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Atomistic simulations of spin-lattice coupling effects on magnetomechanics in skyrmion materials
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Skyrmion-based spintronic devices are considered one of the prime candidates for the next generation of
functional devices. The mechanistic understanding of magnetomechanics arising from the intrinsic spin-lattice
coupling in skyrmion materials becomes an attractive issue. In this paper, by taking MnSi as an example, we
proposed an atomistic simulation model based on the developed spin-lattice dynamics scheme for skyrmion
materials. The calculated magnetomechanical properties are examined to be qualitatively consistent with the
experimental measurement, which suggests that our model is appropriate for the study of thermodynamics, mag-
netics, and mechanics of skyrmion materials. In addition, the microscopic understanding of the thermodynamic
and kinetic aspects of magnetomechanics in skyrmion materials are presented. Through the intrinsic spin-lattice
coupling, the transformation of magnetic ordering by external magnetic field results in the change of mechanical
properties, for instance, the global mechanical anisotropy and local distortion of lattice structure. The calculation
results indicate the magnetomechanics are the result of spin nonalignment induced by the synergistic effects
of Dzyaloshinsky-Moriya interaction, Heisenberg exchange interaction, and Zeeman interaction of interspins
and elastic interactions of interlattices. Further, the relaxation time of the lattice structure is calculated to
characterize the speed of mechanical response against the magnetic ordering changes, which might provide
hints of low-energy consumption and low applied electric current in driving skyrmions. The microscopic
understanding provided by current study could help the research and design of skyrmion-based spintronic

devices.

DOLI: 10.1103/PhysRevB.100.144310

I. INTRODUCTION

Magnetic skyrmions (skyrmions for short in the rest of
paper), a kind of topologically protected chiral swirling spin
texture, have been found in various materials with broken
inversion symmetry, owing to the intrinsic spin-orbit cou-
pling and described by the so-called Dzyaloshinsky-Moriya
interaction (DMI) [1,2], which makes the nonalignment of
atomic spins against the action of Heisenberg exchange inter-
action (HEI) under certain external environments. Compared
to the traditional ferromagnetic domain structure, skyrmions
have many excellent physical properties, such as nanoscale
size [3], topological stability [4], sensitive manipulation by
magnetic [5,6], mechanical [7,8], or electrical loading [9,10]
with low-energy consumption [11]. Therefore, skyrmion-
based devices are considered one of the prime candidates
for the next generation of spintronic functional devices [12].
Starting in 2009, studies have been performed on the issues
of skyrmions related to materials engineering [13-18], fun-
damental manipulation approaches [5—10], and device de-
signs [12], etc.. For the issue of skyrmion manipulation,
substantial progress has been made, such as modulation by
electric current [19,20], magnetic field [5,6], stress [7,8], and
temperature gradient [21,22]. Recently, the skyrmion structure
was found to be sensitive to its mechanical environment [14],
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which promotes skyrmion-based devices as a prime candidate
for magnetic-mechanical sensors [23]. There are twofold aims
in this paper: (1) Taking the typical B20-type MnSi as an
example, we construct an atomic-based spin-lattice dynamics
(SLD) scheme for the study of thermodynamics of skyrmion-
materials [24] and (2) by performing atomic simulations, we
aim to study the physical picture of the magnetomechanical
phenomena in skyrmion materials, which is considered a sig-
nificant issue in the field of skyrmion-based spintronics [25].
Studies of magnetic-mechanical phenomena in magnetic
materials could be traced back to Joule’s magnetostriction ef-
fect [26], which is induced by the magnetic anisotropic inter-
action due to spin-orbit coupling effects. Kittel [27] proposed
a magnetomechanical theory in 1949 by introducing an empir-
ical term on the basis of Landau-type free-energy expression
to describe the magnetostriction effects. In 1982, Plumer
et al. [28,29] promoted this empirical theory to chiral mag-
netic materials and found the anomalous magnetic-induced
elastic responses in B20-type MnSi, that there is an abrupt
change in elastic moduli across the phase boundary between
ferromagnetic and spiral magnetic ordering phases, and that it
has been confirmed by ultrasound measurement [30] in 2009.
Recently, the phenomenological theoretical models are being
further improved, based on which increasingly sophisticated
magnetic-mechanical phenomena in skyrmion materials have
been revealed [31-34]. On the other hand, due to the great suc-
cess of the so-called micromagnetic modeling scheme (based
on Landau-Lifshitz-Gilbert (LLG) equation [35]) on studying
the thermodynamic and kinetic behaviors in the traditional
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FIG. 1. The physical mechanism of magnetomechanics. The atomistic spin-lattice coupling system is described by the Hamiltonian at
the top of figure. The spin-spin interactions [including Heisenberg exchange interaction (HEI), Dzyaloshinsky-Moriya interaction (DMI), and
Zeeman interaction (ZI)] results in four magnetic ordering phases [helical (H), skyrmion crystal (Skx), conical (C), and ferromagnetic (F)],
respectively. Through the intrinsic spin-lattice coupling described by J;;(R) and D;;(R), the magnetic ordering brings the extra contribution to

the lattice interactions, and thus results in the magnetomechanics.

magnetic materials, the corresponding microscopic modeling
scheme for skyrmion materials was recently developed by
introducing the similar magneto-mechanical coupling effects
into the LLG equations, where the microscopic DMI term is
used to represent the actions of spin-orbit coupling. Note that,
in the models mentioned above, the magnetic and mechanical
interactions in skyrmion materials are adiabatically separated
and their coupling is treated as a perturbation with an em-
pirical magneto-mechanical tensor to describe the coupling
strength [27,28]. Therefore, it is not clearly clarified on the
mechanistic understanding on the physical origination of the
introduced phenomenological magnetic-mechanical coupling
term, which requires an atomistic physical picture bridging
from the actions of spin-orbit coupling on the electronic level
to the phenomenological magnetic-mechanical coupling on
macroscopic level.

