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Chapter 1 Introduction

1.1 Ferroelectric materials and polarization orders

Ferroelectric perovskite-oxide materials, such as PbTiOs, BaTiOs, and Pb(Zr,Ti)Os3, possess
spontaneous electric polarization arising from their asymmetric crystal structures, which can be
reversed by an applied electric field, a property known as ferroelectricity. They also have the
ability to interconvert electrical and mechanical energies mutually, generating electricity from
external forces and deforming in response to an applied electric field. Owing to these intrinsic
functionalities, they have been widely utilized in various applications, including non-volatile
memories, sensors, actuators, and other electromechanical devices [1-6]. Moreover, they are
expected to play essential roles in next-generation nanoscale electromechanical devices, energy
harvesting from environmental sources such as mechanical vibrations, and advanced
neuromorphic computing components that may serve as alternatives to conventional
semiconductors [7—11]. Therefore, enhancing and developing the functionalities of ferroelectrics
are essential for technological innovation.

The origin of functionalities of ferroelectrics lies in the microscopic collective ordering of
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Figure 1-1 Schematic of polarization orders. (a) 90-degree domains in

bulk ferroelectrics. (b) Vortex in nanoscale ferroelectrics.
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spontaneous polarizations. Understanding and controlling this polarization order are therefore
crucial for improving material performance and realizing advanced applications. In
conventional bulk ferroelectrics, a linear 180-degree or 90-degree domain structure (Figure
1-1(a)) typically forms to optimize both elastic and electrical energies. These macroscopic
domain structures enable macroscopic (net) polarization switching by an applied electric field
while maintaining a remanent polarization after its removal, which is called ferroelectricity. In
recent years, due to advances in material fabrication techniques and the demand for device
miniaturization, nanoscale ferroelectrics have been developed. Generally, nanoscale materials
exhibit physical properties different from those of bulk materials due to size effects, where the
proportion of the surface area becomes significantly larger. In nanoscale ferroelectrics such as
nanodots and ultrathin films, pronounced surface effects tend to suppress polarization
components perpendicular to the surface due to a depolarizing field arising from surface
polarization charge. As a result of reconfiguration of the polarization structure to reduce the
electrostatic energy due to the depolarizing field, the nanoscale ferroelectric system adopts to
emerge a nanoscale vortex polarization order [12] (Figure 1-1(b)). In such a polar vortex, the
toroidal moments, defined by the vortex geometry, can be switched by a circulating current,
giving rise to an emergent functionality termed ferrotoroidicity [12—14]. This phenomenon
demonstrates that novel polarization orders can provide novel functionalities. Therefore, the
exploration and creation of such unconventional polarization orders, as well as the elucidation
of associated electromechanical functions, are of scientific and engineering significance [15-17].

Such microscopic polarization orders can be classified by the concept of topology [18-20].
Topology provides a mathematical framework for characterizing whether two vector fields can
be transformed into one another continuously without essential features. In other words,
configurations that can be continuously deformed into one another are regarded as topologically
equivalent. Quantities that remain invariant under such continuous transforms are called
topological charges, which are used to classify topological orders. In the case of two-
dimensional vector fields, a representative topological charge is the winding number, defined
as [21]

1
=—0¢ Vodr, 1-1
ny o . r (1-1)

where 6 1s the counterclockwise rotation angle of vectors, C is an integral path around the
interest area. For instance, the 90-degree domain structure corresponds to n,, = 0, whereas the

vortex structure corresponds to n, = 1. Nanoscale vector field configurations with inherent
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topological characteristics have widely attracted considerable attention in the field of condensed
matter physics and are called topological structures or topological orders. In particular,
topological magnetic spin orders in ferromagnets have been extensively studied, with typical
examples including skyrmions [22—-24], merons [25,26], and hedgehogs [27,28] (Figure 1-2).
These complex spin structures possess intrinsic physical properties owing to their geometry and
have attracted considerable interest in their potential applications. Among them, skyrmions,
classified as one of quasi-two-dimensional topological orders in which three-dimensional
vectors are continuously distributed in a two-dimensional space (plane), have been particularly
well studied. A topological charge classifying quasi-two-dimensional topological orders is the

skyrmion number, defined as [20]

_1.[" (0nxan)d2 1-2)
sk = an ) ™ \ox dy i )

where n is a normalized vector. Owing to their unique features, such as nanoscale size,
robustness against external perturbations due to topological protection, and emergent
electromechanical field, magnetic skyrmions have been proposed for diverse device applications,
including magnetic memories [29], racetrack memories [30], logic gates [31], and synaptic
devices [32]. Furthermore, one of the most intriguing aspects of skyrmions is their particle-like
nature and collective behaviors. Individual skyrmions behave as discrete quasiparticles that can
be driven by external fields such as electric current and magnetic fields, maintaining their
individuality even during deformation, and can be created or annihilated under strong external
field excitations [33—35]. In addition, skyrmions tend to self-organize into periodic arrays,
forming skyrmion lattices. These skyrmion lattices host lattice defects such as

dislocations [36,37] and grain boundaries [38,39], and exhibit defect-mediated lattice dynamics
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Figure 1-2 The schematic of (a) skyrmion and (b) meron.
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analogous to those observed in atomic crystals [40,41]. Such emergent behaviors demonstrate
that assemblies of skyrmions constitute a new form of material, a lattice of topological
quasiparticles in vector fields, fundamentally distinct from conventional spin textures.

By analogy with such topological magnetic orders, ferroelectric polarization orders are also
expected to host various topological structures with unique physical functionalities. Recent
studies have theoretically proposed and experimentally demonstrated the formation of
topological polar structures, including super helices [42], polar merons [43], and polar
skyrmions [44] by exploiting complex structures and boundary conditions of nanoscale
ferroelectrics such as ultrathin films and nanoscale superlattice systems. Although direct
observations remain limited, several intrinsic physical properties absent in their magnetic
counterparts have been reported. In particular, polar skyrmions exhibit local negative
permittivity [45,46], leading to an enhanced dielectric response of the material. Other intriguing
behaviors, such as teleportation [47] and high optical responses [48,49], have also been reported.
Furthermore, polar skyrmions can exist in ferroelectrics even below the critical size at which
spontaneous polarization usually vanishes, with characteristic diameters of only a few
nanometers [50,51], significantly smaller than those of magnetic skyrmions. Such an extremely
small dimension of polar skyrmions enables ultra-high density information storage and readout,
making the polar skyrmions highly promising for next-generation ferroelectric devices that
surpass the performance of conventional ferroelectrics.

Despite possessing such intriguing potential, research on topological polar structures still lags
behind that on magnetic counterparts. This scarcity primarily arises from the absence of driving
forces for their spontaneous formation. In ferromagnets, the major driving force for the
emergence of topological structures is the Dzyaloshinskii-Moriya interaction (DMI) [52,53],
which induces chiral spins twisting. Although DMI-like interactions have been theoretically
predicted in ferroelectrics, their magnitudes are insufficient to drive polarization twisting [54].
Indeed, intricate factors such as electrical boundary conditions, surface effects, and strain
conditions. Consequently, the few observed topological polar structures are mostly determined
by extrinsic factors such as sample geometry or boundary conditions, making their types and
locations essentially uncontrollable. Given this background, although topological polar
structures hold great potential, the central challenge remains how to create and control them.
While magnetic topologies have already been established as controllable quasiparticles with rich
device concepts, realizing the approach to generation and manipulation of polar topological

structures, particularly polar skyrmions, would open an entirely new route toward next-
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generation nanodevice using electromechanical responses specific to ferroelectric polarizations.
Moreover, achieving polar skyrmions in a manner that allows direct comparison with magnetic
skyrmions holds great scientific implications for elucidating the contrast between magnetism
and electricity.

To establish a novel strategy to achieve the emergence and control polar topological
structures including the skyrmions, here, I focus on unique electromechanical coupling effects
in ferroelectrics. Ferroelectrics exhibit the electrical responses to mechanical strain originating
from the strong connection between microscopic polarization due to asymmetric crystal
structure and mechanical deformations. This phenomenon, known as the piezoelectric effect,
describes a linear increase or decrease in polarization with applied strain. In addition, recent
research reported the influence of the flexoelectric effect, particularly in nanoscale ferroelectrics.
The flexoelectric effect refers to the inducing polarization by strain gradient [55]. Although its
influence is negligible in bulk ferroelectrics, it becomes significant and even dominant in the
nanoscale counterpart, where extremely large strain gradients may arise due to size effect. Based
on these electromechanical effects, previous studies reported mechanical creation and writing of
polarization domains in ferroelectrics [56]. Therefore, strain and/or strain gradient fields can be
a promising driving force to induce polarization and even design the polarization distribution in
ferroelectrics. Moreover, by combining strain fields and structural factors, it is expected that
complex topological polar structures can be arbitrarily created and controlled [57]. Nevertheless,
the fundamental theoretical understanding of how mechanical fields can generate and control
such topological polar structures and what nature they have remains largely unexplored.

Building on this concept, exploring the strain field-induced topological polarization requires a
theoretical framework that can simultaneously describe polarization, strain, electric field, and
interactions between them. For this purpose, the multiphysics phase-field method [58,59]
provides a powerful approach. In the phase-field simulation, the polarization vector P =
(P;, P,, P3) is treated as an order parameter, allowing various electromechanical phenomena in
ferroelectrics to be explicitly incorporated. The effects of strain and electric field can be
included as coupling energy terms. Using the phase-field approach, stabilization and dynamics
of conventional domain structures have been successfully investigated [60]. Furthermore,
specific boundary conditions such as surface effects can be modeled as additional interfacial
energy terms [43,61]. This framework thus enables the elucidation of underlying mechanisms of
mechanically induced polarization structures and thus provides a predictive platform for

designing emergent topological structures.



6 Overview of this thesis Chapter 1

1.2 Overview of this thesis

This thesis aims both to propose a novel strategy for the mechanical creation and control of
emergent topological polar structures by establishing an understanding of the interaction
between strain fields and polar topological orders in nanoscale ferroelectric systems using
multiphysics phase-field simulations and to elucidate the fundamental structural properties of
topological polar structures. Although conventional ferroelectrics have been utilized widely,
they are primarily governed by linear domain switching, which limits the tunability and
application range. The exotic topological polar structures overcoming these limitations can be
realized by strain field engineering. Through electromechanical coupling effects, various
topological polar structures are successfully induced by strain fields, especially reflecting the
geometrical characteristics of the strain field. This approach extends the possibilities for
polarization structures beyond conventional continuous domains toward discrete quasiparticles,
such as polar skyrmions. Furthermore, intrinsic collective phenomena and emergent properties
arising from the aggregation of quasiparticle polar skyrmions are revealed from the perspective
of lattice mechanics. The thesis is organized as follows.

Chapter 2 investigates the creation and control of two-dimensional higher-order topological
polar structures using singular stress fields at the tip of a crack under mixed-mode loading. This
validates strain-field engineering as an effective method for creating and controlling topological
polar structures through electromechanical coupling.

Chapter 3 explores the possibility of creation and manipulation of emergent quasi two-
dimensional topological polar structures, such as polar skyrmions and merons, induced by
nanoindentation on ferroelectric thin films. I show that the combination of strain field and
structural factors compensates for the absence of driving forces for spontaneous quasiparticle-
like structure formations and extends the range of accessible topological polar structures from
the conventional domains to novel quasiparticle-like structures.

Chapter 4 examines strain-induced topological transitions from a trivial stripe phase to
skyrmion bubble and skyrmion lattice phases in a ferroelectric superlattice system. I
demonstrate that strain fields are also effective for controlling the collective formation of
emergent topological polar quasiparticles, providing a new platform of polar skyrmion lattices.

Chapter 5 focuses on one of the representative lattice defects, a dislocation, in polar skyrmion
lattices, and investigates their structural characteristics and impacts on the lattice properties

based on Volterra’s elasticity theory. I reveal the emergence of quasiparticle-specific lattice
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mechanics arising from skyrmion deformations. These results demonstrate novel phenomena
inherent to collective discrete quasiparticles, which are completely different from atomic
crystals and conventional continuous domain polar structures.

Chapter 6 investigates another important lattice defect, a grain boundary, in polar skyrmion
lattices. I also reveal the quasiparticle-specific structures and stabilization mechanism due to
skyrmion deformations, similarly observed in the dislocation in polar skyrmion lattices. The
findings provide an insight into the relaxation processes of lattice mismatch and defect-mediated
unique dynamics of polar skyrmion lattices.

Finally, Chapter 7 presents the conclusions and prospects of this thesis.
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Chapter 2 Emergence of higher-order two-dimensional

topological polar structures via singular stress field

2.1 Introduction

Topological structures have great potential for applications in nanodevice due to their
properties such as behaving as nanoscale quasi-particles, stability from topological protection,
and unique interaction with external fields. In the realm of ferromagnetics, extensive researches
have been conducted on topological spin structures, such as vortex [1,2], meron [3,4], and
skyrmion [5—8] primarily driven by the Dzyaloshinskii-Moriya interaction (DMI) [9], in which
spins twist each other. On the other hand, in ferroelectrics, relatively simple structures like
vortex [10,11] have been commonly observed due to the absence of effects like DMI [12]. Even
though, boundary conditions of nanomaterials such as surface effect and multi-physics
properties of ferroelectrics facilitate the formation of various topological polar structures.
Recent observations have highlighted the presence of topological polar structures, such as
skyrmion [13,14] in PbTiO3/SrTiO3 superlattice, meron [15,16] in PbTiO; thin film and
BiFeOs/SrTiOs superlattice. However, the formation of most of these topological polar
structures are formed dependent on the device shape, indicating that the arbitrary creation of
topological structures in ferroelectric materials remains elusive. Thus, the development of
methods to manipulate the formation and topological properties of polarization structures is
imperative for engineering applications.

Here, I focus on the singular stress field near the crack tip and flexoelectric effect [17,18].
The singular stress field exhibits stress concentration around the crack tip, accompanied by a
distribution of strain in the angular direction around the crack tip. Moreover, intense
concentration generates strain gradients, leading to the dominance of the flexoelectric effect,
resulting in potential for topological polar structure creation. Based on this idea, our research
group has demonstrated that mode I load (in-plane tensile load) into a crack in SrTiO3 can create
a non-trivial two-dimensional topological polar structure [19]. Furthermore, I have established

that the topological features hidden in singular strain gradient field are mirrored in the
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polarization field. This result provided the concept of mechanical control of functional
topological polar structures by strain field, named ‘topological strain-field engineering’.
However, it is not sufficient to demonstrate that this approach is generally effective, and results
in geometrically different and more complex mechanical fields are necessary.

