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Laminar and transiently disordered dynamics of magnetic-skyrmion pipe flow
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The world is full of fluids that flow. The fluid nature of flowing skyrmionic quasiparticles is of fundamental
physical interest and plays an essential role in the transport of many skyrmions. Here, we report the laminar
and transiently disordered dynamic behaviors of many magnetic skyrmions flowing in a pipe channel. The
skyrmion flow driven by a uniform current may show a lattice structural transition. The skyrmion flow driven by
a nonuniform current shows a dynamically varying lattice structure. A large uniform current could result in the
compression of skyrmions toward the channel edge, leading to the transition of the skyrmion pipe flow into an
open-channel flow with a free surface. Namely, the width of the skyrmion flow could be adjusted by the driving
current. Skyrmions on the free surface may form a single shear layer adjacent to the main skyrmion flow. In
addition, although we focus on the skyrmion flow dynamics in a clean pipe channel without any pinning or defect
effect, we also show that variation of the magnetic anisotropy in the pipe channel could lead to more complicated
skyrmion flow dynamics and path lines. Our results reveal the fluid nature of skyrmionic quasiparticles, which
may motivate future research on the complex flow physics of magnetic textures.
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I. INTRODUCTION

Advances in hardware and software technologies will
benefit a future information-driven society [1]. Essential
information-processing hardware includes storage, comput-
ing, and communication devices [2,3]. Particularly, the
performance of storage and computing hardware may be im-
proved by replacing conventional information carriers with
topologically nontrivial ones [4–18]. A promising candidate
is the magnetic skyrmion [19–23], which is a particle-
like object [24–40] and can be controlled effectively by
spin currents [41–49] and electric fields [50–55]. The use
of skyrmions in hardware could, in principle, enhance
the radiation tolerance and reduce the energy consumption
[56–60], which may make it possible to operate the hardware
efficiently under extreme conditions. In addition, magnetic
skyrmions with dimensions down to a few nanometers may
also be used as building blocks for quantum versions of clas-
sical information-processing hardware [61–64].

It is therefore important to explore the complex dynam-
ics of skyrmions in nanoscale device geometries in order
to realize skyrmion-based functional devices. Single- and
collective-skyrmion dynamics are fundamental for the manip-
ulation of skyrmionic bits in magnetic substrates [4–18,24,56–
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60]. A recent comprehensive review [24] highlighted the
dynamic properties of skyrmions interacting with disorder
and nanostructures, which are believed to be important for
technological applications. However, the control of skyrmion
flow dynamics could be a challenging task due to the com-
plex skyrmion-skyrmion and skyrmion-substrate interactions
[48,49,65–71].

An important problem of the flow dynamics of fluid parti-
cles in pipes is whether it is described by laminar, turbulent,
or transitional dynamics [72–79]. Skyrmions are quasiparti-
cles and can interact with each other in a repulsive manner
[24,25]. Thus, a large number of nanoscale skyrmions may
also form a very special type of plastic or viscous fluid flow
[33–35,48,49,65–71] in pipe channels and show typical fluid
dynamics. The transition between different dynamic phases
of skyrmion flows could result in complex and interesting
transitional transport phenomena, which are of fundamental
physical interest and may play an important role in practical
applications based on the transport of skyrmionic quasipar-
ticles. In this work, we report the laminar and transiently
disordered behaviors of skyrmion flow in a two-dimensional
(2D) pipe, with a focus on the dynamics in the absence of
pinning and defect effects.

II. THEORETICAL MODEL AND SIMULATIONS

We simulate the current-driven dynamics of many com-
pact Néel-type skyrmions in a 2D ferromagnetic pipe channel
with the interfacial Dzyaloshinskii-Moriya (DM) interaction
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FIG. 1. The initial state and driving current profiles. (a) Top view of the initial state at t = 0 ns. The upper and lower pipe edges are
indicated by black line patterns. (b) Voronoi cell construction showing the triangular lattice structure and skyrmion locations in (a). The
skyrmion centers are indicated by the blue dots. (c) Close-up top view of the skyrmion texture as indicated by the green boxes in (a) and (b).
Each cone represents one unit magnetization vector. The color scale represents the mz component. (d) Normalized current densities of the
uniform and nonuniform currents along the lateral direction of the pipe. (e) Normalized current density of the nonuniform current in the x-y
plane.