In the point of view of atomic scale, the motions of atomic
spins (spin for short in the rest of the paper) and atomic
lattice (lattice for short in the rest of the paper) in mag-
netic materials are instantaneously coupled together, which
is so-called spin-lattice coupling [36]. Here, the magnetism
is characterized by spins, and the strength of magnetic in-
teraction is determined by the wave-function overlapping of
the neighboring spins, which relies on the atomic distance
and the local environment [37]. In particular, the vibrations
of lattices at finite temperatures, i.e., phonon, result in the
instantaneous change of spin-spin interactions strength, giving
rise to the magnetic ordering modulation. On the other hand,
the vibrations of spins, resulting in the low-lying thermal
excitation, i.e., magnon, would also vary lattice-lattice inter-
actions, giving rise to magnetic-induced mechanical proper-
ties. The latter is indeed the atomistic physical picture of
the magnetostriction effects induced by spin-lattice coupling.
Note that, when the vibrational frequencies of magnon modes
are not comparable with those of phonons, their coupling
is sufficiently weak to ensure the adiabatic treatment of the

mechanical and magnetic interactions is appropriate and the
coupling effects could be well described as a perturbation
in the above-mentioned theoretical models [27,28]. However,
near magnetic phase boundaries, the softening of magnon
modes induced by phase transition might lead to the strong
anharmonic interactions with phonon modes [38], giving rise
to the magnetic anomalous phenomena, e.g., the so-called
magnetic diffusion anomaly in ferromagnetic iron [39], which
is not appropriate to be described by the perturbation the-
ory mentioned above [27,28]. In addition, the magnetic and
mechanical responses in skyrmion materials are indeed of
dynamical processes, with respect to the relaxation of phonon
and magnon modes, as well as their interactions, which is
beyond the capability of the phenomenological theoretical
models. In this regard, the atomistic modeling is required
to get a clear physical picture of the magnetostriction ef-
fects. The developed SLD [36] provides a practical tool
for studying the magnetic anomaly, where the vibrations
of spins and lattices are treated instantaneously, and the
spin-lattice coupling is determined by a lattice-configuration-
dependent Heisenberg-type spin-spin exchange interaction
function.

In this paper, on the basis of the SLD framework for
magnetic materials, we propose an atomistic description for
magnetomechanics of skyrmion materials, taking MnSi as
an example. Using the modified SLD model, as shown in
Fig. 1, the spin-lattice coupled system is described by the
atomistic model and the bottom-up idea of research is shown
from the left to right in Fig. 1. Due to the spin-spin in-
teractions, including HEI, DMI, and ZI, four magnetic or-
dering structures appear with the increase of the applied
external magnetic field (Hex), i.e., helical (H), skyrmion
crystal (Skx), conical (C), and ferromagnetic (F) phases.
Because of the intrinsic spin-lattice coupling [described by
Jij({R;}) and D;;({R;}) in the current atomic model], the spin-
spin arrangement can modulate the lattice configuration. In
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addition, the lattice-lattice interaction U ({R;}) would resist
this modulation. Hence, the magneto-mechanical properties
should be the result of the synergistic effects of HEI, DMI,
the ZI, and lattice-lattice interaction. In the current paper, the
mechanical responses due to magnetic ordering transition are
represented by global lattice anisotropy (i.e., magnetostric-
tion) and local distortion, revealing the thermodynamics of
the system with spin-lattice coupling, which gives hints for
the research and design of the magneto-mechanical sensors
or multiferroic devices. Further, the energetic consumption
and modulation speed are important considerations in the
materials engineering; therefore, the characteristic time of
mechanical response is also studied in this paper, which is
represented by the characteristic relaxation time of lattice
structure changes with the magnetic ordering phase transition,
associated with the dynamical relaxations of phonon modes.
We hope our results can provide a microscopic understanding
of the spin-lattice coupling and the resulting magnetostriction
effects, giving rise to an accurate prediction for manipulation
of mechanical and magnetic properties in skyrmion materials.
The paper is organized as follows: the brief introduction of
theoretical model and simulation detail will be presented in
Secs. II and III, respectively, following which the results and
discussion are put in Sec. IV, and finally the conclusion is
drawn in Sec. V.

II. ATOMISTIC SIMULATION MODEL

SLD is developed on the basis of the conventional molec-
ular dynamics scheme to describe the thermodynamics of fer-
romagnetic materials [36] with a spin-lattice coupled Hamil-
tonian. Solving the resulting equations of motion for lat-
tice and spin degrees of freedom under a specific external
condition, the time-dependent phase-space trajectories are
collected, from which the thermodynamic observations are
calculated following statistical thermodynamic theories under
the ergodicity hypothesis.

A. Hamiltonian and equations of motion

For the typical skyrmion material, e.g., MnSi, which has a
noncentral symmetrical B20 crystal structure, the magnetism
is originated from the Mn atoms [40]. In analog to ferro-
magnetic iron, we simplified such a system as an ensemble
of interactive Heisenberg particles with the lattice and spin
degrees of freedom involved, where each particle stands for
a B20 unit cell containing Mn3Sis. In atomistic modeling,
such an ensemble of Heisenberg particles is embedded in a
noisy environment H.,, denoted by temperature 7', whose
Hamiltonian H could be written as [36]

p.2
H= Z ﬁ +U({R}})

1 N
=5 D URDS; - S+ Dis(IRi)) - (S; x S7)]
i#j
N
—gupHen Y Si+ Heny- (1)

i=1

Here, m;, p;, R;, and S; are, respectively, the atomic mass,
momentum, coordinate, and spin vector of the ith particle.
U (R) describes the nonmagnetic interactions of the lattice
subsystem. The terms of J;;(R)S; - S; and D;;(R) - (S; x S;),
respectively, represent the inter-spin HEI and DMI, whose
interaction strengths, i.e., J;;(R) and D;;(R), are the functions
of lattice configuration R = {R;}. In particular, the term of
S; x §; illustrates the exchange asymmetry between §; and
S;, which is also the source of chirality of the spiral spin
texture. The third term on the right-hand side of Eq. (1) is
the Zeeman term, with H ¢ the external magnetic field, g ~ 2
the spin g-factor, and wp the Bohr magneton. From Eq. (1), the
equations of motion for the spin and lattice degrees of freedom
can be derived as

