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The skyrmion lattice (SkL) in MnSi was studied using small-angle neutron scattering and under
the influence of a radial electric current in a Corbino geometry. In response to the applied current, the
SkL undergoes an angular reorientation with respect to the MnSi crystal lattice. The reorientation
is non-monotonic with increasing current, with the SkL rotating first in one direction and then the
other. The SkL reorientation was studied at different sample locations and found to depend on
the local current density as inferred from a finite element analysis. The non-monotonic response
indicates the presence of two competing effects on the SkL, most likely due to the presence of both
radial electric and thermal currents. Such a scenario is supported by micromagnetic simulations,
which show how these effects can act constructively or destructively to drive the SkL rotation,
depending on the direction of the electric current. In addition, the simulations also suggest how the
direction of the skyrmion flow may affect the SkL orientation.

I. INTRODUCTION

A magnetic skyrmion is a topologically protected spin
texture, first discovered in MnSi in 2009 [1]. In bulk
materials, skyrmions arrange themselves into a periodic
skyrmion lattice (SkL). Skyrmions are typically found
in magnetic materials with broken inversion symmetry
where the Dzyaloshinskii-Moriya interaction (DMI) plays
a critical role in stabilizing them [2–4]. In addition
to MnSi, skyrmions have been observed in thin films
of the helimagnet FeGe [5], the insulating multiferroic
Cu2OSeO3 [6], cubic β-Mn-type Co-Zn-Mn alloys [7], and
the polar magnetic semiconductor GaV4S8 [8] to name
a few. Recently, skyrmions have also been observed in
centrosymmetric, but magnetically frustrated, materials
where no DMI is present [9–12].

Skyrmions show promise for future data processing
and storage devices due to their topological protec-
tion and the low current densities needed to manipu-
late them [4, 13–15]. While devices are likely to use
individual skyrmions in thin film materials [16–19], de-
veloping a deeper understanding of the dynamics of the
skyrmion lattice in bulk skyrmion materials not only pro-
vides valuable insights for optimizing these devices but
also paves the way for exploring new possibilities for ap-
plications [15, 20]. This is particularly true as excitations
of individual skyrmions exhibit topologically non-trivial
properties themselves [21].

In bulk materials, small-angle neutron scattering

(SANS) is a leading technique for probing the SkL [22].
The SANS technique was also used for the first demon-
stration of skyrmion manipulation, where an electric cur-
rent was found to cause an angular reorientation of the
SkL in MnSi [13]. Subsequently, similar effects were ob-
served in insulating Cu2OSeO3 in response to an elec-
tric field [23], and circularly polarized femtosecond laser
pulses [24].

Theory suggests that an electric current exerts two
forces on the skyrmions: a drag force parallel to the cur-
rent and a Magnus force perpendicular to it [13, 25, 26].
Similarly, magnon currents generated by thermal gradi-
ents can drive skyrmion motion [27–29]. In a standard
Hall bar geometry, this will lead to a translation of the
SkL which is not observable by SANS. However, a tem-
perature gradient will cause a spatial variation in the
spin-transfer torque, resulting in a torque on the SkL
which lead to a rotation [13]. Alternatively, edge friction
was also reported to cause a rotation of the SkL [14]. In
both cases, the angular reorientation of the SkL required
the presence of a secondary mechanism, be it a thermal
gradient or an interaction with the sample edge.

In this work, we study the SkL in MnSi under the in-
fluence of an electric current using a Corbino geometry.
Here, one current contact is placed at the center of a disc-
shaped sample and another around the perimeter. This
generates a radial electric current through the sample,
which decreases as 1/r with increasing distance (r) from
the sample center. As a result, the Magnus force will also
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FIG. 1. (a) Schematic showing the drag (orange) and Mag-
nus (green) forces acting on the skyrmions due to the electric
current (blue) in an ideal Corbino geometry. A radially de-
creasing current density (j ∝ 1/r) is formed in this geometry.
A thermal gradient due to Joule heating will be induced and
also decreases with increasing distance from the center. (b)
(Half) Corbino sample used for the SANS experiment.

