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Spin-lattice coupling is one of the microdynamic sources of magnetic-mechanical effect, which can signif-
icantly affect the physical properties of materials hosting the skyrmion microstructure. Recent studies found a
local lattice distortion is a natural result induced by the spin-lattice coupling and the nonalignment of spin texture,
and it can lead to a non-Arrhenius transport behavior of skyrmion spin texture. In this paper, we study the deep
insight of the microdynamic nature of this local lattice distortion field (LLDF). Starting with a general atomistic
model for the chiral magnetic system containing the intrinsic spin-lattice coupling, we propose an analytical
expression of the LLDF morphology. It suggests that the LLDF is an irrational strain-field with source, and is
independent of the type of skyrmion spin texture, i.e., either Bloch- or Néel-type. The numerical simulations
results based on spin-lattice dynamics support this conjecture. Subsequently, the effects of LLDF are discussed
on the transport and stability of the skyrmion spin texture, which are two key issues for the skyrmion engineering
and application. From the simulation results, the LLDF is found to bring the negative effects. The presence of
LLDEF, (1) brings a dragging force so to reduce the moving speed of spin texture for skyrmion transport and (2)
enhances the thermal fluctuation of the spin-lattice-coupled system so to reduce the skyrmion lifetime. Our study
provides an underlying mechanistic understanding on the control and manipulation of the magnetic skyrmion.
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I. INTRODUCTION

Magnetic skyrmion (short for skyrmion in the rest) is a
nanosize vortex spin texture observed in the magnetic materi-
als with broken inversion symmetry [1]. Competition between
Dzyaloshinskii-Moriya (DMI), Heisenberg exchange (HEI),
Zeeman (ZI), and anisotropic magnetic (AMI) interactions
is the most significant mechanism for the topologically sta-
ble skyrmion spin texture [2]. Since it can be driven by a
low electric current density [3-5], the skyrmion is consid-
ered as a promising candidate for the information carrier in
spintronic devices [6—13]. In the microdynamics, the atomic
spins are attaching to their lattices, giving rise to the intrin-
sic spin-lattice coupling (SLC) [14,15], which is one of the
microdynamic representations of the magnetic-mechanical
coupling. In the skyrmion materials, the noncollinear spin
texture will definitely lead to a corresponding LLDF owed
to the SLC. Therefore, the thermodynamic and dynamical
evolution of skyrmion spin texture is inevitably accompanied
by the LLDF response. For instance, the magnetorestriction
of a chiral magnet under the applied magnetic field is found to
be the accumulative result of the LLDF [16-19]. In addition,
because the stochastic motion of LLDF exerts a conservative
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potential, the skyrmion spin texture shows the nonlinear
transport behaviors through the intrinsic SLC [14-16]. In
this regard, in the thermodynamic and dynamical points of
view, spin texture and LLDF are both sides of the “coin” of
skyrmion (see Fig. 1). Due to the SLC, we can find that either a
Bloch [see Fig. 1(c)] or Néel spin texture [see Fig. 1(e)] results
in a radical expanding LLDF in Fig. 1(d). In other words, a
rotational passive magnetization field {S;} is accompanied by
an irrotational LLDF e(r) with source. In this paper, we aim to
get the deep insight of the microdynamic feature of the LLDF
and its effects so to get the comprehensive understanding of
the thermodynamic and dynamical responses of skyrmion spin
texture.

The structure of the paper is as follows: The theoretical
model of LLDF and the detailed derivation of the LLDF
morphology will be introduced in Sec. II, and the results and
discussion about the effects of LLDF on skyrmion transport
and stability will presented in Sec. III, following which the
conclusions are drawn in Sec. I'V.

II. THEORETICAL MODEL

In this section, we will show the analytical expression
for the morphology of the LLDF induced by the SLC and
spin spiral magnetic configuration, starting with an atomistic
Hamiltonian of a coupled dynamics system of spin and lattice.

©2024 American Physical Society
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FIG. 1. The conceptual pictures of (a) Bloch coin and (b) Néel
coin. Front side is spin texture, and back side is LLDF, bonded by the
intrinsic spin-lattice coupling. Under the (c) Bloch spin texture and
(d) Néel spin texture is (e) the same morphology of LLDF, which is
an irrotational field.

A. A general expression of interatomic force

In microdynamics, a chiral magnetic material can be re-
garded as an ensemble of N interactive particles having the
spin S; and the lattice r;, p; degrees of freedom, whose Hamil-
tonian H generally reads

H =H.({ri, pi}) + Hs({Si}) ey

Here, H, describes the lattice dynamic as
N p2
Hy = ; S FUED 2

with m;, p;, and r; as the ith atomic mass, momentum, and
position, respectively. U ({r;}) describes the nonmagnetic in-
teraction. The spin dynamics s is consist of the HEI, DMI,
and ZI, as

Hs =H;+Hp +Hz
= ZJ(r,-j)Si 'Sj — ZD(rij)?ij :

Ajj — Hey - E S;.
i<j i<j i

(€)

Here, S; is the ith atomic spin vector. In order to simplify our
discussion, we assume that the length of each spin is unity
as |S;| = 1. r;j =r; —r; is the atomic displacement from the
Jjth atom to the ith atom, and r;; = |r;;| represents the atomic
distance, and 7;; is the unit vector as 7;; = r;;/r;;. J(r;;) and
D(r;;) are respectively the HEI and DMI strengths, as the
functions of the atomic distance r;; to represent the scalar
SLC [20,21]. Notably, A;; in the bulk magnets (supporting the
Bloch skyrmion [22-24]) is different from that in the interface
of ferromagnetic layer and heavy metal (supporting the Néel

skyrmion [13,25-27]), respectively defined as

Si X Sj, for bDMI (4)
Yz x 8ix S;), foriDMI

A

where Z is the normal unit vector of the interface. In the
general study of skyrmion, an anisotropic magnetic energy
is considered to be an important factor for stabilizing the
skyrmion spin texture, written in terms of —Ky (Siz)2 [28],
for example. For the spin dynamics, such an anisotropic en-
ergy provides an effective magnetic field along Z direction,
which acts the same as an applied external field as Hex =
HZ in current model of Eq. (1). In this case, excluding the
anisotropic energy will not give rise to significant physical
effects in current issue.