In this chapter, I investigate the polarization distribution induced by the mode II singular
stress field near the crack tip in SrTiO3 to demonstrate the versatility of the approach in creating
topological polarization structure using geometric mechanical fields via flexoelectric effect.
Additionally, I demonstrate a mechanically induced topological transition of polar structure
through mixed mode I and mode II loading. This result indicates the general effectiveness of

‘topological strain-field engineering’
2.2 Simulation method

2.2.1 Phase-field modeling

In phase-field simulation for ferroelectrics, taking the polarization P = (P;, P,, P3) as the

order parameters, the total free energy F can be expressed as

F= fde = f (fLandau + fgrad + felecto t felastic + fecoup + fﬂexo)dV (2.1)
v v

where f, frandaw farads felector felasticr fecoups friexo are the total free energy density, the Landau
energy density, the gradient energy density, electrostatic energy density, elastic energy density,
electro strictive energy density, and the flexoelectric energy density, respectively.

The Landau energy density, which describes the temperature-dependent ferroelectric phase
transition based on Landau phenomenological theory [18], is expressed as

frandau = ijPiP; + @i PP P Py (2.2)
= ay(P? + P + P%) + ay, (P} + P} + P§) + a;,(PEPZ + PEP{ + PZP$)

where a;; and ;j; are the Landau expansion coefficients and in particular a,, is a function of

temperature 7. The gradient energy density is related with formation of domains and domain

walls, and 1s expressed as
1
forad = zGijklPi,ij,l
1
= 5611(1312,1 + P, + P32,3) + G12(P1,1P2,2 + Py,P33 + P3,3P1,1) (2.3)

1
+§G44 [(P1,2 + P2,1)2 + (P2,3 + 1:'3,2)2 + (P1,3 + P3,1)2]
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where Gjjy; is the gradient energy coefficient in Voigt notation and P;; = % is polarization
J
gradient. The electrostatic energy density is expressed as

1
felecto = _EKOEL'EL' —EP;
(2.4)

1
= _§K0(E12 +E22 +E§)_E1P1_E2P2 _E3P3
where K is the relative permittivity and E; is electric field. The elastic energy density is

expressed as

felastic = 5 Cijki€iji

(2.5)
= EC11(5121 + &3, + €33) + C1a(E11622 + €22633 + €33811)

+2¢44(ef, + €33 + &3)
where ¢;jy; is the elastic constant and ¢ is elastic strain. The electrostrictive energy density,
which describes the electrostrictive effect [20], is expressed as
fecoup = —Qijki€ij PPy
= —(qu1811 + Qu2822 + 912833)Pf — (Qu2€11 + Qu1€22 + Q128330 P (2.6)
—(q12611 + Q12822 + Q11833)P5 — 2qaa(€12P1 Py + €33P,P; + €13P1 P3)
where q;ji; 18 the electrostrictive coefficient. The flexoelectric energy density describes the
flexoelectric effect [20,21] which includes strain induced by polarization gradient and

polarization induced by strain gradient, and is expressed as

1
fflexo = zfijkl(gijpk,l — Pr&ijy)
1 f11(P1,1511 + Pyo65, + P3,3533)
=5 +f12(P2,2511 + P33&11 + Py 1655 + P33&55 + Py 1633 + P2,2533) 57
+faa [523(P2,3 + P3,2) + 512(P1,3 + P3,1) + &5 (P1,2 + PZ,l)] 2.7
f11(511,1P1 + &52,P; + 533,3P3)

_% +f12[P1(€22,1 + €33,1) + P2(€112 + €33.2) + Ps(e113 + €223)]

+ fas [P1(512,2 + 513,3) + P2(512,1 + 523,3) + P3(513,1 + 523,2)]

where P, ;, &, and f;jy, are polarization gradient, strain gradient, and the flexoelectric coupling
coefficient. All material parameters [22—24] are shown in Table 2-1.

The temporal and spatial evolution of polarization distribution is calculated by the time-

dependent Ginzburg-Landau (TDGL) equation written as

aP(x,t) OF

— 2.8
at 5P, (2.8)
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where ¢ represents time. L is the kinetic coefficient. The right side of equation (2.8) means the
thermodynamic driving force for polarization evolution. The stress mechanical equilibrium

equation written as

af
0ijj = (g)} =0 (2.9)
and Maxwell-Gauss equation written as
of
D- L= | — =
ij <6Ei)j 0 (2.10)

must be satistfied simultaneously.
To solve these governing equations with finite element method, using virtual work principle,

they are combined into the weak form written as

f Pisp 41 sp 412 5p + 2 sp + s Vav
v ot ¢ aPl ‘ OPL-J- L aEl ‘ Oeij gij
. (2.11)

where n;, w, and t;; are the normal vector of surfaces, surface charge, and the surface traction,

respectively.
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Table 2-1 Material constants for SrTiO3; [22-24].

Landau coefficient
a, [C? m?+N] 4,05 x 107 [coth(54/T) — coth(54/30)]
a;,[C*-m°-N] 1.7 x 10°
a;, [C*-m®-N] 3.926 x 10°
Gradient constants Electrostrictive coefficient
g,,[C?-m*] 1.0x 10711 q,, [m-F1] —1.09 x 10°
g, [C? m?] 0.5x 10711 q,,[m-F'] 12.46 x 10°
., [C?-m?] 1.0x 10711 G [ m-F'] 2.42 x 10°
Elastic constants Flexoelectric coupling coefficient
¢, [m?-N] 3.36 x 1011 i [V] -3.21
¢, [m?+N] 1.07 x 101 S, [V] 1.47
€4y [m2N] 1.27 x 1011 JSaa V] 1.07
Relative dielectric constant
&, 43

2.2.2 Simulation model

Figure 2-1 (a) shows the schematic of the simulation model for phase-field simulation. The x;,
x2, and x3 axes correspond to the [100], [010], and [001] directions of the SrTiO3
crystallographic axes, respectively. Three-dimensional periodic boundary conditions are applied
for polarization, electric potential, and displacement. A crack with a length of 2a = 60 nm is
introduced in the center of the model. The size of model is set to 200 nm x 150 nm X 1 nm,
which is large enough to avoid interference between singular stress fields under the periodic
boundary condition. To eliminate factors other than the singular stress field that affect the
polarization distribution such as depolarization field on the crack surface, the crack is treated as
filled with permeable fluid, with the elastic constant set to 0 and relative permittivity to 10°

inside the crack [25].
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Figure 2-1 (b) shows the element division for performing finite element phase-field analysis
on the model. The region measuring 8 nm x 7 nm near the crack tip, where significant strain
gradient and polarization gradient are expected, undergoes subdivision into fine meshes of 0.1

nm, and the other regions are subdivided into meshes ranging from 0.1 nm to 4 nm

(@ (®)

Eiz > 200nm

200 nm

150nm

X2 . < £1.2
IL, "

Figure 2-1 (a) Schematic illustration of a crack in SrTiO; with three-
dimensional periodic boundary conditions. (b) Mesh divisions of the

simulation model. The mesh size around the crack 1s 0.1 nm.
2.2.3 Simulation procedure

First, the thermodynamic equilibrium state with no applied load is calculated. Random
polarization P; and P, with a small magnitude of —1.0~1.0 C- m~2 is given as an initial state.
The governing equations are solved using the finite element method with a time step of A¢ =
0.01 ns. Iterations of phase-field method continue until the change in total free energy density
per unit time step time is less than 1] - m~3 to achieve thermodynamic equilibrium state.

Next, a small mode II load [in-plane sheer stress; see Figure 1(a)] is applied to the model and
the thermodynamic equilibrium state under mode II load is obtained using the same iterative
procedure. Repeating these procedures of applying an incremental mode II load and calculating

the thermodynamics equilibrium state, a quasi-static mode II loading simulation progresses until
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the mode II load reaches K;; = 0.6 MPav/m, a value below the fracture toughness of SrTiOs [26].
These simulations are conducted at room temperature (298K), using the general-purpose finite

element method software COMSOL (ver. 5. 4).

2.3 Results and discussion

2.3.1 Singular stress field-induced topological polar nano-region

Polarization distribution of SrTiO; with an edge crack is investigated using phase-field
simulation. In order to extract only the influence of the singular stress fields, the crack is
assumed to be filled with permeable fluid avoiding effects of depolarization field of crack
surface. Figure 2-2 shows the polarization distribution in the vicinity of the crack tip under
mode II loading. Gray areas in the figure indicate the paraelectric phase (i.e., P = 0), while
colored areas indicate the ferroelectric phase. Contours in the figure indicate the polarization
magnitude. Before loading (K;; = 0 MPavm)[Figure 2-2(a)], there is no polarization, and the
system remains in the paraelectric phase. On the other hand, when mode II loaded and the stress
intensity factor reaches Kj; = 0.2 MPavm , spontaneous polarization appears, resulting in a

paraelectric-to-ferroelectric transition near the crack tip. The emerging polar region is

(a)K;= 0 MPavm (b)Ky= 0.2 MPa\vm

|P|[C/m?]

0.2
0‘11

0.05—

00 (©)K,= 0.4 MPavm ¥ (d)Ky= 0.6 MPavm
0.01
0.005
0.0

X2
I—'x}

Figure 2-2 Polarization distribution near the crack tip in SrTiO3 subjected

to mode II load. The contour color indicates the polarization magnitude.

The white line represents the crack.
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approximately 5 nm in size [Figure 2-2(b)]. Within this polar nano-region, the magnitude of
polarization is higher near the crack tip and diminishes with distance, akin to a singular stress
field concentrated around the crack tip, suggesting its induction by the singular stress field.
Moreover, the shape of the polar nano-region consists of eight small elliptical regions arranged
in a radially around the crack tip. With increasing load to Kj;; = 0.6 MPa+/m, the polar nano-
region expands [Figure 2-2(c)(d)], and the polarization magnitude inside the region also
increases, indicating its significant dependence on the load level (stress intensity factor). This
load value is below the fracture toughness of SrTiOs3 [26], and crack propagation would not
occur. Surrounded by a paraelectric area without polarization, the polar nano-region can be
regarded as an isolated nano ferroelectric material embedded within the paraelectric material.
Notably, this polar nano-region does not exist in unloaded state but emerges near the crack tip
under stress concentration by external force, suggesting its induction by the singular stress field.
Therefore, these results indicate that the singular stress field induced by mode II load can
mechanically create ferroelectric polar region in paraelectric SrTiOs.

Figure 2-3(a) shows the polarization directions in the polar nano-region at Kj; = 0.2 MPay/m.
The gray area denotes absence of polarization, and the color scale indicates the in-plane angle of

the polarization from the x; axis. Eight polar domains are present, with white arrows indicating
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Figure 2-3 Polarization direction distribution of polar nano-region formed near the
crack tip at K;; = 0.2 MPa. (a) overview and (b) enlarged view. The white lines
represent the crack. The contour color indicates the direction of the polarization. I

set the integration path C as illustrated to calculate the winding number.
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the polarization direction in each domain. For instance, the polarization direction of the domains
(1) and (ii) are 220 and 80 degrees, and at the boundary of these domains, polarizations rotate
140 degrees. As magnified in Figure 2-3(b), near the crack tip, adjacent domains (i) and (ii) are
connected, forming a domain wall through continuous polarization transition. Similar
continuous angular changes in polarization direction occur at the boundaries between other
domains, ranging from 70 to 180 degrees, exceeding 90-degree domain walls observed in
typical ferroelectrics [27]. All domains and domain walls converge at the crack tip, where the
polarization become discontinuous, resulting in a singularity. Given the presence of singularities
in typical two-dimensional topological structures such as vortices [28], this polar nano-region
may constitute a two-dimensional topological structure.

In order to investigate the topological property of the polar nano-region induced by mode II
load, I evaluate the winding number n,, defined as [29]

n, = igﬁc védr, (2.12)
where 6 is the counterclockwise angle of polarization from x; axis, and C is integral path. For
the polarization distribution at K;; = 0.2 MPavm, the integral path C around the crack tip is
delineated [gray line in Figure 2-3(b)], yielding a calculated winding number of n,, = —2. This
differs from the single-domain polarization (n,, = 0) observed in macroscale ferroelectrics and
the vortex (n, = 1) in nanoscale ferroelectrics [10], indicating a unique non-trivial topological
feature in the polar nano-region. Therefore, this result indicates that the mode II loading induces
a novel two-dimensional topological structure with n, = —2 via the singular stress field formed
near the crack tip in SrTiOs.

Figure 2-4 shows the polarization direction in the polar nano-regions at Kj; = 0.4,
0.6 MPaym. When the mode II load increases to K;; = 0.4 MPavm [Figure 2-4(a)], each
ferroelectric domain expands, accompanied by a corresponding expansion of the domain walls.
Notably, a polar vortex with a topological number of n, = 1 forms in the area indicated by the
gray box while the non-trivial n,, = —2 polar structure persists at the crack tip. An additional
polar vortex emerges as the mode II load increases to 0.6 MPay/m [Figure 2-4(b)]. These results
indicate that higher external loads induce more topological structures. According to the topology
theory, a conservation law holds for the winding number, ensuring that the overall winding
number of an order containing multiple orders equals to the sum of the winding numbers of the
individual orders. The relationship between the total winding numbers and external loads is

depicted in Figure 2-5. As the mode II load increases from 0 to 0.2, 0.4, and 0.6 MPavm, the
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total winding number discontinuously switches from 0, —2, —1, and 0. This result implies

mechanical tuning of the topological features of two-dimensional polar structure.

a)K,= 0.4 MPaVm b)K;= 0.6 MPaVm
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Figure 2-4 Polarization direction distribution of polar nano-region near the crack
tip at Kj; = 0.4 and 0.6 MPv/m. The white line represents the crack. The contour

color indicates the angle between the polarization vector and the x direction.
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Figure 2-5 The total winding number of polar nano-region in increasing

external loads.

2.3.2  Electromechanical formation mechanism of topological polar

structures

To comprehend the mechanism behind the formation of non-trivial topological polar

structures induced by mode II load, I focus on two mechanical-electrical coupling effects: the
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electrostrictive effect and the flexoelectric effect. To separate the contribution of these effects,
two models are prepared: model E considers only electrostrictive effect, and model F considers
only flexoelectric effect. Figure 2-7 shows the polarization direction distribution in model E and
model F. At K;; = 0.2 MPavm, as shown in Figure 2-7(a-1), eight elliptical domains appear in
the model F. The shape of this polarization area and polarization directions are closely
corresponding to the polar nano-region emerged in the model that includes both effects.
Additionally, the winding number of this polarization area is calculated as n,, = —2. In contrast,
in model E, almost no polarization is observed. Therefore, the n, = —2 structure at crack tip is
mainly attributed to the flexoelectric effect. At Kj; = 0.4 and 0.6 MPayv/m, while in model F
eight small domains expand and n, = —2 structure remains, in model E, polarization area
appears near the crack tip. This polarization area is consistent with the vortices formed with
increasing load shown in Figure 2-4. These results indicate that the flexoelectric effect shapes
the topological structure of n, = —2, and both effects contribute to the vortex formation.

