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Grain boundary stabilization in polar skyrmion lattices via quasiparticle-based mechanism
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Polar skyrmions and skyrmion lattices (SkX) in ferroelectrics have attracted much attention due to their novel
and unique physical properties as quasiparticles. By analogy with conventional lattice crystals, the understanding
of lattice defects, particularly grain boundaries, is crucial for elucidation of the unique lattice properties hidden in
the polar SkX. The fundamental structure of grain boundaries in polar SkX, however, still remains undeveloped.
Here, we show that the grain boundaries in polar SkX not only have a unique lattice structure with giant
skyrmion deformation, but also “quasiparticle-based” stabilization in which local lattice mismatch is maintained
without relaxation. Our phase-field simulations reveal that skyrmion grain boundaries undergo structural changes
accompanied by skyrmion deformation depending on the electric field and temperature conditions. Furthermore,
a transition of the stabilization mechanisms occurs, where relaxation due to the movement of skyrmions is
replaced by skyrmion deformation, and local giant lattice mismatch is maintained. Our findings provide unique
insights into the physical properties and formation processes of polar skyrmion lattices.
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I. INTRODUCTION

Skyrmions are novel topological orders arising from the
arrangement of electric polarization in ferroelectrics [1,2],
spin configurations in magnetic materials [3,4], or other phys-
ical vectors in various systems [5,6]. Due to the topological
protection, skyrmions exist independently and stably [7]. De-
spite being organized as continuous vector fields, skyrmions
behave as individual particles and are treated as quasiparticles.
Since the discovery of magnetic skyrmions in 2009 [3], they
have attracted significant attention due to their exotic physical
properties, such as the topological Hall effect [8], and their
potential applications as racetrack memory [9], logic devices
[10,11], image recognition elements [12], and neuromorphic
computing devices [13]. While extensive pioneering research
has been conducted on magnetic skyrmions, an increasing
number of studies have also focused on polar skyrmions
[14–16]. Notably, polar skyrmions exhibit unique properties
not observed in magnetic skyrmions, including high-density
configurations for memory applications [17], local negative
permittivity [18], and optical response properties [19].

These distinctive features of polar skyrmions make them
promising candidates for electric devices and other advanced
engineering applications.

Since skyrmions generally arrange in large numbers on a
two-dimensional plane to form a lattice [4,20,21], not only
on individual skyrmions but also on the collective proper-
ties of skyrmion lattices have been focused on. Similar to
conventional atomic crystals, skyrmion lattices include lat-
tice defects such as vacancies [22], dislocations [23,24], and
grain boundaries [25]. Among them, grain boundaries are
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particularly important, as they influence the overall lattice
structure and dynamics.

Grain boudaries are the typical planar lattice defects that
form when two crystal grains with different orientations meet
during crystal growth. In general, grain boundaries play a
crucial role in plastic deformation by hindering or releasing
dislocations and affecting their mobility [26,27]. Additionally,
grain boundaries behave as a source of other lattice defects
[28,29]. As a result, the grain boundaries determine the overall
mechanical behavior of polycrystalline materials [26,30]. Fur-
thermore, grain boundaries exhibit lattice mismatches, leading
to excess grain boundary energy compared to perfect crystals
[31,32]. The local disorder of crystalline arrangement near
grain boundaries can be diffusion pathways for vacancies and
cause of segregation, making them potential initiation sites
for material failure [33–36]. Given these characteristics, grain
boundaries and their lattice mismatch significantly impact the
overall mechanical properties of crystals, making them an
important topic in materials engineering [37,38].

In skyrmion lattices, phenomena such as grain boundary-
mediated rotation [23] have been reported, highlighting the
importance of grain boundaries from a perspective of lattice
mechanics. However, in polar skyrmion lattices, even the
fundamental properties, such as structure and stabilization
mechanisms of grain boundaries remain unknown. A previous
study for dislocation [39] indicated that conventional elas-
ticity theories cannot be applied to polar skyrmion lattices.
Instead, a unique “quasiparticle lattice mechanics” emerges
from the interaction between skyrmion deformation and
lattice distortion. Given this, it is expected that grain bound-
aries in polar skyrmion lattices possess unique structures
and stabilization mechanisms compared to those in atomic
crystals.