[80,81]. The length, width, and thickness of the model are
equal to 1000, 500, and 1 nm, respectively. The periodic
boundary condition is applied only in the x direction, while
10 unit magnetization mesh cells on the upper and lower
edges of the pipe are assumed to have enhanced perpendicular
magnetic anisotropy (PMA) [82–84], which creates a confined
pipe channel geometry [Figs. 1(a) and 1(b)]. The magneti-
zation dynamics is controlled by the Landau-Lifshitz-Gilbert
equation augmented with the dampinglike spin-orbit torque
[45–49], which can be generated by the spin Hall effect in
a heavy-metal substrate [42–44,46,85]. The fieldlike torque
is not considered because it does not drive the dynamics of
a compact and rigid skyrmion [46]. Thus, the magnetization
dynamics equation is

∂t m = −γ0m × heff + α(m × ∂t m) + τd, (1)

where m is the reduced magnetization, t is the time, γ0 is
the absolute gyromagnetic ratio, α is the Gilbert damping
parameter, and heff = − 1

μ0MS

δε
δm is the effective field. μ0, MS,

and ε denote the vacuum permeability constant, saturation
magnetization, and average energy density, respectively. The
energy density terms include the exchange, DM interaction,
PMA, and demagnetization, which are expressed as follows
[45–49]:

ε = A(∇m)2 + D[mz(m · ∇) − (∇ · m)mz]

− K (n · m)2 − MS

2
(m · Bd), (2)

where A, D, and K are the ferromagnetic exchange, DM
interaction, and PMA constants, respectively. Bd is the de-
magnetization field. n is the unit surface normal vector.
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FIG. 2. The intrinsic skyrmion Hall angle θSH of a single isolated
skyrmion as a function of the spin-polarization angle θ . In our studied
system, the skyrmion moves toward the +x direction (i.e., θSkHE =
0◦) when θ = 201.03304◦.

mz is the out-of-plane component of m. The dampinglike
torque τd = u(m × p × m), with the coefficient being u =
|(γ0h̄/μ0e)|( jθSH/2aMS). h̄ is the reduced Planck constant,
e is the electron charge, a is the magnetic layer thickness,
j is the current density, θSH is the spin Hall angle, and p
is the spin-polarization direction. The default parameters are
[45–49] γ0 = 2.211 × 105 m A−1 s−1, α = 0.3, MS = 580
kA m−1, exchange constant A = 15 pJ m−1, PMA constant
K = 0.8 MJ m−3, and DM interaction constant D = 3 mJ
m−2. The driving force is solely controlled by the current
density (i.e., u ∼ j) with the assumption that θSH = 1. All
simulations are performed using the MUMAX3 micromagnetic
simulator [86] on an NVIDIA GeForce RTX 3060 Ti graphics

processing unit. The mesh size is set to 2.5 × 2.5 × 1 nm3 to
ensure good computational accuracy and efficiency.

III. RESULTS AND DISCUSSION

A. The initial skyrmion Hall angle

We focus on the skyrmion dynamics with an initially zero
skyrmion Hall angle (i.e., the overdamped case [24–27,33–
35,39,87]), where skyrmions move in the +x direction and
can interact repulsively with pipe edges to form a pipe flow.
Hence, we set the intrinsic skyrmion Hall angle θSkHE to
zero by changing the spin-polarization direction p [49]. The
spin-polarization angle between p and the +x direction is
defined as θ , and θSkHE is defined as the angle between the
skyrmion velocity v and the +x direction [43], i.e., θSkHE =
arctan(vy/vx ). Note that the arctangent function returns the
inverse of the tangent function. In experiments, θ can be
controlled by tuning the in-plane electron flow direction ĵe

in the heavy-metal substrate as p = ĵe × n, with n being
the surface normal vector [45,46,49,85]. Namely, an in-plane
electron current is injected into the heavy-metal layer under-
neath the ferromagnetic layer, which results in a vertical spin
current propagating into the ferromagnetic layer due to the
spin Hall effect [45,46,49,85], where the magnitude and spin-
polarization angle of the spin current depend on the magnitude
and direction of the in-plane electron current, respectively.
The magnitude and direction of the injection electron current
can be controlled by engineering the geometry of the heavy-
metal layer. For example, a gradient electron current profile
could be realized by fabricating a heavy-metal layer with a
gradient thickness.

To determine θ for θSkHE = 0◦, we analyze θSkHE of a
compact skyrmion using the Thiele equation [46,49,88,89],

G × v − αD · v − 4πB · je = 0, (3)

where v = (vx, vy) is the steady skyrmion velocity and
je = ( jx, jy) = (− je sin θ, je cos θ ) is the electron current.