Then, how flexoelectric effects drive two-dimensional topological structure is described in
detail. The polarization induced by flexoelectric effect is expressed as P; = py;0€x;/0x; and its

components can be written as

de de de

Py =ﬂ11?111+ﬂ12?212+ﬂ44 axlzza (2.13)
de de de

p, = #11%'*‘#12?1:"‘#44 axllza (2.14)

where 1, 12, and pyu4 are flexoelectric coefficients [24]. Defining the strain gradient vectors

S, = (ﬂ 6822), S, = (6822 as“), and S5 = (6812 6812), Egs. (2) and (3) can be written as

6x1 ! axz 6x1 ! axz axz ! 6x1
P =181 + 11282 + 14453 (2.15)

where P = (P, P,) is the flexoelectric polarization vector induced by strain gradient. Figure 2-6
shows the distribution of polarization P and three strain gradient vectors S, S,, and S3 in the
nano-region at K;; = 0.2 MPay/m. For instance, in domain (i), the directions of §;, S,, and S3
are approximately 220 degrees, aligning with the polarization direction. In domain (ii), which
has 50 degrees polarization, S, is same direction as polarization. Similarly, for domains (iii) ~
(viii), at least one of the strain gradient vectors align with the polarization vectors. This
alignment indicates that the strain gradient from the mode II singular stress field induces a
topological polar structure near the crack tip via the flexoelectric effect. In addition, each strain
gradient vector undergoes significant transition in angle around the crack tip. In other words, the

topological features hidden in the strain gradient field near the crack tip are reflected in the
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polarization field. Similar discussions can apply to the case of mode I load [19], indicating that
manipulating the topological feature of singular stress fields holds promise for creating higher-
order and non-trivial topological polar structures.
(a) K= 0.2 MPavm

(b) Ky~ 0.4 MPavm (¢) K;= 0.6 MPavm

model F

model E

Xz o P
Figure 2-7 Polarization direction of polar nano-region induced by mode II load
of (1) model F (only flexoelectric effect) (2) model E (only electrostrictive
effect). As a comparison, the colored lines represent the outline of nano polar

region with both flexoelectric and electrostrictive effect.

Figure 2-6 (a) Polarization direction and (b) strain gradient vector distribution

of polar nano-region induced by mode II load. The white line represents the
crack. The contour color indicates the angle between each vector and the
x, axis. Note that considering the negative flexoelectric coefficient p,4, S7 1s

shown reversed to make clear the contribution to the polarization.
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2.3.3 Mechanical control of topological polar structures

To demonstrate a more diverse control of the topological properties of the polar structures
induced by geometric mechanical fields, I simulate the polarization distribution formed by
mixed mode load of mode I and mode II. As an example, cracks in various directions have been
observed experimentally in SrTiO; thin films [30,31], suggesting that mixed-mode loading is
possible by epitaxial strain and other factors. The simulation model is same as mode II case, and

only direction of load is changed. Generally, the magnitude of the mixed mode load is expressed

by K = \/m using the stress intensity factors K; and Kj; for each single mode load. By
using K and the mode ratio a = Kj;/K;, mixed mode load conditions are determined. In this
chapter, K is fixed at 0.2 and only the mode ratio a is changed from 0 to co. Similar to mode I
and mode II loadings, the mixed mode loading can induce the polar nano-region consisting of
multiple domains near the crack tip as shown in Figure 2-8(b), while the number of domains is
larger than either, 10. Moreover, the winding number represented in Egs. (1) is calculated as
n,, = —4. This value not only differs from typical polar structure such as linear polarization or
vortex, but also different from polarization distribution induced by mode I and mode II load.
Therefore, this simulation demonstrates the mechanically creation of novel two-dimensional
topological polar structure with high winding number by mixed mode load into a nano crack in
SrTiOs.

To compare the polarization distributions across various mode ratios, Figure 2-8(a) and (c)
shows the polarization direction distribution in the vicinity of the crack tip under mode I
load [19] (mode ratio @ = 0), and mode II load (a = o0) at K = 0.2 MPayvm, respectively.
Among the ten domains in mixed mode, (i) and (i1), marked in the figures, appear in the same
positions and polarization direction as those in mode I. Similarly, (iii) correspond to that in
mode II, while the other domains are observed across all mode ratios. In other words, the
polarization distribution induced by mixed mode load encompasses all the domains present in
both mode I and mode II load. This reflects the geometric properties of the mechanical field by
mixed mode load which is superposition of mode I and mode II load. These polarization
distributions have different winding numbers, n,, = —3 for mode I, —4 for mixed mode, and —2
for mode II, due to the difference in domain structures.

Figure 2-9 shows the polarization domain configuration surrounding the crack tip at various
mode ratios @ = 0, 1, 2, o alongside the winding number n,,. As the mode ratio changes from

mode I (¢ = 0) to mode Il (¢ = ), the winding number transitions as n,, = —3, —4, —3, —2.
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Thus, the topological attributes of polarization distribution depend on mode ratios. In Figure 2-9,
dashed lines indicate polarization domains arranged radially around the crack tip, with
intervening domain walls. Some domains indicated by dashed black lines are maintained across
all mode ratios. These domains and the domain walls between them do not affect the winding
number because the transition in polarization direction around the crack tip remains consistent
for each mode ratio. On the other hand, domains (1), (2), and (3), indicated by dashed white
lines, only appear at specific mode ratios, leading to changes in the polarization direction around
the crack tip. Consequently, alternations in the polarization distribution around the crack tip due

to the appearance or disappearance of these domains results in the changes of winding number.

(a)ymodel(a = 0) (b)mixed mode(a = 1) (c)modell(a =)

OO0 AJJJAND DD

OGSO e @@@@;ﬁ@
n=—3 m=—4 ="

X2 90° P

()
180““ 0
X1 270°

Figure 2-8 Polarization direction distribution of polar nano-region near the crack
tip under (a) mode I [17] (b) mixed mode (c) mode II load at K = 0.2 MPavm .
The contour color indicates the direction of polarization, and the white lines

represent the cracks.
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Figure 2-9 Transition of winding number of polarization distributions near the crack

tip in different mode ratio.

2.4 Conclusion

In summary, by using phase-field simulations, I demonstrated the mechanical creation and
control of two-dimensional topological polar structures by mode II and mixed mode load into
nano crack in SrTiOs. The strain fields of various magnitudes and distributions induce a variety
of topological polar structures, mirroring the topological features of mechanical strain and strain
gradient fields. Since mixed mode loading with geometrically complex mechanical fields
produce the various topological polar structures including one with high topological number
(n, = —4), superposition of additional strain fields may produce much higher topological
number structures. Furthermore, strain and strain gradient fields from any sources can also
induce polar structure reflecting the topological features of them. The results provide a path to
design and control functional topological polar structures in ferroelectrics through ‘topological

strain field engineering’.
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Chapter 3 Emergence of isolated polar skyrmion and
quasi two-dimensional topological states by

nanoindentation

3.1 Introduction

In chapter 2, mechanical creation and control of two-dimensional topological polar structure
is demonstrated. This chapter aims to apply the proposed method into three-dimensional
systems and realize mechanically induced quasi-two-dimensional topological structures.

Topological structures are local configurations with topological features in condensed matters.
Magnetic skyrmions [1,2] are one of the typical topological structures in ferromagnetics. They
were first considered theoretically [1], and later observed experimentally [2]. They exhibit
quasiparticle behavior such as stability due to topological protection, Hall effect [3], and
current-driven motion with ultralow current density [4]. Because of these properties, magnetic
skyrmions are expected to be applied to racetrack memory [5] and logical gates [6]. Also, in the
realm of ferroelectrics, topological structures offer considerable potential for nanotechnology
devices, such as dielectric energy storage [7].

The presence of intrinsic non-collinear interaction, i.e., Dzyaloshinskii-Moriya interaction
(DMI), in certain magnets [8,9] facilitates the emergence of intricate topological structures like
magnetic merons [10,11] and skyrmions [2,12]. Conversely, the polarization arrangements in
ferroelectrics exhibit relatively monotonous (such as polar vortex [13—15]). This may be due to
the absence of DMI-like effects in ferroelectrics, however, recent theoretical studies predict the
existence of non-collinear interaction analogous to DMI [16,17], and the emergence of various
nontrivial polar topologies are expected. In literature, with the help of sophisticated boundary
conditions and specimen structures, several polar topological structures, such as chiral domain
wall [18], chiral vortex [19], polar bubbles [20], superhelices [21], merons [22,23], and
skyrmions [24,25] are created in ferroelectrics. Especially, due to the rich electro-elastic

coupling and complex strain distribution from the interfaces, the multilayer PbTiO3 (PTO) and
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SrTiO3 (STO) heterostructures have become a popular playground for polar topologies. Tang et
al [26] observed the flux-closure polar structures in the PTO/STO superlattices at first. Then,
Yadav et al. [27] observed electrical controlled vortex-antivortex, and Shafer et al. [28]
demonstrated their chirality. Das et al. [29] found that the large strain can even create the room-
temperature polar skyrmions in the PTO/STO superlattices. These findings stimulate the
continuing quest for polar topologies. However, previous polar chiral vortex or skyrmions are
strongly dependent on the specimen structure or strict boundary conditions [14] and hard to be
controlled, which leads to critical limitations in application. Therefore, creating and controlling
polar topologies in a relatively simple system such as ferroelectric thin film is highly desired for
their further application.

Here, mechanical loading can be an effective tool for creating polar topologies. Recent
experimental work by Lu et. al. [30] showed the switching of the local polarizations by a
mechanical indentation via the flexoelectric effect in a ferroelectric thin film, and they find the
switched area is stable as a domain pattern. Meanwhile, Shimada et al [31] demonstrated the
flexoelectric effect can provide the topological drive for the mechanical design of polar
topologies in theory as “topological strain-field engineering”. In addition, Morozovska et.
al. [32] pointed out the similarities between the flexoelectric effect and the DMI, and control of
chiral polarization by flexoelectric effect has been studied [33]. These studies suggest the
potential of flexoelectric effect as an extrinsic DMI-like inducer of polar topologies.
Accordingly, this chapter aims to introduce the flexoelectric effect as a non-collinear interaction
and demonstrate mechanical designing and controlling room-temperature polar topologies like

skyrmion in the simple ferroelectric thin film.
3.2 Simulation method

3.2.1 Phase-field modeling

The total free energy of a ferroelectric system is F = [ fdV, where the f is the total free
energy density and can be expressed as
f = frandau T fgrad + felecto + felastic T fecoup T friexo- (3.1
The Landau energy density [34], which describes the temperature-dependent ferroelectric

phase transition, can be written as
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frandau = @i PiP; + @ijiaPiPiPe Py + @ jiimn PPy Pi P By Py = a1 (PE +
P2 + P?) + a1 (P + Py + P) + ay,(P?PZ + P?P2 + P}P?) +
ar11 (P + P3 + P9) + an15 (P (PS + P§) + Py (PY + P§) + P{(PE +
P3)) + a153(PYP3P3),

(3.2)

where @;j, @;jk;, and &;jmy are the Landau expansion coefficients. The gradient energy density,

which conducts the formation of the polarization domains, can be written as

1 1
feraa = 5 GijiaPyjPis = 5011(P12,1 + PZ, 4+ P23) + Gy5(Py 1P +
1 2 2
PoaPas + PasPia) +-Gaa[(Pro + Pay) + (P + Ps) +(Ps+  (33)

P3,1)2]5

where Gy is the gradient energy coefficient. The electrostatic energy density can be written as

1 1
felecto = _EKOEiEi — E;P; = _EKO(EZLZ + E; + E3) — E;P; — E,P, —

(3.4)
E3P37
where K is the relative permittivity. The elastic energy density can be written as
1 1
felastic = > Cijki€ij€r = 5C11(5121 + €3, + €33)C12(E11600 + 32633 + 3.5)

€33€11) + 2C44(ef, + 33 + £f3),

where ¢;ji; is the elastic constant. The electrostrictive energy density, which describes the
electrostrictive effect [35], can be written as

fecoup = —qijki&ij PP = —(q11811 + G12622 + ‘112533)})12 — (q12611 +

Q11822 + G12€33)P5 — (qu2€11 + Gu2€22 + G11833)PF — 2qua(e12P P+ (3.6)

€23P,P3 + €13P1 P3),
where q;ji; 1s the electrostrictive coefficient. Eventually, the flexoelectric energy density, which
describes the flexoelectric effect [35-37] by the Lifshitz invariant [38], can be written as
1 1
frexo = 5 fijki(€ijPuy — Pigijp) = 5{Uf11(Puig1n + Paggan + Pazess) +
fi2(Paz€11 + P3zers + Pri€pp + Pysepy + Proggs + Poptss) +
f44[523(P2,3 + P3,2) + 512(P1,3 + P3,1) + 512(P1,2 + P2,1)]} -

1

g{f11(511,1p1 + &52,P, + 533,3P3) + f12[P1(522,1 + 533,1) + P2(511,2 +

€332) + P3(€113 + €223)| + faa[Pi(€122 + €133) + Pa121 + €233) +

P (513,1 + 523,2)]},

where f;jx; 1s the flexoelectric coupling coefficient. All of material parameters used in this

(3.7)

chapter are shown in Table 3-1 and Table 3-2. By following the previous study [39], the
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paraelectric SrTiOs3 is treated as a simple elastic body, and the polarization is assumed to be

always zero.

Table 3-1 The material parameters of PbTiO3 [35,40—43].