vary as 1/r, resulting in a torque on the SkL as illustrated
in Fig. 1(a). Importantly, while a radial thermal gradi-
ent may arise due to Joule heating, it is not required for
the manipulation of the SkL in this geometry. Further-
more, the effects of edge friction are minimized as the
skyrmions move primarily perpendicular to the circular
sample edge.
We find that the SkL undergoes a not previously ob-

served non-monotonic angular reorientation with respect
to the MnSi crystal lattice in response to an increasing
electric current. As expected, the reorientation depends
on the local radial electric current density, as confirmed
by finite element analysis. The non-monotonic response
indicates the presence of multiple competing effects on
the SkL, most likely due to the presence of a radial ther-
mal gradient due to Joule heating. This scenario is sup-
ported by micromagnetic simulations.
The paper is organized as follows. Sec. II provides the

details of the samples, experimental setup, and measure-
ments made. The results of the SANS measurements are
then presented in Sec. III. Subsequently, Sec. IV shows
the micromagnetic simulations of the system, identifying

the key ingredients for the interpretation of the exper-
imental data and corroborating the results of Sec. III.
The mechanisms behind the observed results are then
discussed on equal footing in Sec. V, before the conclud-
ing remarks are given in Sec. VI.

II. EXPERIMENTAL DETAILS

In this work, SANS was used to image the SkL. This
technique is particularly well suited to study the collec-
tive behavior of skyrmion lattices at mesoscopic length
scales [22], compared to direct space imaging techniques
such as magnetic force microscopy (MFM) and Lorentz
transmission electron microscopy (TEM) [30, 31].
The samples were prepared from a MnSi single crys-

tal grown using the Bridgman method. The growth was
done by first melting stoichiometric amounts of Mn and
Si in an alumina crucible within a Ta tube under UHP Ar
at approximately 1550◦C. The resulting sample was then
refined in a vertical Bridgman furnace with a 45◦C/cm
gradient and a slow pass-through rate of 1.5◦C/hr to pro-
mote single-crystal growth. MnSi crystallizes in the non-
centrosymmetric cubic B20 structure, corresponding to
the P213 space group. Once grown, the crystal was ori-
ented using a Laue diffractometer.
The MnSi single crystal was cut into discs, using a di-

amond wire saw, with a surface normal along the [2 1 0]
crystalline direction, a diameter of 6−8 mm and a thick-
ness of approximately 1.5 mm. After cutting, the discs
were further thinned to a final thickness of 100− 250 µm
by polishing and lapping.
The MnSi crystal was placed on a sapphire disc and

current wires were attached by soldering. To mini-
mize Joule heating, a high-temperature superconducting
(HTS) wire was used for the central current lead. Sil-
ver wires were used for the current leads along the outer
perimeter. To reduce the likelihood of the sample crack-
ing due to thermal cycling, the MnSi is not attached to
the sapphire disc but is held in place only by the current
leads. Furthermore, the outer leads are wound into loops
to provide strain relief.
Radial outward (positive) and inward (negative) elec-

tric currents with magnitudes up to I = ±6 A were ap-
plied during the SANS measurements. To account for
Joule heating and remain within the SkL hosting A-
phase, radially placed voltage leads were used to measure
the temperature dependent resistance across the sample
and maintain a constant average sample temperature. A
low current of 100 mA was used as a reference, and the
set point of the cryomagnet temperature regulation was
adjusted to keep the sample resistance constant and equal
to Rref = 0.4186 mΩ as the electric current was varied.
This corresponds to an average sample temperature of
29 K.
Preliminary SANS measurements were carried out at

the D33 instrument at the Institut Laue-Langevin [32,
33]. All results presented here were obtained on the
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SANS-I instrument at the Paul Scherrer Institute, us-
ing the sample shown in Fig. 1(b) with a thickness of
(130 ± 4) µm and a radius of 3 mm. This sample
broke during the polishing and lapping but remains in
a Corbino geometry with a 1/r current density in the
region illuminated by the neutron beam as verified by
a finite element analysis (FEA) of the current flow (see
Appendix A).
For the SANS experiment, the sample was placed in