FIG. 3. The dynamic phase diagram. (a) Top views of the system at t = 500 ns driven by a uniform or nonuniform current for a range of
current densities, i.e., j = jm = 1–60 MA cm−2, which indicate three different dynamic phases. (b) Time-dependent Q for the system driven
by a uniform current of j = 1 − 80 MA cm−2. (c) Time-dependent Q for the system driven by a nonuniform current of jm = 1 − 80 MA cm−2.
(d) j-dependent |Q| averaged for 500 ns for the system driven by a uniform current. (e) jm-dependent |Q| averaged for 500 ns for the system
driven by a nonuniform current.
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FIG. 4. A laminar pipe flow of skyrmions driven by a small uniform or nonuniform current. (a) Top view of the system driven by a uniform
current ( j = 3 MA cm−2) at t = 300 ns. The yellow arrow indicates the skyrmion flowing direction. (b) Voronoi cell construction of the state
given in (a). (c) Overlay of moving skyrmions driven by a uniform current in the pipe during t = 300–500 ns, showing nine parallel path
lines. Time-dependent (d) mz and Q and (e) total energy for the system driven by a uniform current. (f) Top view of the system driven by a
nonuniform current ( jm = 3 MA cm−2) at t = 303 ns. (g) Voronoi cell construction of the state given in (f). (h) Overlay of moving skyrmions
driven by a nonuniform current in the pipe during t = 300–500 ns, showing nine parallel path lines. The skyrmions near the upper and lower
pipe edges move much slower than that in the middle of the pipe as the skyrmion speed is proportional to the current density. Time-dependent
(i) mz and Q and (j) total energy for the system driven by a nonuniform current.

G = (0, 0,−4πQ) is the gyromagnetic coupling vector as-
sociated with the Magnus force, where Q = 1

4π

∫
m · ( ∂m

∂x ×
∂m
∂y )dxdy is the skyrmion number [4,12,15]. D is the dissi-
pative tensor with zero off-diagonal entries and the diagonal
entries being D. B is a term that quantifies the efficiency of
the driving force. From Eq. (3) we find the θ -dependent θSkHE

[49,89],

θSkHE = arctan

(
αD cos θ + Q sin θ

−αD sin θ + Q cos θ

)
. (4)

We further computationally find that a relaxed compact
skyrmion with Q = −1 and a diameter of about 15 nm
[Fig. 1(c)] has θSkHE = 158.97◦ and no deformation during
its motion driven by a small current j = 0.5 MA cm−2 at
θ = 0◦, justifying its good rigidity and particlelike feature.

Hence, we obtain D = 1.28 and thus find analytically from
Eq. (4) that θSkHE = 0◦ at θ = 201.03304◦, as shown in Fig. 2.
In the following, we set θ = 201.03304◦ in all computational
simulations to ensure θSkHE = 0◦. The skyrmions should flow
in the +x direction provided that they are not deformed
significantly.

B. The dynamic phase diagram

To explore the possible dynamic behaviors of the skyrmion
pipe flow in our studied system, we first drive the skyrmions
in the pipe channel into motion under a systematic variation
of the current density. We consider uniform and nonuniform
current density distributions [Fig. 1(d)]. For the uniform case,
the current density j is uniform in the pipe. For the nonuni-
form case [Fig. 1(e)], j equals zero at the pipe edges and
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FIG. 5. The average skyrmion diameter in the system driven by
a small uniform current ( j = 3 MA cm−2) or a nonuniform current
( jm = 3 MA cm−2) as a function of time. The initial skyrmion diam-
eter equals 14.69 nm before the application of the current.

linearly increases to its maximum value jm in the middle of the
lateral direction (i.e., the y direction); j remains constant in the
longitudinal direction (i.e., the x direction). Both the uniform
and nonuniform currents can drive all skyrmions into motion
toward the +x direction with an intrinsic skyrmion Hall angle
of θSkHE = 0◦. Namely, we ensure that the skyrmion shows no
skyrmion Hall effect (i.e., θSkHE = 0◦) and deformation driven
by a small current.

The initial state includes 180 relaxed compact skyrmions
forming a stable triangular lattice in the pipe (Fig. 1). The q
vectors of the triangular lattice point at 3, 7, and 11 o’clock.
The skyrmions fully fill the pipe and slightly interact with the
upper and lower pipe edges, which are expected to form a
pipe flow upon their motion toward the longitudinal direc-
tion. Indeed, as shown in Fig. 3(a), we find that a laminar
pipe flow of skyrmions can be formed when the system is
driven by a small uniform or nonuniform current ( j = jm �
10 MA cm−2), which will be discussed in Sec. III C (see
Videos 1 and 2 in the Supplemental Material [90]). When the
applied driving current density j = jm = 10–50 MA cm−2,
the system shows a transitional dynamic phase accompanied
by transiently disordered dynamic behaviors, which will be
discussed in Secs. III D and III E (see Videos 3 and 4 in the
Supplemental Material [90]). We also note that the skyrmions
in the pipe channel will be deformed and even destroyed when
the driving current is larger than a threshold value of 60 MA
cm−2 (i.e., j = jm � 60 MA cm−2), which may lead to com-
plex magnetic domain patterns in the pipe channel (see Videos
5 and 6 in the Supplemental Material [90]). The destruction
and annihilation of skyrmions in the pipe channel driven by
a uniform or nonuniform current of j = jm � 60 MA cm−2

can be seen from the time-dependent total skyrmion number
Q of the system [Figs. 3(b) and 3(c)], where Q approaches
zero soon upon the application of the current. In Figs. 3(d)
and 3(e), the total skyrmion number of the system averaged
for 500 ns of the simulation indicates a sharp change around
the dynamic phase boundary between the transitional and
deformed phases. Within the deformed phase, a larger applied
current density will result in the destruction and annihilation