From the Hamiltonian H in Eq. (1) for the spin-lattice
coupled system, the interatomic force f;; between the ith and
Jjth atoms is derived as (see detailed deduction in Appendix)

oUu aJ
fij=—5—F;j+ or

0 0 s )

or; v

where @;; ;= =78 - §;); A” and AL are respectively the A;;
components parallel and perpendlcular to the reference direc-
tion 7;;, and
Al = (- Aij)kij and A = (i x Aij) x By (6)
According to Eq. (5), the spin texture denoted by {S;}
significantly affects the interatomic force f;, thus the sta-
ble lattice microstructure denoted by {r;}. In particular, the
magnetic HEI gives rise a radial force along 7;; in terms of
@;j = 7ij(S; - §;). Further, the DMI will lead to an additional

tangentlal force component associated with A
mines the feature of lattice microstructure.

In the following, we will consider various specific spin
textures {S;} upon a given crystal structure to analyze the
atomic force of an arbitrary atom f; provided by its neighbors,
and then to obtain the equilibrium lattice configuration {r;}
under the condition of f; = 0.

i which deter-

B. The expression of interatomic force for a given
skyrmion spin texture

For clarity and without loss of generality, we consider a
single skyrmion spin texture on a surface and the resulting
LLDF. Plotted in Fig. 2(a), we set the position of skyrmion
center as the origin. In this case, the spin S; = S(r;) located
at r; from the skyrmion core can be parameterized in a three
dimensional (3D) ball as [29]

S(r;) = sign(Q)(sin O; cos ®;, sin O; sin P;, cos B;), (7)

where r; = r;cos ¢;X + r; sin¢; 9 with r; = |r;| and ¢; as the
polar angle on the surface. Q = +1 is the topological charge
of a single skyrmion. ®; and ®; are the polar and azimuthal
angles in the 3D ball, respectively, associated with ¢; and r; as
@, = ¢; + Qp and cos ®; = (r; — A)/(r; + 1). Qy, is the helic-
ity number. O, = 0 or 7 and Q), = £ 7 /2 are respectively for
the Néel and Bloch skyrmions. A is the skyrmion size.

For the skyrmion state, substituting the spin configuration
Si = S(r;) of Eq. (7) into the terms of A;; associated with the
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(a) Néel skyrmion Spin Texture
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FIG. 2. The diagram of three aligned atoms with spins (S_, S;,
and S ,) attached on them located at different sites (r_, r;, and r,).
The change of the spin orientation, accompanied by the adjustment
of interactions among atoms, results in a deviation u; of the spin
location.

corresponding type of DMI, we have (see detail within the
Supplemental Material [30])

Ay L = *singFF radical component,

Af . =0 tangential component  (8)

where A; + = A;; with j being the left and right neighboring
atoms of the ith atom along the given direction of 7, denoted
by j=i+1,and 0 = ©;, — O, and 6, = ©_ — ©; shown
in Fig. 2(a), representing the azimuthal angle between the
adjacent spin vector. Therefore, Eq. (8) indicates the fact, that
no matter the skyrmion spin texture is of Bloch- or Néel-type,
we can always have the conclusion that noncollinear spin
alignment does not give rise to the tangential force. In this
regard, we can update the expression of interatomic force f;;
upon the given spin texture of skyrmion described by Eq. (7)
as

fij = =U' i + ' (rip)gi; + D' ripA [y = fishiz, 9)

where there is only the radial component along 7;;. Here,
X'(rij) =2 withX =U,J,D.

C. The force analysis

Let us now consider the total force f; exerted by an ith
atom, which is provided by its neighboring atoms, i.e., f; =
Z jenn fij- Here, we can consi('ier a simplest' case as shown in
Fig. 2, where there are three adjacent spins (i.e., S; and S) at

their lattice sites (i.e., r; and ry) along a crystalline direction
7, and r; = iai and ry = F7, with a as the lattice parameter
along the 7 direction.

Figures 2(b)-2(d) qualitatively show the effects of spin
texture to the interatomic force and the resulting lattice
configuration. Note that, in the case of A;; = 0 for a spin
configuration at the ferromagnetic (FM) phase, the lattice
subsystem will keep stable at a regular lattice configuration
denoted by {r?}, as shown in Fig. 2(b). Otherwise, in the case
of A;; # 0 at a skyrmion phase, we can get A;; # A j; due
to the broken inversion symmetry described by the DMI, so
that f; # O for an arbitrary i atom apart from the skyrmion
center. In other words, r? is no longer its stable position owed
to the asymmetric interaction induced by the SLC (including
the DMI and the spiral spin configuration).

On the other hand, the quantitative description of f; for
the structure shown in Fig. 2(c) can be obtained by following
Eq. (9), as

fi=fi-+Ffis
=(—#_U'(rio)—#2U'(riy))
+ (@, S (i) + @, J (i 1)
+ (@A) _D'(ri-)+A)_D'(r; )
=fr+fl+ 7.

