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Using resistance fluctuation spectroscopy, we observe current-induced narrow-band noise (NBN) in the
magnetic skyrmion-lattice phase of micrometer-sized MnSi. The NBN appears only when electric-current
density exceeds a threshold value, indicating that the current-driven motion of the skyrmion lattice triggers
the NBN. The observed NBN frequency is 10-10* Hz at ~10° A/m?, implying a skyrmion steady-flow velocity
of 1-100 um/s, 3-5 orders of magnitude slower than previously reported. The temperature evolution of the
NBN frequency suggests that the steady flow entails thermally activated processes, which are most likely due to
skyrmion creation and annihilation at the sample edges. This scenario is qualitatively supported by our numerical
simulations considering boundary effects, which reveals that the edges limit the steady flow of skyrmions,
especially at low temperatures. We discuss a mechanism that dramatically slows the skyrmion steady flow in

a microfabricated specimen.
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I. INTRODUCTION

The continuity equation in hydrodynamics describes the
flow of conserved particles: %[p(x, tv(x, t)] + %[,o(x, )] =
0 (for a one-dimensional flow), where p(x, t) and v(x, t) are
the density and velocity of a considered particle, respectively,
at position x and time . When considering a steady-flow state,
the time derivative is zero, and thus, the equation is simplified
as % [6(x)D(x)] = O (the tilde denotes a time-averaged value),
indicating that p(x)v(x) is a constant pgvy, independent of
x. This simplest situation can easily be seen, for instance,
when electrons steadily flow through a closed-loop electric
circuit. When electric wires are connected with a conducting
material and a DC electric field is applied to the circuit, the
resulting electric current is continuous (%[ﬁ(x)ef;(x)] =0)
although the closed-loop circuit is composed of different types
of electric elements. During the circulation of the electric
current in the closed-loop circuit, electrons pass through the
electrodes (i.e., the boundaries between the electric wires and
the material) without being created and annihilated.

An ensemble of magnetic skyrmions [1-5], topologically
protected particlelike objects, is emerging exotic fluids that
flow under an electric current [6—15]. However, unlike the ex-
ample of electrons, skyrmions cannot flow through a closed-
loop electric circuit that consists of a skyrmion-hosting ma-
terial and electric-current-carrying metallic wires connected
with it, because skyrmions cannot exist in normal nonmag-
netic metals, such as copper. Thus, to sustain a skyrmion
steady flow, skyrmions need to be created or annihilated at the
edges of the material (i.e., the boundaries between the normal

“takuro.sato@riken.jp
fkagawa@ap.t.u-tokyo.ac.jp

2469-9950/2019/100(9)/094410(5)

094410-1

metallic wires and the skyrmion-hosting material). From the
point of view of the continuity equation, this situation can
be represented by introducing a skyrmion sink/source term
Tsink ssource (¢ ) at the edges, and one can then obtain povy =
ﬁink/soume. This result implies that a skyrmion steady flow
is dictated by a nonlocal interaction between the inside and
edges of the specimen, rather than by a local current-skyrmion
interaction. For instance, when topological skyrmions are
so robust that they cannot be either created or annihilated,
Tsink ssource (1) is invariably zero, and hence, povg = 0; namely,
the skyrmion flow is stopped by the presence of edges. Real
systems more or less deviate from this extreme situation,
thereby allowing for a skyrmion steady flow from one edge
to the other [6,7]. Nevertheless, the velocity of this flow can
be strongly influenced by the skyrmion creation and/or anni-
hilation rates at the edges, especially in small-sized systems.
This issue remains unexplored thus far.

In this paper, to address a fundamental question that what
impact the sample edges have on the steady flow of topolog-
ically protected objects, we investigate the skyrmion steady
flow in a confined geometry and scrutinize fluctuations of
the longitudinal resistance, §R, using the setup schematically
shown in Fig. 1(a) (for details, see the Method section in the
Supplemental Material [16]). This approach is underpinned
by a recent numerical study [17], which reveals that (i) when
a skyrmion aggregate flows approximately along the current
direction, an intrinsic triangular lattice is dynamically formed;
(ii) nevertheless, due to the presence of impurities, the veloc-
ity vector still contains isotropically fluctuating components,
which result in narrow-band noise (NBN) in the velocity
power spectral density (PSD) along any direction; and (iii)
most importantly, the mean skyrmion velocity, |9], can be de-
rived from the fundamental frequency of the NBN, as detailed
below. Such a temporal modulation of the skyrmion velocity,
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FIG. 1. (a) Schematic of the experimental configurations. The
external magnetic field is applied parallel to the substrate and perpen-
dicular to the long axis of the bar-shaped sample. The electric current
is applied along the long axis. (b) Scanning electron microscope
image of the microfabricated MnSi used in this study: MnSi crystal
(blue), gold electrodes (white), and tungsten (yellow) to fix the MnSi
and to connect the gold electrodes to MnSi, and a silicon stage (dark
gray). The scale bar is 5 um. The center electrode in (b) is not used
in the present measurements.