FIG. 6. Transition from a pipe flow to an open-channel flow driven by a moderately large uniform current. Top views and corresponding
Voronoi cell constructions of the system driven by a uniform current ( j = 40 MA cm−2) at (a) t = 0 ns, (b) t = 5 ns, (c) t = 21.1 ns, (d) t =
50 ns, (e) t = 100 ns, (f) t = 150 ns, (g) t = 200 ns, and (h) t = 300 ns.
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FIG. 7. Transition from a pipe flow to an open-channel flow
driven by a moderately large uniform current ( j = 40 MA cm−2).
Time-dependent (a) mz and Q and (b) total energy for the system.
(c) Overlay of moving skyrmions during t = 0–50 ns, showing
both the lateral and longitudinal motions of skyrmions in the pipe.
(d) Overlay of moving skyrmions during t = 160–300 ns, showing
eight compressed parallel path lines. The speed of skyrmions flowing
along the path line near y = 300 nm is faster than that of the main
skyrmion flow, forming a single shear layer of skyrmions at the
surface of the main skyrmion flow.

of more skyrmions. In the following, we focus on the ordered
and transiently disordered dynamic behaviors of the skyrmion
flow in the pipe channel.

C. Laminar dynamics and structural transition

The laminar flow means that the fluid particles flow orderly
in smooth and parallel paths without lateral mixing, where
each particle has only a constant velocity along the path [73].
The laminar flow can be found when the fluid particles are
flowing through a closed channel (e.g., a pipe). Here, we show
the formation of a laminar pipe flow of skyrmions driven by a
small current in the pipe. As shown in Fig. 4, we focus on the
system driven by j = jm = 3 MA cm−2 as an example.

For the system driven by a uniform current
[Figs. 4(a)–4(e)], the skyrmions move toward the +x
direction, and the skyrmion lattice structure gradually
changes to a more stable triangular configuration
[Fig. 4(b)] with the three q vectors pointing at 12,
4, and 8 o’clock (see Video 1 in the Supplemental

FIG. 8. The average skyrmion diameter in the system driven by
a moderately large uniform current ( j = 40 MA cm−2) as a function
of time. The initial skyrmion diameter equals 14.69 nm before the
application of the current.

Material [90]). The lattice structure transition is a result of
the fact that the moving skyrmions favor a compact alignment
guided by the pipe edges due to the skyrmion-skyrmion
and skyrmion-edge repulsions [48,49,71]. When the lattice
structure transition is completed, the skyrmions flow toward
the +x direction following nine parallel path lines [Fig. 4(c)],
where all skyrmions have the same speed, forming a moving
lattice of skyrmions that can be treated as a uniform skyrmion
pipe flow with a constant velocity profile. Such a skyrmion
pipe flow does not have a free surface because the skyrmions
touch and interact with both the upper and lower pipe edges.
Upon the application of the uniform current, the out-of-plane
magnetization of the system mz slightly decreases, while
the total skyrmion number does not change [Fig. 4(d)]. The
decrease in mz is caused by the nature of the applied spin
current with an in-plane spin-polarization direction, which
tends to reduce the out-of-plane magnetization and increase
the in-plane magnetization. Therefore, as shown in Fig. 5,
the average skyrmion diameter in the pipe slightly decreases
upon the application of the driving current because the spin
torque with an in-plane spin-polarization direction favors
more in-plane magnetization and thus leads to the increase in
the circular domain wall width as well as the shrinking of the
out-of-plane skyrmion core. However, a tiny deformation of
the skyrmion basically does not affect θSkHE, as can be seen
from the skyrmion path lines parallel to the pipe edge. The
total energy suddenly increases when the current is applied
and then decreases during the lattice transition; it finally
approaches a stable value when a steady skyrmion pipe flow
is formed. We also note that the skyrmion size oscillates
slightly during its motion, as indicated by the time-dependent
mz [Fig. 4(d)] and average skyrmion diameter (Fig. 5). The
oscillation of the skyrmion size is possibly caused by the
unsteady skyrmion-skyrmion and skyrmion-edge interactions
during the motion of the skyrmions driven by the current.