In this study, we investigate the stable structure of �7
grain boundaries in polar skyrmion lattices using phase-field
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simulations. Our results reveal that polar skyrmion grain
boundaries undergo transitions into unique structures involv-
ing skyrmion deformation dependinig on electric fields and
temperature conditions. Furthermore, through numerical eval-
uations of lattice and skyrmion deformation, we show a
“quasiparticle-based” mismatch relaxation mechanism.

II. SIMULATION METHOD

In general, grain boundary structures in two-dimensional
crystals are classified based on the difference between two
crystal orientations, often expressed in terms of � values,
such as �7 grain boundaries, etc. Although grain boundaries
with various tilt angle have been reported [23,25,40], most of
them are composed of five–seven pair dislocation skyrmion
lattices. In this study, we focus on the �7 grain boundary
structure as a representative configuration of five–seven dis-
location arrays and an intrinsically stable structure in polar
skyrmion lattices. Polar skyrmions were first observed in a
PbTiO3/SrTiO3 superlattice [2], and more recently ferroelec-
tric thin films have emerged as a promising platform exploring
for polar skyrmions [17,41,42].

A. Phase-field modeling of ferroelectrics

To investigate the stable structures of polar skyrmion grain
boundaries, we perform phase-field simulations of polariza-
tion distribution in PbTiO3 thin film, using polarization P =
(P1, P2, P3) as an order parameter. In ferroelectric systems, the
total free-energy density F is written as

F =
∫

V
( fLandau + fgrad + felect + felast )dV, (1)

where fLandau, fgrad, felect, felast are the Landau energy density,
the gradient energy density, the electrostatic energy density,
and elastic energy density, respectively. The Landau energy
density, describing the ferroelectric phase transition depend-
ing on temperature, is expressed by [43,44]

fLandau = αi jPiPj + αi jkl PiPjPkPl + αi jklmnPiPjPkPlPmPn,

(2)

where αi j , αi jkl , and αi jklmn are the Landau coefficients. The
gradient energy density, describing the formation of polariza-
tion domain walls, is expressed by [43]

fgrad = 1
2 Gi jkl Pi, jPk,l , (3)

where Gi jkl is the gradient energy coefficient and Pi, j = ∂Pi
∂x j

is
the spatial partial derivative of polarization. The electrostatic
energy density is expressed by [45]

felect = − 1
2εbEiEi − EiPi, (4)

where εb is the background permittivity and Ei is electric field.
In this study, screening factor β is introduced to reproduce
the electrical boundary conditions of thin-film surface where
polar skyrmion appears in the previous study [41]. Thus, the
electric field is expressed by

Ei = E ext
i + (1 − β )Edep

i , (5)

where E ext
i is external electric field and Edep

i is depolarization
field. The elastic energy density is expressed by

felast = 1
2 ci jklε

elast
i j εelast

kl , (6)

where ci jkl is the elastic constant and εelast
i j is elastic strain. In

addition to elastic strain, ferroelectric materials exhibit eigen-
strain (intrinsic strain) caused by spontaneous polarization.
The eigenstrain ε0

i j is expressed by [43]

ε0
i j = Qi jkl PkPl , (7)

where Qi jkl are electrostrictive coefficients. The total strain
εi j , defined as the displacement gradient in the material, is the
sum of elastic strain and eigenstrain and expressed by

εelast
i j = εi j − ε0

i j . (8)

Substituting Eq. (8), felast is

felast = 1
2 ci jklε

elast
i j εelast

kl = 1
2 ci jkl

(
εi j − ε0

i j

)(
εkl − ε0

kl

)
= 1

2 ci jklεi jεkl − 1
2 ci jkl

(
εi jε

0
kl + ε0

i jεkl
) + 1

2 ci jklε
0
i jε

0
kl .

(9)

Substituting Eq. (7) into the second term, using ci jkl = ckli j

in for isotropic materials,

− 1
2 ci jkl

(
εi jε

0
kl + ε0

i jεkl
)

= − 1
2 ci jkl (εi jQklmnPmPn + Qi jmnPmPnεkl )

= − 1
2 (ci jmn + cmni j )Qmnklεi jPkPl

= −ci jmnQmnklεi jPkPl = −qi jklεi jPkPl , (10)

where qi jkl (= ci jmnQmnkl ) are piezoelectric coupling coeffi-
cients. And the third term is

1
2 ci jklε

0
i jε

0
kl = 1

2 ci jkl Qi jmnPmPnQklmnPmPn

= 1
2 cmnopQmni jQopkl PiPjPkPl . (11)

The right side of this equation is the fourth-order term of
Pi, which can be incorporated into Landau energy density.
Therefore, felast is expressed by

felast = 1
2 ci jklεi jεkl − qi jklεi jPkPl . (12)

The second term of Eq. (9) describes the piezoelectric cou-
pling effect in ferroelectric materials.