a horizontal field cryomagnet. Horizontal and vertical
translations of the magnet were used to control the re-
gion of the sample illuminated by the neutron beam, with
the latter defined by a circular aperture with a diame-
ter of 1 mm placed at the end of the beamline collima-
tion section. Restricting the beam aperture reduces both
sample edge effects and the illumination of the current
contacts and leads. All reported measurements were ob-
tained within a 2 × 2 “pixel” array located between the
center and upper right current contacts as indicated in
the Fig. 3(b) inset.
The SANS measurements were carried out with a neu-

tron wavelength λn = 0.6 nm and bandwidth ∆λn/λn =
10%, a magnetic field of 0.22 T applied normal to the
sample surface and parallel to the incident neutron beam,
and at a nominal temperature of 29 K. The magnetic
field and temperature were chosen to maximize the SkL
scattering signal, and are consistent with previous SANS
studies of our MnSi samples [34]. Before the applica-
tion of a current, the sample was field-cooled from the
paramagnetic phase.

III. SANS RESULTS

The main experimental observations are illustrated in
Fig. 2. Without an applied current, the propagation vec-
tor of one of the hexagonal SkL Bragg peaks is seen to
be aligned with the [1 2 1] crystalline direction, as seen
in Fig. 2(a). Once a current is applied, the SkL Bragg
peaks rotate in opposite directions for positive and neg-
ative currents. Figs. 2(b) – 2(g) show the subtraction of
SkL diffraction patterns for currents of the same magni-
tude but opposite polarities. For the two lowest currents,
in Figs. 2(b) and 2(c), an intensity “dipole” is observed
with the intensity excess (red) rotated counterclockwise
relative to the deficit (blue). In contrast, the dipole is
inverted at the three highest currents shown in Figs. 2(e)
– 2(g). At the intermediate current of ±3 A, there is an
intensity “quadrupole” with a maximum in the middle
and minima on both sides, as seen in Fig. 2(d). The data
shown in Fig. 2 is an average of the four ∼ 1 mm2 loca-
tions of the sample indicated in the inset to Fig. 3(b). Al-
though there are differences from one location to another,
which will be discussed below, they all exhibit qualita-
tively similar behavior. The non-monotonic response to
an increasing current suggests the presence of at least
two competing effects on the SkL.
A quantitative, location-dependent measure of the SkL

response is shown in Fig. 3 for all the measured currents.
As the current is applied, the azimuthal intensity dis-
tribution broadens and is not well fitted by an analytical
function such as a Gaussian or Lorentzian. Therefore, the

average angle ⟨ϕ⟩ = 1
N

∑N
i=1 ϕi and standard deviation

∆ϕ = 1
N

(

∑N
i=1(ϕi − ⟨ϕ⟩)2

)1/2

are used to characterize

the SkL, shown in Figs. 3(a) and 3(b) respectively. The
sums are over the N neutrons detected within the an-
gular section of reciprocal space indicated in Fig. 2(b),
and ϕi is the azimuthal angle on the ith neutron mea-
sured clockwise relative to the detector’s positive y-axis.
The non-monotonic SkL rotation, which gives rise to the
“dipole” switching in Figs. 2(b) – 2(g), is directly evident
in the current dependence of ⟨ϕ⟩ in Fig. 3(a) for all four
measurement locations. Here, a negative slope is seen
for current magnitudes |I| ≲ 2 A and a positive slope is
seen for |I| > 3 A. The azimuthal broadening of the SkL
signal, shown in Fig. 3(b), is most pronounced for the
higher currents. The most likely origin of this broaden-
ing is a fracturing of the SkL into domains that rotate
by varying amounts.

If the SkL angular reorientation is current-driven, the
radially decreasing current density provides a natural ex-
planation for the azimuthal broadening seen in Fig. 3(b).
To directly compare the rotation observed at the differ-
ent sample locations, Fig. 4 shows the SkL center-of-mass
versus the local radial current density ⟨jr⟩ obtained from
the FEA (see Appendix A). This causes the data from
Fig. 3(a) to collapse onto a single curve, with the re-
versal in the rotation direction occurring at the same
⟨jr⟩ ≈ ±2×106 A/m2 This unambiguously demonstrates
that the SkL rotation is directly related to the local cur-
rent density in the sample.

