , induces a phase with vanishing depinning current. 

Shown in Fig. 4A is Δj=0Re𝜒⊥ as a function of current density 
for different oscillation amplitudes b. The critical current density 
jc at small amplitudes is defined as the point where Δj=0Re𝜒 ⊥ 

increases abruptly (red triangles). Under increasing b, jc decreases 
and vanishes abruptly for b  > b∗, indicating the transition into 
the walking phase with jc = 0. In Fig. 4B, this evolution of jc 
is compared with the change of the susceptibility induced by b 
at j = 0 as already presented in Fig. 3 C and D. Combining 
the change of both the real and the imaginary part for the 
skyrmion lattice highlights that as jc vanishes for b > b∗ , 
Δb→0Im𝜒 ⊥ shows a maximum while Δb→0Re𝜒⊥ exhibits a 
point of inflection. 

Discussion 

For a minimal theoretical description of our experimental 
observations, we developed a theory which includes i) nonlinear 
effects due to the coupling of a skyrmion line to a magnetic 
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Fig. 4. Suppression of the critical current density, jc , of skyrmion lattice 
flow under transverse oscillating field, b. (A and B) Experimental results are 
compared with (C and D) theoretical calculations. The skyrmion lattice state 
was stabilized at the static magnetic field B = 0.22 T. (A and C) Change of 
the real part of the transverse susceptibility as a function of current density 
j relative to the values observed without current, Δj=0Re𝜒 ⊥ , for dierent 
oscillation amplitudes, b. (B and D) Change of the real and imaginary part 
of the transverse susceptibility (blue symbols) as function of the oscillation 
amplitude relative to the values observed at vanishing amplitude, Δb→  ⊥ 

0Re𝜒
and Δ → Im𝜒 ⊥ , when no current is  b 0 applied, j = 0. When current and field 
oscillations are combined, the critical current density jc of net translational 
motion of the skyrmion lines (red symbols) is suppressed to zero under 
increasing amplitude b, i.e., the walking phase is observed already at 
arbitrarily small current density. For the calculations, parameters were used 
as specified in the caption of Fig. 1. 
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field of oscillating direction, ii) the forces on the skyrmion 
lattice due to spin-polarized electric currents, and iii) an effective 
account of pinning by disorder. The effects of magneto-crystalline 
anisotropies are neglected being very weak in MnSi (10, 59). 

We consider a small time-dependent transverse magnetic 
field component, b cos(𝜔t), that induces a tilt of the skyrmion 
lattice assuming that the skyrmion lattice is free to move. 
To describe the tilting and any associated bending as well as 
a motion of the skyrmion lattice, we introduce a function 
u(z, t) = (ux(z, t), uy(z, t), z) which describes the displacement 
of skyrmion lines of length L, where z with −L 

≤ 2 z ≤ L2 is a 
coordinate parallel to the skyrmion lines. 

Assuming that the magnetization can be described by 
M (r, t) ≈ M 0(r − u(z, t)) where M 0 is the skyrmion lattice 
in equilibrium, we derive the Thiele equation for u(z, t): 

G×(u̇(z, t)−vs)+D(𝛼 ̇u(z, t)−𝛽vs) = − 
𝛿Fu 

𝛿u(z, t) 
+F pin . [1] 

Here, G is the gyrocoupling vector, D is the dissipative tensor, 
vs is a (spin) drift velocity proportional to the applied electric 
current, 𝛼 and 𝛽 parameterize the Gilbert damping, and F pin 

is an effective pinning force due to disorder. The free energy 
describing the alignment of the skyrmion lines parallel to the 
applied magnetic field is given by 

Fu ≈ 
𝜖0 

2 

 L/2 

−L/2 
dz 

 
∂zu − 

Bx(t) 
B 

2 
, [2] 

where Bx(t) = b cos(𝜔t)x̂ and 𝜖0 is an elastic constant param-
eterizing the stiffness of the skyrmion lattice. For an effective 
description of the effects of disorder, which proves to be essential 
in our study, we use a slip–stick model, where the pinning forces 
at the surface and in the bulk differ, similar to models previously 
applied to skyrmions (12) and superconducting vortices (60). 
At the surface of the sample, enhanced pinning is expected due 
to higher amounts of disorder and impurities. We refer to SI 
Appendix for details and derivations. 

Eq. 1 represents an effective mean-field description of the 
bending and the translational motion of a skyrmion lattice, where 
fluctuation effects are ignored and disorder is not taken into 
account microscopically but only on average. Thus, this model 
captures the depinning transition only on a mean-field level and is 
not able to describe the behavior in regimes in which the physics 
of thermal creep or thermal activation (28) is important. Yet, 
as a mean-field theory, it captures the relevant phases and phase 
transitions. The rapid onset of the depinning transition observed 
in MnSi (12) suggests that thermal creep in fact is negligible. 

