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Skyrmion transport fundamentally determines the speed, energy consumption, and functionality of
skyrmion-based spintronic devices, attracting considerable attention. Recent experimental studies found
there is a migration barrier for the thermal activated transport of a skyrmion, which is speculated to be
induced by the pinning effects of crystalline defects. In this Letter, we propose an alternative source of
migration barrier for skyrmion transport, i.e., a local lattice distortion field due to spin-lattice coupling,
which can lead to the same Arrhenius diffusion behavior in defect-free skyrmion materials. By performing
spin-lattice dynamics simulations, we study the microdynamic insight into the influence of local lattice
distortion field, which refreshes the mechanistic understanding on skyrmion transport.
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A skyrmion is a nanoscale magnetic structure in chiral
magnetic materials [1-5]. As a topological stable structure,
a skyrmion can be driven by a low electric current, which is
thus considered as an ideal information carrier for next
generation spintronic devices [6—12]. Skyrmion transport
behavior at room temperature, either the thermal activated
diffusion or the directional drift under an external field
applied [13,14], is one of the key issues for the application
of skyrmion-based functional devices [15—18] and attracts
considerable attention [19-22]. Micromagnetic simulations
found the skyrmion diffusion in a defect-free system does
not exert a migratory barrier at finite temperatures [13,14].
However, recent experiments [17,23] observed the
Arrhenius diffusion behavior, which reveals the presence
of a migration barrier for skyrmion transport. Subsequent
theoretical studies suggested that it is speculated to be
the pinning effects induced by the crystalline defects
[17,23,24]. Although this is accepted to be a reasonable
interpretation, the underlying microdynamic mechanism is
still unclear. In magnetic materials, spins attach to the
atomic lattices, naturally leading to the intrinsic spin-lattice
coupling, so that the local skyrmion spin texture is found to
accompany a local lattice distortion field [25,26] [LLDF,
see in Figs. 1(a) and 1(b)], and the latter can undoubtedly
return the influence to the spin-spin interaction [27] and the
resulting microdynamic evolution of a skyrmion [25-30].
Therefore, it is necessary to clarify the influence of the
LLDF on the skyrmion transport, which is the aim of this
current Letter.

Before introducing the microdynamics, let us discuss the
general evolution behavior of a skyrmion first. For the sake
of generality, a single skyrmion in an isotropic thin film is
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considered here. Treated as a Brownian particle, the in-
plane (e.g., xy plane) evolution of the skyrmion is described
by a stochastic Thiele equation [13,20,31]

mv =F(r)+Gxv—Tv+5(t). (1)

Here, m, v, and r are the effective mass, velocity and
position of the skyrmion, respectively. The conservative
force F = —VU + F ., acting on the skyrmion is made up
of the migration potential barrier —VU and an applied
external force F.,. The term G x v is the Magnus force,
with G = GZ as the gyromagnetic vector. The terms —I'v
and #(¢) are the frictional and random forces, respectively,
denoting the dissipation and fluctuation actions arising
from the thermal vibrations of spins, with ' as the
dissipative coefficient. The physical mechanism of
Eq. (1) is to treat a skyrmion as a “particle” embedded
in a noise environment [in terms of —I'v 4+ #(#)] and the
conservative force field F [13,20]. Accordingly, without the
migration barrier, i.e., U = 0, the skyrmion transport is a
nondirectional free Brownian motion when F,, = 0, where
the diffusivity depends on temperature linearly as
D = puykgT, with u, =T/[G*>+T?] as the mobility
[13,14]; otherwise, skyrmion transport is a directional
diffusion when applying an F,,, like electric current
[7,32] and magnetic field gradient [33,34], where the
terminal velocity v, at the steady state is proportional to
F. [35].

In fact, Eq. (1) is equivalent to the Langevin equation
for the stochastic motion of a Brownian particle embedded
in a noisy environment and the conservative potential
field. Based on Kramer’s theory [36], issues about the
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(a) Single skyrmion spin texture (b) Local lattice distortion field

(c) Dragging effects on local lattice distortion by moving skyrmion
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FIG. 1. The schematics of (a) a single skyrmion spin texture and
(b) the corresponding LLDF &(r) defined in Eq. (5). In (a), the
arrows denote the in-plane atomic spin vectors S;, colored by
their out-of-plane projections. In (b), the arrows denote the
atomic displacements with respect to their lattice sites. (c) and
(d) demonstrate the effects of the LLDF: (i) when the skyrmion
moves along its track by F.,,, the LLDF provides a dragging force
on the skyrmion shown in (c); (ii) when the LLDF is forced to
move by F,,, the skyrmion exerts an traction force shown in (d),
which drives it to keep up with the LLDF. In (c) and (d), the
colored arrows represent a skyrmion texture on top; the colored
sparks denote the LLDF upon its conservative potential field
having the same crystalline periodicity as the host crystal; and the
colored rods connecting between the skyrmion and the LLDF
represent their interactions due to the spin-lattice coupling effects.
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Brownian particle escaping the migration barrier have
been thoroughly studied. Substantial progress has been
made on the underlying mechanistic understanding of
these stochastic behaviors using a similar methodology in
many other related areas, such as the solute diffusion in
metals [37,38] and the polarization relaxation in ferro-
electrics [39]. For example, the solute diffusion without