Figure 5 shows the azimuthal intensity distribution for
opposite current subtractions, AI+(ϕ) − AI−(ϕ). Only
data at the two pixels located at the same radial dis-
tance from the center contact are included (green/square
and yellow/up triangle pixels in Fig. 3(b)), as they ex-
perience the same current density. For all currents, the
midpoint of the intensity dipole is rotated roughly 4◦

degrees clockwise (higher ϕ) relative to the location of
the SkL Bragg peak without an applied current which is
indicated by the vertical dashed line. Below the cross-
over, shown in Fig 5(a), the locations of the maxima and
minima are independent of the current magnitude. How-
ever, the positive amplitude at ϕ ∼ 132◦ is roughly two
times greater than the negative amplitude at ϕ ∼ 140◦.
Above the cross-over, in Fig. 5(b), positive and nega-
tive peak amplitudes are comparable, where the location
of the maximum moves to higher angles with increasing
current.

The asymmetry, both with respect to the rotation di-
rection and the intensity maxima and minima, under-
scores the presence of competing effects that can only
partially offset each other. We speculate that the most
likely origin is the competition between electric and ther-
mal currents, with the latter arising from Joule heating in
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FIG. 2. SANS SkL diffraction patterns averaged over the four sample locations indicated in the Fig. 3(b) inset. (a) Diffraction
pattern obtained with no applied current. This is a sum of measurements as the bottom right peak is rocked through the Bragg
condition. Background scattering near to Q = 0 has been masked off. (b)–(g) Subtraction of diffraction patterns for positive
and negative currents of the same magnitude and within the region of reciprocal space indicated by the dashed rectangle in
(a). Here, red is positive, green is zero, and blue is negative intensity. The sector in (b) shows the region of reciprocal space
included in Figs. 3 and 5.
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sample, indicated in the inset.

the sample. Although the direction of the electric current
is reversible, the thermal gradient will always be directed
from the edge of the sample towards the center, resulting
in a non-monotonic SkL rotation behavior. These effects
likely have a different dependence on the electric current
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FIG. 4. Spatially resolved azimuthal distribution of the SkL
scattered intensity versus the local radial current density. Col-
ors correspond to the four measurement locations within the
Corbino sample, indicated in the Fig. 3(b) inset.

magnitude.

IV. MICROMAGNETIC SIMULATIONS

Micromagnetic simulations were performed to comple-
ment the SANS data and test the hypothesis of compet-
ing electric and thermal effects. These used the Mumax-
3.10 package [35], for a ferromagnetic film of the same
shape as that used for the SANS measurements although
with a much smaller 8 µm diameter, discretized in mi-
cromagnetic cells of size 4 × 4 × 4 nm3. Due to compu-
tational limitations, it is not possible to perform micro-
magnetic simulations of the system at its actual physical
size. However, the simulations are expected to be valid as
the radial current density and thermal gradient profiles,
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in the Fig. 3(b) inset. (a) Low currents: 0.5 A − 2.5 A. (b)
High currents: 3 A − 6 A. The vertical dashed line indicates
the average SkL peak position for 0 A.

which dictate bulk behavior, is preserved across length
scales. The following parameters were used: saturation
magnetization MS = 1.52× 105 A/m, exchange stiffness
Aex = 3.4 × 10−3 J/m, and bulk Dzialoshinkii-Morya
strength D = 2.1× 10−3 J/m2 [36].
The system is subjected to an applied magnetic field

of 0.22 T, and periodic boundary conditions are assumed
along the field axis. A radial spin-polarized current is
applied from the center to the perimeter of the sample,
with a distribution obtained by solving Poisson’s equa-
tion in the micromagnetic framework for an applied volt-
age difference ∆U (see Appendix B). The spin current
polarization is set to P = 0.1 [13, 37], and a material
electric conductivity of σ = 3.9 × 106 S/m [38] and a
Gilbert damping parameter of α = 0.01 were used.