The governing equations of the phase-field simulation
consist of the time-dependent Ginzburg-Landau (TDGL)
equation, mechanical equilibrium equation, and Maxwell’s
equation. The TDGL equation is written as

∂Pi/∂t = −L(δF/δPi ), (13)

where t is time, L is the kinetic coefficient, and F = ∫ ftotaldV
is total free energy of the system. The mechanical equilibrium
equation is

σi j, j = (∂ f /∂εi j ), j = 0, (14)

where σi j, j is the stress gradient. Maxwell’s equation is

Di,i = (−∂ f /∂Ei ),i = 0, (15)

where Di,i is the electric displacement gradient in the material.
Equations (13)–(15) are the governing equations of the phase-
field simulation.
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FIG. 1. Schematic of simulation model in (a) 3D view and (b) 2D view. The pink lines represent the positions of the skyrmion grain
boundaries. Light-colored areas represent the image cells under periodic boundary conditions.

B. Simulation model and procedure

As shown in Fig. 1(a), the simulation model consists of
an 8-nm-thick PbTiO3 film and a 12-nm vacuum layer in the
x3 direction. Assuming the presence of a substrate, a −1%
misfit strain is applied to the PbTiO3 film. The screening
factor is set to β = 0.2. These external factors are selected
to ensure that skyrmion phase remains stable over a wide
range of temperatures and electric fields based on a previous
study [41], enabling investigation of grain boundary structures
depending on quasiparticle features of skyrmion. The initial
polarization distribution in PbTiO3 film forms two perfect
hexagonal skyrmion lattices with different orientations, each
having a lattice constant a(E , T ), as listed in Tables S1 and
S2 in the Supplemental Material [53]. The lattice is tilted by
θ (=10.9◦) in the left half of the simulation model and −θ in
the right half, creating a lattice mismatch corresponding to a
�7 grain boundary at the center and the edge of the model
under three-dimensional (3D) periodic boundary conditions
[Fig. 1(b)]. The �7 grain boundary structure, characterized
by straightly aligned dislocations and commonly observed
in magnetic skyrmion lattices, is adopted as the reference
structure in this study. To minimize interactions between grain
boundaries, we decided on the model size and initial polar-
ization distribution so that 14 skyrmions aligned between the
grain boundaries. To account for the free volume of grain
boundaries, multiple simulations were performed by varying
the model length in the x1 direction, and the most stable grain
boundary structure with the lowest total free energy was deter-
mined. The model length in the x2 direction is set to match the
repeating units under periodical boundary conditions. As a re-
sult, the actual model lengths in x1 and x2 directions are (l1, l2)
= (388.6 nm, 38.5 nm), (416.1 nm, 39.7 nm), and (436.3 nm,
41.0 nm) for E = 12, 9, and 6 MV/cm, respectively. The entire
simulation model is divided into grids of approximately 1 nm
width. All of the material parameters used in this study are
listed in Table S3 [53]. Equations (13)–(15) are numerically

solved using semi-implicit Fourier-spectral method [46,47]
and Fourier spectral iterative perturbation method [48,49],
under varied out-of-plane electric field and temperature con-
ditions. This method has been successfully used in previous
studies to reproduce the emergence of polar skyrmions and
skyrmion lattices [39,50].