As expressed in Eq. 2, the transverse magnetic field, b, couples 
to the L 2 ends of the skyrmion string only, /

−
∂

/  zudz = u(L 2 L/2)− 
u(−L/2). Thus, the transverse magnetic field enters only on the 
level of a boundary condition of Eq. 1. Shown in Fig. 1 is the 
phase diagram when the pinning at both surfaces is identical but 
differs from the bulk. As presented in the introduction, one may 
then distinguish four phases, namely fully pinned (FPP), partially 
pinned (PPP), walking (WP), and running (RP). When the 
pinning at the surfaces differs in addition, calculations indicate 
that the partially pinned phase splits up into several subphases 
(see SI Appendix for details). 

The key question pursued in our study concerned the 
signatures of the different dynamical phases and associated phase 
transitions in Re𝜒⊥ and Im𝜒⊥ as a function of oscillation 
amplitude b and electrical current density j. Shown in Fig. 4 C 

and D are changes of the calculated transverse susceptibility, 
Δb→0Re𝜒 ⊥ and Δb→0Im𝜒 ⊥ , for a set of parameters chosen 
such that the values of the critical current density jc at b = 0 and 
the real part of the susceptibility, Re𝜒⊥ at zero current match 
experiment. In these calculations, the critical current density is 
inferred on a microscopic level, namely above jc the skyrmions 
exhibit net movement. 

As a function of current density, the real part of the calculated 
susceptibility, Δb→0Re𝜒 ⊥ , shown in Fig. 4C , displays essentially 
all of the key characteristics observed experimentally. Namely, we 
observe i) no change up to jc , ii) a pronounced increase at jc , and 
iii) sublinear behavior approaching saturation for j  jc . The 
same agreement is also seen in the imaginary part Im𝜒 ⊥ (cf. SI 
Appendix). 

This evolution may be understood as follows. A constant 
current in the PPP causes a static deformation even in the 
presence of an oscillating magnetic field. Therefore, the difference 
Δj=0𝜒⊥(b, j) = 𝜒⊥(b, j) − 𝜒 ⊥(b, j = 0), in both the real 
and imaginary part vanishes exactly within the PPP. Only when 
entering the WP or RP, the response measured by the real or 
imaginary part of Δ ⊥

j=0𝜒 (b, j) is affected by the current. Thus, 
the current response of Δj=0𝜒 ⊥ , shown for Re𝜒⊥ in Fig. 4C , 
permits to identify the transition into the WP. 

Shown in Fig. 4D is the calculated amplitude dependence 
of Re𝜒 ⊥ and Im𝜒 ⊥ for j = 0 and of jc as inferred from 
the current dependence shown in Fig. 4C . Again excellent 
qualitative agreement with experiment is observed. For small 
amplitudes, b < 0.7 mT, the skyrmion lattice is in the FPP. 
Under increasing amplitude, both Re𝜒 ⊥ and Im𝜒 ⊥ , start to 
increase at the transition from the FPP to the PPP. 

Further, the transition between the PPP and the WP for 
j = 0 does not exhibit a specific signature in the susceptibility 
(there is no net velocity in either phase). Instead a point of 
inflection in Re𝜒 ⊥ that coincides with the maximum in Im𝜒⊥ 

is predicted. Such a maximum in Im𝜒 ⊥ is indeed observed 
experimentally as shown in Fig. 4B. The decrease of Im𝜒⊥ 

and hence the decrease of dissipation following the maximum 
represents empirical evidence of the complete unpinning of the 
skyrmion lattice. 

While our mean-field theory is in remarkable agreement with 
experiment overall, we also observe several discrepancies. The 
increase of Re𝜒⊥ as a function of current density observed 
experimentally is much smaller than in our theory (Fig. 4 A and 
C ). Furthermore, in the walking phase, i.e., when jc is suppressed 
to 0 at large amplitudes, theory predicts an analytic response to the 
current, Δ ⊥ 2 

j=0Re𝜒 ∝ j for small j, while experiment suggests 
Δ Re𝜒 ⊥ 
j=0 ∝ |j|𝛼 with 𝛼 ≈ 1. 
A quantitative discrepancy is also visible in Im𝜒 ⊥ as a 

function of oscillation amplitude. While qualitatively the same 
field dependence is observed in our theory, the absolute value 
of dissipation is approximately a factor two larger in the 
experiment. Finally, values of jc observed experimentally at inter-
mediate values of b are larger than those calculated theoretically 
(Fig. 4 B and D). 