Here, for the first right-hand side terms f ,L of Eq. (10), we can
get

(10)

fr= =0 U'(ri ) —#4U' (riy)

= —#(U'(r;-) = U'(r;4)) = 0, an

because U'(r; ) =U'(r;i+) =U'(a) as r;— = ri+ = a. For
the second right-hand side terms flJ of Eq. (10), we can get

flj =@, J(ri-)+ e, J(ris)

= #J'(a)(cos 6 — cos6F) = J'(a)G; 7, (12)

where we use J'(r;, ) =J'(r;, 1) =J'(@)duetor, - =r; 4 =
aand ¢; . = FcosOF#, and G; = cosf;” — cos ;. For the
third right-hand side terms f iD of Eq. (10), we can get

fP=Al_D(rio)+Al_D(ri)

= #D/(a)(sin6;" —sin6,) = D'(@)K; 7,  (13)

where we use D'(r;,_)=D'(ri+)=D'(a) due to r;,_ =
riy =a and A;+ = £sinfF7 and Aﬁi =0, and K =
sin6;" — sin ;. Therefore,

fi= (@G} + D' (@K )i = fif, (14)

which is a radial force. Since ®; is the function of r; and A,
G, and K; can also be written as G; (r;, A) and K[ (r;, A). For
a given skyrmion spin texture, G; < 0 and K;” < 0 always
hold, because ©;_; > ©; > ©;;; and 67 > 6 > 0. In ad-
dition, J(r;;) is determined by the electronic wave function
overlap of the ith and jth atoms, which is thus a decrease
function of r;j, so that J'(a) < 0 [15]. Meanwhile, D(r;) is
also found to negatively rely on r;; [31], thus D'(a) < 0. Ac-
cording to Eq. (14), f; > 0, and f; will point to the crystalline
direction 7, leading to the lattice relaxation away from the
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skyrmion core for an arbitrary ith atom. Note that, in Fig. 2,
the radial neighboring atoms provide the radial force to the
ith atom. In fact, the tangential neighboring atoms also give
only the radial force (see detailed deduction in the Supple-
mental Material [30]). In this regard, based on either Block-
or Néel-type skyrmion, there is no tangential force exerted by
any arbitrary atom.

To sum up, given a skyrmion spin texture, an arbitrary atom
stays at its regular site apart from skyrmion core will exert
an radial force, so that it will relax to the new equilibrium
position apart from its regular site to make f; = 0, which is
illustrated in Fig. 2(d). Therefore, an LLDF can be observed
for a given skyrmion spin texture as schematics as in Fig. 1.
In the following, we will get the LLDF morphology of a
skyrmion by the force analysis.

D. The microdynamic morphology of LLDF

As shown in Fig. 2(d), assume that the positions of (i &
D)th spins are fixed, and the ith spin moves to r; = r? + u;f,
so to make f; = 0. We can now define the lattice distortion &;
of ith atom as

e(r) = & = (r; —r))/a = #u;/a), (15)

so that e(r;) = ;7 is exactly the LLDF considered in this

paper. Referring to Eq. (10), there are three parts in f; while

ri =10 +u,ie, f; = f-+ f] + f7. For fF, we have
fr=ff e = W@t w) - Ula—wlr. (16)

Suppose |u;| < a, and U (r;;) can be expanded harmonically

at rij =aas

2

a7

1, 1 u;
U(rp) =Ula)+ ;U (@)} = U(a) + 5B

where B is the bulk modulus and €2 is the atomic volume.
Therefore, we can get

2B
fE=2uU"(a)i = - &, (18)

The part of f7 can be derived as
f{ :f{,ifl +fl{i+1
= [J'(a — u;)cos 6 — J'(a + u;) cos ;" 17. (19)
In the limit of |u;| < a, we can get
J'(axu)=J(a)xuld (a), (20)
so that
[ = @G; W) — uwJ" (@G W) 2D

with G/ (1) = cos 6 + cos6;". Furthermore, since the fer-
romagnetic background state of the magnetic system we
considered, the HEI strength J(a) has positive value. Because
J(r;j) usually shows the negative dependence with the increas-
ing atomic distance r;; [15], we can conclude that

J'(a) ~ —=J(a)/a, and J"(a) ~ J(a)/d*. (22)
Finally we can get

fl= —$[Gi’()\) + &G (WP, (23)

where all the complicated r; dependence of J'(a) and J”(a)
is absorbed into the undetermined coefficients of G; (1) and
G (M.

Similarly, we can rewrite f iD in the same way as

D _ _D(a)
2=-=

with K" (1) = sin6," + sinf,". Note that the HEI strength
J(a) is associated with the Curie temperature T¢ for the ferro-
magnetic and paramagnetic phase transition [42], as J(a) ~
2kgTc, and D(r;;) is usually assumed to have a similar r;;

dependence with that of J(7;;) [20]. Therefore, ff and f ? can
combine together, and be written in term of

(K (V) + &K, (W) (24)

fl+fP = —J(T“)[G:(w +&G; ()17
_ Di")[K;(x) + 5K ()]
_ _J(T“)[G;(x) + bK (1)1
_ @gi[c;m) + DK ()1
_ _2kBTC[ (. 8igi(k)}?. 25)
a hy o

Here, we simply set D = bJ, with b as the D/J ratio. We
further define

1 _ _
m = +[G; (A) + bK; ()]
gl()") — + +
oy [G (M) + KT ()]

to describe the actions related to the detail of spin texture and
the r;; dependence of the magnetic HEI and DMI.