For the system driven by a nonuniform current [Figs. 4(f)–
4(j)], the skyrmions move toward the +x direction and form
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FIG. 9. A transitional pipe flow of skyrmions driven by a moderately large nonuniform current. Top views and corresponding Voronoi cell
constructions of the system driven by a nonuniform current ( jm = 40 MA cm−2) at (a) t = 0 ns, (b) t = 50 ns, (c) t = 125 ns, (d) t = 285 ns,
(e) t = 309 ns, (f) t = 315 ns, (g) t = 375 ns, and (h) t = 500 ns.

a laminar pipe flow (see Video 2 in the Supplemental Mate-
rial [90]). The skyrmions flow along nine parallel path lines
[Fig. 4(h)] with different speeds between adjacent layers of
skyrmions because the skyrmion velocity v = (vx, vy) is pro-
portional to j. To be specific, the analytical skyrmion velocity

can be obtained with Eq. (3) as vx = |u|I Q cos θ−αD sin θ

Q2+α2D2 and

vy = |u|I αD cos θ+Q sin θ

Q2+α2D2 , where I = 1
4π

∫∫
( ∂m

∂x × m)ydxdy is
related to the efficiency of the spin torque over the skyrmion
[49,89]. When θSkHE = 0◦ (θ = 201.03304◦), the skyrmion

FIG. 10. A transitional pipe flow of skyrmions driven by a moderately large nonuniform current ( jm = 40 MA cm−2). Time-dependent
(a) mz and Q and (b) total energy for the system. Overlays of moving skyrmions during (c) t = 125–175 ns and (d) t = 285–309 ns show some
transiently disordered skyrmion behaviors in the upper half of the pipe. (e) Overlay of moving skyrmions during t = 360–500 ns, showing 10
parallel path lines, where the skyrmions flow in a laminar fashion.
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FIG. 11. The average skyrmion diameter in the system driven
by a moderately large nonuniform current ( jm = 40 MA cm−2) as
a function of time. The initial skyrmion diameter equals 14.69 nm
before the application of the current.

velocity vx ∼ c j, and vy ∼ 0, with c being a coefficient
as long as u ∼ j and the skyrmion is not obviously
deformed. In the fully developed laminar flow of skyrmions,
the skyrmions flow in an orderly fashion following parallel
path lines without obvious lateral motion, and therefore, they
show a dynamically varying lattice structure, in which one
may find mixed square and triangular lattice structures at
selected times [Fig. 4(g)]. Due to the dynamically varying
lattice structure, the skyrmion-skyrmion interactions lead to
more pronounced oscillations in mz and total energy of the
system; however, the total skyrmion number remains constant
[Figs. 4(i) and 4(j)]. As shown in Fig. 5, the oscillation of
the skyrmion size driven by the nonuniform current is also
more pronounced than that driven by the uniform current due
to the varying spacing between neighboring skyrmions in the
dynamically varying skyrmion lattice.

D. Transition from pipe flow to open-channel flow

In fluid dynamics, a laminar flow may transform into
a transitional flow and further into a turbulent flow as the
Reynolds number increases. The speed of the fluid plays
an important role in the transition as the Reynolds number
increases with the flow speed. To explore similar phenom-
ena in the skyrmion pipe flow, we apply a moderately large
current to drive the system as the skyrmion speed increases
with j. For the system driven by a uniform current, we do
not find the laminar-turbulent transition for a moderate range
of j = 10–50 MA cm−2; however, we observe a transition
of the skyrmion pipe flow into an open-channel flow due
to the skyrmion deformation-induced skyrmion Hall effect
(see Video 3 in the Supplemental Material [90]). In Fig. 6,
we show the system driven by j = 40 MA cm−2 as an
example.

In principle, the skyrmions should move with θSkHE = 0◦
as shown in Fig. 4. However, when a moderately large current
is applied, the skyrmion shows certain but not significant

deformation, and its size is slightly increased [44], as in-
dicated by the sharp decrease in mz in Fig. 7(a) and the
sharp increase in the average skyrmion diameter in Fig. 8.
As θSkHE ∼ D [Eq. (4)], where D = π2d/8γDW [43], with d
and γDW being the skyrmion diameter and the domain wall
width, respectively, the increase in the skyrmion size could
lead to the lateral motion of the skyrmions (i.e., a nonzero
θSkHE) [Fig. 7(c)]. The motion of the skyrmions toward the
lower pipe edge results in the compression of the skyrmions
[35,71], which leads to the formation of a skyrmion flow with
a free surface and reduced flow width. Due to the compression
effect, the skyrmion size decreases as indicated by the gradual
increase in mz in Fig. 7(a) as well as the gradual decrease
in the average skyrmion diameter in Fig. 8. Hence, θSkHE

equals zero when the skyrmion size almost decreases to its
initial value. The compressed skyrmions flow toward the +x
direction and follow eight parallel path lines [Fig. 7(d)]. No
skyrmion is annihilated during the compression [Fig. 7(a)],
and the system reaches a higher total energy when a steady
open-channel flow of skyrmions is formed [Fig. 7(b)]. The
speed of the skyrmions on the free surface is faster than that
of the main skyrmion flow, which forms a single shear layer of
skyrmions at the flow surface [35,71]. It should be noted that
the effect of the moderately large driving current in narrowing
the width of the skyrmion flow depends on the applied current
density, as shown in Fig. 3(a). Namely, a larger current density
could result in a narrower usable portion of the pipe channel;
however, it will also affect the density and crystal structure of
the skyrmion flow.