dv, may yield resistance fluctuations in a skyrmion-hosting
material, and we therefore pursued NBN in an electric field.

II. EXPERIMENTS

As a target system, we chose MnSi, a material that hosts
stringlike skyrmions in a triangular-lattice form [3]. A MnSi
single crystal was grown by the Czochralski method. To
highlight a possible role of edges in skyrmion steady flow,
we prepared a sample with a large surface-to-volume ra-
tio (~14 x 1 x 0.8 um?) using a focused ion beam (FIB)
[Fig. 1(b)]. We found that our microfabricated MnSi specimen
exhibits a similar magnetic phase diagram to that of bulk MnSi
(see Fig. S1 in Supplemental Material [16]). Note that an even
smaller size of MnSi is known to host a skyrmion lattice phase
[18].

We measured the voltage PSD, Sy (f), using the conven-
tional four-terminal DC method as a function of DC electric
current. A steady current along the long axis of the spec-
imen was supplied by a low-noise voltage source, and the
voltage between the voltage-probing electrodes was fed into
a spectrum analyzer (Agilent, 35670A) after amplifying it
with a low-noise preamplifier (NF Corporation, SA-400F3),
as schematically shown in Fig. 1(a). A large-load resistor was
used to eliminate the effect of voltage fluctuations that occur
at the contacts of the current leads.

III. RESULTS AND DISCUSSIONS

Figure 2(a) displays systematic variations of Sy at a low
frequency, 5 Hz, in the skyrmion lattice phase (the selection
of a frequency does not affect the following arguments; for
details, see Fig. S4 in the Supplemental Material [16]). As
highlighted with different colors, the overall behavior can
be categorized into three dynamical regimes, and the typical
spectrum in each regime is displayed in Figs. 2(b)-2(d). At
low current densities, no notable evolution is observed in
the spectral shape and intensity [Fig. 2(b)], indicating that
all skyrmions remain stationary. However, when the current
density reaches a critical value j. (0.6 x 10° A/m?), a
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FIG. 2. (a) Voltage power spectral density (PSD) at 5 Hz,
Sv(5 Hz), as a function of applied current density, obtained in
the skyrmion lattice phase (28.0 K and 220 mT; for the magnetic
phase diagram of the specimen, see Fig. S1 in the Supplemental
Material [16]). Overall, three dynamical regimes are discernible, as
highlighted with different colours (white, yellow, and blue). (b)—
(d) The typical PSD in each regime highlighted in (a).

1/f* spectrum with 1 < o < 2 appears [Fig. 2(c)], signal-
ing the onset of skyrmion motion: we call this featureless
spectrum broad-band noise (BBN). As the current density
further increases, we find that the BBN eventually turns into
NBN accompanied by a higher harmonic [Fig. 2(d)], a key
finding of this study. Such successive dynamical transitions
are observed only in the skyrmion lattice phase and when
the electric current is applied normal to the magnetic field
(see Figs. S1-S3 and S5 in the Supplemental Material [16]),
leading us to conclude that the observations reflect current-
induced dynamics of skyrmions. Our observations—namely,
the emergence of BBN, followed by the formation of NBN,
whose fundamental frequency increases with the applied
current—reproduce the main characteristics of those found
for the current-induced motions of charge/spin density waves
[19-21] and superconducting-vortex lattices [22], and they
are also in good agreement with the results of numerical
simulations for skyrmions [17,23-25]. On the basis of these
analogies, we may reasonably attribute the observed BBN
and NBN to current-induced spatiotemporally incoherent and
coherent steady flows of the skyrmions, respectively.