The temperature gradient is assumed to follow a 1/r
dependence, where r is the distance from the central cur-
rent contact, with ∆T = 5 K across the whole sample
and ∆T ≈ 0.2 K across the investigated region indicated
in Fig. 7(a). The temperature profile is kept constant for
all magnitudes of applied current. Given the relatively
narrow temperature range and focus on a small region of
the sample, the changes in P due to the thermal gradi-
ent is negligible compared to the 1/r dependence of the
current density and thus ignored in the simulations.
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(a) ∆U = 35 μV ∆U = 50 μV

FIG. 6. Competition between single-skyrmion forces due to
the electric current and the thermal gradient obtained from
micromagnetic simulations. Colors indicate the local temper-
ature with the hot region near the central contact located
at the bottom, and the electric current is along the vertical
direction towards the top. Dotted lines indicate skyrmion
trajectories for different starting positions along the radial
direction (x = 0) for (a) a lower current and (b) a higher cur-
rent. In both cases, simulations were performed for 2 µs.

Before investigating the collective dynamics of the SkL,
the behavior of a single skyrmion was studied. Both an
electric current and a thermal gradient will independently
give rise to both a radial force and a perpendicular Mag-
nus force [28, 29]. Here, the thermal gradient results
in a radial force experienced by the skyrmions towards
the high-temperature region at the sample center [39].
When both an electric current and a thermal gradient are
present, the resultant force experienced by the skyrmion
reflects the competition between the two effects. The net
force on the skyrmion depends on the local temperature
and current density and can lead to an inward or outward
motion, as shown in Fig. 6.

For the lower current in Fig. 6(a), the radial compo-
nents of the forces balance each other at a vertical dis-
tance of y ≈ 2.4 µm. For the higher current in Fig. 6(b)
this moves closer to the center at y ≈ 1.2 µm.

Simulations of the collective skyrmion system under
the influence of an electric current and a thermal gradient
allow for a direct comparison to the SANS results. Fig-
ure 7 (b)-(d) shows subtractions of the SkL structure fac-

tor, S(Q) ∝
∣

∣

∣

∑N
i=1 exp(−iQ · ri)

∣

∣

∣

2

, obtained from simu-

lations with a positive and negative applied voltage dif-
ference (current) of the same magnitude. Here, ri is the
position of the ith skyrmion, and the summation runs
over the N skyrmions within region of the sample in-
dicated in Fig. 7 (a) which roughly corresponds to the
region illuminated in the SANS experiment. The resem-
blance to the diffraction patterns in Fig. 2 is striking,



6

(b) (c) (d)∆U = ±100 μV∆U = ±50 μV ∆U = ±150 μV

〈 jr〉 = 0.43×10
8
 A/m

2 〈 jr〉 = 0.86×10
8
 A/m

2 〈 jr〉 = 1.29×10
8
 A/m

2

+

–

0.5 μm

m
z

-1 0 1

(a)

FIG. 7. SkL angular reorientation obtained from micromag-
netic simulations. (a) Sample geometry used in the sim-
ulations. Colors indicate the sample magnetization with
mz = −1 corresponding to the skyrmion centers. Current
contacts, shown in grey, are placed at the center and perime-
ter of the sample. (b)-(c) SkL structure factor subtractions,
SI+(Q) − SI−(Q), for a low, intermediate and high current
respectively. The average current density ⟨jr⟩ is indicated for
each case and S(Q) is calculated for the region of the sample
indicated by the dashed box in (a). In all cases, the structure
factor was computed after the system had evolved for 4 µs to
achieve a steady state configuration.

with a non-monotonic rotation between the two direc-
tions of the current and intensity dipoles that switch di-
rection as the current magnitude is increased.