III. RESULTS

A. Skyrmion grain boundary structure under
high electric field (12 MV/cm)

Figures 2(a-1), 2(b-1), and 2(c-1) illustrate the three-
dimensional polarization structures near the skyrmion grain
boundary under electric fields of E = 12, 9, and 6 MV/cm,
respectively. These figures show that regions with down-
ward out-of-plane polarization exist within a surrounding
upward out-of-plane region, with in-plane polarization at
the intermediate transitions. Notably, near the upper sur-
face, the polarization vectors continuously converge toward
the skyrmion center, while near the lower surface, they
diverge outward. This three-dimensional polar structure is
characteristic of a skyrmion bubble, previously observed in
PbTiO3/SrTiO3 superlattices [2]. In addition, the skyrmions
have Néel-type domain wall, consistent with other theoretical
and experimental studies [17,41,51]. As shown in Fig. 2(a-2),
under a high electric field (E = 12 MV/cm), each skyrmion
has circular shape without significant deformation, with an ap-
proximate diameter of 10 nm. At the grain boundary, fivefold
and sevenfold coordinated skyrmions are present and are ar-
ranged parallel to the grain boundary plane. This configuration
is structurally analogous to a conventional �7 grain boundary,
where five–seven pairs align sequentially. A notable aspect of
this result is that the vector order polar skyrmions behave as
discrete particles, forming a grain boundary structure similar
to that observed in atomic crystals. To characterize the topo-
logical nature of the skyrmions, we calculated the Pontryagin
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FIG. 2. Three-dimensional view (a-1)–(c-1) and two-dimensional view (a-2)–(c-2) of polarization distribution at the skyrmion grain
boundaries. (a-3)–(c-3) Pontryagin charge density near the skyrmion grain boundaries. (a-4)–(c-4) Differences in the positions of lattice points
between the skyrmion grain boundaries and an atomic grain boundary. The length scales are normalized by lattice constants. In (a)–(c), the
external out-of-plane electric field is E = 12, 9, and 6 MV/cm, respectively.

charge density [52] q,

q = 1

4π

∫
S

P ·
(

∂P
∂x

× ∂P
∂y

)
d2r, (16)

where P is the normalized polarization vector, and its distri-
bution is shown in Fig. 2(a-3). The negative q values form a
ring-based pattern around the outer edges of each skyrmion,
consistent with previous studies [2] on polar skyrmions. The
same distribution is found for other skyrmions, indicating that
they are topologically equivalent. Furthermore, to compare
the lattice characteristics of this skyrmion grain boundary
with those of atomic crystals, Fig. 2(a-4) presents a com-
parison between individual skyrmion positions and atomic
positions obtained from molecular statics (MS) simulations
of an atomic grain boundary (see Supplemental Material
[53]). With only minor exceptions, the lattice points in both
structures align closely, confirming that the arrangement of
skyrmions within the skyrmion grain boundary closely re-
sembles that of atoms in an atomic crystal. Therefore, under
high electric field conditions, circular skyrmions form a grain

boundary structure analogous to that observed in atomic
crystals.

B. Skyrmion grain boundary structure under
medium electric field (9 MV/cm)

Under a medium electric field (E = 9 MV/cm), as shown
in Fig. 2(b-2), the sevenfold skyrmion elongates in the x1

direction, while other skyrmions retain their circular shape.
The major axis of the sevenfold skyrmion measures 18 nm,
approximately two times that of other skyrmions. This
corresponds to the fact that the sevenfold lattice points ac-
commodate a larger area within the lattice mismatch region at
the grain boundary. Similar elongation of sevenfold skyrmions
has also been observed in magnetic skyrmions at grain bound-
aries [25]. From the topological charge distribution shown in
Fig. 2(b-3), a ring-based negative q distribution appears in cor-
respondence with the elongation of the sevenfold skyrmion.
This characteristic is similar to that of circular skyrmions,
indicating that the topological properties remain equivalent.
Furthermore, as shown in Fig. 2(b-4), the skyrmion arrange-
ment aligns closely with that of atomic crystals, similar to
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FIG. 3. Three-dimensional view (a-1), (b-1) and two-dimensional view (a-2), (b-2) of polarization distribution at the skyrmion grain
boundaries. (a-3), (b-3) Pontryagin charge density near the skyrmion grain boundaries. (a-4), (b-4) Differences in the positions of lattice
points between the skyrmion grain boundaries and an atomic grain boundary. The length scales are normalized by lattice constants. In (a) and
(b), the temperature is T = 100 and 500 K.

the high-field case, with no significant deviations in lattice
point positioning at the grain boundary. Note that the grain
boundary free volume change of skyrmion lattice is taken into
account in the atomic arrangements. Therefore, under medium
electric field conditions, even the sevenfold skyrmion under-
goes elongation, and the grain boundary structure remains
analogous to that in atomic crystals.