Landau expansion coefficients

a; [C?m?*N] | 3.8 % (T —753) X 10% | a5, [C® m'*-N] 2.6 x 108
;1 [C*+m®-N] —7.3 % 107 @112 [C®-m'"-N] 6.1 x 108
@y, [C* m®-N] 7.5 x 108 @13 [CO m!O-N] —3.7 x 10°
Elastic constants Electrostrictive coefficients
c11 [m2:N] 1.75 x 1011 q11 [C? m?N] 1.1446 x 101°
1o [m2-N] 7.94 x 1010 g1z [C? m?-N] 4,522 x 108
Cqq [M2+N] 1.11 x 10t Gaq [C?-m?-N] 7.548 x 10°
Flexoelectric coupling coefficients Gradient energy coefficients
fi1 [V] 0.6 Gyq [C?-m*-N] 1.04 x 10710
fi2 [V] 5 Gz [C?+m*-N] —1.04 x 10710
faa [V] 2 Gaq [C?-m*-N] 1.04 x 10710
T is temperature (K).
Table 3-2 The material parameters of SrTiO3z [31].
Elastic constants
11 [M2-N] 3.36 x 10!
¢y [m?+N] 1.07 x 101
Cqq [M2-N] 1.27 x 101

3.2.2 Simulation model and procedure

Figure 3-1 shows the schematic of the simulation model in this chapter. The thickness of PTO
thin film is set to 5 nm [30]. To consider a substrate with a constrained bottom surface, the
displacement of the bottom surface of the STO substrate in the x3-direction is constrained. The
thickness of the STO substrate is set to 50 nm as a sufficiently thick substrate to ensure that the

restraint of the bottom surface of the substrate does not affect the mechanical state in the PTO
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thin film during indentation loading. The length and the width of the PTO thin film and STO
substrate are set to 80 nm, which is large enough compared with the size of the loading area.
Additionally, the PTO thin film is subjected to short-circuit electrical boundary conditions, with
the electrostatic potentials at the top surface and interface are set to 0 V [22]. This follows the
situation of actual experimental conditions, where the compensation of surface polarization
charge by impurities adsorbed on the thin film surface results in the absence of depolarization
field inside the thin film. When the PTO thin film is epitaxially grown on the STO substrate, an
in-plane misfit strain occurs due to the difference in lattice constants between the two materials.
This misfit strain is accounted for by applying an in-plane biaxial strain of —1.6% [44] to the
entire model. This value corresponds to an experimentally measured strain of 0.1% [44].

Figure 3-2(a) shows the mesh divisions of the simulation model for the finite element
calculation in this chapter. For the xi-x2 plane, the circular indentation area and its surroundings
are divided by 1 nm, while the other areas are divided by up to 4 nm square. For the x3 direction,
the PTO thin film is divided by 0.5 nm and STO substrate is divided by 4 nm. Note that in the
preliminary calculations using 2 nm square mesh for the entire of thin film, the mechanical
writing process is reproduced, indicating the independence of the results from mesh division.
For the calculations of moving indenter, the simulation model is extended by up to 40 nm in the
x1 and x; directions, and divided by 2 nm squares in the in-plane direction.

The method of applying the in-plane biaxial strain with the periodical boundary conditions is
shown in Figure 3-2(b). As shown in Figure 1b, the solid lines represent the real boundaries of

the specimen, and dashed lines represent the virtual boundaries. The position vectors of the left-

5nm

50 nm

X3

A 4
X

X2
Figure 3-1 Schematic of simulation model of PbTiO3 nanofilm grown

on SrTiO; substrate. The blue circle represents the loading area.
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bottom point of the specimen (ﬁ) and the corresponding point (u_l)) on the virtual boundary are
marked by red circles in Figure 3-2(b). And the vector connecting these two points (A€) is used
for setting the displacement in the following equation

uil—uo

Sij = Afji' (3.8)

In this way, a displacement criterion is established. Based on this criterion, the positions at the
nodes on imaginary boundaries are determined, and a uniform displacement is applied to each
node. Since the displacement criterion is based on a set of nodes on the initial boundary and the
imaginary boundary, there is a possibility that the displacement criterion may be discontinuous
due to the interaction with order parameters (like polarizations). Therefore, the averaged
displacement criterion is calculated by calculating the displacement criterion across the
boundary nodes as

_ 1_.0

P
i .
] N3

(3.9)

This enables the reproduction of the loading conditions of the macroscopic specimen with
periodic boundary conditions. Note that a simple elastic analysis was performed in a previous
study [30]. In this chapter, I consider the time evolution and thermodynamical equilibrium state
of polarization distribution by explicitly taking into account the complicated interactions among
the polarization, strain (gradient), and electric field.

For an application of local electric field is based on the previous experimental study [30], in
which by placing interfacial electrode between the film and interfaces shown in Figure 3-2(c).

The simulation of electric field application in this chapter mimics and reproduces such a

(©)

Conductive
indenter

Ferroelectric
thin film

Electrode

Figure 3-2 (a) The mesh divisions of the simulation model. The blue circle
area represents the indentation area. (b) The real boundary and the virtual
boundary with the continuous periodic boundary condition. (c) Schematic
of experimentally manufactured ferroelectric thin film in previous

study[30]. Interfacial electrode is placed between the film and substrate.
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practical (experimental) situation, in which on the top of the film, only the contact area with the
indenter tip is set as specific value of electric potential, while other area is set as same as bottom
interface.

The general-purpose finite element method software COMSOL (ver. 5.4) is used for
calculations. To correctly include the flexoelectric effect, which is a function of strain gradient, I

used second-order element to represent the strain gradient.
3.3 Results and discussion

3.3.1 Mechanical writing of polar skyrmion

As shown in Figure 3-3(a), at room-temperature (298 K), the initial polarization distribution
in PTO thin film is a single domain paralleled to the x3-direction (P; = 0.76 Cm™2), which is
contributed by the misfit strain-induced out-of-plane easy axis and the lack of depolarization
field. Then, local mechanical loads assuming the use of indenter with 10 nm diameter is applied
to the thin film up to a maximum of 5 GPa (equivalent to the value in previous experimental
study [45]). When a 5 GPa stress load is applied to the center of the thin film, polarizations at
the loading area are switched from up to down like Figure 3-3(b). After removing the indenter

like Figure 3-3(c), the switched area further forms a stable downward-polarized cylinder domain

(a) Before indentation (b) Under uniform stress of 5 GPa (c) After unloading

@D | (b-1) (c-1)

Figure 3-3 Polarization distribution of PbTiO3; nano-thin film (a) before indentation,
(b) under indentation loading, and (c) after unloading. The contour color indicates
the value of P3, and white arrows indicate the direction of polarization. The white

circle and the pink arrows represent the indentation area.
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with a diameter of around 6 nm. This process of the mechanical switching of polarization is
consistent with the previous experimental observation [45].

The detailed polarization structure of this mechanically switched domain is shown in Figure
3-4. The color of the arrows denotes the in-plane angle 8 between polarization and xi-axis, and
the darkness of the arrows indicates the out-of-plane component of polarization. Therefore, the
luminous polarizations in the center are downward (—x3), the peripheral dark polarizations are
upward (+x3), and the domain wall between them shows a vortex configuration in the sections
parallel to the x3-axis. Figure 3-4(b)~(d) present the polarization distributions in cross-sections
at x3= 0.5, 2.5, and 5.0 nm respectively, clearly showing the Neel-type skyrmion configuration
at the top, middle, and bottom surfaces of the mechanical switched domain. Such Neel-type
configurations have been observed in magnetic skyrmions in lacunar spinel [46]. To further
verify the skyrmion structure and its topological feature, the skyrmion number ng, =
1/4m [P - (0P/0x X OP/dy)dxdy (where P is the unit vector of the polarization) of top,
middle, and bottom surfaces are calculated to be —1 (which is the value of skyrmion structure).
It is worth mentioning that while previous polar skyrmion observed in PTO/STO superlattice is
a hybrid one, with Neel skyrmion on the top and bottom surfaces and Bloch skyrmion at the
middle surface, the polar skyrmion in the simple PTO thin film solely comprises Neel skyrmion.
In ferromagnetics, there are two competitive energies of spin rotation, the DMI energy and
exchange energy, and the competition of them stabilizes the Bloch-type skyrmion with chiral
spin rotation [47]. On the other hand, in ferroelectrics, only the gradient energy, which conflicts
with chiral rotation, contributes to the spatial change of polarization, and this situation makes
only Néel type skyrmions stable, as obtained in the present simulation [48—50]. Note that, the
polar skyrmion observed in PTO/STO superlattice [24] is a hybrid type with Néel skyrmion the
top and bottom surfaces and Bloch skyrmion at the middle surface. The differences of complex
boundary condition between the PTO/STO superlattice and our thin film model may lead the
different types of polar skyrmion. Additionaly, the distributions of Pontryagin density, which is
the integrand in equation of skyrmion number, are shown in Figure 3-4(b-2)~(d-2). The
Pontryagin density increases in the regions of significant polarization transition, forming ring-
like distributions at x3 = 2.5 and 5.0 nm, and circular distribution at x3 = 0.5 nm. As the
comparison, the magnetic skyrmion observed in conventional magnetic materials have uniform

distribution*!

of Pontryagin density in the skyrmion because they are formed by the intrinsic
DMI acting homogeneously in the material. On the other hand, polar skyrmion consists of

nearly uniform domains (with the positive and negative polarizations at the inside and outside of
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skyrmion) and continuous polarization rotations among these domains. Only this transition
region has “skyrmionic” change in polarization direction, resulting in an inhomogeneous

distribution of Pontryagin charge density.

(b-1)

L
e
L
L
e
LR
Ll
.o
L

Pontryagin density

Figure 3-4 Polarization distribution (a) under the indentation area, and its
cross section in xj-x2 plane at (b) x3 = 5.0 nm, (¢) x3 = 2.5 nm, (d) x3 = 0.5
nm. The color of arrows indicates the in-plane angle 6 between direction of
polarization and x; direction, and the darkness indicates out-of-plane
components of polarization. Since polarization is quite small at x3 = 0 nm,
while the polarization magnitude is normalized in figure, x3 = 0.5 nm is used
as representative of the (approximate) bottom of the polar skyrmion bubble.

At any cross section, polarization constitutes a skyrmion structure.
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3.3.2 Mechanism of polarization switching

To investigate the formation mechanism of mechanically written skyrmion, the time
evolutions of the polarization switching process in the xi-x3 section are shown in Figure 3-5.
The loading process is quasi-static due to the nanosecond order of polarization switching. In
simulations, I applied stress load to the thin film time by time with the increment of 1 GPa until
5 GPa in the end. In Figure 3-5(a), a homogeneous stress load is gradually applied to the initial
single domain. The polarizations have obviously switched at the stress load reaches a critical
value of 3 GPa, and maintain the similar polarization configuration until the maximum of 5 GPa.
The detailed polarization switching process under critical load of 3 GPa is shown in Figure
3-5(b). At first, the external press load along with the in-plane compressive misfit strain induces
a triaxial compressive area beneath the external load, decreasing the polarization magnitude due
to the electrostrictive effect. Since the polarization magnitude is almost zero, this change
deviates from the usual continuous deformation and can be a topological phase transition.

Subsequently, the boundary of this area exhibits in-plane polarization, and the polarization
inside the area initiates switching from upward to downward by some “driving force”. In the

end, the area beneath the external load finished the switching and the bottom area near the
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Figure 3-5 The distribution of polarization around the indentation area during
the (a) loading process, (b) 3 GPa loading, and (c) unloading process. The
contour color indicates the value of P; The pink arrows indicate the
indentation area, and the white arrows indicates the direction of polarization. In
(a) and (c) white arrows are normalized, and in (b) the size of white arrows

represents the magnitude of polarization.
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interface of PTO/STO retains upward polarization, indicating that such a “driving force” near
the interface area is insufficient. The unloading process, shown in Figure 3-5(c), involves
gradual removal of the external stress load, the compressive strain is decreased and the
polarization magnitude is increased. As the “driving force” disappears gradually, the head-to-
head polarization configuration near the interface becomes unstable, prompting the upward
polarization near the interface to switch to the downward and the domain wall forms the vortex
configuration to reach the energy stable state. In the end, after the total removal of the indenter,
the switching area becomes a polar skyrmion structure as shown in Figure 3-3. Note that all
mechanical deformation is assumed to be within the range of elastic deformation and there is no
permanent stress after unloading. In addition, since the indentation depth is small, surface
effects such as nanohardness [51] are not taken into account.

The stability of polar skyrmion was already discussed in previous studies [24,52]; there is an
energy barrier between the topologically nontrivial uniform state and skyrmion state makes the
stability of skyrmion, which is called topological protection. Therefore, in this switching process,
decreasing of polarization magnitude by electrostrictive effect and driving force from
flexoelectric effect break the topological protection, resulting formation of a polar skyrmion. I
just mentioned that a “driving force” helps the polarizations switch to a complex way more than
just the conventional electrostrictive effect-induced magnitude decrease. What is the true color
of this driving force? A mechanical load has two general couplings with polarizations. One is
the electrostrictive effect, which provides strain-induced polarization, and the other is the
flexoelectric effect, which generates strain gradient-induced polarizations. The magnitude
decrease of the polarizations beneath the loading area is contributed by the electrostrictive effect,
since the triaxial compressive strain suppresses polarizations here. Meanwhile, the complex
polarization switching under the mechanical load should be contributed by the flexoelectric
effect, since Lu et al [30] demonstrated that the nano-indenter on the nano-thin film can
generate a large local strain gradient field near the loading point. Although the detailed
mechanism of the flexoelectric effect in nanoscale ferroelectrics is still not fully understood [53],
the strain gradient-induced flexoelectric polarization can be expressed as [54]

l de
PIY%0 = s o (3.10)

where py;; is the flexoelectric coefficient, and dey;/0x; is the strain gradient. The in-plane

P/**® and out-of-plane components P/ “** of Equation (3.10) are
flexo _ de1y &y, | Og33 01, | &3
PU = i 5+ e GE+ 50D i (G + 50D, (3.11.1)
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6811 6822

a
P3ﬂexo = g1 2+ Uy

= Huags +

6x3 6x3

7] a
)+u44(%+%). (3.11.2)

Figure 3-6 shows the distribution of each term on the right side of Equation (3.11) in the

specimen when the external load is 3 GPa (corresponding to Figure 3-5(b)). Firstly, all

contributions of Plf texo

are shown in Figure 3-6(a). Under the local stress load, strain €33 has a
great difference in xj-direction at the boundary of the loading area, which generates the large
strain gradient de;3/0x; at the edge of the loading area. Therefore, the according
U12(0€33/0x;) term induced an in-plane flexoelectric polarization P; at the boundary of the
loading area (shown by white arrows). This result is consistent with the emergence of in-plane
polarization at the boundary of the loading area in Figure 3-5(b), which confirms the

flexoelectric effect is indeed the “driving force” mentioned in the previous part for the complex
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Figure 3-6 The distribution of the components of strain gradient-induced
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flexoelectric polarization under the indentation area with 3 GPa stress (a)
Py’ _(b) Py"°. The contour color indicates the values of polarization

components. The pink arrows indicate the indentation area.
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polarization switching. Similarly, flexoelectric contributions of out-of-plane polarization P3f fexo

are shown in Figure 3-6(b). The area beneath the external load has an obvious strain gradient
d&;1/0x5 and d¢&,,/0x3, which provides the driving force for the downward polarization —Ps
by the flexoelectric term of py,(0&11/0x3 + d€,,/0x3) of Equation (3.11.2). It is consistent
with the upward to downward polarization switching process in Figure 3-5(b). This driving
force (shown in the blue area in Figure 3-6(b)) is large and the polarization magnitude is small
near the loading surface, therefore the polarization here easily switched to downward but the
polarization at the bottom area (near the PTO/STO interface) is still upward as initial. Further,
the term py,(0&11/0x3 + 0€,,/0x3) even provide a driving force for the upward out-of-plane
polarization +P; near the interface and the outside of the loading area (red area in Figure
3-6(b)), therefore the upward polarization and the head-to-head polarization configuration near
the interface in Figure 3-5(b) are contributed by this driving force. In summary, the flexoelectric
effect contributes to the complex polarization switching process under an external mechanical
load, providing a non-collinear interaction within the simple ferroelectric system, which acts as
a driving force for the emergence of polar skyrmion. In addition, the free energy calculation
indicates that flexoelectric driving force alone cannot exceed the energy barrier for polarization
reversal. However, under triaxial compression, it can exceed the barrier and polarization
switching occurs. Therefore, for polarization switching, both reduction of energy barrier by

compressive strain and flexoelectric driving field are necessary.
3.3.3 Electric erasing of polar skyrmion