applying F,,, reveals a typical low energy activation
behavior [40], relying on the competition between the
migration energy E,, and the thermal energy kgT: (1) the
diffusivity obeys Arrhenius law when E,, > kzT as
D/Dy = exp(—E,,/kgT); (2) effects of migration poten-
tial is negligible when E,, < k3T, so that the diffusion is
of Einstein type as D = u kpT; (3) in the intermediate
temperature region, the Brownian particle reveals a mixed
diffusion behavior.

In analogy to solute diffusion, the skyrmion transport
described by Eq. (1) is expected to be significantly affected
by the presence of a migration barrier. Note that the solute
diffusion is implemented as random hops between its
equilibrium sites, so that the migration barrier for the
whole transport process naturally has a similar crystalline
periodicity as that of the host crystal, leading to a well-
defined Arrhenius behavior when E,, > kgT. In the case of
skyrmion diffusion, the crystalline defects are speculated to
be responsible for the migration barrier [41-44]. However,
since the defects usually move too slowly to keep up with
the skyrmion transport when E,, > kT and the resulting
migration barrier is determined by the distribution of
defects, the skyrmion hops only between the defects’
locations [45]. In this case, the skyrmion indicates
Arrhenius behavior near the region filled by defects, but
Einstein behavior in the defect-free region, so to reveal a
complicated non-Arrhenius behavior. In our opinion, the
pinning effects from crystalline defects might not be the
most probable reason for the Arrhenius behavior of sky-
rmions observed in experiments, and another possibility
should be considered.

In the following, we will perform atomistic spin-lattice
dynamics (SLD) simulations [26] to study the effects of the
LLDF. As schematics in Fig. 1, the LLDF, which exerts a
conservative potential field having the same crystalline
periodicity as the host crystal, is another source of migra-
tion barrier leading to the similar transport behavior of a
skyrmion as the solute diffusion in metals: (i) when the
skyrmion moves along its track under F., the LLDF
provides a dragging force on the skyrmion through spin-
lattice coupling; (ii) when the LLDF is forced to move by
F ., it will provide a traction force on the skyrmion, which
drives the skyrmion to keep up with the LLDF.

In SLD, the defect-free skyrmion system is treated as an
ensemble of N interactive atoms with spin and lattice
degrees of freedom, whose microdynamics is described by
the Hamiltonian Hg,; as

Hsir = Hp + Hs. (2)

Here, H; describes the nonmagnetic lattice dynamics,

2
Pl Ui, (3)

N
H, =
L;2
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where m;, p;, and r; are the atomic mass, momentum, and
position of the ith atom, respectively, and U({r;})
describes the nonmagnetic interatomic interactions. Hg
describes the spin-spin interactions, including the
Heisenberg exchange interaction (HEI), Dzyaloshinsky-
Moriya interaction (DMI), and Zeeman interaction (ZI), as

Hs = _Z[Jij(r)si'sj +D;;(r)-(SixS;)]

i>j

- ZHext'Si' (4)

Here, S; denotes the ith atomic spin, and H.,, is the applied
magnetic field. J;;(r) and D;;(r) are the strengths of HEI
and DML, respectively, relying on the instantaneous lattice
configuration r = {r;}, giving rise to the intrinsic spin-
lattice coupling. In other words, the form and amplitude of
Jij(r) and D;;(r) are the atomistic representation of the
intrinsic spin-lattice coupling, which affects the size and
amplitude of the LLDF and the parameters characterizing
skyrmion transport behavior. The synergistic effects of
HEI, DMI, and ZI result in the skyrmion spin texture [26].
Because of the spin-lattice coupling, the local spiral spin
texture of the skyrmion is found to be accompanied with a
LLDF [25,26] as shown in Fig. 1(b). The LLDF &(r;) is
defined as

e(ri) = (ri—r))/a (5)

where 1! is the ith lattice site of a perfect crystal, and a is
the lattice constant. To study the spin-lattice coupling
effects, a pure spin dynamics system governed by Hy is
designed as a reference, where the lattice dynamics is shut
down, and the spin dynamics is attached to the given fixed
lattice configuration. In fact, the spin dynamics governed
by H is the same as that in a micromagnetic model [14]. In
this regard, comparing simulation results based on Hg,
and Hg, we can analyze the influence of the LLDF on
skyrmion transport behavior. To discuss the underlying
mechanism, all the values of physical quantities in our
simulations are normalized to the corresponding character-
istic ones, as widely implemented in other simulations [46]
(see simulation details in the Supplemental Material [47]).