C. Skyrmion grain boundary structure under
low electric field (6 MV/cm)

On the other hand, as shown in Fig. 2(c-2), under a low
electric field (E = 6 MV/cm), skyrmion deformations at the
grain boundary become significant. Notably, the sevenfold
skyrmion is highly elongated in the x1 direction, and the
two skyrmions positioned below the sevenfold skyrmion are
also stretched. In contrast, circular skyrmions are distributed
in regions away from the grain boundary, suggesting that
skyrmion deformation is induced by lattice mismatch at the
grain boundary. Even in these elongated skyrmions, as shown
in Fig. 2(c-3), the topological charge q remains distributed
along their outer edges. However, unlike other skyrmions,
the sevenfold skyrmion exhibits non-negative values in its
intermediate section. This indicates that the middle part of
the sevenfold skyrmion formed by the elongation has a po-
larization structure similar to the stripe phase. In other words,
a local topological transition occurs in the highly elongated
sevenfold skyrmion. Furthermore, as shown in Fig. 2(c-4),
despite the large skyrmion deformations, the arrangement
of skyrmions almost remains aligned with the atomic grain
boundary. However, only the skyrmions beside the sevenfold
skyrmion are slightly shifted in the x1 direction, consistent

with the deformation direction of the sevenfold skyrmion.
These observations indicate that under low electric fields, al-
though some skyrmions significantly deform with topological
transitions, the fundamental grain boundary structure remains
consistent with that of atoms, except in the vicinity of the most
deformed skyrmion, the sevenfold skyrmion.

Based on these findings, in skyrmion grain boundaries
(GBs), although individual skyrmions exhibit electric-field-
dependent deformation, the overall structural characteristics
remain largely unchanged. Under high electric fields, the
skyrmion GB consists of rigid circular skyrmions, whereas
the sevenfold skyrmion deforms signidicantly as the electric
field decreases. The arrangement of each skyrmion is similar
to that of an atomic grain boundary, however, in the vicinity
of the highly deformed sevenfold skyrmion, slight positional
shifts of adjacent skyrmions occur.

D. Temperature dependence of skyrmion
grain boundary structure

We also investigate the temperature dependence of polar
skyrmion grain boundaries. Figure 3 presents the skyrmion
grain boundaries at an electric field of E = 6 MV/cm and
temperatures of T = 100 and 500 K. At T = 100 K, as
shown in Figs. 3(a-1) and 3(a-2), the skyrmions are gener-
ally large and exhibit significant deformation near the grain
boundary, similar to the distribution observed at T = 300 K.
The topological charge density [Fig. 3(a-3)] shows positive
values at sevenfold skyrmion, indicating the topological phase
transition. In contrast, at T = 500 K, as shown in Figs. 3(b-1)
and 3(b-2), individual skyrmions are relatively smaller with
less deformation. The magnitude of polarization values
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FIG. 4. Distributions of lattice strain in the x1 direction near the skyrmion grain boundaries at (a) initial configurations and (b-1), (c-1)
equilibrium state of E = 12 and 6 MV/cm. The size and directions of the green arrows represent the displacements of each skyrmion from the
initial configurations. (b-2), (c-2) The particle strains (rate of change in the long axis) are shown by the color of skyrmion particles. The yellow
arrows indicate skyrmions with substantial deformation.

|P| =
√

P2
1 + P2

2 + P2
3 range from 0.145 to 0.448 C/m² at T

= 100 K, 0.058 to 0.329 C/m² at T = 300 K, and 0.014 to
0.193 C/m² at T = 500 K. This indicates that polarization
increases as temperature decreases, which can be attributed
to the temperature dependence of polarization described by
the Landau energy [Eq. (2)]. Additionally, as shown in
Figs. 3(a-4) and 3(b-4), the positions of each skyrmion consist
with atomic grain boundary in both temperature conditions.
Overall, at lower temperatures, both the skyrmion size and
deformation increase, whereas at higher temperatures, they
decrease. Although this trend is less pronounced than the
changes induced by variations in the electric field, it follows a
similar pattern. This behavior can be explained by the fact that
at lower temperatures, the absolute polarization is larger, mak-
ing the relative influence of the electric field smaller, while
at higher temperatures, the absolute polarization is smaller,
making the relative influence of the electric field larger.