E. Transitional dynamics

For the system driven by a moderately large nonuniform
current, we do not find a fully developed turbulent flow;
however, we find both laminar and transiently disordered
dynamic behaviors of skyrmions in a transitional skyrmion
flow (see Video 4 in the Supplemental Material [90]). In
fluid dynamics, a transitional flow is a mixed flow with both
laminar and turbulent dynamics, usually with turbulent flow
in the pipe center and laminar flow near the pipe edges. In
contrast, taking the system driven by jm = 40 MA cm−2 as
an example (Fig. 9), we find that the skyrmions close to
the lower pipe edge show laminar dynamics, while those in
the upper half of the pipe could show disordered behaviors.
The reason is that the relatively large j in the pipe center (i.e.,
near y = 250 nm) results in the deformation of skyrmions,
which further leads to nonzero θSkHE and a compression ef-
fect similar to the situation given in Fig. 6. The skyrmion
traveling toward the +x direction with nonzero θSkHE shows a
lateral motion toward the +y or −y direction, depending on its
deformation (e.g., current-induced expansion or compression-
induced shrink), as indicated by the time-dependent variations
of mz [Fig. 10(a)], the total energy [Fig. 10(b)], and the
average skyrmion diameter (Fig. 11). The transiently disor-
dered motion of skyrmions is prominent in the upper half of
the skyrmion flow, demonstrated by the irregular path lines
[Figs. 10(c) and 10(d)]. However, the skyrmions adjacent to
the upper and lower pipe edges show stable laminar dynamics
driven by relatively small j. Interestingly, a single skyrmion is
annihilated in the transitional flow of skyrmions, as indicated
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FIG. 12. Effect of magnetic anisotropy variation on the skyrmion pipe flow driven by a small uniform current ( j = 3 MA cm−2). Top views
and corresponding Voronoi cell constructions at t = 300 ns for the systems with anisotropy variations of (a) 0.5%, (b) 1.0%, (c) 1.5%, and
(d) 2.0%.

by the change in Q in Fig. 10(a) near t = 310 ns, which
may have collapsed due to the strong compressive interactions
between skyrmions in the transiently disordered region.
We note that the strong compressive interactions between

skyrmions that lead to the shrink and collapse of a skyrmion
are also indicated by an obvious peak in the average skyrmion
diameter near t = 310 ns. After the annihilation of the
skyrmion, the transitional flow gradually transforms into a

FIG. 13. Effect of magnetic anisotropy variation on the skyrmion pipe flow driven by a small uniform current ( j = 3 MA cm−2). Overlay
of moving skyrmions driven by a small uniform current during t = 300–500 ns in the systems with anisotropy variations of (a) 0.5%, (b) 1.0%,
(c) 1.5%, and (d) 2.0%, which shows multiple wavy path lines. Time-dependent (e) Q and (f) mz for the systems with different anisotropy
variations.
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FIG. 14. The average skyrmion diameter as a function of time
in the system with magnetic anisotropy variation driven by a small
uniform current ( j = 3 MA cm−2). The initial skyrmion diameter
equals 14.69 nm in the system with no anisotropy variation before
the application of the current.

laminar flow, where 10 layers of skyrmions flow along parallel
path lines toward the +x direction [Fig. 10(e)].

Here, it is worth mentioning that the oscillation of the
skyrmion size driven by a moderately large current (Figs. 8
and 11) is not obvious compared to that driven by a small
current (Fig. 5) because a larger spin current has a stronger
effect on the profile of a skyrmion, which could suppress
the skyrmion oscillation and even lead to the skyrmion
deformation.

F. Effect of magnetic anisotropy variation

In this section, we further investigate the laminar dynamics
of the skyrmion pipe flow in the presence of certain magnetic
anisotropy variation. The model geometry and parameters are
the same as those used in Sec. III C; however, a variation of the
magnetic anisotropy constant in the pipe channel is applied
by considering grainlike regions with slightly varying PMA
constants using a Voronoi tessellation [86]. To be specific,
we define grains with the Voronoi tessellation over the pipe
channel with a grain size of 100 nm, a maximum region
number of 50, and a random seed of 777. We consider random
anisotropy constant variation of 0.5%–2.0% within all grain
regions, with the default value being K = 0.8 MJ m−3.