As shown in Figure 3-7, a local electric field is applied to the thin film model containing a
polar skyrmion by contacting the conductive tip to the same area where the indentation load was
applied. The local electric field is reproduced by setting the electric potential at the interface to 0
V and at the contact area to —3 V (below the magnitude in the previous experimental study [45]).
Assuming that thin film is under short-circuit conditions, the electric potential at the film
surface excluding the contact area remains at 0 V. Under an electric field, polarization under the
contact area reorients to +x3 direction shown in Figure 3-7(b). Subsequent removal of the
conductive tip results in a complete restoration of the polarization distribution to its pre-
indentation state, as shown in Figure 3-7(c). In this process, the skyrmion number ng under the
tip changes from —1 to 0 for any x;-x2 section. Thus, this result suggests that a mechanically

written polar skyrmion can be electrically erased.
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(a) After indentation (b) Under electric field of —3V (c) After applying electric field
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Figure 3-7 Polarization distribution of PbTiO3; nano-thin film (a) after

indentation, (b) under an electric field, (c) after applying electric field.
3.3.4 Mechanical and electrical control of polar topological structures

Since the mechanical load can trigger polarization by switching by the flexoelectric effect and
leave a stable topological structure (like polar skyrmions) in the thin film, I anticipate that the
arbitrary patterns or more complex polar topologies can be mechanically written by the indenter.
In Figure 3-8(a), I let the indenter press the thin film and then move it along the x;-direction
under a constant 5 GPa stress in the simulation model. As the indenter traversed, polarizations
continuously switched, forming a stable pattern of trajectory, upon its removal. The width of this
stripe domain is 6 ~ 7 nm, which consistent with the value of previous study [55]. Furthermore,
when the indenter traced a circular path on the thin film, a donut-like pattern is created as shown
in Figure 3-8(b). By calculating its skyrmion number, I identified this pattern as a polar
“skyrmionium”. Skyrmionium is also called “2m-skyrmions” [56], in which a small skyrmion
(ng, = +1) inside a bigger opposite skyrmion (ng, = —1). Our simulation demonstrated
writing several polar topologies such as skyrmion point, polar helical line, and skyrmionium
pattern on room-temperature PTO thin film. Then, by using the same indenter, I conducted the
electrical “erase” of the topological pattern. In Figure 3-8(c), by contacting the conducted
indenter at the right part of the polar skyrmionium and applying a voltage of —3 V between the
indenter and substrate, the local polarization is reoriented to +x3-direction. Consequently, after

removing the conducted indenter, the polar skyrmionium exhibits a gap, while the rest of the
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pattern remains intact. These polar topologies are thermodynamically stable and maintain their

shapes.

(a-1) m

(b-2) (c-2)

Figure 3-8 Polarization distribution when indenter is moved (a) linearly in x>
direction, (b) circularly, and (c¢) when part of the circle is erased by electric

field. Skyrmion number of these structures are calculated as (a) ng = —1, (b) nwx

=—1+ 1 (skyrmionium), and (c) ns =—1.
3.3.5 Indentation into in-plane 90-degree polarization domain

In previous sections, skyrmion is formed by indentation into the thin film with uniform
upward polarization. Using different background polarization, other polar topologies such as
meron are likely created. In addition to skyrmion (nsk = +1), meron (nsk = £1/2) is another
typical quasi-two-dimensional topological structure. In contrast to skyrmion reversing vectors at
the periphery and inside, meron has in-plane vector at the periphery and the out-of-plane
components rotate 90 degrees from the center. Considering this, stable in-plane domains are
necessary for the creation of polar melons. In previous study [22], Wang et.al showed that in
PTO thin film epitaxially grown on SmScO3(SSO) substrate, in-plane and out-of-plane
polarization domains coexist due to appropriate misfit strain. Furthermore, where polarization
directions of adjacent in-plane domains are opposite to each other, polarization indicates out-of-
plane direction at junction, forming quasi-two-dimensional topological structures such as
merons and antimerons. Therefore, generating adjacent domains in which in-plane polarization

faces each other may create polar meron or antimeron. In the previous sections, I revealed that
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the mechanically switched region in PTO nano thin film has continuous transition of
polarization between outside and inside of indentation area via flexoelectric effect. In other
words, Indentation load can induce in-plane domain in PTO thin film. Based on these, |
calculate polarization distribution during indentation process on PTO thin film with in-plane 90-

degree polarization domain. Figure 3-9 shows the polarization distribution of surface of PTO
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Figure 3-9 The polarization distribution during the indentation into PbTiO3
thin film with in-plane polarization. The arrow indicates the in-plane
direction and magnitude of polarization. The contour color indicates the out-

of-plane direction of polarization.
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nano film near the indentation area. The arrows indicate the direction and magnitude of
polarization. As shown in Figure 3-9, when no load is applied, only in-plane polarization exists
with two types of domains of positive x; or negative x2 direction. Between these domains,
polarization direction changes continuously, forming 90-degree domain walls. When indentation
load is applied to this model and reached 20 GPa, polarization distribution changed as shown in
Figure 3-9 (e). Compared to the that before indentation, the magnitude of polarization just
below the load region is decreased. More importantly, new radial direction polarization appears
at the outer periphery of the indentation region. This is considered to be induced by the strain
gradient and flexoelectric effect. Furthermore, in the area indicated in white dash line, new in-
plane polarization direction and existing domain face each other, and polarization of positive x3
direction appears. Therefore, new in-plane and out-of-plane polarization can be created by
indentation load into a PTO nano thin film.

Figure 3-10(a) shows the polarization distribution and domain configuration at 20 GPa in the
dotted box in Figure 3-9(e). The out-of-plane domain in the center is surrounded by in-plane
directional domains. The out-of-plane directional domain in the center is surrounded by four in-
plane directional domains. Two of the four in-plane domains are oriented in same direction, and
the other two are oriented in opposite directions. This feature is consistent with the structure of
MAC (meron-antimeron-combination), one of the two-dimensional topological orders [22].
Actually, this domain structure is consistent with that shown in o Extended Data Fig. 5(e) in the
previous study [22]. Furthermore, the polarization distribution has continuous transitions and
different out-of-plane components in the central and peripheral regions, suggesting the

formation of a quasi-two-dimensional polar topology. To investigate the topological properties

(b)

O+~  EB-P  EE+P 0.01] M .01
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Figure 3-10 (a)The polarization domain structure of MAC.
(b)Topological charge density distribution of MAC.
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of this polarization distribution in detail, I calculate skyrmion number and find it to be 0. Since a
MAC is a quasi-two-dimensional topological order consisting of overlapping meron (ng, =
1/2 ) and antimeron (ng, = —1/2) the topological charge of MAC is the sum, ng, = 0.
Furthermore, evaluating pontyagin charge density, as shown in Figure 3-10(b), we can see that
the polarization distribution is divided into two regions, one with positive value of charge
density and the other with negative values, indicating that this polarization is MAC. This result
demonstrates that indentation loading into PbTiO3 nanofilms can create different types of quasi-

two-dimensional topological polar structure, MAC.
3.4 Conclusion

In summary, our simulations demonstrate that polar topologies including skyrmion and
skyrmionium can be manipulated using simple methods: mechanical writing and electrical
erasing. Since PbTiOs is prototype of ferroelectric perovskite oxides, our approach of writing
and erasing polar topologies can be effective for other ferroelectrics in general. While several
studies reported the stabilization of polar topologies by the intrinsic ferroelectric DMI [16,17]
and DMI-like flexoelectric effect [32,33], my simulations demonstrated writing of polar
skyrmions in arbitral positions by using flexoelectric effect as extrinsic driving force. In
addition, a previous study®® has read nanoscale skyrmions using PFM, suggesting that the
various topological orders shown in this chapter are equally readable. The inherent advantages
of these polar topologies over magnetic counterparts are smaller scale, field independence, and
existence at room-temperature, positioning them as promising candidates for ultra-high density
memory devices. Furthermore, the major advantage of this method is that it allows for local
manipulation of individual topologies. Combined with previous work [57] that shows the
manipulation of global topological pattern, we can manipulate polar topologies over wide scale
range. Therefore, our findings of the ability to easily write and erase various polar topologies
will drive their potential for applications. Furthermore, our simulations not only demonstrate the
efficacy of the strain (gradient) field driving for the local polarization switching via the
flexoelectric effect as a non-collinear interaction, but also suggest the feasibility of the
mechanical design of functional topologies in simple ferroelectric systems. I envisage that these
findings will inform future research focused on the manipulation of polar topologies by

mechanical fields or other physics fields with topological nature.
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Chapter 4 Emergence of collective polar skyrmion lattice

and related topological phases via strain engineering

4.1 Introduction

In Chapter 3, the mechanical generation of isolated quasi-two-dimensional topological
structures including skyrmion were achieved. This chapter focuses on methods for forming
condensed skyrmions and skyrmion lattices.

Ferroelectrics have been applied to non-volatile memory, sensors, actuators, and other
devices [1-5] due to their mechanical and electrical response properties, which arise from
internal nanoscale polarization orders. These orders are characterized by topology, meaning that
orders with different topologies have different functions [6—8]. For this reason, substantial
research efforts have been directed toward exploring, creating, and controlling topological
polarization orders. Among these, polar skyrmions [9,10], recently discovered as a novel
topological polarization order, have drawn considerable attention due to their distinctive
properties and potential applications [11-14]. Possessing both deformability and stability due to
topological protection, skyrmions behave like single particles, even being an order of
polarization vectors. This quasiparticle-like feature distinguishes them from conventional
polarization orders. Previously, skyrmions have been studied as a magnetic moment order in the
field of magnetic materials [15—18]. The unique properties of magnetic skyrmions, such as
emergent electromagnetic fields and topological Hall effects have been clarified, and their
potential applications have been proposed for racetrack memory [19], artificial intelligence
devices [20,21], and others [22]. Current research on polar skyrmions has revealed their unique
physical properties and potential applications, including local negative permittivity in response
to an electric field [11], writability by twisted light [12], and ultrahigh-density arrangement for
non-volatile memory [13]. Furthermore, polar skyrmions exist below the critical size of
polarization in typical ferroelectrics [14], indicating their potential application for nanodevices.

Nevertheless, creating polar skyrmions remains challenging. Their stabilization relies on

intricate factors, including electrical boundary conditions, in-plane strain conditions, and
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polarization gradient energy effects [10,23], whereas magnetic skyrmions are stabilized by
Dzyaloshinskii—Moriya interaction (DMI) [24,25] and have been observed in many cases. For
this reason, there are still very few observations of polar skyrmions, and most of them are
limited to ferroelectric superlattice systems [14,26,27], where polar skyrmions were first
discovered [10]. Therefore, establishing reliable stabilization conditions and underlying the
stabilization mechanism is essential for advancing polar skyrmion research and applications.

Previous studies investigating stabilizing conditions for polar skyrmions have highlighted the
importance of in-plane strain. Cheng et al. [28] investigated the stable state depending on the in-
plane strain condition in PbTiO3/SrTiO3(PTO/STO) superlattices and demonstrated that
skyrmions are stable under uniaxial compressive strain of 1%. Zhang et al. [29] predicted that a
transition from the skyrmion phase to the stripe phase is possible by continuous uniaxial tensile
strain loading in free-standing PbTiOs3 thin films. In addition, Shao et al. [27] experimentally
observed the transition between the skyrmion phase and the non-skyrmion phase in PTO/STO
superlattices by varying the temperature conditions, suggesting that in-plane strain conditions
depending on temperature are significant for the formations of skyrmions. These findings
suggest that in-plane strain is the key to understanding the formation mechanism of polar
skyrmions. However, the formation process of polar skyrmions, despite its importance for
elucidating the fundamental mechanism, remains elusive.

