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Emergent electrodynamics of skyrmions in a

chiral magnet
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When an electron moves in a smoothly varying non-collinear
magnetic structure, its spin orientation adapts constantly,
thereby inducing forces that act both on the magnetic struc-
ture and on the electron. These forces may be described by
electric and magnetic fields of an emergent electrodynamics™*.
The topologically quantized winding number of so-called
skyrmions—a type of magnetic whirl discovered recently in
chiral magnets®7—has been predicted to induce exactly one
quantum of emergent magnetic flux per skyrmion. A moving
skyrmion is therefore expected to induce an emergent electric
field following Faraday's law of induction, which inherits this
topological quantization®. Here we report Hall-effect measure-
ments that establish quantitatively the predicted emergent
electrodynamics. We obtain quantitative evidence for the de-
pinning of skyrmions from impurities (at current densities of
only 10° A m~2) and their subsequent motion. The combination
of exceptionally small current densities and simple transport
measurements offers fundamental insights into the connection
between the emergent and real electrodynamics of skyrmions
in chiral magnets, and might, in the long term, be impor-
tant for applications.

Skyrmion lattice phases (SLPs) in chiral magnets such as
MnSi and other B20 transition metal compounds are a new
form of magnetic order, composed of topologically protected
vortex lines (the skyrmions) with a non-zero winding number
which are stabilized parallel to a small applied magnetic field.
Skyrmion lattices in magnetic materials were discovered only
recently by means of small angle neutron scattering (SANS;
refs 5,9). The winding number of the spin structure was thereby
first inferred from topological contributions to the Hall effect® and
Lorentz force microscopy for thin samples, where the latter even
established the existence of individual skyrmions’. So far, SLPs
have been identified in all non-centrosymmetric B20 transition
metal compounds that order helimagnetically at zero magnetic
field, regardless of whether they are pure metals, strongly doped
semiconductors or even insulators®®!!, The excellent theoretical
understanding implies that skyrmions are a general phenomenon
to be expected in a wide range of bulk materials as well as nanoscale
systems™”!?, with the identification of spontaneous skyrmion
lattices in monatomic layers of iron on an iridium substrate being a
major new development'’.

Exploratory SANS studies'* revealed a rotation of the diffraction
pattern in the SLP of single-crystal MnSi when an electric current
applied transverse to the skyrmions exceeded an ultralow threshold
of jo~ 10°Am™2 It is therefore important to emphasize that
je is 10° times smaller than the currents needed to induce a
motion in present-day spin-torque experiments on ferromagnetic

domain walls’*™7. However, the rotation occurred only in the
presence of a small temperature gradient (~1Kcm™), inducing
gradients in the relevant forces, which in turn caused rotational
torques. It was argued that above the critical current density, j,
the skyrmions start to move and that only the sliding skyrmions
can be rotated by the tiny torques. Although microscopic probes
such as neutron scattering and Lorentz force microscopy may in
principle confirm the depinning and motion of the skyrmions,
they are not capable of detecting the emergent electrodynamics.
Instead, to detect the motion of the skyrmions, measurements of the
emergent electric fields are ideally suited, because they are directly
proportional to their velocity. This may be readily achieved by
means of the Hall effect.

The magnetic properties of MnSi are governed by a combination
of ferromagnetic exchange interactions and weak spin—orbit
coupling in the absence of inversion symmetry. At zero magnetic
field MnSi exhibits a paramagnetic-to-helimagnetic transition at
T.~28.5K. In a small range of fields and temperatures below T,
the SLP is stabilized®, where the skyrmions (the magnetic whirls)
form a hexagonal lattice perpendicular to the applied magnetic field.
The lattice constant 2Apeix/+/3 of the skyrmion lattice, determined
from the reciprocal lattice vectors, is set by the wavelength of the
helimagnetic state, Ay ~ 180 A.

Our study of the influence of electric current on the SLP
was carried out on high-purity single crystals using a standard
six-terminal lock-in technique (see Methods for details). Shown in
Fig. 1a are typical temperature dependences of the Hall resistivity,
Pxy»> for small currents (black curves). Its dominant features arise
from the temperature dependence of the anomalous Hall effect.
The small maximum in p,, is therefore a characteristic of the
magnetization at the lower boundary of the SLP above a narrow
regime of phase coexistence between the conical phase and the
SLP (ref. 18). Also shown in Fig. 1a is the Hall resistivity under
an applied d.c. current density of j = 2.81 x 10° Am™?, where
a suppression (marked in light blue shading) is observed in the
temperature range marked by the black arrows. The latter is in
excellent agreement with the phase boundaries of the SLP as
inferred from the magnetization and susceptibility. The size of the
suppression of the Hall signal is similar to the topological Hall
contribution Ap,, ~ 4 n§2 cm previously inferred® from Hall effect
measurements at small currents (see Supplementary Information).