When F,, = 0, the free Brownian motion of the sky-
rmion is observed in a defect-free system. Figure 2(a)
plots the temperature dependence of skyrmion diffusivity
D = D(T) with (Hg,;) and without (Hg) spin-lattice
coupling, respectively. For Hjg, since there is no LLDF
offering the migration barrier in the defect-free system, the
skyrmion diffusivity follows Einstein theory as D = p kpT
with yy = 2.15 x 1073[a? /], which is consistent with the
predictions of micromagnetic simulations [14]. For Hg,;,
the skyrmion reveals the similar non-Arrhenius behavior
with the solute diffusion affected by a migration barrier.
In particular, the typical Arrhenius behavior is revealed
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FIG. 2. The SLD simulation of a single skyrmion Brownian
motion. (a) The diffusivity D is plotted as a function of temper-
ature in terms of kz7/J, without the external force applied.
(b) The reconstructed simulation data of D in accordance with
Arrhenius law as D/Dy = e En/%7  as well as data in other
studies. (c) The terminal velocity v, is plotted as a function of
applied magnetic field gradient F,.

for skyrmion diffusion, as D = Dyexp(—E,,/kgT) at
kgT/Jy < 0.02 with Dy = 0.13 x 107*[Jya®/A] and E,, =
24.8 x 1073[J,] shown in Fig. 2(a), which is consistent with
the experimental measurements [17,23] and micromagnetic
simulation [14]. In Fig. 2(b), we reconstruct the skyrmion
diffusion data obtained from Hy.;, and the simulations
[14] and experiments [17,23] from other studies in accord-
ant with Arrhenius law of D/Dy = e F»/%sT Here D, and
E,, are the fitting parameters, which are associated with the
physical properties of materials (see details in the
Supplemental Material [47]). It is found that the skyrmion
diffusivity well obeys the Arrhenius law at low temper-
atures (e.g., kzT/E, <0.5). When the temperature
increases up to kgT/E,, > 1.0, the LLDF influence in
‘Hs. ; 1s negligible, so that the skyrmion diffusivity is the as
same as that in Hg. Therefore, the simulation results based
on Hg,; demonstrate the existence of a migration barrier
for skyrmion diffusion without any F.,, applied.
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Furthermore, the effects of a migration barrier can also
be found in the case of the driven transport of a skyrmion
by applying the external magnetic field gradient F,.
Without the LLDF in Hg, any F, applied can result in
the directional drift of a skyrmion and v,; «x F,, at all the
temperatures considered in Fig. 2(c), which is consistent
with other simulations [33,34]. However, for Hg,,,
because of the presence of migration barrier, the small
For €8, Foq <0.07x107%[Jy/a], cannot lead to a
significant directional drift of a skyrmion at low temper-
atures, e.g., kgT/E,, = 0.044. Although the migration
barrier is suppressed by small F,, the thermal energy
of the skyrmion gained from spin dynamics is too weak to
let it escape the barrier [45]. Otherwise, increasing F
leads to more significant driven transport, e.g., when
Foy > 0.25 x 1073[J/al, the barrier is suppressed to be
negligible, so that the skyrmion reveals the same Einstein
behavior as that in Hg. Similar transport phenomena were
also reported in the case of a skyrmion driven by applying
electric current [35,59]. On the other hand, increasing
temperatures can also enhance the driven transport of a
skyrmion. Plotted in Fig. 2(c), as kzT/E,, increasing from
0.044 up to 0.88, the critical value of F, to ignite the
observable directional drift reduces significantly from
~0.07 x 1073[Jy/a] to zero.

From the simulation results of Hg,;, both the free
diffusion and the directional drift under an applied mag-
netic field gradient, the skyrmion transport is significantly
affected by the spontaneous LLDF arising from the spin-
lattice coupling effects, which is associated with the
migration energy barrier for the skyrmion transport, and

(a) t = 0.000x10%[h/Jy] (b) t = 6.024x10%[h/Jy]

~0008
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~ARR20RR D ~222220RQ Q7 D D (KR
FIG. 3. Snapshots of traction movement of the skyrmion

by the movement of an ideal LLDF, (a) ¢=0,
(b) t=16.024 x10*[n/Jo), (c) t=12.048 x 103[1/J,], and
(d) t=128.904 x 103[/Jy). Tn each subfigure, the in-plane
skyrmion trajectory is presented on top; spin configuration in
the middle; the blue arrows demonstrate a designed ideal LLDF,
given in the bottom. The online movies are provided and show the
detailed evolution process.

the diffusion behavior is well consistent with the physical
picture of the solute diffusion in metals [37,38].