The micromagnetic simulations provide both local and
time resolved information about the SkL which can-
not be readily obtained from the SANS measurements.
An example is the bond-orientational order parameter,

ψ6 = 1
Nb

∑Nb

i=1 exp (6iθij), where Nb is the number of

nearest neighbors (NN) of the ith skyrmion and θij the
bond angle between this skyrmion and its jth NN [40].
This yields the mean orientation at the local lattice site
centered at the ith skyrmion, which, when averaged over
all the skyrmions, corresponds to the mean SkL orien-

tation: ⟨φ⟩ =
〈

1
6 arctan

(

Im(ψ6)
Re(ψ6)

)〉

. Figure 8 shows ⟨φ⟩

obtained from the micromagnetic simulations as a func-
tion of time, and currents corresponding to Figs. 7(b) and
7(d) and the same region of the sample. This shows that
when the currents are applied, the SkL goes through a
transient period of lattice rotation before reaching a sta-
ble angular orientation after ∼ 4 µs. One should note
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〉 
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g
re

e
s
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FIG. 8. Time dependence of the average SkL orientation angle
⟨φ⟩, obtained from the bond-orientational order parameter
ψ6, and two different values of ⟨jr⟩.

that even in this steady state configuration for the SkL
orientation, the skyrmions are constantly moving due to
the electric current and thermal gradient.
In addition to the effects already discussed, the

skyrmion motion itself may also influence the SkL ori-
entation in analogy with the superconducting vortex lat-
tice [41]. Focusing on the region of the sample indicated
in Fig. 7 (a), one can resolve how the skyrmion flow is
related to the SkL rotation. In the regime of low cur-
rent, the SkL rotation originates from the temperature
and current gradients, where the forces experienced by
the skyrmions vary in strength across a SkL domain.
This can be described by a continuous model and con-
sidering a rigid SkL [25, 26]. In this case, the skyrmion
flow is strongly affected by the lattice orientation, due to
skyrmion-skyrmion repulsion, as shown in Fig. 9(a). In
contrast, in the regime of high currents, where the inver-
sion of the SkL rotations is observed, one finds a realign-
ment of the lattice planes to facilitate the skyrmion flow
along the current direction, as shown in Fig. 9 (b). Such
realignment of the SkL is possible due to the formation of
lattice dislocations, which release the shear tension of the
SkL. Insets in Fig. 9 show the corresponding SkL struc-
ture factors, where the inversion of the SkL rotation is
observed when the current is increased.

V. DISCUSSION

As demonstrated by the SANS measurements and mi-
cromagnetic simulations, the response of the SkL sub-
jected to an external drive is affected by several mecha-
nisms. These include effects of both the electric current
and the resulting thermal gradient due to Joule heating,
as well as a preferred SkL orientation relative to the di-
rection of skyrmion motion. Together, these give rise to
the non-monotonic angular reorientation of the SkL.
The choice of the Corbino geometry allowed both the

radially decaying electric current and thermal gradient
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(a) (b)〈 jr〉 = 0.43×10
8
 A/m

2 〈 jr〉 = 1.29×10
8
 A/m

2

FIG. 9. Skyrmion flow in a low (a) and high (b) positive current regime, for the region of the sample indicated in Fig. 7(a). The
arrows indicate the skyrmion velocity after the system has evolved for 5 µs (i.e., 1 µs after the SkL orientation has stabilized).
Lattice dislocations, consisting of bound five- and sevenfold coordinated skyrmions, are indicated by red and blue unit cells
respectively. Insets show the corresponding SkL structure factor, S(Q).

to independently induce rotations of the SkL. In con-
trast, the Hall bar geometry relies on the thermal gra-
dient to provide the necessary spin transfer torque gra-
dient. While the Corbino geometry introduces a more
complex interplay of effects, it gives rise to the observed
non-monotonic behavior, offering new insights into com-
peting mechanisms within the system.

The combination of multiple effects makes it difficult
to experimentally separate the influence of each one inde-
pendently. However, it is possible to study the effects of
an isolated electric current or thermal gradient in the mi-
cromagnetic simulations, as shown in Appendix C. This
reinforces our conclusion that the dipole switching, ob-
served when both effects are present, likely results from
the competition between the two effects.