In this regard, when the ith atom stays at the position of
ri= r? + ag; 7, the atomic force f; is null, i.e.,

fi= <2BQE[ _ 2kBTC|: 1 —s,-gi(k)])? —0. (6)
a a hi()x) hi()\)

We can then achieve the analytical expression of ¢; as
_ ksTe _ n
gi(MksTe +hi(MBQ — gi(Mn + hi())’

where n = kgTe/BS2 is defined to characterize the competi-
tion between the magnetic and mechanical interactions. The
resultant f; and ¢; reflect the physical essence of effects from
the skyrmion spin texture and the intrinsic SLC involved.
For instance, the undetermined coefficients of g; and A; as
functions of skyrmion size A are morphology of skyrmion spin
texture, and the defined n naturally implies the actions of SLC.

27)

&i

E. Numerical simulation of LLDF

In the following, the numerical simulations based on spin-
lattice dynamics (SLD) are performed to check the validity
of Eq. (27) for the LLDF of ¢;. SLD is an atomistic method
that provides a real-time description of spin-lattice coupling
in magnetic materials. In the numeric simulation of LLDF, the
spin texture is preset as either Block- or Néel-type skyrmion,
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FIG. 3. The actions on an atomic spin provided by the applied
current 7: the field-like torque —(S; x HiC) and the damped-like
torque —S; x (S; x Hic). Here, HiC is the effective magnetic field
associated with J as written as in Eq. (30).

and the lattice configuration is relaxed to make f; = 0 for any
atoms.

In SLD, the coupled spin and lattice dynamics are de-
scribed by a Langevin equation, derived from the Hamiltonian
of Eq. (1), as

¥, = p;/m
1/ f— oD D
p, = —— + 0. 4+ —Al 4 Z AL
pi ar,’ Z[Br,-j(p” Br,-j L rij Y
— yip; + (1)

BS; = S; x [H; +hi(t)] — v5S; x (S; x H;)
— ysc”Si X (S, X HIC) — J/SCJ_S,' X HIC (28)

Here, H; is the intrinsic effective field of the ith spin,
expressed as

H,-:Z[J(r,‘j)sj'—i-sj'XD(rij)+Hext]- (29)
J

HF is the effective field induced by the electric current J
applied, as [see Fig. 3 to check the actions of current on spin
described in Egs. (28)]

o _ sy
! 2eS

J x 2z, (30)

where /i is the Planck’s constant, ¢ = 1.602 x 10~!° C is the
electronic charge, S = 1 is the magnitude of atomic spin S;,
Osg = 0.12 is the spin Hall angle, and Z is the normal vector
of the thin film or interface having the skyrmion spin texture.
¢ and ¢, are the coefficients of the field induced by external
current J applied. Here, we choose ¢y = 1, and ¢; = 0.1¢
[43]. In Egs. (28), the spin-lattice coupling is included in
J(r;j) and D(r;;), both of which are the functions of r;;. y;, and
ys are the friction coefficients of lattice and spin dynamics.
&.(t) and h;(¢) in Eq. (28) are the Gaussian-type random force
for lattice dynamics and random field for the spin dynamics,
respectively. According to the fluctuation-dissipation theorem

[16], we have

(§ia(®)) =0
(Eia)E(t)) = 2yLkgT 8;j80p8(t — 1)
(hio (1)) =0
(hio ()hjp(t")) = 2yskpT 8;j8apd(t —1'). (31)

By solving Eqgs. (28), the trajectory and the momentum of
skyrmion are obtained.

Bloch skyrmion and Néel skyrmion are generally found in
chiral magnets and ferromagnetic/heavy metal such as MnGe
[44] and Fe/Ir(111) [45] with simple-cubic structure. The
lattice constant of MnGe is a = 4.79 A and for Fe/Ir(111)
is a=3.84A. Accordingly, J;;(r;;) and D;;(r;;) vary with
different materials. Here, we adopt the same forms of J;;(r;;)
and D;;(r;;) as Ref. [17]

Ji) =Jri)) =Jo - (L —rij/r.)}
D(rij) = [bIri)l = b-Jo - (1 — rij/r.), (32)

where b is the so-called D/J ratio, and it determines the
skyrmion size. Here, b = 0.31 for Fe/Ir(111), and b = 0.13
for MnGe. Jy and r. are fitted from the lattice parameter and
the Curie temperature. Here, Jy = 64.15meV. r, = 7.124 A
for Fe/Ir(111) and r, = 8.935 A for MnGe. As discussed in
Ref. [17], the r;; dependence of J and D determine the detailed
LLDF morphology, but will not bring any significant influence
of the qualitative discussion about the microdynamic feature
of LLDF and its effects on skyrmion transport and stability. To
avoid the surface effect, an isotropic box with size of 60 x 100
with period boundary condition is applied in the simulation.
The phase trajectories are solved by the integration algorithm
based on the concept of Suzuki-Trotter decomposition [46]
with parallel programming implementation [47].

An illustrative diagram of LLDF is plotted in Fig. 4(a),
which guides the simulation results. The first layer of it repre-
sents the Néel skyrmion spin texture and the third layer depicts
the LLDF induced by this skyrmion. To get intuitive descrip-
tion to the magnitude of LLDF, the second layer is inserted,
in which the distance from the skyrmion center is marked as
r. In the second layer of the sandwich structure, the degree of
surface undulation is determined by the strength of LLDF ¢;.
Figure 4(a) also shows that ¢; reaches its peak em,x = max{e;}
at the central position of the skyrmion. Therefore, We use the
maximum strain &p,x to denote the strength and the gradient
g = g—i to denote the spatial range, both of which is used to
characterize the morphology of LLDF.