To gain more insight into the NBN, we investigated the
detailed current dependence. The fundamental frequency of
the NBN, fysn, continuously shifts toward higher frequen-
cies as the current increases [Figs. 3(a) and 3(b)], giving
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FIG. 3. (a) Voltage power spectral density exhibiting NBN for varying current densities in the skyrmion lattice phase. Black arrows
indicate the fundamental frequency of the NBN, fxgn, at each current density. Each spectrum is vertically offset for clarity. (b) Current
density dependence of fypn derived from (a). The corresponding velocity of the skyrmion steady flow is represented on the right axis, derived
from the equation fygn = |V|/a (see the main text). Inset: Comparison of the present results (circles) with the experimental results in bulk
MnSi (squares [7]) and the theory incorporating the material parameters of MnSi, v & 7.7 x 107! (j* — j2)%5 (solid lines [11]: the units of v
and j are m/s and A/m?, respectively). In the fitting, the j. values are taken from the corresponding experiment: j. = 1 x 10° (A/m?) for the
black line [7] and j. = 0.6 x 10° (A/m?) for the red line from this study. (c) fygn-current profiles at different temperatures. Inset: Arrhenius
plot of fypn at a certain current density 1 x 10° A/m>. The activation energy ~5400 K only weakly depends on the choice of the current

density; see Fig. S6 in the Supplemental Material [16].

invaluable information about the mean skyrmion velocity ||.
In determining |9| from fygn, we refer to a standard model
JnBN = |U|/a, where a is the characteristic periodicity of a
long-range-ordered system under consideration. This equation
has been experimentally applied to various systems exhibit-
ing NBN, such as charge/spin density waves [19-21] and
superconducting-vortex lattices [22]; in addition, this equation
is also verified in numerical simulations for a skyrmion-lattice
motion under DC driving force [17]. Depending on micro-
scopic dynamics of the skyrmion lattice, one may consider
a different length scale, such as the sample length [26].
However, given no experimental/theoretical basis supporting
such a scenario at present, here we took 20 nm (the skyrmion
lattice constant) as a [3] and derived |9|, as displayed on
the right axis of Fig. 3(b). The derived velocity 0.4—4 pm/s
for this microfabricated sample is substantially low compared
with the experimental results for bulk MnSi [7] and numerical
results for a periodic-boundary system [11], although the two
reference data agree with each other as long as an appropriate
Jeo value is considered [Fig. 3(b) inset]. This large discrepancy,
5-6 orders of magnitude, suggests that the microfabricated
sample has a unique mechanism significantly slowing the
skyrmion steady flow.

A plausible explanation is that the creation and/or anni-
hilation rates of skyrmions at the edges (namely Teink Jsource)
are particularly low in the microfabricated sample and thus

limit the steady flow. In this context, it should first be noted
that the creation or annihilation of a topologically protected
object generally requires a thermally activated, discontinuous
process. Conversely, if the skyrmion steady-flow velocity in-
volves skyrmion creation and annihilation processes, it would
exhibit substantially faster dynamics at higher temperatures.
In this context, we investigated the temperature evolution of
the j-fnxpn profiles, and the results are displayed in Fig. 3(c).
In this narrow temperature range (28.0-28.6 K), fnsn clearly
increases by more than one order of magnitude, consistent
with the expectation. The application of the Arrhenius plot,
on trial, shows a large activation barrier of 25400 K (Fig. 3(c)
inset; see also Fig. S6 in the Supplemental Material [16]), fea-
turing the dramatic temperature dependence of the skyrmion
velocity. Importantly, such thermally activated behavior is
absent in bulk MnSi [7], which is reasonably understood if
the edges play only a minor role in the bulk sample.

We thus return our attention to the central question of
why the skyrmion creation and/or annihilation rates can be
so low in the microfabricated sample. This issue appears to
be explained by considering thermally populated “emergent
magnetic monopoles,” magnetic singularities that can initiate
the destruction of the skyrmion string [27,28]. Compared with
a bulk sample, the skyrmion string length is much shorter
in the present specimen, only ~1 pum. This aspect makes
the thermal population of emergent magnetic monopoles in

094410-3



TAKURO SATO et al.