As shown in Fig. 12, we first study the system driven
by a small uniform current of j = 3 MA cm−2. It shows
that the variation of magnetic anisotropy in the pipe channel
introduces certain pinning and defect effects, which lead to
irregular distribution of skyrmions moving in the pipe. The
skyrmions show obvious longitudinal and transverse motion
driven by the uniform current even at a 0.5% variation of the
magnetic anisotropy (see Video 7 in the Supplemental Mate-
rial [90]), which is different from the case in the clean pipe
channel [Fig. 4(a)], in which all skyrmions move toward the
longitudinal direction (i.e., the +x direction). When a higher
2.0% variation of the magnetic anisotropy is applied in the

pipe channel, the skyrmions show more irregular motion (see
Video 8 in the Supplemental Material [90]). Consequently, the
effect of the magnetic anisotropy variation leads to multiple
wavy path lines of the skyrmions in the pipe, as shown in
Figs. 13(a)–13(d). We note that some skyrmions are annihi-
lated due to the strong compression of skyrmions at grain
boundaries when a 2.0% variation of the magnetic anisotropy
is applied, as indicated by the time-dependent Q given in
Fig. 13(e).

In Fig. 13(f), we show the time-dependent mz for systems
with different variations of the magnetic anisotropy. It can
be seen that mz increases with time and approaches a cer-
tain value, especially for the system with a higher variation
of the magnetic anisotropy. This is in contrast to the case
without the variation of the magnetic anisotropy [compare
Figs. 4(d) and 13(f)], where mz slightly decreases with time
and approaches a certain value due to the in-plane polarized
spin current. The reason is that it is difficult for a skyrmion to
penetrate into a grain with a relatively higher anisotropy [83].
Therefore, in the pipe channel with higher variation of the
magnetic anisotropy, the skyrmions will experience a stronger
compression effect near the potential barriers formed by the
boundaries of grains with enhanced anisotropy. As a result,
the current-induced compression of skyrmions near the grain
boundaries leads to the decrease in the skyrmion size (Fig. 14)
as well as the annihilation of the skyrmions [Fig. 13(e)]. Both
the decrease in the skyrmion size and the decrease in the
number of skyrmions in the pipe channel result in the increase
in mz.

It should be noted that the effect of the anisotropy variation
on the skyrmion pipe flow driven by a small nonuniform
current (Figs. 15–17) is qualitatively similar to that driven
by a small uniform current (Figs. 12–14). Namely, a higher
variation could generate more complicated and irregular path
lines of skyrmions moving in the pipe (Figs. 15 and 16)
and may also result in the annihilation of certain skyrmions
[Fig. 16(e)]. For example, see Videos 9 and 10 in the Supple-
mental Material [90] for the dynamic behaviors of skyrmions
driven by a small nonuniform current ( jm = 3 MA cm−2) in
the pipe channel with 0.5% and 2.0% anisotropy variations,
respectively.

IV. CONCLUSION

In conclusion, we have studied the flow dynamics of
skyrmions in a 2D pipe driven by small and moderately large
currents. A lattice structural transition may occur due to the
skyrmion-edge and skyrmion-skyrmion interactions. A small
nonuniform current could create a laminar skyrmion flow,
while a large nonuniform current may create a transitional
skyrmion flow. A uniform current may also lead to a transition
of the skyrmion pipe flow to an open-channel flow. Namely,
the width of the skyrmion flow could be controlled by the
current density of the applied uniform current. A chain of
skyrmions on the free surface of the open-channel skyrmion
flow could move faster than the main skyrmion flow. Our
results reveal the rich dynamics of fluidlike topological spin
textures. Our results may also motivate future research toward
the understanding of complex flow and transport phenomena
in magnets.
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FIG. 15. Effect of magnetic anisotropy variation on the skyrmion pipe flow driven by a small nonuniform current ( jm = 3 MA cm−2). Top
views and corresponding Voronoi cell constructions at t = 303 ns for the systems with anisotropy variations of (a) 0.5%, (b) 1.0%, (c) 1.5%,
and (d) 2.0%.
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Reichhardt, M. V. Milošević, and P. A. Venegas, Phys. Rev. B
105, 224409 (2022).

[39] J. C. Bellizotti Souza, N. P. Vizarim, C. J. O. Reichhardt, C.
Reichhardt, and P. A. Venegas, arXiv:2308.02721.

[40] A. Monteil, C. B. Muratov, T. M. Simon, and V. V. Slastikov,
arXiv:2208.00058.

[41] J. Zang, M. Mostovoy, J. H. Han, and N. Nagaosa, Phys. Rev.
Lett. 107, 136804 (2011).

[42] W. Jiang, P. Upadhyaya, W. Zhang, G. Yu, M. B. Jungfleisch,
F. Y. Fradin, J. E. Pearson, Y. Tserkovnyak, K. L. Wang, O.
Heinonen, S. G. E. te Velthuis, and A. Hoffmann, Science 349,
283 (2015).