R, _ pi

o T m

9 i D;

%:—g—g +3; [a—Ri(Si “8))+ G- (Si S)] 2)
_V[Lpi+fi(t)

h =8 x [H; + hi(t)] — y5Si x (S; x H)),

where & is the Planck’s constant and H; =
[Zj (Jij(R)S; +D;j(R) x S;) + gupHex] is the effective
field governing the motion of the ith spin. As seen from
Eq. (2), the spin-lattice coupling is carried out through J;;(R)
and D;;(R). The action of Heyy is usually taken as the form
of Langevin-type heat bath, with fluctuation and dissipation
terms involved. Here, y/ and y} are the friction coefficients
for lattice and spin motions, respectively, representing the
dissipation; the random force f;(¢) and random field h;(¢) are
the Gaussian-type stochastic interactions for the lattice and
spin motions, respectively, representing the fluctuations, i.e.,

(fia ) =0 and (fia(t)f;p(t")) =2m;y}ksT8;;80p8(t—1")
(hig()) =0 and (hio()h;p(t")) =25y kgT8;;8apd(t —1'),

3)

following the classical fluctuation-dissipation theorem at
steady state [41]. By solving the coupled equation of motion
in Eq. (2), the canonical phase trajectory of the spin-lattice
coupled system described by Eq. (1) could be obtained, from
which the thermodynamic observation can be calculated fol-
lowing the statistical thermodynamics.

B. Empirical potential for interatomic interactions
of lattice and spin

In our calculations, the nonmagnetic interatomic interac-
tion has taken the form of a Lenard-Jones pairwise poten-
tial as

R\ 12 R\ °
UR) = U(IR;;|) =Ec|:<—lj> —2<l> j|, “
a a

where R;; = |R;;| = |R; — R;]| is the atomic distance between
the ith and jth atoms; E. = 4.0eV denotes the cohesive
energy of each particle and a = 4.56 A is the lattice con-
stant at 0 K [42], both of which are set to ensure the
calculated bulk modules to be consistent with experimental
measurement [43], i.e., B = 167 GPa. On the other hand,
the net magnetic moment for each particle is written as
IM| = gug|S|, with the spin magnitude fixed as |S| = 1. The
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TABLE I. The fundamental parameters of MnSi used in the developed empirical interatomic potential.

B [GPa] a[A] E.[eV] Tr [K] Jo [meV] R. [A] b
This paper 167 4.560 4.0 28.5 0.817 8.509 0.4
Reference 167 [43] 4.559 [42] - 28.5 [44] - - 0.4 [45]

lattice-configuration-dependent exchange interaction function
Jij(R) is assumed to be the isotropic pairwise form following
Ref. [36], as

3

Jij(R) = Ji;(IR;;1) = Jo - < - %) OR: —R;j), (5
where R, =8.509A, the cut-off distance including
the  second-nearest-neighbor  spin-spin  interactions;
Jo = 8.19 MeV is a fitting parameter to ensure the calculated
Curie temperature of ferro/paramagnetic phase transition
to be the one of experimental measurement for MnSi, i.e.,
T, ~ 28.5 K [44], and ©O(x) is the Heaviside step function.
For convenience, the DMI strength D;;(R) takes a similar
form as J;;(R):

D;;(R) = [bJ;j(R)IR;;. (©6)

Here, the lattice configuration dependence of D;;(R) is set
as same as that of J;;(R), and its direction is set parallel
to the unit vector of atomic displacement f{i j» where b~
0.4 [45] is a so-called D/J-ratio determining the size of
the skyrmions. Table I lists the parameters used to gener-
ate the interatomic potentials for spin and lattice degrees
of freedom for MnSi. In principle, the lattice interatomic
potential U (R) or the spin-spin interaction strengths J;;(R)
and D;;(R) should be fitted from ab initio calculation based
on density-functional theory. However, such a simplified treat-
ment in the current paper could ensure achieving the funda-
mental mechanical and magnetic features of MnSi, a typical
skyrmion material, which could provide the qualitative un-
derstanding of magnetomechanics originated from spin-lattice
coupling.

To sum up, on the basis of the proposed SLD scheme [36],
we introduced a DMI term written in terms of vector cross of
the atomic spins to represent the intrinsic spin-orbit coupling
for the electrons expressing magnetism involved in the mag-
netic atoms, which is the step to coarse grain the information
of the electronic level to the atomic level. On the atomic
scale, the spin-lattice coupling is expressed in terms of the
interdependence of the interaction terms of atomic spins and
lattices, giving rise to the intrinsic magnetic-mechanical cou-
pling through the statistical thermodynamics principle used
in the SLD simulation scheme, which is the step to coarse
grain the information of the atomic level to the macroscopic
level.