A nonlinear intrinsic strain field of the resulting LLDF
is shown in Fig. 4(b), where e, ~ 20 x 1073 and a neg-
ative strain gradient rapidly reduces from 3 x 1073/ to
2 x 1073/1 within one skyrmion size, and vanishes in a
triple skyrmion size. In addition, given a skyrmion size A,
the strength of strain field denoted by e, has the same
n-dependence with that of Eq. (27), independent of the type
of DMI or spin texture, which is confirmed by simulation
data plotted in Fig. 4(c), that increasing the magnetoelastic
coupling strength as rising up n will lead to a stronger LLDF.
Here, we choose A = 15A and 5 A, which are respectively
the skyrmion sizes of MnGe and Fe/Ir as the prototypes of
the Bloch and Néel skyrmions. On the other hand, given
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TABLE I. Parameters determining the morphology of LLDF in some selective chiral magnets.

Material Skyrmion type Q[A%] B [GPa] Te (K] A% [A] n [x1073] Emax [x1073]
MnSi Bloch 94.07 [1] 167.00 [33] 28.50 [1] 90 0.025 0.184
MnGe Bloch 106.70 [34] 88.01 [33] 187.00 [35] 15-30 0.275 9.518
FeGe Bloch 105.97 [36] 162.98 [37] 279.10 [38] 350 0.223 0.413
Fe/Ir(111) Néel 55.03 [39] 277.83 [40] 300.00 [41] 5 0.271 19.674

Data are obtained from Ref. [32], where the diameter is considered as skyrmion size, and twice of A used in here.

the magnetoelastic coupling strength  (i.e., n = 10~ for
MnGe and n = 1072 for Fe/Ir), a smaller skyrmion leads to
a more twisted spin spirality, thus a stronger LLDF. Hence,
&max reduces rapidly with increasing A as shown in Fig. 4(d).
Experimentally, the smallest skyrmion hosted in the Fe/Ir
with radius of A = 5 A, while the upper limit of skyrmion size
can reach hundreds of nanometers. Therefore, the LLDF of
a skyrmion can reach a maximum of 2 x 1072 and decrease
to 0 asymptotically with increasing skyrmion size [32]. To

Al

(a) A iy (b)
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FIG. 4. (a) The relationship of Néel skyrmion spin texture and
the irrotational LLDF. An isolated skyrmion being hosted in a lattice
can be treated as a sandwich structure. The first layer of it represents
the Néel skyrmion spin texture and the third layer depicts the LLDF
induced by this skyrmion. To get intuitive description to the mag-
nitude of LLDF, the second layer is inserted, in which the distance
from the skyrmion center is marked as r. In the second layer of the
sandwich structure, the degree of surface undulation is determined
by the strength of LLDF. Therefore, at the central position of the
skyrmion, LLDF reaches its peak &,,x. (b) The morphology of LLDF
induced by skyrmion spin texture in Fe/Ir. The strength of LLDF
¢ reduces rapidly as increasing atomic distance r, resulting in a
negative strain gradient &;. (c) To represent the modulating effect
of B and T¢ on the LLDF strength denoted by e, as function of
n = kgTe/BS2. emax rises with growing n but declines as the skyrmion
size A increases. (d) The relation of the LLDF strength denoted
by emax against A with n = 1073 and 1073, respectively. In both
(c) and (d), the magenta-colored and the violet lines represent the
fitting results in two different cases based on Eq. (27) and the fitting
parameters are provided in Table 1.

get closer observation of the LLDF morphology, we take
Fe/Ir as an example and display its corresponding LLDF in
Fig. 5. It shows that the growth of 1 is accompanied with
the increasing enmax. Cases (1), (2), and (3) are the snapshots
of LLDF when n = 1073, 1073, and 1073 in a given simu-
lation box having 344 skyrmion size of A = 5 A. Similarly,
Fig. 5 illustrates that increasing the skyrmion size A leads
to the drop of the strength of LLDF denoted by en,x. Cases
(4), (5), and (6) are the snapshots of LLDF when A =5 A,
15A, and 35 A with fixed 5 which is set to be 1073, There-
fore, Fig. 5 can also reclaim the conclusion we obtained in
Fig. 4.