A large part of the observed discrepancies may arise from the 
mean-field nature of our theory. The theory does not capture 
that only a fraction of skyrmions may move in the presence 
of currents and that moving skyrmion lattices becomes less 
disordered (29, 30). This may explain the nonanalytic onset 
of Δj=0Re𝜒⊥ and the reduced amplitude of this quantity seen 
experimentally. Furthermore, an asymmetry of surface pinning 
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potentials may explain an increased amplitude of Im𝜒⊥ and a 
more abrupt drop of jc as a function of b (SI Appendix). Another 
potentially important effect is that skyrmion lines may break up 
into pieces as investigated numerically in ref. 48. The bending of 
skyrmion lines by the oscillating field, Fig. 1, and the associated 
elastic forces may favor such a breaking-up (SI Appendix, section 
2H). As smaller skyrmion pieces can follow the magnetic field 
more easily, this leads to larger values of 𝜒 ⊥ as a function of b as 
compared to the increase as a function of j. 

Conclusions 

When manipulating magnetic textures for the creation of novel 
nonequilibrium states of matter (61, 62), pinning by disorder 
is arguably one of the most important constraints. Access and 
control of pinning processes are of central importance for all 
skyrmion-based nonequilibrium properties as well as the creation 
of technologically useful skyrmion devices. In our study, we 
showed that periodically changing the magnetic field direction 
by just a few degrees provides access to dynamic phases in which 
pinning is effectively overcome. When combined with (spin) 
currents, a phase, in which skyrmions move at arbitrarily small 
current densities, becomes part of a rich phase diagram. The 
nonequilibrium character of these phases permits to resolve a wide 
range of fundamental and applied questions in future studies. 

Materials and Methods 

Sample Preparation. A single crystal of MnSi was grown by optical float-zoning 
under ultrahigh vacuum compatible conditions (63). X-ray Laue diffraction 
was used to orient the single crystal and a cuboid sample with dimensions 
0.41 mm × 0.88 mm × 3.15 mm was cut using a wire saw. The largest face of 
the sample was normal to crystallographic 001 axis and the longest edge was 
parallel to a 110 axis. Current contacts were soldered to the smallest faces of 
the sample such that large current densities j could be applied parallel to [110]. 

Transverse Susceptibility. The transverse susceptibility under simultaneous 
application of electric currents was measured with a bespoke susceptometer 
in a superconducting magnet system equipped with a variable temperature 
insert. The primary of the susceptometer generated an oscillatory magnetic field 
b perpendicular to B. A concentrically aligned balanced pair of secondaries 
recorded the transverse susceptibility, 𝜒 ⊥ , with respect to B (64). The sample, 
equipped with electrical contacts, was mounted on a sapphire platelet inside 
one of the secondaries such that b(t) and j were parallel. The combination of 
B and b resulted in oscillations of the field direction. Data were collected for an 
excitation frequency of f = 120 Hz and excitation amplitudes from less than 
0.1 mT up to 12.6 mT. The maximum amplitude was limited by the effects of 
ohmic heating in the current leads and the primary. In the field range of the 
skyrmion lattice in MnSi, between 0.16 T and 0.26 T, the excitation amplitudes 

corresponded to small tilting angles of the total field below 5◦ while the field 
magnitude changed by less than 10−3 being essentially constant. 

Further details of the experimental procedure, such as the calibration of the 
susceptometer, the thermal anchoring of the sample, the correction of heating 
effects, and considerations on the field homogeneity including contributions by 
the Oersted field due to the currents in the sample, are reported in SI Appendix 
and ref. 64. 

Calculations. We use a simple phenomenological slip–stick model, similar to 
ref. 12, to describe pinning in Eq. 1. A skyrmion stays pinned, u̇(z, t) = 0, 
when the external force at position z is smaller than a critical pinning force, 
|F(z p)| ≤ F . In contrast, a moving p skyrmion obtains a force F  = −Fp(u̇/ ˙|u|) 
oriented antiparallel to its velocity. We allow for both bulk and surface pinning, 
Fpin = Fp,b + 𝛿(z − L p,s p,s /2) F + 𝛿(z + L/2) F . All numerical results are 
obtained by discretizing the model of Eq. 1 both in time and space (Δz = L/60, 
Δt = 10−5/f , where f = 𝜔/(2𝜋) is the excitation frequency), seeSIAppendix 
for further details. 

There are effectively three fitting parameters for our theory, the dimension-
less strength of bulk pinning Fp,bL/(𝜖0), the ratio of surface to bulk pinning 
Fp,s Fp,sL , and the characteristic frequency of the system  L2𝜔 𝜖  /( ) 0 = 0/( G). 
Furthermore, we use 𝛼D/G = 0.1 and 𝛽/𝛼 = 0.7. The parameter 𝜖0 = 
4 · 10−13 J/m is obtained from susceptibility measurements, see SI Appendix, 
and vs ≈ 10−4j/jc m/s, where jc ≈ 106 Am−2 has been estimated in ref. 12. 
This fixes all parameters of our model, including the absolute values of the 
susceptibilities and the values of the critical currents. 

Data, Materials, and Software Availability. All study data are included in 
the article and/or SI Appendix. 
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