III. ATOMISTIC SIMULATION DETAIL

For the calculation of magneto-mechanical properties,
the simulation box is set to contain 20 simple-cubic unit
cells along each dimension of Cartesian coordinate system,
with periodic boundary condition applied to avoid the
surface effects. The phase-space trajectories, i.e., s(f) =
{Ri(2), p;(t), Si(¢)}, are obtained by solving the equation

of motion presented in Eq. (2) using velocity-Verlet ap-
proach [46] with a time step as 0.4 fs. To achieve a stable
magnetic phase, the spin subsystem of the spin-lattice cou-
pling system is initialized at extremely high temperature, e.g.,
~10* K, and then relaxed for 400 ps upon an isothermal-
isobaric (NPT) ensemble [47] to obtain an equilibrium volume
of the interested systems under a specific applied external
magnetic field H, along the out-of plane direction, ranging
from O to 3H, (Here Hy = 0.0397 T, see Table II). The
temperature and external stress of the NPT ensemble are
kept as 25 K and 0 GPa, respectively, using the Langevin
thermostat and Bredensen barostat [36]. Then, another 400-
ps SLD run is performed to collect the phase-space tra-
jectory for the calculation of thermodynamic observations.
All the simulations are repeated at least ten times to limit
the statistical error. It is checked that doubling the size of
the simulation box or relaxation time gives rise to the error
smaller than 2%. As a schematic in Fig. 2, there are several
magnetic-order phases existing with increasing H.y (here,
Hexi = [Hexi|), 1.e., H phase with Hey < 0.75H,, Skx phase
with 0.75H) < Hexe < 1.10H), C phase at 1.10Hy < Hext <
1.80H), and F phase at Hey > 1.80H,. Note that the propaga-
tion direction of the spiral spin textures Q in H and C phases
is parallel to H .y, while the triple Q direction of skyrmions
is perpendicular to H .x. and the magnetostriction direction is
always along the Q direction with out of plane for H and C
phases and in plane for Skx phase, there is no magnetostriction
for the F phase due to the isotropic parallel spin configuration.

IV. RESULTS AND DISCUSSION

Because of the intrinsic spin-lattice coupling in skyrmion
materials, the mechanical properties are found to be sensitive
with the change of magnetic ordering. In our simulation on
the basis of the modified SLD model, increasing the external
field H¢y results in the magnetic-ordering phase transitions
from H to F phases. In this following, we will present the
quasi-static and dynamical responses of mechanical properties
in MnSi, such as magnetoexpansivity and magnetoelasticity,
magnetic-induced local distortion of lattice structure and the
relaxation time of lattice system. Here, all the values of
physical quantities presented in this section are normalized
to the corresponding characteristic ones for MnSi, as listed in
Table II.

TABLE II. Characteristic values of thermodynamic properties of
MnSi.

H, [T] Co [GPa] wp [MeV] 7p [ps]
This paper ~ 0.0397  283.3 56.87 0.115
Reference - 283.0[54]  56.87[42]  0.115 [42]
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FIG. 2. Schematics of magnetic ordering changes with increas-
ing applied magnetic field Hey, from H with Hey, < Hcp, Skx with
Hey < Hexy < Heys C with Hep < Hexe < Hes, to F ophases with
H. > Hcs. Here, Hey = 0.75H0, He = ]]OH() and Hes = 180H()
with Hy = 0.0397T. The H phase and C phase have a propagation
direction along z direction which is the magnetostriction direction
along, i.e., out-of-plane direction, and the triple-Q propagation di-
rection of Skx phase is perpendicular to z direction, i.e., in-plane
direction with in-plane magnetostriction. The F phase has no magne-
tostriction for the isotropic parallel spin configuration.

A. Global magnetomechanics

The mechanical properties change with the magnetic or-
dering induced by H.y, namely magnetomechanics, could be
represented by magnetovolume €2, magnetostriction A and
magnetoelasticity ¢;;, respectively, defined as [48]

AV V (Hex
o AV _ Vo |

Vo Vo

A Hy
)L:_a:M_L (7)

ap ap

AGC;; C;i(Hoy
¢ij:_1=M_1’

Co Co

where V (Hex), a(Hex), and C;j(Hey) are the volume, lattice
constant, and elastic constants under the applied field Hey,,
respectively, with Vj, ag, and Cy as the corresponding ones in
the F phase. On the other hand, their coefficients o, 8, and ;;
are usually defined to denote the rate of mechanical property
changes with H.y, respectively, as [48]

Ple) RN 09;;
o = IB = . XU =\ —— .
aHexl T.P aHeXt T,P aHeXt T,P

®)

Here, the subscripts 7 and P represent the isothermal and
isobaric conditions for the NPT ensemble. Moreover, the
elastic constants C;; are estimated in the following:

2

L (U (&ij; Hext)] )
I Ejjs Mext)],
asfj Jie

Cii =
Ty

where ¢;; is the applied external strain and U (¢;;; Hey) is the
potential energy of the system by applying &;; under He.
Here, only the elastic constants along the principal direc-
tions, i.e., Cy; and Cjs3, respectively, along [100] and [001]
directions, are calculated to compare with the experimental
measurement in Ref. [49].

Figure 3(a) presents €2, as well as its coefficient «, as
functions of Hey, respectively. As known, the ferromagnetic

(a) HCl HCZ HL3
80 T T TT T : T T
@ | [Skx : 1
é 40 r““““-A-A‘A.: \E i -
a | f“u\A\ |
1 | A |
0 L : : AA\%_ A A A A
} 4 i t — t
_ 0.00 pro-0-625_ o P~:rQQOO\ E . O/:D/O 0—o0 o—
= Loy 0
N | | |
-0.01 | ; | : .
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reduced External Magnetic field, H_/H,
(b) HCl Ha HCS
120 v T T —T T
@ | [Skx : : —o— /Ix
T — : —6-1 ]
& | ' 1 -
< al7T00oog : ]
| [l '
0000Q D"D‘D‘D\D :
i -0-0-0-0-0-0 LI G-O—O-O'O'O:@=¢_D—D_c 0—H
! i ™ v f : t } +
0.05 F : ! —0— 4.
| ' ' —0—
= Vi : §
w  0.00 po-o-o-g-o-q i‘mc b)g:@:gtﬁrﬁrg:@—o—o—o—o—é
< bd 7 |
-0.05 i ] i s
" 1 AI | n 1 " y 1 n 1 "
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reduced External Magnetic field, H_ /H,
(© H, H, ”a
120 v . T T T
—_ @ 3 Skx ! : —o= 4
g 80 f-o0-0-0-0-0-0__| p 1 —0—¢,,
& o | 1 :
=T 40 3 a : -
00000 l::‘ 0 ELD‘I:I :
0t L ' E—@—EIJ—D—D—U 0—4
-0-0-0-0-0-0 (‘"EI:EED 5-0-0-0-0 ) ] i ) i
! | | T 1 T T
0.05} : i —0—z,
— /c-;o }:’P | T
'h:: 0.00 po-0-0-0-Og E }IE\ i 9"5’8 ey E:Q,D_Q_D o—4q
N 1 / (5 p 1
0 ! [
-0.05 - = ; : |
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Reduced External Magnetic field, H_ /H,