IV. DISCUSSIONS

A. Quasiparticle-based relaxation mechanism
in skyrmion grain boundaries

It is essential to discuss the characteristics of skyrmion
grain boundaries from the perspective of lattice mechanics.
In general, grain boundaries represent regions of lattice mis-
match, and their relaxation plays a crucial role in determining
the crystal structure, mechanical strength, and other mate-
rial properties. Therefore, understanding the mechanism by
which skyrmion grain boundaries relax lattice mismatches is
important. Here, we use the lattice strain [39,57] in skyrmion
lattices as an indicator of lattice mismatch. To quantify this,
we construct triangular lattice by treating the center points of

each skyrmion as a lattice point and applying Delaunay tri-
angulation. The local lattice strain is then calculated for each
triangle by comparing it with an ideal equilateral triangle from
a reference perfect lattice. Figure 4 shows the lattice strain
distribution of skyrmion GBs at the initial state and the equi-
librium states under electric fields of E = 12 and 6 MV/cm.
At the initial configuration, as shown in Fig. 4(a), skyrmions
are regularly arranged, and locally high lattice strain appears
only at the grain boundary region, while the rest of the lattice
remains strain free, similar to a perfect crystal. This indicates
that the lattice mismatch is localized exclusively at the grain
boundary region.

In contrast, at the equilibrium state under E = 12 MV/cm,
as shown in Fig. 4(b-1), strains are also distributed in the
lattices near the grain boundary. While the lattice strain at
the grain boundary itself has decreased compared to the initial
state, previously unstrained surrounding lattices now exhibit
positive strain values, with higher values observed closer to
the boundary. Additionally, as indicated by the green ar-
rows in the figure, skyrmions near the grain boundary have
moved significantly. These indicate that the position changes
of skyrmions around the grain boundary disperse the local
lattice strain from the boundary into the surrounding lattices,
thereby relaxing the localized geometric mismatch of the
grain boundary. Furthermore, as shown in Fig. 4(b-2), individ-
ual skyrmions remain undeformed, with the most deformed
sevenfold skyrmion exhibiting only 15% deformation. This
indicates that skyrmion deformation does not contribute to this
relaxation process. Thus, under high electric field conditions,
we confirm a lattice-stabilization mechanism similar to that
in atomic crystals, where the geometric mismatch at the grain
boundary is alleviated by the movement of nearby skyrmions.
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TABLE I. Grain boundary energy and grain boundary free vol-
ume of skyrmion grain boundaries under various electric field
conditions with temperature T = 300 K.

E (MV/cm) 6 9 12

Grain boundary energy (10−11 J/m) −1.31 −1.015 4.140
Grain boundary free volume 0.124 0.048 −0.149

On the other hand, under the lower electric field condition
(E = 6 MV/cm), as shown in Fig. 4(c-1), the high lattice strain
at the grain boundary remains even in the equilibrium state.
In particular, the strain in the lattice containing the sevenfold
skyrmion remains almost unchanged from the initial state.
Additionally, except for a few lattice points, the skyrmions
have not moved significantly, indicating that the mismatch
relaxation by skyrmion arrangement observed under higher
electric field conditions does not occur under low electric field
conditions. Furthermore, as shown in Fig. 4(c-2), the defor-
mation of skyrmions at the grain boundary is significantly
larger, with the most pronounced deformation occurring in
the sevenfold skyrmion at 94%, followed by the skyrmions
below it at 24%. Therefore, the surrounding skyrmions in
regions of high lattice strain exhibit substantial deformation.
In addition, as shown in Fig. S1 [53], the lattice strain in the
x2 direction is significantly smaller than that in the x1 direc-
tion, highlighting the strong correspondence between lattice
strain and skyrmion deformation. These results indicate that
under low electric field conditions, the maintenance of lattice
mismatches by skyrmion deformations takes place instead
of the relaxation of mismatches through skyrmion arrange-
ment. This is a quasiparticle-based stabilization mechanism
unique to skyrmions, which is fundamentally different from
conventional lattice behavior. Moreover, we also investigated
a zigzag grain boundary structure shown in Fig. S2 [53] and
confirmed that similar stabilization mechanisms apply even
in asymmetric configurations, suggesting the generality of the
revealed mechanism. Therefore, the stabilization mechanisms
of grain boundaries in skyrmion lattices transitions from lat-
tice mechanism with skyrmion arrangements to quasiparticle
mechanism with skyrmion deformations depending on the
electric field.