PHYSICAL REVIEW B 100, 094410 (2019)

periodic
I g
o
o
T
1

open
N
~
T
1

Jsk
Bl

0.0 0.1 0.2 0.3 0.4
kgT

I
100 sites

FIG. 4. (a) Snapshot of the skyrmions in a steady-flow state
under the application of the spin current in the open-boundary
system at kg7 = 0.3. The simulated lattice consists of 300 x 300
magnetic moments. The magnitude and direction of the applied
spin current are v, = 0.006 (corresponding to an electric current
of ~6 x 10" A/m?) and the +x direction, respectively. The color
wheel specifies the x-y plane magnetization direction. The brightness
of the color represents the z component of the magnetization; that is,
the local magnetizations pointing in the z direction are displayed as
white. Crosses indicate the position of impurities. (b) Temperature
profile of the ratio between JS™ and JP"°Y°, which represent the
skyrmion flux in a steady state in the open- and periodic-boundary
systems, respectively.

each skyrmion string much lower [29,30], leading to more
robust topological protection. In fact, compared with bulk
MnSi [31], the skyrmion phase in the microfabricated sample
can be thermally quenched much more easily (see Fig. S7
in the Supplemental Material [16]), corroborating the low
annihilation rate of the skyrmions. Thus, by considering the
continuity equation for a steady-flow state, ppvg = Teink Jsources
one can expect a slow steady flow of skymions.

Finally, to see whether a minimal model can reproduce
the interplay between the sample edges and the skyrmion
steady flow, we numerically investigated the current-induced
dynamics of the skyrmion lattice at finite temperatures in
open- and periodic-boundary two-dimensional (2D) systems
(see the Method section in the Supplemental Material [16]).
We found that in the open-boundary system, thermal agitation
allows finite nucleation and annihilation rates of skyrmions
at the edges, eventually resulting in a steady-flow state,
in which the two rates are balanced. We note that this is
not the case for zero temperature: At a small spin current
density, vy = 0.001 (corresponding to an electric current of
~1 x 10'° A/m?), for instance, a skyrmion steady flow is
realized in the periodic boundary system, but the skyrmion
lattice settles into a stationary state, || = 0, in the open-
boundary system (Fig. S8 in the Supplemental Material [16]).
Figure 4(a) shows a typical snapshot in the steady-flow state at

ksT = 0.3 and vy = 0.006 (see also the Supplemental Movie
S1 [16]). From its time evolution, we derived the number of
skyrmions that pass through one edge per unit time (namely
skyrmion flux, JJ*") in the steady-flow state and compared

it with the value in the periodic-boundary system, Jflfri(’dic

The ratio J*"/J*"°% s found to be invariably less than
unity, and moreover, decrease as the temperature is lowered
[Fig. 4(b)]. Thus, the simulation results demonstrate that even
in the minimal model, the skyrmion steady flow is signifi-
cantly affected by the skyrmion nucleation/annihilation rates
at the edges, consistent with the experiments. Nevertheless, it
is to be noted that the agreement between the experiments and
simulations remains only qualitative: The ratio obtained in the
simulation is on the order of 0.1 even at the lowest temperature
ksT = 0.1, and it is not as pronounced as ~1074-107 as
observed in our micrometer-sized specimen. We tentatively
attribute this discrepancy to a difference in the dimension
between the numerical simulations (2D) and experiments
(3D), and the quantitative agreement remains to be solved.
We expect that similar edge effects can be involved in
the steady flow of superconducting vortices because super-
conducting vortices are also topological objects. In fact, the
edges of a superconductor are known to work as a barrier
when vortex lines are entering and exiting the considered
system in response to changes in the external magnetic field
[32,33]. However, to our knowledge, no experimental report
on the edge-dominated, sluggish steady flow of superconduct-
ing vortices exists, implying that in most experiments, the
superconducting specimen is not in the clean limit and that the
edge effect is less important than the pinning by impurities.

IV. CONCLUSIONS

We have performed resistance fluctuation spectroscopy
on micrometer-sized MnSi and observed current-induced
narrow-band noise in the magnetic skyrmion-lattice phase.
This observation is ascribed to the steady-flow motion of the
skyrmion lattice under an electric current. The steady-flow
velocity estimated from the NBN frequency is anomalously
slow, 1-100 um/s at ~10° A/m2, and exhibits thermally
activated behavior, markedly different from the previous ex-
perimental results on a bulk sample and numerical results
on a periodic-boundary system. Moreover, our numerical
simulations on an open-boundary system reveal that the edges
limit the skyrmion motion. Thus, our findings suggest a vital
role of the edges in skyrmion steady flow, especially in a
microstructure.
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