FIG. 3. Properties of magnetomechanics of skyrmion materials
varying with external field H.y,, €.g., (a) magnetovolume €2, (b) mag-
netostriction A, (c) magnetoelasticity ¢;;, and their coefficients.

spin-spin interaction results in an isotropic contraction for
the lattice structure via the spin-lattice coupling [36]. Due
to the presence of DMI in skyrmion materials, e.g., MnSi,
the competition between the DMI and HEI gives rise to the
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nonalignment for the neighboring spins. In general, the ap-
plied external field reduces the spin nonalignment and forces
the spins to be parallel with H . Therefore, the stronger is
the applied field, the weaker is the spin nonalignment, leading
to the phase transition of magnetic ordering from H to F, thus
enhancing the contraction of volume, as plotted in Fig. 3(a).
However, the value of defined magnetovolume €2 is the syn-
ergistic result of the competition between intrinsic spin-spin
interaction and the mechanical properties of skyrmion materi-
als, e.g., 2 has a stable value of ~40 part-per-million (ppm) at
H and Skx phases with Heyy < 1.10Hp, but gradually decays to
be zero in the C phase with Hey, growing up to 1.80H,. Seen
from the magnetovolume coefficient o plotted in Fig. 3(a),
it shows a negative value at all phases of magnetic ordering
considered here, arising from the fact of lattice contraction
due to the enhanced spin alignment with increasing applied
field, and the fluctuation is significant in the phases of Skx
and C, in particular near the corresponding phase boundary,
where there is an absolute maximum || ~ 60 X 10_6H0’ I

It should be noted that the anisotropic nature of DMI in
skyrmion materials can result in the anisotropic spin nonalign-
ment in skyrmion materials, thus inducing the anisotropic
mechanical properties via spin-lattice coupling. Besides the
contraction similar to that revealed in 2 due to the spiral
magnetic ordering, both A and ¢;; plotted in Figs. 3(b) and 3(c)
show the same anisotropic feature in the magnetic phases
having nonalignment spin texture due to the competition of
DMI against HEI and ZI. As in the weakening of such spin
nonalignment by increasing H.y, the anisotropy of both A and
¢i; reduce to be zero in F phase. In the H and C phases, the
significant spin nonalignment is found along the same prop-
agation direction of the spiral spin texture, i.e., out-of-plane
in our simulations. Therefore, the lattice structure elongates
along the out-of-plane and shrinks along in-plane direction,
ie., A, > 0 > Xy, so does the elasticity, i.e., ¢33 > 0 > ¢y;.
However, the most spin nonalignment is present along the
direction parallel to the so-called triple Q direction in the Skx
phase, i.e., the in-plane direction in our simulations, so the
reversal of anisotropic features of both A and ¢;; are indicated
in Fig. 3(b) and 3(c), i.e., A, > 0 > A, and ¢;; > 0 > ¢33, re-
spectively. This anomalous magnetomechanical phenomenon
in the current paper is qualitatively consistent with the experi-
mental measurement for the elastic constant of MnSi [49]. As
seen from Fig. 3(b), |A|max ~ 55 ppm, which is comparable
with that in most traditional ferromagentic materials, such as
ferrites (Fe3Oa, |A|max ~ 40 ppm) [48]. The coefficients of
magnetostriction B and elasticity x;; have significant fluctu-
ations near both sides of the Skx phase boundaries, because
of the anisotropy reversion. In addition, the magnetic ordering
and phase transition could be modulated by the strength of
DML, so is the spin nonalignment. Here, D/J ratio b varies
artificially to check its effects on magnetomechanical proper-
ties. Plotted in Fig. 4(a), increasing b requires a larger external
field to maintain the chiral magnetic ordering, giving rise to
the corresponding variation of anisotropic magnetostriction,
denoting by X, and A,, respectively, plotted in Figs. 4(b)
and 4(c). From the results shown in Figs. 3 and 4, the potential
skyrmion-based magnetomechanical device is possible based
on the magnetic order transition from H to Skx phases, or
from Skx to C phases. Further, the intrinsic anisotropic DMI

0.0 0.5 1.0 1.5 2.0 2.5 3.0

(a) T T v T T T T T T T
b=03
Skx
R D e e
b=0.5
R R
@ i

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reduced External Magnetic field, H_ /H

) S N
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—v—b=0.6
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o0—b=04
—A—H=05
—v—b=0.6
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Reduced Magnetic field, H_ /H

FIG. 4. (a) The magnetic phases with increasing applied mag-
netic field at various b, (b) magnetostriction X,, and (c) A, changes
with magnetic field for various b.

is responsible for the spiral spin texture, thus the anisotropic
mechanical properties in skyrmion materials via spin-lattice
coupling effects.