We note that while the simulations, for the sake of
simplicity, assumed a thermal gradient that followed the
same 1/r dependence as the electric current, this is most
likely not accurate. While still radially decaying, the
thermal profile will also depend on the coupling between
the sample and the environment, including the surround-
ing exchange gas. In contrast to the electric current den-
sity, the exact thermal profile is therefore not easily ob-
tained from a FEA. Despite this limitation, the ability
of the simulations to reproduce the SANS results is re-
markable.

In addition to the effects discussed above, two addi-
tional conclusions may be drawn from our studies. First,
only an angular reorientation, rather than a continuously
rotating SkL, is observed. In the absence of a drive, the
SkL is aligned along the crystalline directions correspond-
ing to the minimum in the angular dependence of the free
energy. The applied electric current, and the associated
thermal gradient, produce a net torque on the SkL and
cause an angular reorientation. The magnitude of the
reorientation corresponds to the angle where the torque
is balanced by the gradient in the angular free energy.
Clearly, the torque is not sufficient to overcome the free
energy barrier separating the minima, located each 60◦,

and produce a freely rotating SkL. This may be due to
the electric and thermal effects offsetting each other. Sec-
ond, no change to the magnitude of the SkL scattering
vector |Q| is observed as a function of the applied current
or sample location. Hence, the SkL periodicity, and thus
the skyrmion density, remains constant within the preci-
sion of our SANS measurements. Therefore, skyrmions
must be continuously nucleated and annihilated at the
center and perimeter of the sample.
Finally, our results indicate that it should be possi-

ble to manipulate the SkL with a pure thermal gradient.
This has indeed been observed for Cu2OSeO3 using x-ray
diffraction [42, 43], although the interpretation of these
measurements is complicated as the x-rays themselves
will cause a local heating of the sample. Skyrmion mo-
tion induced by heat flow was also observed in real space
by Lorentz Transmission Electron Microscopy [27, 29].

VI. CONCLUSION

In this work, we successfully demonstrated how a ra-
dial electric current and thermal gradient lead to a non-
trivial angular reorientation of the SkL in MnSi using
SANS. This is, to our knowledge, the first observation of
such a non-monotonic SkL response to an external drive.
Measurements at different sample locations showed con-
clusively that the amplitude of the SkL rotation depends
on the local current density. The measurements were
complemented by micromagnetic simulations which show
how the electric current and thermal gradient may act
constructively or destructively to drive the SkL rotation,
depending on the direction of the electric current. Fi-
nally, the direction of the skyrmion flow may also affect
the SkL orientation. These effects will have to be man-
aged carefully in any skyrmionic device, and will con-
tribute favorably to the nonlinear response needed for
the further use of skyrmion lattices in emergent uncon-
ventional computing [44, 45].
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FIG. 10. Finite element analysis model of the sample used
for the SANS measurements.
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FIG. 11. Radial current versus radial distance was obtained
from a finite element analysis and averaged over the four MnSi
sample locations illuminated during the SANS measurement
(open symbols). The dashed line shows the 1/r-behavior ex-
pected for an ideal Corbino geometry and the solid line is
averaged over a 1 mm radial width (see text for details).

Appendix A: Finite Element Analysis

To determine the degree to which the current den-
sity follows the 1/r-dependence expected for an ideal
Corbino geometry, a finite element analysis (FEA) of
the SANS sample was performed using the COMSOL
Multiphysics® software package [46]. The sample geom-
etry used for the FEA is shown in Fig. 10. The following
MnSi parameters extracted at 29 K were used: specific
heat at constant pressure CP = 2.86 J/kgK [47], thermal
conductivity κ = 5.75 W/mK [48], and electric conduc-
tivity σ = 3.9× 106 S/m [38].