In this chapter, I demonstrate the formation process of polar skyrmions and the topological
transition in SrTiO3/PbTiO; superlattices under different in-plane strain conditions using phase-
field simulations. Furthermore, I clarify that in-plane strain is a critical factor governing the

formation process of topological polarization orders.
4.2 Simulation method

4.2.1 Phase-field modeling

The phase-field simulations in this chapter consist of three governing equations: time-

dependent Ginzburg-Landau (TDGL), mechanical equilibrium, and Maxwell’s equations, i.e.,
P O6F

E— _L(S_Pi, (41)

i =\ 9ey j ) (4.2)
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Dy = (— g—g)l =0, 4.3)

where P; is polarizations, t is time, L is the kinetic coefficient, F = [ fdV is total free energy, in
which f is total free energy density, o;;; is the stress gradient, &;; is strain, D;; is the electric
displacement gradient, and E; is the electric field in the material. The total free energy of a
ferroelectric system consists of Landau energy, gradient energy, electrostatic energy, and elastic
energy. The total free energy density f is expressed as
f = frandau * farad + felecto T+ felast: 4.4)
The Landau energy density, which describes the temperature-dependent ferroelectric phase
transition, is written as [30,31]
frandau = @ijPiPj + i PiPi P Py + Qyjkimn PiPj P PLPn By
= a;(P{ + P} + P§) + ay (P + P} + PY) + ay,(PEPF +
PEPF + P;P§) + gy (PP + PP + P3) + a1, (P (PF + P3) +
Py (P{ + P3) + Ps(P{ + P3)) + a123(PEPFP3),

(4.5)

where @;j, @;jx;, and @;jxmy are the Landau expansion coefficients. The gradient energy density,

which conducts the formation of the polarization domains, is written as [32]

1
ferad =5 Gijit Py i Picy
1
=>Gy1 (PP + Py + Pi3) + Gio(PuaPap + PypPas + PasPysg) + (4.6)

1 2 2 2
5644[(131,2 + P2,1) + (P2,3 + P3,2) + (P1,3 + P3,1) I
where Gjjy; is the gradient energy coefficient. The electrostatic energy density, which describes

the effects of electric fields on polarization, is written as

1
felecto = _EKOEiEi — E;P;
4.7)

= _%KO(EE + EZ + E3) — E;P, — E,P, — E3Ps,

where K is the relative permittivity of materials. The elastic strain energy density is written as

1
_ elast _elast
felast - Ecijklgij kL (4.8)

elast

where ¢;ji; 1s the elastic constant and & is elastic strain. In addition to elastic strain,

ferroelectric materials exhibit eigen strain caused by spontaneous polarization. The eigen strain

eioj can be written as [31]

Slpj = QijkiPrPr- 4.9
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where Q;jy; 1s electrostrictive coefficients. The total strain &;;, defined as the displacement

gradient in the material, is the sum of elastic strain and eigen strain, which can be written as

gi; = &7 + ). (4.10)
Substituting Eq. (4.10), fojast 1 rewritten as
1
felast = P Ci jkl€fjla5t3§%35t
L 0 0 4.11
= Ecijkl(gij - 5ij)(8kz — &1) (4.11)
1

1 1
_ 0 0 0.0
= Ecijklgijgkl - Ecijkl(gijgkl + fijfkl) + Ecijklgijgkl'

ubstitutin . (4.9) into the second term using ¢;i,; = Ciy;; in for isotropic materials, the
S bttt gEq 4.9 t th dt g ijkl klij f t P t 1 th

term is rewritten as

1 D 1
_Ecijkl(gijgkl +elien) = _Ecijkl(giijlmanPn + QijmnPruPrr)
1
= _E (Cijmn + Cmnij)anklEiijPl (4.12)
= —CijmnQmnki&ijPr P
= —qijki€ijPr P

where q;jk; (= CijmnQ@mnit) 18 piezoelectric coupling coefficients. The third term of Eq. (4.11)
is
1

1
2 Cijklgiojglgl = E CijleijmanPanlmanPn
(4.13)

= EcmnomenionpklPinPkPl-

The right side of this equation is the fourth-order term of P;, which can be incorporated into

Landau energy density. Therefore, f,s 1S expressed by

1
felast = > Cijiij€ ~ ijia€ijPrPr- (4.14)

The second term of Eq. (4.14) represents the energy when strain and polarization are

presented simultaneously, describing the piezoelectric effect in ferroelectric materials. Table 4-1

shows all of the material parameters used in this chapter.
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Table 4-1 Material parameters of SrTiO3; and PbTiO3 [33-35]. T [K] is temperature.

Parameters (SI units) SrTiO3 PbTiO3
a; (10°C™2m?2N) 7.06(T — 35.5) 3.8(T —479)
a1 (108C~*m®N) 17.0 —0.7252
a1, (108C~*m®N) 44,52 7.5
Landau coefficients
@117 (108C~°m1°N) 0.0 2.606
@11, (108C~°m1°N) 0.0 6.1
1,3 (108C~°m1°N) 0.0 —37
G171 (10719C™2m*N) 0.734 1.7252
Gradient energy
‘ G, (1071°C2m*N) 0.0 0.0
coefficients
Guq (10719C™2m*N) 0.367 0.8626
11 (101t m™2N) 3.36 1.746
Elastic constants 12 (10T m™2N) 1.07 0.7937
C4q (1011m~2N) 1.27 1.111
Q1 (1072C™%2m*) 4,57 8.9
Electrostrictive
_ Q12 (1072C™2m*) —1.35 —2.6
coefficients
Q44 (1072C2m%) 0.957 6.75
K11, Koo, K
thTam s 40.0 40.0
Background (Dimensionless)
dielectric constants K12, K23, K31 00 0.0
(Dimensionless)
3.905 (T = 300 K) 3.957 (T = 300 K)
a, (1071%m)
3.909 (T = 373K) 3.961 (T = 373K)
Lattice constants
3.905 (T = 300 K) 3.957 (T = 300 K)
az (10_10m)

3.909 (T = 373 K)

3.961 (T = 373 K)
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Simulation model and procedure
shows the simulation model mimicking the experimentally fabricated

4.2.2

Figure 4-1
SrTiO3/PbTiO; superlattice on the SrTiOs substrate. The number of layers is 9 for each layer,
following a previous study [10,27] in which [(SrTiO3)16/(PbTiO3)16]o superlattice model was

used to simulate polar skyrmion, consistent with experimental observation. The in-plane size is
80 nm X 80 nm, the thickness of each layer is 6.4 nm, and the substrate thickness is 12 nm. A

three-dimensional periodical boundary condition is applied, and a 12 nm thickness vacuum
layer is added to the top of the model to avoid interactions with adjacent superlattices in image

cells. The entire model is divided by a uniform 0.4 nm mesh. To simulate the closed-circuit
conditions of experimental specimens [10,27], the electric potentials at the bottom and top of the

superlattice are set to be uniform. A misfit strain due to lattice mismatch between materials is

1
1
1
1
1
1
1
1
1

X1
— "’ I Vacuum
12 nm (30 grids)

STO
6.4 nm (16 W

PTO
6.4 nm (16 grids)

Superlattice
115.2 nm (288 grids)

J Substrate (STO)
12 nm (30 grids)

(200 grids) > (200 grids)

Figure 4-1 Schematic of the simulation model and mesh divisions of

[(SrTi03)16/(PbTi03)16]9 superlattice on SrTiO3 substrate.
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considered by applying uniform in-plane eigen strain [36]. Within the superlattice, the PbTiOs
and SrTiOs films induce in-plane tensile and compressive strain on each other due to differences
in their lattice constants. This is a temperature-dependent constant calculated by lattice constants
given in Table 4-1. Additionally, the entire superlattice, which has an average lattice constant of
PbTiOs3 and SrTiOs, is subjected to misfit strain due to the mismatch with the substrate. While
both strains are considered in calculations, only the latter is written in the manuscript as an in-
plane misfit strain.

Egs. (4.1)~(4.3) are numerically solved by the fast-Fourie transform method [37,38] to obtain
time evolution and equilibrium state of polarization. A dimensionless time step is At™ = 0.05.
Simulations are performed under temperatures of T = 373 K, at which the skyrmion lattice
phase was observed experimentally [27]. Assuming the poling process, the initial polarization
distribution is set to a uniform out-of-plane direction (P; = 0.10 C/m?) plus a small amount of
3-dimensional random noise with a magnitude of 0.010 C/m?. To investigate the effect of in-
plane strain, calculations are performed for isotropic in-plane strains from 0.0% to —0.8% in
every 0.1% and for anisotropic in-plane strains of (€11,827) =

(—=1.0%, —0.5%), (—1.5%, 0.0%).
4.3 Results and discussion

Figure 4-2 presents the polarization distributions at the thermodynamic equilibrium state in
top PTO layers under various in-plane strain conditions. Overall, downward polarization
domains exist within upward polarization regions. Under low compressive isotropic in-plane
strain below —0.2% shown in Figure 4-2 (a-1), elongated and intricate domains of about 10 nm
width emerge. As shown in Figure 4-2 (b-1), the polarization vectors at the outer edges of these
domains continuously transition between upward and downward through in-plane direction.
Other domains exhibit similar characteristics, indicating that these domains are elongated
skyrmions, intermingled in t entire PTO film. This feature corresponds to the labyrinth
phase [28]. As the strain increases, although several small domains appear, most are still
elongated domains. On the other hand, under the high compressive isotropic strain above
—0.3% shown in Figure 4-2(a-2), many small circular domains of less than 10 nm in diameter
are formed. As shown in Figure 4-2(b-2), each circular domain is skyrmion with continuous
polarization rotation similar to that of the small strain conditions. Therefore, there are numerous
circular skyrmions in the entire film, indicating a formation of a skyrmion bubble phase.

Furthermore, at —0.8%, some skyrmions arrange into a square lattice. The aligned skyrmions
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have almost circular shapes, with a radius is about 10 nm and center-to-center distance of about
15 nm. These features are consistent with the previously observed skyrmion lattice [27],
confirming the signify the formation of a skyrmion lattice phase. Therefore, increasing isotropic
compressive strain causes the topological phase transition from labyrinth phases to skyrmion
bubble and skyrmion lattice phases. These results are consistent with those of a previous

study [28], which reported an in-plane strain-dependent topological transition from the labyrinth

(—0.6%, —0.6%)

20 nm

Figure 4-2 Polarization distribution of the top PbTiOz layers in
PbTiO3/SrTiO3 superlattices. (a) Distributions in the x; - x, plane under
different in-plane strain conditions: (a-1) small isotropic strain, (a-2) large
isotropic strain, and (a-3) anisotropic strain. The values of in-plane strain
(€11, &22) are indicated below each figure. (b) Detailed polarization
distributions within the regions highlighted by white squares in (a). The color
map represents the in-plane polarization direction, while the black and white

regions correspond to upward and downward out-of-plane polarization.
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phase to the skyrmion phase. Note that a vortex phase, commonly observed in STO/PTO
superlattices [28,39], does not appear in our case, because the misfit strain substantially applied
to the PTO films is below the range for its formation. In addition, polarization distribution also
depends on strain direction under anisotropic strain, as shown in Figure 4-2(a-3). At
(€11, €22) = (—1.0%, —0.5%), stripe domains aligned with the x; axis coexist with skyrmions.
The higher strain anisotropy as (€11,&22) = (—1.5%,0.0%) tends to eliminate circular
skyrmions, resulting in dominant stripe domains. Therefore, increasing the in-plane strain
anisotropy promotes stripe phase formation.

These results confirm that in-plane strain significantly influences skyrmion and phase
formation. In the experimental observations in the previous study [27], substrate-superlattice
lattice mismatches cause strain variations, producing skyrmion bubble phases at (€14, €22) =
(—=0.7%, —0.7%) , skyrmion lattice phases at (—0.9%,—0.9%) , and stripe phases at
(—1.3%, —1.1%). Furthermore, the width of each stripe domain was approximately 10 nm, and
the diameters of the skyrmions varied from approximately 5 to 10 nm. Our results are
quantitatively consistent with this experimental observation and demonstrate the validity of the
simulation approach to the skyrmion formation process. In the following, the polarization
evolution process under each strain condition is described in detail.

At first, as a representative example of the formation process of labyrinth phase, the temporal
evolution of polarization under the strain-free condition is shown in Figure 4-3. As shown in
Figure 4-3(a), the polarization at the initial stage (¢ = 5 ns) is nearly homogeneous without any
domains. By ¢ = 10 ns, downward polarization domains emerge across all PTO layers. As time
progresses further, domains grow and connect with other domains, eventually forming the
labyrinth phase. To examine the domain formation process in detail, the early stages of
polarization evolution in the top PTO layer are shown in Figure 4-3(b). At the initial stage (=5
ns), P3 has small positive values overall, among which some local regions show relatively small
values. These regions act as nuclei for polarization inversion, with P3 transitioning to negative
values at t = 8 ns. By ¢ = 10 ns, the magnitude of P; increases, and the polarization inverted
domains expand. At this stage, adjacent domains begin to connect with each other. By # =15 ns,
the domains are fully connected, resulting in the formation of elongated domains. Thus, under
the strain-free condition, the polarization inversion domains grow from relatively small value
regions and connect with adjacent domains, eventually forming the labyrinth phase consisting of
elongated and intricate domains. This process is similar in other PTO layers, where the labyrinth

phase develops simultaneously across all layers.
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On the other hand, skyrmion formation under isotropic in-plane strain conditions occurs via a
different process. Figure 4-4(a) shows the polarization evolution at (&14,&22) =
(—=0.7%, —0.7%), where the formation of well-defined skyrmion bubble phase is observed. At
the initial stage (r = 10 ns), polarization inverted domains appear only in the lowest layer.
Toward ¢ = 20 ns, domain formation extends to the upper layers, and by 7 = 25 ns, domains are
present throughout all layers. Subsequently, each domain expands slightly but remains isolated,
rarely connecting with others. This gradual domain formation, progressing from the lower to

upper layers, contrasts with the simultaneous domain formation observed under the strain-free

a

5ns

b 5ns 8 ns 10 ns 15 ns

Py (C/m?) P; (C/m?) P, (C/m?) P; (C/m?)

Figure 4-3 Time evolution of out-of-plane polarization during formation process of

labyrinth phase at (&14,€5, ) = (0.0%,0.0%). (a) Evolution across the entire
superlattice, with blue areas indicating downward polarization domains. (b)
Evolution in the top PbTiO; layer. The color map represents the out-of-plane

polarization P3
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condition. To investigate the process in more detail, Figure 4-4(b) focuses on the top PTO layer.
Similar to the strain-free condition, polarization inversions begin in local regions with small
values. However, the inversion timing varies across domains, avoiding their connection during
growth. Consequently, numerous isolated domains become circular skyrmions, resulting in the
formation of the skyrmion bubble phase. These features are more obvious at (£11,€22) =
(—0.8%, —0.8%) as shown in Figure 4-5, emphasizing that magnitude of in-plane strain affects
the domain growth velocities.

In these processes, the polarization inversion appears to be suppressed. In other words, some

25 ns
P; (C/m?)

Figure 4-4 Time evolution of out-of-plane polarization during formation process

of skyrmion bubble phase at (€11, &2, ) = (—0.7%, —0.7%). (a) Evolution across
the entire superlattice, with blue areas indicating downward polarization domains.
(b) Evolution in the top PbTiOs3 layer. The color map represents the out-of-plane

polarization Ps.
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trigger is likely required to initiate the inversion. Comparing Figure 4-4(b) and Figure 4-3(b), at
the initial stage, P3 values are higher under compressive strain, indicating the stabilization of
out-of-plane polarization by in-plane compressive strain, which inhibits polarization inversion.
In this time, polarization inversion is possible only in the bottom PTO layer due to the
mechanical constraint of substrate. Furthermore, inverted domains tend to form directly above
those domains in the lower layers and gradually propagate upward, suggesting that polarization
inversion in the lower layer drives subsequent inversions in the upper layer. Therefore, under in-

plane strain, stabilization of out-of-plane polarization inhibits inversion, resulting in the

40 ns

Py (C/m?)

Figure 4-5 Time evolution of out-of-plane polarization during formation process of
skyrmion bubble phase at (&11, &5 ) = (—0.8%, —0.8%). (a) Evolution across the
entire superlattice, with blue areas indicating downward polarization domains. (b)
Evolution in the top PbTiOs; layer. The color map represents the out-of-plane

polarization Ps.
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formation of skyrmions from individually grown domains.