Note that researchers claimed that the magnetic-induced
anisotropy in mechanical properties is owed to spin-orbit
coupling [49] only (represented by DMI in our model),
but no significant contribution is found from HEI, which
presents a different physical picture revealed in the current
atomistic study. Based on our proposed atomic Hamiltonian
in Eq. (1), an analytical expression is derived to describe
the anisotropic feature of elasticity [50]. In particular, as
presented in Sec. II of the Supplemental Material [50], the
internal stress of the spin-lattice-coupled system shows that
the mechanical properties are determined by the competition
between lattice-lattice elastic interaction and the extra spin-
lattice interaction induced by the specific magnetic ordering.
The anisotropic mechanical properties are the result of the
synergistic effects of the intrinsic spin and lattice interactions
in skyrmion materials, where DMI stabilizes the spiral spin
texture; then the competition between DMI and HEI (as well
as ZI) determines the nonalignment and chirality of the whole
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spin system, and finally the competition between spin-lattice
interaction and elastic interaction of lattice leads to anisotropy
of mechanical properties. Here, the functional forms of lattice-
configuration-dependent DMI and HEI are the key determi-
nants of the anisotropic nature. In this regard, compared to
the LLG model, the proposed atomistic model could give a
clear microscopic physical picture of the magnetomechanical
phenomena in skyrmion materials, which could also provide
the microscopic understanding of the phenomenological pa-
rameters that characterize the magnetic-mechanical coupling
used in the LLG model. Similar synergistic effects could also
be found in the magnetic-induced local distortion of lattice
structure discussed in the following.

B. Local distortion of lattice structure induced by spiral
magnetic ordering

For an arbitrary atom located in the symmetrical center
of the lattice structure, it would exert an imbalanced inter-
atomic force provided by its neighboring spins because of the
noncentral symmetrical nature of DMI, which, meanwhile,
is enhanced by the presence of spiral-spin arrangement in
the nonferromagnetic phase, especially for Skx phases which
have a strong nonaligned spin configuration at the center and
boundary region of skyrmions. Therefore, besides the global
mechanical deformation, the chiral spin texture due to the
presence of DMI in skyrmion materials could also give rise
to the local distortion of lattice structure (short for lattice
distortion). Accordingly, the so-called slip-vector d is usually
defined to characterize the nonsymmetrical feature of a local
environment of lattice arrangement for a specific atom in
atomic simulations [51] as

di=- % (’L) (10)
AN

where d; is the slip-vector of the ith atom, a( is the lat-
tice constant in the F phase, R;; is the atomic displacement
between the ith and jth atoms, and n; is the number of
neighboring atoms of the ith atom. Here, the summation of
j € NN in Eq. (10) includes the neighboring atoms up to the
second-nearest neighbors (2nd-NN) [51]. In particular, if an
atom locates at the geometrical center of the box made up
by its neighboring atoms, we have d; = 0, because there are
always pairwise atoms in its neighborhood, e.g., j and j’, with
Ri = —R,' e

In the following, the slip-vector fields {d;} in four Skx
phases under different applied external fields are demon-
strated to clarify the atomistic physical picture of lattice dis-
tortion. First, following the magnetic phase diagram in Fig. 2,
four spin configurations are obtained under H; = 0.80H,,
H, = 0.85H), H3 = 0.90H), and Hs = 1.00H,, respectively,
in a simulation box containing 120 x 25 x 10 simple cubic
unit cells. Fixing the spin configuration, the lattice atoms
are then quenched until all the atomic forces are zero so as
to obtain a stable lattice configuration, based on which the
slip vectors for each atom are calculated following Eq. (10).
Plotted in Figs. 5(a), 5(c), 5(e), and 5(g), respectively, the
in-plane schematics of spin configuration under various He
mentioned above, where the color textures denote the out-
of-plane components of atomic spins, i.e., S,, and the black

o

1 d (/349.0ppm)
1.0

0.5
0.0
-0.5
-1.0

FIG. 5. The diagram of skyrmion lattice spin texture and the cor-
responding local lattice distortion distribution characterized by slip
vector. Figures 3(a), 3(c), 3(e), and 3(g) are the skyrmion spin texture
under different external magnetic fields with H, = 0.80H,, H, =
0.85H,, H; = 0.90H,, and H,; = 1.0H,, the black arrows represent
the components of spin in xy plane, while the contour denotes the
values of spin component S,. Figures 3(b), 3(d), 3(f), and 3(h) are the
corresponding slip vectors under different magnetic configurations,
the contour represents the strength of the slip vector, which is
normalized by 349.0 ppm, and the red arrows indicate the in-plane
slip vector components.

arrows represents the in-plane spin components. The cor-
responding slip vectors of each atom, i.e., {d;} normalized
by dmax = 349.0 ppm, under the specific spin configuration
are respectively shown in Figs. 5(b), 5(d), 5(f), and 5(h),
where the color textures denote the strength of {d;}, and the
red arrows represent the length of its in-plane component.
Seen from spin configurations under a specific Hey, the
spatial variation of the spin nonalignment is the strongest
near boundary of the adjunct skyrmions and the center of
each skyrmion, giving rise to the significantly large values
of d;, no matter to in-plane or out-of-plane components.
Further, consistent with the calculation results based on LLG
equations [35], increasing H.y, reduces the number and size
of skyrmions, so as to enhance the spatial variation of the
spin nonalignment, thus a larger strength of {d;}. On the other
hand, the in-plane component of {d;} directs to the skyrmions
center, indicating an attractive interatomic force provided by
skyrmions to its center, and the density of arrows found near
the boundary region among skyrmions suggests that there
is a repulsive interatomic interaction. In addition, the lattice
local distortion distribution induced by the H and C phases
in a simulation box containing 20 x 20 x 100 simple cubic
unit cells, respectively, under Hexy = 0.3H) and Hexy = 1.3Hj,
are present in Figs. 6(a) and 6(b), with the corresponding
magnetic ordering along xz and yz planes, aiming to show
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FIG. 6. The diagram of chiral magnetic ordering in (a) H phase (Hey, = 0.3H;) and (b) C phase (Hex, = 1.3H)), respectively, on the xz and
vz planes, with the corresponding slip-vector field denoting the local lattice distortion induced by spin nonalignments. The symbols shown

here are similar to those in Fig. 5.

that the lattice distortion is closely related to the magnetic
structure characteristics for the propagation direction of spiral
lattice distortion being parallel to the propagation direction of
magnetic ordering, i.e., out of plane. Note that the different
geometrical distribution of lattice distortion might determine
the kinetic aspect of magnetic-induced mechanical properties
in skyrmion materials, which will be discussed in the follow-
ing section.