To further verify the above conjecture, we artificially
design an ideal LLDF, and detect the skyrmion transport
behavior through the pure spin dynamics governed by Hg
(see detail in the Supplemental Material [47]). At the initial
moment of the simulation, an ideal LLDF is constructed at
the position coinciding with the skyrmion center. This
LLDF then moves artificially along the x direction, which
drags the skyrmion because of the spin-lattice coupling.
Under the synergistic effects of the Magnus force [60] and
the traction of the LLDF, the skyrmion experiences a
transport process with gyromotion [23,61]. When the
LLDF stops moving, the skyrmion rotates around the
LLDF until the energy is dissipated and is finally pinned
near the LLDF as demonstrated in Fig. 3.

In addition, Fig. 4(a) indicates the energy dissipation
process of the system for skyrmion traction movement,
which is a typical relaxation process [39]. The mean time =
required by the skyrmion traction movement from the old
site to the new location of the LLDF is estimated as
7~ 50[f/Jy], which is smaller than the mean diffusion time

(@) 8
= | The moment of local lattice distortion moving forwards I
w4t ; ] ~ ]
8 l | I |
5 0
f=} —_— — — —
m 1 1 1 | | | | |
E -4+ The mean relaxation time 7 of system is ~ 50 [ /] T
o The mean transport time z, of skyrmion is ~100 [/ ]
=gl “ o N 1
-200 0 200 400 600 800
Elapsed Time, ¢ [//J]
(b) 4 (=1 t=llh T T T 1=t
Lqé ! : : :
a? Skyrmion ||i'0l'u~i\r motion |
]
5 0 , 1
(=} ! 1
= =4 =
—'N | 1
° 1 1
= 4 | 1 1 [
-50 50 100 150 200 250
Elapsed Time, # [A/],]
t=t, 1, <t<t t=t t<t<t, t=t,
| i i
i | yAAdd, !
- RS !
Yy VY.LV 17 Ay
E y f HJ{)V \"‘” J r,;/m 1 "\"\‘h ﬂ"r\d\}; ‘:l E
: oL»x i |
FIG. 4. (a) The energy dissipation with the skyrmion traction

movement. The time interval within two dashed lines indicates
the mean duration for skyrmion diffusion, 7, ~ 100[a/J].
(b) The skyrmion motion in the first period. Here, after suddenly
moving the ideal LLDF to a new position at t = t, = 0, the
skyrmion traction movement occurs in the duration of #y < t <
with #; ~ 50[7/J,], then it rotates around with gyromotion until
the next move of the LLDF at t = t, ~ 240[A/J]. Reader can see
the online movie for the detailed process.
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of the skyrmion 7, estimated from Fig. 2, as 7, ~ 100[7/J]
(see detail in Supplemental Materials [47]). Figure 4(b)
gives the detailed information for a single traction step:
after the artificial move of the ideal LLDF at t = ¢, = 0, the
skyrmion traction movement occurs in ¢ = #; ~ 50[h/J);
then the skyrmion rotates around the new position of the
LLDF with gyromotion until the next move of the LLDF
occurs at ¢ = t, ~240[h/Jy]. Therefore, the LLDF can
keep up with the skyrmion diffusion, and provides the
migration barrier to the transport behavior.

Note that the spin-lattice coupling effects are imple-
mented by the lattice dependence of both J;;(r) and D;;(r)
by a simplified functional form in the current work (see
Sec. S2 of the Supplemental Material [47]). In principle, the
functional form and amplitude of J;;(r) and D;;(r) should
be fitted from electronic scale ab initio calculations [62,63].
However, on the basis of such a simplification treatment for
the spin-lattice coupling, the interactions between the
LLDF and the skyrmion spin texture are reproduced, giving
rise to the non-Arrhenius behavior of the skyrmion trans-
port. In addition, we further discuss the influence of the
different form and amplitude of J;;(r) and D;;(r) to the
LLDF and skyrmion transport (see detail in Sec. S6 of
Supplemental Materials [47]). It is found that varying
the form and amplitude of J;;(r) and D;;(r) leads to the
variation of the LLDF size and distribution, and the
transport behavior of the skyrmion is still of the non-
Arrhenius type, because of the presence of the LLDF and
the resulting interaction between the LLDF and the
skyrmion.

In summary, we perform atomistic SLD simulations
to study the spin-lattice coupling effects on skyrmion
transport in a defect-free system. The resulting sponta-
neous LLDF is affirmed to provide an migration barrier
for the skyrmion transport and the complicated non-
Arrhenius behavior, which is consistent with the physical
picture of the solution diffusion. Through an artificially
designed simulation, the relationship between the sky-
rmion and the LLDF is further verified. Our results also
agree with other simulations and experimental measure-
ments. It can be expected that the spin-lattice coupling
effects have great potential for precisely controlling the
skyrmion and designing related skyrmion-based spin-
tronic devices.
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