The formation process of the stripe phase under anisotropic in-plane strain condition shown
in Figure 4-6 also indicates the influence of in-plane strain on the polarization evolution. As
shown in Figure 4-6(a), the first polarization inversion occurs in the lowest layer at £ = 10 ns,
and by ¢ = 25 ns, inverted domains have developed across all layers. These domains connect
exclusively in the x| direction, producing narrow, elongated domains that form the stripe phase.
The detailed views shown in Figure 4-6(b) indicate that inverted domains emerge from the

nuclei of small P3 regions, consistent with results under other conditions. However, at ¢t = 15 ns,

b 5ns 15 ns 20 ns 25 ns
P; (C/m?) Py (C/m*) Py (C/m?) P; (C/m?)
0.27 0.32 25 35 ] ) o

X2

L.

X3

Figure 4-6 Time evolution of out-of-plane polarization during formation process of
stripe phase at (&11,&32) = (—1.5%,0.0%) . (a) Evolution across the entire
superlattice, with blue areas indicating downward polarization domains. (b)
Evolution in the top PbTiOs; layer. The color map represents the out-of-plane

polarization Ps.
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these nuclei are already elongated along the xi direction. This behavior is attributed to the
application of substantial compressive strain in the x; direction, which suppresses Pi. These
results indicate that in-plane strain strongly affects the polarization inversion even in the early
stages. Consequently, the anisotropy of in-plane strain determines the direction of stripe

domains, suggesting the potential for mechanical and selective control of domain formation.

4.4 Conclusion

In summary, in-plane strain plays a pivotal role in the skyrmion formation process and the
topological transition in PTO/STO superlattices. Under low in-plane strain conditions,
polarization inversion occurs readily, leading to the simultaneous growth of numerous domains.
During growth, domains connect to each other, resulting in the formation of the labyrinth phase.
On the other hand, higher in-plane strains suppress polarization inversion, forcing independent
domain growth that culminates in skyrmion formation. Furthermore, the anisotropy of in-plane
strain affects the direction of domain growth, and strong anisotropy promotes the formation of
the stripe domain. Although strain-induced topological polarization orders in PTO/STO have
been studied extensively, our results reveal their formation processes for the first time. These
findings advance the understanding of the formation mechanisms of polar skyrmions and offer

valuable guidance for the development of devices based on topological polarization orders.
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Chapter 5 Dislocation structures in emergent polar

skyrmion lattices

5.1 Introduction

In Chapter 4, I investigated the collective generations of polar skyrmions and successfully
demonstrated the emergence of a lattice phase. In this chapter, I focus on this skyrmion lattice
and attempt to elucidate its properties from the perspective of lattice mechanics. I will target
dislocations, which are typical lattice defects, and clarify their structural characteristics and
effects on skyrmion lattice.

Skyrmions are an emerging nanoscale topological configuration of an electric dipole,
magnetic moment, or other physical vectors observed in various physical systems [1-4], and
they are also treated as particles, called quasi-particles. Extensive researches [1,5-10] on
magnetic skyrmions in ferromagnetics have unveiled their intriguing features such as stability
due to the topological protection, ability to deform, annihilate, generate, and be driven by
external fields [8,11-15], and exploited potential applications including racetrack memory,
reservoir computing devices, and logic gates [7,16-18]. Following the great success of
magnetic skyrmion, a polar skyrmion [2,19-29], which was first discovered in PbTi03/SrTiO3
superlattices very recently [2], is also anticipated to exhibit valuable properties and applications.
In ferroelectrics, the dynamics of microscopic polarization domain patterns determine the
macroscopic electrical and mechanical responses, providing potential for various applications
such as programmable devices [30], energy storage [31], and neuromorphic computing
devices [32]. However, the limitation on the specimen’s thickness for ferroelectricity restricts
the enhancement of domain density and device properties. The polar skyrmion is reported to
overcome this limitation, existing in PbTiO3 film with a thickness of only two unit cells while
retaining ferroelectricity [22]. Additionally, several studies reported that the polar skyrmion
exhibits unique electrical responses such as negative permittivity [20], readability with high-
density [21], and high optical response [33], sparking growing interest from both scientific and

engineering fields. In addition, the skyrmion is treated as one of topological solitons [34]. The
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individual and collective response of solitonic particles are one of important researches in
condensed matter physics [35,36].

Skyrmions are arranged in triangles or squares, to form skyrmion lattices (also called
skyrmion crystals (SkX)) [24,37], indicating that it is essential to understand the fundamental
properties and electric or mechanical response of a polar skyrmion lattice, rather than individual
one. It has been reported that uniaxial tensile strain deforms magnetic skyrmion lattices with
large anisotropic deformation of individual skyrmions [38], indicating the unique behavior of
skyrmion lattices distinct from conventional lattices such as atomic crystal lattices. Moreover, in
many experimental observations and theoretical simulations, magnetic skyrmion lattices contain
lattice defects such as vacancies [39], dislocations [40,41], and grain boundaries [42,43] similar
to those found in atomic systems. Analogous to atomic crystal lattices, these lattice defects
dominate the dynamic behavior of skyrmion lattices [40,44]. In particular, SkX dislocations are
intensively studied among the defects because their dynamics contribute to a plethora of unique
behaviors of skyrmion lattices such as rotations and deformations [40], melting [44], and
stabilization [41]. In particularly, the melting of the skyrmion lattice is discussed in terms of a
two-dimensional phase transition [45,46]. Based on KTHNY (Kosterlitz, Thouless, Halperin,
Nelson, and Young) theory, dislocations contribute significantly to melting of lattice [44,47].
Dislocations in polar skyrmion lattices, therefore, are expected to play an important role in
unique lattice dynamics arising from the quasi-particle nature of skyrmion. A dislocation-like
lattice mismatch has also been experimentally observed [24] and the emergence of dislocation
has been theoretically predicted [48] in polar skyrmion lattices, while the detail and fundamental
properties of the dislocation remain unrevealed. In general, dislocations exhibits an inherent
elastic strain field that follows Volterra’s law [49]. This elastic field can be described in a form
proportional to 1/7 (r is distance from a dislocation core), and this means that dislocations affect
far from dislocation core each other (i.e., long-range interactions). Based on the Volterra’s law,
dislocations have unique interaction and dynamics, which lead important mechanical properties
and responses such as yielding, hardening, and plastic deformation [50]. Therefore,
understanding the fundamental properties of dislocation structures in polar skyrmion lattices,
particularly whether the Volterra’s law holds or not, is the key to investigating both static and
dynamic properties of polar skyrmion lattices, including their novel responses to external fields.
Although dislocations in skyrmion lattice have been observed experimentally, to the best of the

author's knowledge, there is still no study focused on such elastic fields.
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Here, I demonstrate that there exist the unique SkX dislocation structure and its inherent
singular strain field in skyrmion lattice, which critically differ from those of conventional
dislocation in atomic crystals and even fall outside of Volterra’s elasticity theory of dislocation.
Our phase-field simulation reveals that skyrmions around the dislocation core deform largely by
more than 50% depending on external electric fields and temperature. Furthermore, a
quasiparticle-strain analysis based on the continuum mechanics theory provides the detailed
deformation properties of skyrmions and their lattices, which discovers novel mechanics hidden

in skyrmion lattices.

5.2 Method

5.2.1 Phase-field modeling

The total free energy of a ferroelectric system is F = [ fdV, where the f is the total free
energy density and written as

f = fLandau + fgrad + felecto + felast~ (5-1)

The first term is Landau energy density, describing the ferroelectric phase transition
depending on temperature, is expressed by [51]
frandau = @ijPiP; + ;jiiPiPiPi Py + @;jiimn P Pj P P P Py, (5.2)
where a;;, a;ji;, and @;jxmn are the Landau coefficients. The second term is gradient energy
density, describing the formation of polarization domain walls, is expressed by [52]
feraa = %Gijklpi,jpk,la (5.3)
where Gjjy; is the gradient energy coefficient. The third term is electrostatic energy density is
expressed by [53]
fetecto = =5 e EiE; — E;P,, (5.4)
where ¢, is the background permittivity. In this study, to reproduce the electrical boundary
conditions of thin film surface where polar skyrmion appears in the previous study [54],
screening factor 8 [55], which represents the amount of shielding of the surface charge, is
introduced, and electric field is expressed by
E; = EFC + (1 — 0)EP, (5.5)
where Ef*" is external electric field and Eid ®P is depolarization field. The fourth term is elastic

energy density is expressed by
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_1 elast _elast
fetast = 5 Cijri€ij €l (5.6)

elastic

where ¢;ji; is the elastic constant and &;; is elastic strain. In addition to elastic strain,

ferroelectric materials exhibit eigen strain (intrinsic strain) caused by spontaneous polarization.

0

The eigen strain &;;

can be written as [52]
0
&j = QijPrPrs (5.7)
where Q;jx; is electrostrictive coefficients. The total strain &;;, defined as the displacement

gradient in the material, is the sum of elastic strain and eigen strain, can be written as

51t = g — €. (5.8)
Substituting Eq. (5.8), felastic 1S
felast = > Ci jklgfjlaStgls%aSt
1 0 0
= Ecijkl(gij - gij)(gkl — &1) (5.9)
1 1

1
— 0 0 0.0
= 5 Cijki€ij€kL Ecijkl(gijgkl + Eijgkl) + > Cijki€ij€kl:

Substituting Eq. (5.7) into the second term, using ¢;jx; = Cyy;j in for isotropic materials,

1 0 0
_Ecijkl(sijgkl + gijgkl) = —Ecijkz(fiijzmanPn + QijmnPnPrtrr)
1
=-5 (Cijmn + Cmnij) Qmnki€ij PP (5.10)
= _CijanmnleiijPl
= —qijki€ijPr P

where q;jx; (= Cijmn@mnii) 1 piezoelectric coupling coefficients. And the third term is
1..00—_.. . PP PP
Cl]klgijgkl - Cl}lel}mn m anlmn min

2 2 (5.11)

= EcmnomenionpklPinPkPl-

The right side of this equation is the fourth-order term of P;, which can be incorporated into

Landau energy density. Therefore, f, is expressed by
felast = %Cijklgijgkl — Qijki€ijPrPr- (5.12)
The second term of Eq. (5.12) represents the energy when strain and polarization are present

simultaneously, describing the piezoelectric effect in ferroelectric materials. All of material

parameters used in this study are shown in Table 5-1.
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Time-dependent Ginzburg-Landau (TDGL) equation is
dP;/0t = —L(8F/6P;), (5.13)
where t is time, L is the kinetic coefficient and F = [ fdV is total free energy. Mechanical

equilibrium equation is

aij; = (9f /) ;= 0, (5.14)
where 0;; ; is the stress gradient. Maxwell’s equations is
D;; = (=0f/9E),; =0, (5.15)

where D; ; is the electric displacement gradient in the material. Egs. (5.13), (5.14), and (5.15) are

the governing equations of the phase-field simulation.

Table 5-1 Material parameters for PbTiO3 [54,56]. T is temperature.

Landau coefficients
3.8(T — 752) x 10° a
a; [C2m?N] . 2.606 x 108
[C™®m1°N]
—0.7252 x 108 Q112
@11 [C"*m°N] 6.1 x 108
[C™®m°N]
7.5 x 108 Q123
a1, [C"*mON] —3.7 x 10°
[C™®m°N]
Gradient energy coefficients Elastic constants
G11 [C™2m*N] 3.4504 x 10710 ¢y [m™2N] 1.746 x 1011
G, [C™2m*N] 0.0 12 [M2N] 0.7937 x 10!
Gaq [CT?m*N] 1.7252 x 10710 C4q [M2N] 1.111 x 1011
Electrostrictive coefficients Background permittivity
Q11 [C?m*] 8.9 x 1072 &p 66
Q1> [C™%2m*] —2.6 X 1072 Screening factor
Q44 [C™%2m*) 3.375 x 1072 0 0.2

5.2.2  Simulation model and procedure

Polar skyrmions have been directly observed in PbTiO3/SrTiO; superlattices [2,24], and
bubble-like domains with similar shapes have been observed on PbTiO3 nanofilms [25]. It has

also been predicted analytically that a skyrmion perfect lattice can be realized on PbTiO;
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nanofilms by adjusting the electrical boundary conditions of the surface [37]. Based on these
previous studies, I focus on the skyrmion lattice and skyrmion dislocations on PbTiO3 nanofilms.

Figure 5-1(a) shows the unit lattice of a skyrmion triangular lattice. The unit lattice has length
a in the x; direction and length v3a in the x» direction. Since the lattice constant (distance
between skyrmions) depends on the electric field and temperature, a(T,E) is obtained by
preliminary simulations of a unit lattice in the perfect triangular lattice as shown in Table 5-2

and Table 5-3. The thin film model shown in Figure 5-1(b) consists of 28 polar skyrmion lattices

in the x; direction and 17 in the x» direction. The size of the model is 28a [nm]x 17+/3a
[nm]X 20 [nm], and periodic boundary conditions are applied in the xi, x2, x3 directions. The
thickness of the thin film is 8 nm, and vacuum layer is placed in the x3 direction to prevent
interplay with adjacent image cells. For numerical calculations, the entire model is divided
equally in the x1, x2, x3 directions with grid length of approximately 1 nm. To reproduce the
misfit strain caused by difference of lattice parameter between film and substrate, an in-plane
compressive strain of —1 % is applied in the x; and x> directions[37].

As an initial state, a skyrmion lattice including for dislocation cores symmetrically is placed
referencing quadrupole model used in atomic systems [57-59]. This arrangement holds
geometrical consistency of the model under periodical boundary conditions and cancels the
effect of the strain field by adjacent dislocations in the vicinity of each dislocation core,
allowing the evaluation of isolated dislocation core. The coordinates of skyrmions in quadruple
configuration are obtained referencing molecular static (MS) simulations [60]. The TDGL

equation is numerically solved using Semi-Implicit Fourier-Spectral method [61,62] with

Figure 5-1 (a) Unit triangular lattice of skyrmion lattice. (b)Simulation model of

quadrupole configuration under periodic boundary conditions and mesh
divisions for calculation. (¢) Skyrmion configuration near the dislocation core in

the initial state. The white arrow represents a burgers vector of the dislocation.
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normalized timestep At = 0.04, and mechanical equilibrium equation and Maxwell’s equations
are solved simultaneously by FSIPM (Fourier spectral iterative perturbation method) [63,64] to
calculate the time evolution of the polarization. The out-of-plane electric field is applied in the
3-12 MV/cm, which is the range of skyrmion phase maintained. Note that this range is very
sensitive to material parameters and conditions. The effect of the electric field change is

expected to remain qualitatively constant.