In this regard, as the result of magnetomechanics effects
via the intrinsic spin-lattice coupling, the lattice distortion
is arising from the spin nonalignment induced by DMI, so
a strain field has to be introduced to describe such lattice
distortion in the phenomenological models based on the LLG
equation [35]. However, based on the analysis shown in the
Supplemental Material [50], {d;}, induced by DMI has a max-
imum value of 18.87 ppm, only ~6% of current simulation
results (349.0 ppm) shown in Fig. 5, which again indicates that
the anomalous magnetomechanical properties in skyrmion
materials are not only from spin-orbit coupling, i.e., DMI
in the current paper, but the synergistic effects of HEI, ZI,
and elastic interactions. In addition, the morphology of local
distortion of lattice structure relies on the form of DMI and
the dependence of D;;({R;}) on the lattice configurations. Our
current simplified model could only give a qualitative result,
which, however, might provide a microscopic understanding
of the physical picture of lattice responses due to the change
of magnetic ordering.

C. The dynamic responses of lattice to the magnetic
ordering change

The global anisotropy and local distortion of lattice struc-
ture are two important thermodynamic aspects of magne-
tomechanics in skyrmion materials, showing the application
possibility on magnetic-tunable mechanical devices [23].
Note that mechanistic understanding of the dynamic response
of the lattice configuration due to the magnetic ordering
change is quite an important issue in the aspect of materials

engineering as well as fundamental physics. In the following,
we will discuss the dynamic response of lattice if the magnetic
ordering is changed by applied external field.

From the point of view in thermodynamics, the magnetic-
induced global anisotropy and local distortion are the result of
free-energy minimization of the coupled spin-lattice system
in skyrmion materials, where the work done on external
magnetic field acted on the spin subsystem is transferred
into the internal energy stored in spin and lattice subsystems,
accompanied by the heat dissipation. According to statistical
thermodynamic theory, the heat is stored in the form of the
thermal vibrations of atomic lattices and spins at finite tem-
peratures, respectively, named phonon and magnon, both of
which are keeping thermodynamics equilibrium under certain
external conditions via spin-lattice coupling. If there is work
done externally on the spin-subsystem, for instance, increas-
ing the applied external magnetic field, the spin-subsystem
will reach another new equilibrium state by modulating the
magnon modes and their thermal distribution. Meanwhile, the
energy would also transfer from spin- to lattice-subsystem
through spin-lattice coupling, bringing the lattice-subsystem
to the new equilibrium state by modulating the distribution
of phonon modes. In this regard, the magnetomechanical
responses are in fact the kinetic process in the atomistic
scale. Following Boltzmann’s transformation theory [52], the
so-called relaxation time 7 is defined to characterize the speed
of this kinetic process. Recently, Wen et al. [53] proposed an
equation to measure t of an isolated many-body system with
an ensemble of interactive phonons, which is associated with
the decay time of the reduced kinetic energy 7' (t) when such
system relaxes towards its new equilibrium state, i.e.,

T(t) = Tf[1 + exp(—2t/7) cosLwt + ¢)], (11)

where T is the kinetic energy of the new equilibrium state,
7 is the characteristic relaxation time, denoting the speed of
heat dissipation, w is the effective vibrational frequency of the
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FIG. 7. The reduced kinetic energy T (¢)/T; of an adiabatic re-
laxation process for lattice response to the chiral spiral spin texture.
(a) The blue points are the simulation results for the lattice relaxation
process from the equilibrium configuration at F phase to that at H,
fitting by T'(t) = —e*/* cos(2wot) (red line), with w; = wp and 7, =
1.207p, and black dashed line is the envelop of +(e~%/™). (b) The
similar simulation results from F to C phase is plotted by orange
points, fitting with w, = wp and 17, = 0.857p, and pink dashed line
is the envelop of £(e~?/%). (c) The black points are the simulation
results from F to Skx phase.

phonon modes involved during the kinetic process, and ¢ is
the phase-angle.

To clarify the physical picture of the dynamic responses
of lattice, we calculate the corresponding characteristic relax-
ation time 7 due to the magnetic ordering change, e.g., from
F phase to H, C and Skx phases, respectively. Note that only
the responses related to local distortion of lattice-subsystem is
considered in our simulation, because the global mechanical
responses could be expressed in terms of the localized lattice
coordinates. Here, an undistorted lattice configuration equili-
brated corresponding to the magnetic ordering at F phase is
generated beforehand. Then, by fixing the spin configuration
at a specific spiral magnetic ordering, the lattice-subsystem
is adiabatically relaxed, i.e., without attaching to the exter-
nal environment, where the time dependence of the reduced
kinetic energy 7' (¢)/Ty is collected. Following Eq. (11), the
characteristic relaxation time 7 could be obtained.

Figures 7(a), 7(b) and 7(c) plot T(¢)/T; of the lattice
subsystem for the kinetic processes to H, C, and Skx phases,
respectively, starting from F phase. Here, 7'(¢) in the first two
processes, i.e., F to H and F to C, shows the typical under-
damped oscillation behavior, indicating the lattice subsystem
can reach the new equilibrium state in current simulation
time, t < Stp, with tp = 11.5 fs as the reciprocal of Debye
frequency of MnSi. According to Eq. (11), the relaxation time
T for the processes of F to H and F to C as 7 = 1.207p
and T = 0.8571p, respectively. Meanwhile, the fitting effective
oscillation frequency @ &~ wp from F to H and F to C suggests
that the processes are mainly owed to the kinetics of phonon
modes. However, for the process from F to Skx, 7' (t) shown
in Fig. 7(c) does not illustrate a significant damping evolution
behavior, so T could not be obtained in this case. In other
words, the response speed of lattice from F to H and C

is faster than F to Skx. In those relaxation processes, it is
actually a redistribution process of the phonon mode, and the
mean lifetime of the phonons participating in the relaxation
process will determine the characteristic relaxation time of the
corresponding relaxation process, which, as defined here, is
the lattice response speed related to in the magnetic ordering
phase transition.