B. Energetic and structural characteristics
of skyrmion grain boundaries

To systematically characterize the skyrmion grain bound-
aries, we calculated two fundamental attributes of grain
boundaries, grain boundary free volume (BFV) [58,59] and
grain boundary energy (GBE) [31,60,61], under various con-
ditions. BFV is the excess volume compared to the perfect
lattice due to the presence of grain boundaries and usually
evaluated as an excess volume per unit grain boundary sur-
face. GBE is excess free energy due to existence of grain
boundaries, and also evaluated as values per grain bound-
ary surface. To calculate these values, additional simulations
of the perfect crystal model without grain boundaries were
performed. Since the skyrmion lattice is a two-dimensional
crystal, both BFV and GBE here are calculated as values per

TABLE II. Grain boundary energy and grain boundary free
volume of skyrmion grain boundaries with various temperature con-
ditions under external electric field E = 6 MV/cm.

T (K) 100 300 500

Grain boundary energy (10−11 J/m) −6.61 −1.31 −6.75
Grain boundary free volume 0.134 0.124 0.113

grain boundary length. BFV δ is expressed as

δ = lGB
x − lPL

x

2ly
, (17)

where lGB
x and lPL

x are model length in the x1 direction of grain
boundary model and perfect lattice model, and ly is the model
length in the x2 direction. GBE γ is expressed as

γ = F GB − F PL

2ly
, (18)

where F GB and F PL are total free energy of grain boundary
model and perfect lattice model. Table I presents the calcu-
lated values, indicating that as the electric field increases,
the GBE increases while BFV decreases. A similar trend is
observed with increasing temperature, shown in Table II. In
other words, under low electric field and low temperature
conditions, where skyrmion deformation is more pronounced,
BFV is larger and GBE is lower. Notably, at E = 6 and
9 MV/cm, GBEs are negative. Althogh GBEs are generally
positive in atomic crystals, previous studies have reported
cases of negative defect formation energies under specific
materials or external conditions [62,63], indicating that defect
structures can form spontaneously. Therefore, the negative
GBEs in skyrmion lattice suggest that decreasing electric field
may lead to spontaneous grain boundary formation. In typical
atomic crystals, GBE primarily arises from elastic energy due
to atomic displacements. However, in skyrmion crystals, mis-
match relaxation is not only governed by skyrmion movement
but also by skyrmion deformation. This additional degree of
freedom allows for a reduction in GBE, highlighting a distinct
stabilization mechanism based on quasiparticle deformation,
which is fundamentally different from classical grain bound-
ary behavior.

V. CONCLUSION

In summary, this study demonstrates that the grain
boundaries of polar skyrmions undergo structural transitions
from atomic-based configurations to unique skyrmion-specific
structures depending on electric field and temperature, ac-
companied by changes in their stabilization mechanisms.
Under high electric fields and high temperature conditions,
skyrmions have circular shape and form grain boundary struc-
tures similar to those in atomic crystals. In this structure, the
skyrmions near the grain boundaries adjust their positions
to relax the lattice mismatches. In contrast, under low elec-
tric fields and low-temperature conditions, skyrmions at the
grain boundary undergo significant deformation, maintaining
large local lattice mismatches. This indicates a quasiparticle-
based stabilization mechanism distinct from conventional
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crystals. Generally, in atomic crystal growth, atoms arrange
themselves to minimize grain boundary mismatches, influenc-
ing the final crystal structure, mechanical strength, and other
material properties [64]. The unique structures and stabiliza-
tion mechanisms observed in polar skyrmion grain boundaries
indicate the distinctive lattice dynamics of polar skyrmion
lattices due to the grain boundary properties and suggest the
potential emergence of novel electromechanical properties.
Furthermore, the transition in stabilization mechanisms, from
lattice relaxation via skyrmion arrangement to quasiparticle
stabilization through skyrmion deformation, identified in this
study may also be relevant to the growth process of polar
skyrmion lattices and their response to macroscopic external
forces. Therefore, our findings provide fundamental insights
into the general stabilization mechanisms of polar skyrmion
lattices.
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