Detailed Hall data for an applied magnetic field of 0.25T and a
wide range of applied d.c. currents, j, are shown in Fig. 1b. From
these the evolution of p,, with applied electric current density
was inferred for selected temperatures, as shown in Fig. 2. At
temperatures outside the SLP, shown in Fig. 2a,e, the Hall signal
is unchanged as a function of j. Within the SLP, p,, is unchanged
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Figure 1| Temperature dependence of the Hall resistivity in the skyrmion
lattice phase of MnSi under a large applied d.c. electric current. To study
the effect of the applied d.c. current it is superimposed on a small a.c.
excitation which allows detection of the signal. a, Hall resistivity for various
magnetic fields. Under an applied d.c. current of 2.81x 106 Am~2 the Hall
signal is suppressed in the entire skyrmion phase (blue shading). b, Hall
resistivity in the SLP for an applied magnetic field B=250 mT under
selected applied d.c. currents between j=0 and j=2.81x 106 Am~2.

within the experimental accuracy for small current densities, j < j.,
followed by a clear decrease above j. over a finite range of applied
currents (light blue shading), which then saturates for even larger
currents (the method by which j. was determined is described in
Supplementary Information).

Shown in Fig. 3a is the critical current density as a function of
temperature, where j. ~ 10° A m ™~ agrees within a factor of two with
the onset of the rotation of the scattering pattern observed in the
SANS study™. As discussed in ref. 14, the exceptionally low value
of j. arises from a combination of several factors: first, the very
efficient Berry-phase coupling between conduction electrons and
the spin structure; second, because of the smooth variation of the
magnetization the skyrmion lattice couples only weakly to defects
and the atomic crystal structure; and third, the long range stiffness
and crystalline character of the skyrmion lattice’ leads to a partial
cancellation of the pinning forces'®*. The value of j. grows by
roughly a factor of two when approaching the (first order) transition
to the weakly field-polarized paramagnetic state. At the same time
the suppression of p,, givenby Ap2® = Ap,, (>3 o) — A py (j Kje) is
greatest in the centre of the skyrmion phase, with a gradual decrease
at the lower boundary (see Fig. 3b).

To address our observations on p,, from a theoretical point of
view we note that the forces driving the skyrmion lattice, which also
cause the topological contribution to the Hall signal, originate in
quantum-mechanical phases (Berry phases) picked up by electrons
when their spin follows the orientation 7(r,t) = M/|M| of the
local magnetization M. The Berry phase can be rewritten"®?! as
an effective Aharonov-Bohm phase, associated with ‘emergent’
magnetic and electric fields, B and E°. As the Berry phase is given
by the solid angle covered by #, the emergent fields B® and E°
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Figure 2 | Typical variation of the Hall resistivity, pxy, of MnSi as a
function of applied d.c. current at B=250 mT and for selected
temperatures. For temperatures in the skyrmion lattice phase, those shown
in b-d, the signal is suppressed above an ultralow current density, j., and
converges towards a constant value for large currents. Absolute data values
are given on the left-hand side and the relative change with respect toj=0
is given on the right-hand side. Error bars represent the statistical error of
the data after subtracting a spline fit.

measure the solid angle for an infinitesimal loop in space and
space—time, respectively