[43] W. Jiang, X. Zhang, G. Yu, W. Zhang, X. Wang, M. Benjamin
Jungfleisch, J. E. Pearson, X. Cheng, O. Heinonen, K. L. Wang,
Y. Zhou, A. Hoffmann, and S. G. E. Velthuiste, Nat. Phys. 13,
162 (2017).

[44] K. Litzius, I. Lemesh, B. Kruger, P. Bassirian, L. Caretta, K.
Richter, F. Buttner, K. Sato, O. A. Tretiakov, J. Forster, R. M.
Reeve, M. Weigand, I. Bykova, H. Stoll, G. Schutz, G. S. D.
Beach, and M. Kläui, Nat. Phys. 13, 170 (2017).

[45] J. Sampaio, V. Cros, S. Rohart, A. Thiaville, and A. Fert,
Nat. Nanotechnol. 8, 839 (2013).

[46] R. Tomasello, E. Martinez, R. Zivieri, L. Torres, M. Carpentieri,
and G. Finocchio, Sci. Rep. 4, 6784 (2014).

[47] X. Zhang, J. Xia, Y. Zhou, D. Wang, X. Liu, W. Zhao, and M.
Ezawa, Phys. Rev. B 94, 094420 (2016).

[48] X. Zhang, J. Xia, and X. Liu, Phys. Rev. B 105, 184402
(2022).

[49] X. Zhang, J. Xia, and X. Liu, Phys. Rev. B 106, 094418
(2022).

[50] X. Zhang, Y. Zhou, M. Ezawa, G. P. Zhao, and W. Zhao,
Sci. Rep. 5, 11369 (2015).

[51] M. Schott, A. Bernand-Mantel, L. Ranno, S. Pizzini, J. Vogel,
H. Béa, C. Baraduc, S. Auffret, G. Gaudin, and D. Givord, Nano
Lett. 17, 3006 (2017).

[52] C. Ma, X. Zhang, J. Xia, M. Ezawa, W. Jiang, T. Ono, S. N.
Piramanayagam, A. Morisako, Y. Zhou, and X. Liu, Nano Lett.
19, 353 (2019).

[53] Y. Liu, N. Lei, C. Wang, X. Zhang, W. Kang, D. Zhu, Y. Zhou,
X. Liu, Y. Zhang, and W. Zhao, Phys. Rev. Appl. 11, 014004
(2019).

[54] D. Bhattacharya, S. A. Razavi, H. Wu, B. Dai, K. L. Wang, and
J. Atulasimha, Nat. Electron. 3, 539 (2020).

[55] S. Yang, J. W. Son, T. S. Ju, D. M. Tran, H. S. Han, S. Park,
B. H. Park, K. W. Moon, and C. Hwang, Adv. Mater. 35,
2208881 (2023).

[56] W. Kang, Y. Huang, X. Zhang, Y. Zhou, and W. Zhao, Proc.
IEEE 104, 2040 (2016).

[57] S. Li, W. Kang, X. Zhang, T. Nie, Y. Zhou, K. L. Wang, and W.
Zhao, Mater. Horiz. 8, 854 (2021).

[58] S. Luo and L. You, APL Mater. 9, 050901 (2021).

[59] C. H. Marrows and K. Zeissler, Appl. Phys. Lett. 119, 250502
(2021).

[60] H. Vakili, W. Zhou, C. T. Ma, S. J. Poon, M. G. Morshed, M. N.
Sakib, S. Ganguly, M. Stan, T. Q. Hartnett, P. Balachandran,
J.-W. Xu, Y. Quessab, A. D. Kent, K. Litzius, G. S. D. Beach,
and A. W. Ghosh, J. Appl. Phys. 130, 070908 (2021).

[61] V. Lohani, C. Hickey, J. Masell, and A. Rosch, Phys. Rev. X 9,
041063 (2019).

[62] C. Psaroudaki and C. Panagopoulos, Phys. Rev. Lett. 127,
067201 (2021).

[63] C. Psaroudaki and C. Panagopoulos, Phys. Rev. B 106, 104422
(2022).

[64] J. Xia, X. Zhang, X. Liu, Y. Zhou, and M. Ezawa, Phys. Rev.
Lett. 130, 106701 (2023).

[65] C. Reichhardt and C. J. O. Reichhardt, Nat. Commun. 11, 738
(2020).

[66] X. Z. Yu, N. Kanazawa, W. Z. Zhang, T. Nagai, T. Hara, K.
Kimoto, Y. Matsui, Y. Onose, and Y. Tokura, Nat. Commun. 3,
988 (2012).

[67] D. Okuyama, M. Bleuel, J. S. White, Q. Ye, J. Krzywon, G.
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