From the discussion above, it can be confirmed that LLDF
represents a nonlinear local strain field, arising inevitably
from the intrinsic SLC within a spiral spin texture back-
ground in skyrmion materials, as described in Eq. (27). The
strength of the SLC is governed by the magnetomechanical
coupling parameter 7 and the spiral spin texture denoted by
the skyrmion size A. Equation (27) also reveals that the LLDF
can be predicted if bulk modulus B and Curie temperature 7¢
are known. Table I lists the parameters of B, T¢, and A for
some selective chiral magnetic materials or systems, as well as
the corresponding e 0of LLDE. Interestingly, the morphol-
ogy of the LLDF is independent of the topological feature of
skyrmion spin texture. It can be seen in the expression of the
atomic force f; in Eq. (14) or the strain field ¢; in Eq. (27),
the LLDF morphology is mainly determined by the skyrmion
size A, and independent with the chirality characterized by the
topological charge Q and the helicity number Q). Therefore,
reversing the skyrmion chirality cannot significantly change
the divergence nature of the LLDF. On the other hand, the
spin-lattice coupling nature is another factor that determines
the LLDF morphology. If one can get a positive r;; depen-
dence of the magnetic interaction strengths, like HEI J' > 0
or DMI D’ > 0, the resulting LLDF will reveal an irrotational
field with drain. Furthermore, both magnetic and mechanical
properties, as well as the skyrmion size, are sensitive to the
magnetic or mechanical loading [48,49], so that the LLDF
will be easily modulated [33-39,41,44]. Finally, the magni-
tude of the intrinsic LLDF is a small nonlinear strain field
compared to the one as the response to an applied external
mechanical stress. It is not easy to be observed by experi-
ment. In particular, to obtain the direct observation of LLDF
requires the high-resolution spatial experimental instrument
at low temperatures, like transmission electron microscope
(TEM). Fortunately, it brings with significant dynamic
and thermodynamic effects on the evolution of skyrmion
spin texture, which will be discussed in the following
section.
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FIG. 5. (a) Taking the Fe/Ir case in Fig. 4 as an example, the illustration of LLDF in Fe/Ir when (1) n = 1073, (2) n = 1073, and (3)
n = 1073 with A = 5A. The size of LLDF expands as 7 increases. (b) The snapshots of LLDF when (4) » = 5A, (5) A = 15A, and (6)
* = 35 A with # = 1073. The size of LLDF shrinks as A increasing. The magenta-colored lines in both (a) and (b) represent the fitting result

of the LLDF in Fe/Ir according to Eq. (27).

III. EFFECTS OF LLDF ON THE TRANSPORT
AND STABILITY OF SKYRMION

In this section, we delve into the discourse concerning
the influence of LLDF on skyrmion transport and stability.
It is known that the size of skyrmion is a reflection of the
magnitude of SLC. Since the LLDF is naturally accompanied
by the skyrmion, so that the size of skyrmion is corresponding
to the strength of LLDF. To be more precise, a reduction in the
skyrmion size signifies an augmentation of the SLC, leading
to a heightened LLDF effect, thus hindering the skyrmion
motion and devastating the stability of skyrmion.

According to statistical thermodynamics, the transport of
skyrmion at finite temperature can be regarded as the Brow-
nian motion upon a potential surface U(X). A generalized
Langevin equation [50] can describe the dynamical evolution
behavior as

mX = —9U/dX — yX + £(1). (33)

Here X is the generalized coordinate denoting the state that
the skyrmion system stays in. Setting X as the skyrmion center
position rg in the real space converts Eq. (33) into the Thiele
equation [51] describing the transport behavior as plotted in
Fig. 6(a). Correspondingly, Eq. (33) describes the creation
or annihilation of skyrmion spin texture by setting X as the
topological charges Q as the generalized coordinate in the
phase space as plotted in Fig. 6(a). For instance, the system
moving from Q = 1 to 0 denotes the annihilation of a single
skyrmion spin texture to the ferromagnetic (FM) state. m is the
corresponding effective mass. y is the friction coefficient and
&(t) is the random force, both of which are arising from the
heat bath. U is the conservative potential modified by an exter-
nal field applied, owed to either a periodic potential exerted by

LLDF in transport [18] or the energy required to break down
its topological protection in microstructural evolution [50].
Note that the generalized Langevin equation proposed here
is to provide an intuitive physical picture of the spin-texture
transport and phase transition. In the following, we will di-
rectly perform the SLD simulations to discuss the effects of
LLDF.

A. Effect of LLDF on skyrmion transport

In the following, we will analyze such LLDF effects on
the skyrmion transport by performing SLD simulations for an
isotropic and defect-free Fe/Ir thin film, with LLDF where
the SLC is involved (denoted by Hs. ), and without LLDF,
which only includes spin dynamics upon a regular lattice
configuration (denoted by Hg). Firstly, a single skyrmion
with size of A will be generated under a given temperature
and external magnetic field applied for a stress-free system
of Fe/Ir. Subsequently, the isothermal-isobaric ensemble is
applied to perform the simulation of current-induced motion
of skyrmion. The current density J = [ /A is set to be 2.23,
34.3, and 103 in the unit of 108 A/m?, respectively. Here, I is
the electric current and A is the area of the material.

In the system of Hg, the skyrmion spin texture can be
driven by the applied external force (i.e., the electric current
J used in this paper), whose drifted velocity linearly depends
on the external force strength as plotted in Figs. 6(b)-6(d).
However, as well addressed in Ref. [17], the presence of
LLDF gives rise to an energy barrier E,,, so to drag the
transport of spin texture, which is as schematic in Fig. 6(a).
In brief, the nonlinear skyrmion transport behavior is arising
from the dragging force with periodic spatial distribution,
most possibly provided by the LLDF, not lattice defects. In our
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FIG. 6. The influence of LLDF on skyrmion motion and stability. (a) Schematic of skyrmion transport with LLDF in real-space under a
current J applied, where the energy barrier E,, is owed to the dragging effects of LLDF. The time-dependence of skyrmion center motion under
various J is represented as the skyrmion trajectory. Here, the current with strengths of (b) 7 = 103, (¢c) J = 34.3 and (d) J = 2.23 in the unit
of 108 A/m? are applied. (e) Skyrmion trajectories rs(¢) in Hg,, with various sizes as A = 4.58 A (the purple squares), A = 5.35 A (the green
circles) and A = 6.11 A (the red triangles) under a given 7 = 34.3 x 10% A/m?. The slope of three lines is the velocity of skyrmion center. (f)
Schematic of phase transition for the skyrmion spin texture. The annihilation of skyrmion in phase space is similar to the Brownian motion
in real space. Note that the Brownian particle is implemented as random hops between its equilibrium sites, the annihilation of skyrmion can
also be treated as random hops between local energy minimum position, which is described by the Arrhenius’ law and AE is the annihilation
energy of isolated skyrmion. Take a Néel skyrmion in Fe/Ir for an example: (g) the Arrhenius’ plots of skyrmion lifetime 1/t against the
background temperature T¢ /T (Tc ~ 300 K) with (Hs,,) and without (Hs) LLDF, in the cases of (g) A = 19.09 Aand (h) A =26.72A.