Figure 11 shows the average radial current density
⟨jr(r)⟩ obtained from the FEA versus inverse distance
from the center contact for each of the four SANS mea-
surement locations. Due to the rapidly changing current
density which skews the results, this deviates from the
purely linear behavior expected for an ideal Corbino ge-
ometry indicated by the dashed line. The deviation is
most prominent close to the central contact (largest val-
ues of 1/r). Averaging the ideal 1/r-dependence over a

radial width a yields j0
∫ r+a/2

r−a/2
(1/r) dr = j0 ln(

r+a/2
r−a/2 ),

indicated by the solid line in Fig. 11. Here, j0 is an
adjustable scaling parameter. The FEA results are in
good agreement with the expected behavior, in particu-
lar for the three measurement locations furthest from the
sample center. From this, we conclude that the current
distribution in the samples used for the SANS experi-
ment corresponds to a Corbino geometry, even though
it was made using an incomplete disc and with discrete
contacts at the perimeter rather than a continuous one.
Furthermore, it is possible to relate the SkL angular re-
orientation to the local radial current density, as shown
in Fig. 4.

Appendix B: Micromagnetic Framework

Within the micromagnetic framework, we describe the
magnetization of the sample by considering the vector
field M(r) =Ms m(r) with constant magnetization mod-
ulus |M| = Ms and the normalized magnetization di-
rection m(r) at each point r ∈ R

2 of the film. Peri-
odic boundary conditions are assumed along the mag-
netic field axis, perpendicular to the film plane. The dy-
namics of the magnetization are governed by the Landau-
Lifshitz-Gilbert (LLG) equation ṁ = −γm×Heff+αm×
ṁ + τSTT, where γ is the gyromagnetic ratio, α the di-
mensionless damping factor, and Heff the effective field,
which can be derived from the magnetic free energy E(m)
by taking the functional derivative with respect to the
magnetization: Heff = −δE/δM. Note that, in the pres-
ence of an applied current density j, we extend the LLG
equation by adding the torque τSTT which includes the
adiabatic and non-adiabatic spin-transfer-torque (STT)
terms derived by Zhang and Li [49]: τSTT = −m× (m×

(v · ∇)m) + βm × (v · ∇)m, where v = − µBP
eMs(1+β2) j.

Here, ∇ is the two-dimensional differential operator, β
is a dimensionless constant that represents the degree of
non-adiabaticity, e the elementary charge, µB the Bohr
magneton, and P is the spin-current polarization.
To simulate the SkL under nonuniform current distri-

butions, a Poisson solver was implemented in the micro-
magnetic simulations, where a custom module has been
added to the simulation package Mumax-3.10 [35]. Con-
sidering a set of “contact” micromagnetic cells where an
electric potential u is fixed, the generalized Poisson equa-
tion ∇ · (σ∇u) = 0 is solved using a conjugate gradient
method for the considered geometry, from where the cur-
rent density j = −σ∇u is calculated. Figure 12 shows an
example of the calculated current distribution. More de-
tails on the method are provided in Ref. 50.

Appendix C: Separate Effects of Electric Currents

and Thermal Gradients

Experimentally, it is not possible to study the SkL un-
der the influence of only an electric current or a ther-
mal gradient. However, micromagnetic simulations of the
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FIG. 12. Current distribution obtained by solving the Poisson
equation for ∆U = 50 µV and a uniform out-of-plane ferro-
magnetic state. Voltage contacts, shown in grey, are placed
at the center and perimeter of the sample.
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FIG. 13. SkL structure factor subtractions obtained from
micromagnetic simulations for separate temperature or cur-
rent density gradients. (a) Only a thermal gradient with
no electric current. Here, ∆T = 5 K across the whole
sample and ∆T ≈ 0.2 K across the investigated region in-
dicated in Fig. 7 (a). The subtraction is done with re-
spect to the SkL configuration with no temperature gradient,
S∆T ̸=0(Q) − S∆T=0(Q). (b,c) Low and high electric current
regimes and no thermal gradient. Here, the subtraction is for
opposite polarities of the electric current, SI+(Q)− SI−(Q).
In all cases, the structure factor was computed after the sys-
tem had evolved for 4 µs.

SkL dynamics allow one to investigate the separate effects
of the two driving mechanisms on the SkL reorientation,
as shown in Fig. 13. This shows that both gradients in
the temperature and current density will independently
cause an angular reorientation of the SkL, which, depend-
ing on the direction of the electric current, can be in the
same or opposite directions. This reinforces the conclu-
sion that the dipole switching, observed when both ef-
fects are present, results from the competition between
the electric and thermal effects.
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