h
B? = Eeijkﬁ. (3]ﬁ X Bkﬁ),

E; = hni- (8;7 x 0,71) (1)
with 9; = 9/9r;, 9, = 9/0¢t, and € is the totally antisymmetric
tensor. Because the sign of the Berry phase depends on the
spin orientation, a majority spin with magnetization parallel to
7t carries the emergent charge g = —1/2 whilst a minority spin
carries the emergent charge q{ = +1/2. For a skyrmion, defined
as a magnetic whirl where 7 winds once around the unit sphere
in the plane perpendicular to B (while 7 does not vary in the
spatial direction longitudinal to B), the total ‘emergent flux’ is
given by [B°do = —4xh. It is hence topologically quantized to
one flux quantum —2mh/|q°| per skyrmion (the sign accounts
for the formation of antiskyrmions in MnSi; ref. 5). Further,
according to equation (1) and in complete analogy to Faraday’s
law of induction, a skyrmion lattice drifting with velocity v4 must
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induce an electric field E® = —v4 x B¢, where E¢/|vq4| inherits its
quantization from B¢ with E¢ = |E¢| and B° = |B¢|. This topological
quantization of B¢ and E° makes skyrmion lattices in metals an
ideal system to study quantitatively the emergent electrodynamics
underlying the coupling of charge and magnetism®. In MnSi, the
emergent magnetic field acquires an average strength of 2.5 T, that
is B°~2.5T|e/q°|, where e is the electron charge.

The total force on an electron with momentum k and spin
orientation o is therefore given® by

deZEE—‘FFH—}_q; (Vakn _vd) X Be (2)

where v,y is the velocity of quasiparticles in band n, E is the physical
electrical field and |Fy| < e|E| is the Hall force from the normal
and anomalous Hall effect. Further dissipative drag forces, Fys,
arising for v4 # 0 are probably much smaller (see Supplementary
Information). The extra electric current induced by —g5vy x B*
transverse to the electrical current has to be cancelled exactly by
the change of the electric Hall field AE| = Ap,.j = —Apyyj, with
Apyy = Py (j) — py(0). For a current in the x direction and a
magnetic field in z direction we find using equation (2)

Ao, E Aj ~|q° ~lg°
AE, ~o == JL=_P‘1 Eﬁ:P‘i (VaxB), ()
Oxx Oxx e
= i (O’]C)) N_Zn.k,o:ilatﬂﬂ(vt}r/kn)zaf n?r

(4)

qe ((]J)) Zn,k.a::tl T(T"(V;kn)zaé n%

where the dimensionless spin polarization P can be obtained by
calculating the cross-correlation of the charge current j and the
emergent current j¢ using Kubo formulae. P is the ratio of electric
currents obtained from E¢ and E, where a simple approximation for
P is given in equation (4) in the relaxation time approximation of
a multiband system (f° is the Fermi distribution for band n with
scattering rate 1/7,, and spin-orientation ¢ relative to the local
magnetization). Up to the factor P, the measurement of the Hall
field is therefore a direct measurement of the emergent field E€ and
of v = E¢/B°, as B is quantized.

The drift velocity along the current direction, vy, in absolute
units is obtained from equation (3)

iAp, iAp, . Ap,
V)~ — £\ )0~y = pin‘,l Py ~ J = pyO.lZ@ (5)
q°¢| BeP JeApy  10°Am™ Ap
ApS i
Vpin ~ —jc i J.C,y ~ ]7572012% (6)
q°| BeP 10°Am s

Here we used Apg’ ~ —3 x 10~ Q@ m in the centre of the skyrmion

phase and estimated the effective polarization to be P~ 0.1 (ref. 6).
We further used that Apyle|/(BP|q°|) ~ —v,/j = —|q°/(eM)|P
is approximately independent of the local magnetization and
therefore of the temperature. As expected, the corresponding
pinning velocities (see labels on the right axes in Fig. 3a) are of
the same order of magnitude as the electronic drift velocities,
Varg ~ j/en ~ 0.16 mms™~' for j ~ j. ~ 10° Am™2, where we
estimate n ~ 3.8 x 102 cm™ from the normal Hall constant®.
The expression 47 iMv,;, may finally be interpreted as the force
per skyrmion and per length needed to depin the SLP (see
Supplementary Information).

The critical current and the pinning velocities grow by a factor
of two just below the first-order transition T}, see Fig. 3a. This
cannot be explained by the decrease of the local magnetization
(proportional to the small drop in | A p2°|). Instead, the increase of j,
most probably reflects the reduction of the stiffness of the skyrmion
lattice when approaching Ty, which is only a very weak first-order
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Figure 3 | Main characteristics of the response of the skyrmion lattice
phase in MnSi under applied electric currents. a, Temperature dependence
of the critical current density, jc. The label on the right axis gives an
estimate of the pinning velocity, see equation (6). b, Total change of the
Hall resistivity for large currents, Apy = pxy(j Kjo) — pxy (> Je), as a
function of temperature. ¢, Scaling plot of the transverse electric field,