simulation, E,, ~ 20kg = 1.72 meV for Fe/Ir(111) and E,, ~
10kg = 0.86 meV for MnGe. For a given LLDF by fixing A in
SLD simulations, increasing the strength of current 7 = | J |
can cut down E,,, thus reducing the dragging effects of LLDF.
As shown in Fig. 6(d), for J = 2.23 x 108 A/m? applied, E,,
owed to the LLDF is too large to get a significant drift motion
of spin texture in Hg; .. Correspondingly, without LLDF, it
can move along the track under the same current J in Hs.
Raising 7 up to be 34.3 x 108 A/m?, owed to LLDF, E,, is
reduced significantly as shown in Fig. 6(c), so that the
skyrmion transport speed in Hg is smaller than that in Hs.
Further increasing 7 to be 103 x 108 A/m? will flatten E,,,
LLDF thus has little influence on spin texture transport, giving
rise to the same drift motion of spin texture for both Hg/
and Hg as shown in Fig. 6(b). Similar simulation results of
such a nonlinear skyrmion transport behavior were already
reported in our previous study [17], which well demon-
strates the effects of LLDF. On the other hand, for a given
J =343 x 108 A/m? applied, increasing A would reduce
the LLDF strength, thus decreasing the dragging effects on
spin texture transport, which can be seen from the simulation

results plotted in Fig. 6(e). In this regard, the presence of
LLDF indeed affects the transport behavior of skyrmion spin
texture. A stronger LLDF results in a larger dragging effect,
which is significant in the cases of a weak field applied.

B. Effect of LLDF on skyrmion stability

Further, we investigate the manner in which LLDF disrupts
the stability of the skyrmion by setting topological charges
Q as the generalized coordinate in the phase space, whose
evolution is described by Eq. (33). The system moving from
QO =1 to 0 denotes the annihilation of a single skyrmion
spin texture to the ferromagnetic (FM) state. Because of the
topological protection, it requires the system to go over an
energy barrier for the skyrmion annihilation. Figure 6(a) il-
lustrates the physical picture of the annihilation of a single
Néel skyrmion spin texture of Fe/Ir embedded into the FM
background under the thermal assistance, which is equivalent
to the system moving from Q = 1 to 0 in the phase space. The
skyrmion lifetime t is used to characterize its stability, and it
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TABLE II. Values of AE and 7, obtained by our simulation.

AE [meV] 1/7 [x10%s71]
Ref. [53] Hs 166.00 ~10.00
A =19.09A Hs 99.55 64.52
Hsis 85.93 162.07
»=26.72A Hs 3.87 3.69
ML 4.09 457

can be described by the Arrhenius’ law as [52,53]

1 1 ( AE )

—=—exp| —— ).

T To kgT
Here, T is the background temperature, AE is the energy bar-
rier owed to the topological protection, which exists regardless
of the presence of LLDF. Based on Eq. (34), we perform SLD
simulations and estimate the values of 1y and AE in the cases
with (Hs+z) and without (Hg) LLDF, respectively, to discuss
the effects of LLDF on the skyrmion stability.

Here are the simulation details for investigating the
skyrmion stability. Firstly, a single skyrmion in the given Fe/Ir
system is generated under an appropriate external magnetic
field H.y within a wide temperature range. For instance, a
single skyrmion with A = 5a = 19.09 A can be observed un-
der Hex ~ 17.36 x 107> T and 120K < 7 < 170K. On the
other hand, the one with A = 7a = 26.72 A is observed un-
der Hey ~22.07 x 103 T and 10K < T < 20K. Here, a =
3.818 A is the lattice constant of Fe/Ir system. Secondly,
the system will relax by fixing the applied field Hex at a
preset temperature, so that the skyrmion undergoes an annihi-
lation process. The time interval t,(T) for topological charge
Q changing from 1 to O will be recorded. For each case,
simulation of skyrmion annihilation will be repeated at least
n = 50 times, so that the skyrmion lifetime t(7") is evaluated
as the mathematical expectation of t,, as t(T') = (£,(T)). The
logarithm form of the skyrmion lifetime under the certain
temperature is proved to obey the Lorentz distribution [54]
and the full width at half maximum is chosen to represent the
error margin.

Figures 6(f)-6(h) present the simulation results of
skyrmion lifetime with and without LLDF. It is found that
the estimated temperature dependence of skyrmion lifetime
well obeys the Arrhenius law of Eq. (34). Therefore, the
values of AE and 19 can be obtained by fitting the simu-
lation data in accordant with Eq. (34), which are listed in
Table II. As plotted in Fig. 6(b), T of Hgy; has an order
of magnitude smaller than that of Hs. Following Eq. (34),
this reduction is arising from the enhancement of thermal
fluctuation owed to LLDF, giving rise to a higher attempt
frequency (i.e., 1/1p) for the system escaping out of the poten-
tial well near Q = 1 (i.e., 1/79 ~ 64.52 x 10'2s7! in Hg and
1/79 ~ 162.07 x 10"?s7! in Hg,;), and the energy barrier
AE is affected slightly by LLDF (i.e., ~99.55meV in Hg
and ~85.93meV in Hg,z). This confirms that LLDF exerts
a negative effect on the stability of the skyrmion by altering
the attempt frequency fy. These conclusions drawn from our
results are consistent with the previous studies [55-57]. Fur-
thermore, increasing A will decrease the LLDF strength and

(34)

Transport in real space

Dragging
Effects

B N

Strain

}Ll = SLCT = effect

Stability in phase space

z l Enhance
0 Annihilation

N .