In the microdynamic point of view, the heat dissipation
is by means of the energy and momentum transfer between
phonons, so that the speed of heat dissipation is deter-
mined by the lifetime of participated phonon modes during
the corresponding kinetic process. Following Ref. [53], the
kinds and proportion of phonon modes participating in the
heat dissipation during the kinetic process could be checked
from the Fourier transformation «(w) of T(¢), i.e., k(w) =
f T (t)e @ ds. Figures 8(c), 8(d) and 8(e), respectively, plot
k(w) for the corresponding processes mentioned in Fig. 7,
as well as the comparison with dispersion relation w = wy,
and density of states g(w) of phonon modes at the F phase
for MnSi. Here, the subscripts k and o represent the wave
vector and the occupation number of phonon respectively, all
the terms with respect to w are normalized by the Debye
frequency wp = 56.87 MeV of MnSi. As plotted in Fig. 2,
the spin nonalignment along the out-of-plane direction is
enhanced from F to H and F to C magnetic phase transitions,
giving rise to the out-of-plane propagated local distortion
of lattice structure as showed in Fig. 6, thus requires the
participation of phonon modes with wave vector of [001]
[the phonon modes from I" point to X point of the Brillouin
zone shown in Fig. 8(a)], corresponding to the peaks of k()
and «,(w) near wp in Figs. 8(c) and 8(d). Comparing to
k1(w), k2(w) have an extra large peak in the low-frequency
region, indicating that it requires the phonon modes with long
wavelength participating in the kinetic process to establish the
lattice distortion corresponding to the spin configuration at the
C phase, which requires further investigation to check if there
is long-range correlation between the local lattice structure.
Note that, compared to «3(w) whose the low-frequency peak
is predominant feature of kinetic process, more phonon modes
near the boundary of the Brillouin zone are participating in
the relaxation process for «j(w) and «2(w), respectively, from
F to H and C. Note that these phonons near the Brillouin
boundary are more susceptible to be scattered, so they can
reach a new stable distribution much faster, giving rise to the
smaller characteristic relaxation time. In addition, from the
configuration of the lattice under different magnetic ordering,
the local noncollinear skyrmion magnetic structure with 3Q
in-plane propagation induces a similar in-plane local lattice
distortion, as shown in Fig. 5. The H and C phases propagating
along the out-of-plane direction with a single Q also induce a
spiral localized lattice distortion that also propagates out of
plane. Thus, the difference of the distributions of local lattice
distortion may give rise to a different response speed of lattice,
and it may take more time for lattice to reach a more complex
configuration with local lattice distortion of Skx phase than
the relatively simpler configurations of H and C phases.
Therefore, the response speed of lattice to magnetic ordering
change for F to H and F to C is faster than that for F to Skx.

In this regard, the kinetic process illustrated in Figs. 7 and 8
suggests that the characteristic time for lattice response to the
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Figs. 6(a), 6(b), and 6(c), respectively.

magnetic ordering change is of the order of Debye relaxation
time, which is determined by the mean lifetime of phonon
modes participating. In addition, the response speed of lattice
to magnetic ordering change for F to Skx is much slower than
those for F to H and F to C, indicating a weaker effect between
lattice and magnetic ordering in the Skx phase, thus a lower
heat dissipation or a lower energy consumption, which might
be the reason why a rather smaller electric current is required
to drive the diffusion of skyrmions than the case of driving the
traditional magnetic domains.

V. CONCLUSION

In this paper, taking the typical B20-type MnSi for an
example, we applied the developed SLD model on skyrmion
materials with the anisotropic DMI involved, by constructing
a pairwise Lennard-Jones potential for lattice dynamics, and
pairwise form of the lattice-configuration-dependent Heisen-
berg exchange integral function and DM function to de-
scribe the spin-lattice coupling effects. Based on this modified
SLD model, we calculate the magnetic-induced mechani-
cal anisotropy, i.e., magnetovolumetric, magnetostriction, and
magnetoelastic properties, which is found to be qualitatively
consistent with the experimental measurement [49]. In this
regard, this atomic simulation model is, in principle, appro-
priate for the theoretical analysis of the thermodynamics,
magnetics, and mechanics of skyrmion materials. Besides, we
also clarify the physical picture of the thermodynamics (i.e.,
global mechanical anisotropy and local distortion of lattice
structure) and kinetics (the characteristic speed of mechanical
responses against magnetic ordering change) of magneto-

mechanics of skyrmion materials in atomistic scale. From the
thermodynamics aspect, it is found that the global anisotropy
and local distortion are the result of the synergistic effects of
all the intrinsic interatomic interactions, i.e., DMI stabilizes
the spiral spin texture, then the competition between DMI
and HEI (as well as ZI) determines the nonalignment and
chirality of the whole spin system, and finally the competi-
tion between spin-lattice interaction and elastic interaction of
the lattice leads to anisotropy and local distortion of lattice
structure. From the kinetics aspect, the relaxation time of
lattice structure due to the change of magnetic ordering is
proposed to denote the speed of mechanical responses against
the magnetic loading, by analyzing the heat dissipation rate
corresponding to the redistribution of phonon modes involved.
The calculation results indicate that the response speed is
quite small in the kinetic process from F to Skx phase,
showing a low energetic consumption in driving the diffusion
of skyrmions. We hope the current microscopic understanding
of magnetomechanics in skyrmion materials could help the
research and design of the skyrmion-based spintronic devices.
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