AE| =—jApyy, in units of jeApg?, induced by the moving skyrmion lattice.
As AE is proportional to the emergent field E®, this also constitutes a
scaling plot of the emergent electric field ¢ (in units of v,inB®) or of the
drift velocity vqy in units of the pinning velocity vyin (shown in a). Unscaled
data used to construct ¢ are shown in the Supplementary Information. Error
bars represent the statistical error of the data after subtracting a spline fit.

phase transition. With decreasing stiffness the skyrmion lattice
adjusts better to the disorder potential, implying that the pinning
forces increase substantially'®**?*. Consistent with this picture,
there is essentially no temperature dependence of j. at the low-
temperature side of the SLP, where the phase transition is strongly
first order. Here Ap?> shows a gradual temperature dependence in
the range from 25.8 K to 26.5 K that may be attributed to the phase
coexistence between the conical phase and the skyrmion phase as
inferred from high-precision magnetometry'®.

Combining the results of our analysis, we show in Fig.3c a
scaling plot of AE, = —Ap,,j, or equivalently of the parallel drift
velocity v, of equation (5) and the associated emergent electric field
Ef, as a function of j/j.. To obtain quantitative values for vq4; and
Ef in physical units, one may refer to Fig. 3a, equation (6), and
ES = v B° with B =2.5Tle/q|.

For j < j., the drift velocity vanishes within our experimental
precision, as the skyrmion lattice is pinned by disorder. For
j > jo, the Magnus forces are sufficiently strong to overcome
the pinning forces and the skyrmions start to move. For j > j.
their velocity becomes proportional to the current, as pinning
forces can be neglected. This is precisely the picture that has
been developed for the depinning transition of charge density
waves and vortices'****>?, However, the precise behaviour of
skyrmions differs from that of vortices because their dynamics is
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very different. Because of their strong friction, superconducting
vortices flow approximately perpendicular to the current following
the Magnus force and the resulting Hall signals are tiny*>?*. In
contrast, skyrmions drift dominantly parallel to j, thus reducing the
relative speed of spin current and giving rise to a large Faraday field
in the perpendicular direction. A more technical discussion of the
validity of the scaling, the forces on the SLP and its direction of
motion is given in Supplementary Information.

The direct observation of the emergent electric field of skyrmions
reported in this paper allowed us to measure their depinning
transition and subsequent motion quantitatively. This opens the
possibility to address fundamental questions of the coupling of
magnetism, electric currents and defects, respectively. The control
and detection of the motion of magnetic whirls (skyrmions) by the
interplay of emergent and real electrodynamics therefore promises
to become an important route towards spintronic applications.

Methods

Sample preparation. Single crystals of MnSi were grown by optical float-zoning
under ultrahigh-vacuum-compatible conditions?. The specific heat, susceptibility,
and resistivity of small pieces taken from this single crystal were in excellent agree-
ment with the literature, where the residual resistivity ratio was of the order 100. This
indicates good, although not excellent sample purity. The sample quality was the
same as for the samples studied in the SANS experiments reported in ref. 14. Samples
for the measurements reported here were oriented by Laue X-ray diffraction, cut
with a wire saw, and carefully polished to size. Current leads were soldered to the
small faces of the sample and Au wires for the voltage pick-up were spot-welded
onto the surface of the sample. All data reported in this paper were recorded for a
magnetic field parallel to the (100) axis and electric current parallel to the (110) axis.

Spin-torque transport. For our measurements of the Hall and longitudinal
resistivity we modified a standard six-terminal phase-sensitive detection system
such that large d.c. currents could be superimposed on a small a.c. excitation. The
set-up is based on a method used for measurements of superconducting tunnel
junctions®. It was tested on high-purity Cu to ensure proper operation. In all
experiments the a.c. excitation amplitudes were not larger than a few per cent of
the applied d.c. currents. The samples were carefully anchored to the cryogenic
system to minimize ohmic heating and temperature gradients. In particular,
compared with the SANS experiments reported in ref. 14, all thermal gradients
were minimized. The Hall signal and the longitudinal resistivity, p,, and py.,
respectively, were measured simultaneously at a low excitation frequency of
22.5Hz. To correct for the remaining tiny amount of uniform ohmic heating,
which generated a small systematic temperature difference between the sample and
thermometer of less than a few tenths of a kelvin for the largest currents applied,
we calculated from the longitudinal resistivity p., the true sample temperature.
However, we have tested carefully that our results do not depend on the precise way
in which these small ohmic heating effects are corrected.
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