FIG. 7. The outline of the influence from SLC to the LLDF, and
the resulting effects on spin texture evolution behavior.

its effects on t. This is well demonstrated in Fig. 6(h), where
the simulation results of Hg,, are almost the same with those
of Hs when A = 26.7 A. In this section, we can conclude that
LLDF breaks the skyrmion ability by changing the attempt
frequency 1/7p.

To sum up, LLDF gives rise to significant effects on the
evolution of skyrmion as outline as in Fig. 7. For the skyrmion
transport, LLDF exerted an energy barrier so to provide nega-
tive dragging actions to the spin texture transport in real space,
that decreasing size of the skyrmion indicates to enhance
the SLC, which induces reinforced LLDF, thus hindering the
skyrmion motion. For the skyrmion stability, the presence of
LLDF enhances the thermal fluctuation, which helps the spin
texture of skyrmion to break down its topological protection
so to reduce its lifetime. Furthermore, decreasing size of the
skyrmion indicates an enhancement of the SLC, which in-
duces reinforced LLDF, thus hindering the skyrmion motion
and devastating the stability of skyrmion. Note that all these
effects occur in a defect-free chiral magnetic system. That
is why we insist that the spin texture is just one-side of
the skyrmion “coin”, and the LLDF is the other side. Both
sides will have intrinsic interaction in the skyrmion evolution
and reveal complicated nonlinear and nonadiabatic coupling
effects.

IV. CONCLUSIONS

In this paper, we perform the microdynamic analysis on
the magnetic-mechanical effects in skyrmion materials. As
one of the microdynamic sources, spin-lattice coupling in-
duces the intrinsic nonlinear irrational strain field (named
local lattice distortion field, LLDF) with the spiral spin tex-
ture, both of which are the two integral parts of skyrmion
microstructure. An analytical formulation of LLDF was then
proposed, whose strength and morphology are determined
by the magnetic-mechanical competition and the skyrmion
size. The atomistic simulation results based on spin-lattice
dynamics confirmed our conjecture. Furthermore, effects of
LLDF on the transport and stability of skyrmion spin texture
were found to be significant, which suggests it could not
be neglected when studying the dynamical evolution behav-
iors of skyrmion and its functional application in spintronic
devices.
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APPENDIX: THE DEDUCTION OF INTERATOMIC FORCE

From the Hamiltonian H in Eq. (1) for the spin-lattice
coupling system, the interatomic force f;; between the ith and
jth atoms is derived as

fij = _VHS+L = (—VHL) + (_VHJ) + (_VHD)

—f1,+f + 11

where VH = dr ; ”, ,], andf are the parts of f; arising

from H;, Hy, and Hp, respectlvely. Note that there is an
identity for an arbitrary X as function of r;; as

(AD)

VX 0X (Vri) 0X 7 X' (ri) (A2)
= — = (Vrij)— = rij& (rij),
Br,-j J 8I’,j J J
where X'(r;;) = +=-. Therefore,
oH, R
” =-VH, =—Fj— oy _rijU/(rij)- (A3)

Similarly,

= —VH; = 7(Si - ST (rij) = @30 (1)), (A4)

where ¢;; = 7;;(S; - §;). Thirdly,

i =—=VHp =—V[D(rj)k; - Ayj]

1

= —V[<M>(hj 'Aij)]
rij

. -A,'j)V<D£rij)> n (D(Vij))v(rij A,

ij Tij

(A5)

Here,
D(rij) 1 1
V| —~ )= —VD+DV|—
r,-j r,'j V,'j
Fij D(rij)F;j
= —=D'(ryj) - —5—
rij rl.j
Fij D(r;
_ Q( ((ryj) — (r’)) (A6)
rij rij
and
V(rij-Aij) = (rij- V)Ai; + Aij - V)ry;

—i—r,-j X (V XA”)—FAI] X (V Xrij)

=(A;j - Vrij =Aj;, (A7)

where we use the fact that A;; is independent of r;; because S;
and r; are independent degrees of freedom in our spin-lattice
coupled system, and V x r;; = 0. Substituting Egs. (A6) and
(A7) into Eq. (AS5), we can get

b Piif D(rij) D(r;j)
f,‘j—(rij'Aij);j<D (rij)_ rij >+( Tij Aij
. . D(rij) . P
= (Pij - Aij)FiD (rij) + v (Aij — (7ij - Ai)Fij)-
ij
(A8)

Accordingly, we have another identity for an arbitrary vector
A;; with respect to 7;;, that

I 1
A=Al + AL

(A9)
whereA”] and AL are the A;; components parallel and perpen-
dicular to the reference direction 7;;, and

Al = (- Aipiy, A = (R x Aij) x By (A10)

Therefore, f reads
fh =ALD (rij) + ASD i)/ (A1)

Finally, combining Egs. (A1), (A3), (A4), and (Al1), we
have
_ fL J D
fij=Fij+ fij + 1
oUu oJ
— __"I,, - _AH AL
Brijrj+ arij(p"’+ 8 +

Here, Eq. (A12) is the Eq. (5) in the main text.
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