Table 5-2 Lattice constants of polar SkX at 7= 300 K.

E [MV/cm] 3 6 9 12 15

a [nm] 15.8 15.4 15.0 14.6 14.2

Table 5-3 Lattice constants of polar SkX at £ =6 MV/cm.

T[K] 100 200 300 400 500

a [nm] 16.6 16.1 15.4 14.7 13.8

5.3 Results and Discussion

5.3.1 Quasiparticle-specific core structure of skyrmion dislocations

Figure 5-2(a)(b) show the detailed polarization configuration and skyrmion structure near the
dislocation core at different out-of-plane external electric field E = 12, 9, and 6 MV/cm and
constant temperature T=300 K. As shown in the three-dimensional(3D) view of Figure 5-2(b),
these skyrmions are the Néel type and they are stacked in the film thickness direction forming
skyrmion bubbles, which is in good agreement with the previous studies [25,37]. As shown in
Figure 5-2(a-1), at E = 12 MV/cm, circular skyrmions are regularly arranged to form a
triangular lattice, except in the center of the figure where 5-fold and 7-fold skyrmions are
present with lattice mismatch. This is a typical edge dislocation structure in a conventional two-
dimensional triangular lattice, called a 5-7 pair [65]. When the electric field is decreased to E =
9 MV/cm, as shown in Figure 5-2(a-2), each skyrmion slightly deforms. Particularly, the 7-fold
skyrmion is elongated along the x;-direction, resulting in an elliptical shape. At an even lower
electric field of E = 6 MV/cm [Figure 5-2(a-3)], each skyrmion deforms even larger, and the 7-
fold skyrmion is elongated significantly by 56% in the x;-direction and compressed by 18% in
the x»-direction. On the other hand, the 5-fold skyrmion is compressed by 10% in both the x;
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and x; directions. Other skyrmions around the dislocation core also deform into elliptical shapes
with various directions, while skyrmions far from the dislocation core deform slightly.

To discuss the detailed geometrical features of these enlarged skyrmions, I calculate a
Pontryagin charge density P(OP/dx; X 0P/0x,), where P is the normalized polarization
vector. The summation of Pontryagin charge density is an invariant of the topological texture

(i.e., skyrmion number), and it is used to identify the topological characteristics of domain

a-1 E =12 MV/cm = E =6 MV/cm
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Figure 5-2 Polarization distribution in (a) planer view (b) 3D view,
distribution near the dislocation core under different electric fields E = 12,9,
and 6 MV /cm. The black area represents out-of-plane polarization and colored
circular regions represent in-plane polarization forming skyrmions. The white
dashed lines indicate 5-fold and 7-fold skyrmion lattices that comprise the

dislocation. (c) Pontryagin charge density distribution in the same area as (a).
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structures [66]. As shown in Figure 5-2(c), the Pontryagin charge density is concentrated at the
edge of skyrmions, even in enlarged skyrmions. However, the most enlarged (core-site)
skyrmion at E = 6 MV/cm [Figure 5-2(c-3)], has a different distribution from others. The
Pontryagin charge density is concentrated at the right and left sides of the skyrmion, with
slightly positive values in the middle, while the overall amount of topological charge remains
unchanged. In other words, this skyrmion is splitting into two skyrmions, while it still remains a
single skyrmion. Considering that the polar skyrmions in PbTiOs thin film become circular
shapes forming a perfect triangular lattice [37], the dislocation leads to substantial deformations
of the skyrmions, and the deformation increases with a lower electric field. Furthermore, the
skyrmions change not only their shapes but also their positions depending on the electric field.
At E = 12 MV/cm, the positions of skyrmions do not change much from the initial positions of
conventional dislocation, while at E = 6 MV/cm the skyrmions around the dislocation core
move largely. Particularly, at E = 6 MV/cm, the skyrmions on the left and right sides of the 7-
fold skyrmion spread out significantly with the large deformation in the xi-direction of the
center 7-fold skyrmion. In other words, under high electric field conditions, the skyrmions
slightly deform and the dislocation keeps a conventional 5-7 pair structure, while under lower
electric field conditions, the skyrmions around the dislocation core, especially the 7-fold
skyrmion, significantly deform and change their positions, resulting in unique dislocation
structure.

In addition to the effect of electric fields, temperature also invokes changes in the dislocation
structure with the deformation of skyrmions. The polarization distribution at E = 6 MV/cm, T =
500, 300, and 100 K near the dislocation core are shown in Figure 5-3(a). At high temperature
of 7= 500 K shown in Figure 5-3(a-1), the size of skyrmions is small and no deformations
without the vicinity of dislocation core. This is similar to that of high electric field condition,
shown in Figure 5-2 (a-1). On the other hand, at low temperature as shown in Figure 5-3(a-3),
skyrmion are large and deformed, particularly in the vicinity of dislocation core. Figure 5-3(b)
shows the polarization magnitude distribution, indicating that the polarization tends to be larger
in low temperature and smaller in high temperature, reflecting the effect of Landau energy
describing the temperature-dependent ferroelectric-paraelectric phase transition. This result
suggests that at high temperature polarization magnitude is relatively small and effect of electric
field is large, resulting the similar dislocation structure as that under high electric field. At low
temperature, the effect of electric field is considered to be low due to large polarization

magnitude, however, the amount of deformation is as same as in 7 = 300 K. Therefore, the
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effects of electric field and temperature on skyrmions are not monotonic, suggesting the

existence of intricate mechanisms.
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Figure 5-3 (a) Distribution of polarization direction near the dislocation core at
E =6 MV/cm, T= 500, 300, and 100 K. The black area represents out-of-plane
polarization and colored circular regions represent in-plane polarization
forming skyrmions. The white dashed lines indicate 5-fold and 7-fold skyrmion
lattices that comprise the dislocation. (b) Distribution of polarization

magnitude in the same area as (a).
5.3.2 Inherent strain field and breakdown of Volterra’s elasticity theory

To deeply understand the unique feature of the dislocation structure in skyrmion lattices, here
I focus on an inherent elastic field of dislocation. According to Volterra’s elasticity theory of
dislocations [49], the elastic field of a dislocation, which is introduced the inherent lattice
mismatch of dislocation, is given by 1/r-law (» is the distance from a dislocation core). This
elastic field of dislocation is of central importance because it determines the mechanics,
dynamics, and interaction of dislocations, which lead to plastic deformation of a material. To
precisely investigate the elastic features of SkX dislocations and study whether Volterra’s law is

still applicable to the SkX dislocation, the lattice strain as the indicator of lattice deformations,
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referencing a perfect hexagonal skyrmion lattice, e};!“i“f (i, j =1,2) [67], is evaluated and shown

in Figure 5-4. For comparison, Figure 5-4(a-1) also shows the strain field of conventional

Skyrmion E = 12 MV/cm Skyrmion E = 6 MV/cm
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Figure 5-4 (a) Lattice strain distribution around the dislocation of (a-1) atom, (a-
2) skyrmion at E = 12 MV/cm, and (a-3) skyrmion at E = 6 MV/cm. (b) Lattice
strain as a function of the distance from the dislocation core on the centerline
across the dislocation core [dashed lines in (a)]. For comparison, the red dotted
line shows the function of Volterra’s law with fitted to the value of E = 6 MV/
cm. To compare an atomic and skyrmion dislocation, the distance is normalized

by the lattice constant a of each system.
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dislocation in an atomic crystal, which is obtained from molecular static (MS) calculations. The
conventional dislocation in the atomic crystal displays a strain distribution consistent with the
1/r-equation in Volterra’s elastic theory: concentration at the dislocation core, monotonic and
continuous decay with distance from the dislocation core, positive and negative value above and
below the dislocation core. In the less deformed SkX dislocation at E = 12 MV/cm [Figure
5-4(a-2)], while the detail change of strains is slightly different, the overall strain distribution is
almost same as that of atomic crystals and Volterra’s law. On the other hand, at E = 6 MV/cm
[Figure 5-4(a-3)], where skyrmions are much more deformable, local strain concentrations
appear in some lattices. Notably, some regions with positive and negative strain values are
intermingled, which clearly differs from the strain distribution in the atomic crystals and the
SkX at E = 12 MV/cm. To compare these strain fields in detail, Figure 5-4 (b) shows the strain
distribution along the center line across the dislocation core alongside the theoretical solution of
Volterra’s law for comparison. The strain distribution of SkX dislocation at E = 12 MV/cm
agrees well with both that of atomic dislocation and Volterra’s law (1/7 law), except for the
vicinity of the dislocation core where the continuum solution becomes invalid due to the
discrete structure of the core. At E =9 MV/cm, the strain field still generally accords with those
of atomic dislocations and a theoretical solution, while slight deviations appear. On the other
hand, at E = 6 MV/cm, the strain rapidly decays with distance from the dislocation core and
fluctuates between positive and negative values. As a result, the strain field of SkX dislocation
at E = 6 MV/cm obviously deviates from that of the atomic crystal and Volterra’s law. In other
words, the well-known Volterra’s law describing conventional dislocations within the
framework of elasticity theory is no longer applicable to the polar SkX. Volterra’s law is
evidence that one dislocation strain field acts on the entire material, indicating the importance of
dislocations in the mechanical behavior such as yielding at an extremely low value than ideal
strength or hardening due to pinning of dislocations [68]. Therefore, this result suggests not only
the existence of the inherent behavior of dislocation but also unique dynamic responses in the
SkX. Moreover, since Volterra’s law is based on the elastic theory, novel lattice mechanics in the

skyrmion lattice may exist, in place of the traditional elastic mechanics.
5.3.3 Quasiparticle-specific lattice mechanics in polar skyrmion lattices

As shown above, such an unusual elastic strain field of SkX dislocation is pronounced under
a low electric condition, where skyrmions exhibit a rather soft quasiparticle behavior with large

deformation, suggesting that the deformation of the skyrmion is a key to understanding the
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lattice strain fields. To discuss this point in detail, here I treat each skyrmion as a particle object
and quantify the large deformation of a skyrmion as a “particle strain” based on the finite strain
in the continuum mechanics theory [69] as follows (see also Figure 5-5). First, the normalized
polarization vectors [positioning at x in Figure 5-5(a)] in a deformed skyrmion are mapped to
the polarization vectors [positioning at X in Figure 5-5(a)] in a reference (undeformed)
skyrmion. The displacement u of each corresponding polarization can be calculated by u(X) =
x — X. Note that, since a polar skyrmion is a topologically characterized continuous polar
texture, any normalized polarization vector in a deformed skyrmion is always present in the
reference skyrmion. From the displacement fields of each vector, a deformation gradient tensor

can be defined as F(X) = dx/0X in the skyrmion. Since the deformation of skyrmion can be
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Figure 5-5 (a) Schematic illustration of deformation of skyrmion and definitions

of displacements. (b) The distribution of particle strain in the skyrmions near the

dislocation core at (b-1) E = 12 MV/cm and (b-2) E = 6 MV /cm.
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large that the infinitesimal deformation assumption does not hold, here I use the Green-
Lagrange strain tensor, which is the common finite strain defined as E = %(FTF —1I), to

evaluate the finite large deformation of skyrmions. Figure 5-5(b) shows the distribution of

particle Green-Lagrange strain effmde (i,  =1,2) in the skyrmions near the dislocation core at E

=12 and 6 MV/cm. At E = 12 MV/cm [Figure 5-5(b-1)], it can be seen that in the vicinity of the
dislocation core, a positive and negative particle strain exists below and above the dislocation
core, respectively, which is similar to the lattice strain distribution. On the other hand, at E = 6
MV/cm [Figure 5-5(b-2)], the skyrmions exhibit large particle strains, particularly the 7-fold
skyrmion located below the dislocation core. Strain distribution is not uniform in the highly
deformed skyrmion, extremely large value in the middle area, and a small value in the right and
left edges. This distribution indicates that only the middle area of the skyrmion is elongated,
consistent with the topological feature as shown in Figure 5-2(c-3).

To visualize the distribution of particle strain in the overall skyrmion lattices, the distribution
of averaged particle strain within each skyrmion is illustrated in Figure 5-6. At E = 12 MV/cm
[Figure 5-6(a)], the particle strain is generally small, except in the immediate vicinity of the
dislocation core. On the other hand, at E = 6 MV/cm [Figure 5-6(b)], skyrmions with large
positive and negative particle strains coexist in the entire lattice. Even the particle strain of
skyrmions near the dislocation core is the largest, other skyrmions also have large strain. To
discuss the relationship between the particle strain distribution and the elastic lattice strain field,
Figure 5-6(c)(d) show the particle strain and lattice strain simultaneously. Focus on the region
shortly above the dislocation core [Figure 5-6(c-2)(d-2)]. At E = 12 MV/cm [Figure 5-6(c-2)],
the lattice strains are all negative, consistent with the Volterra’s law, while the particle strains
are quite small. This suggests that, when the skyrmion behaves like a rigid (undeformable)
particle, the lattice follows the elastic law. On the other hand, at E = 6 MV/cm [Figure 5-6(d-2)],
where the skyrmion is quite deformable and shows a non-trivial particle strain with positive and
negative signs, the lattice strains also exhibit both positive and negative values, which are
obviously out of the Volterra’s law. Furthermore, by comparing the particle strain with the
lattice strain at E = 6 MV/cm, I find that a lattice with a positive (negative) lattice strain is
accompanied with skyrmions with positive (negative) particle strains. This coincidence
indicates that a local (positive or negative) lattice strain, which is away from Volterra’s law,
arises from a local large deformation of skyrmions characteristically observed at the lower
electric field condition. The same situation can also be seen at the lower area of the dislocation

[Figure 5-6(c-3)(d-3)]; when the particle strain is large, the lattice strain is also large and its sign
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coincides. In other words, the lattice strain field of dislocation (especially in the vicinity of the
dislocation core) deforms the skyrmion, and each skyrmion deformation changes its local-site

lattice strain, resulting in a unique strain distribution that deviates from conventional Volterra’s
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Figure 5-6 Particle strain distribution around the dislocation core at (a) E =
12 MV/cm and (b) E = 6 MV/cm. Distributions of both particle and lattice
strains around the dislocation core at (¢) E = 12 MV/cm and (d) E = 6 MV/cm.
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The color of circles and rings indicates the particle strain and the color of the
fields represents the lattice strain. The dashed triangles in (d-2)(d-3) are example

of lattices with different signs of strain from surroundings.
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law and the elastic theory.

These results suggest that the deformability of skyrmions breaks the conventional elasticity
law in skyrmion lattices and provides novel lattice mechanics involving both deformation and
movement of skyrmions. This is in contrast to the conventional mechanics in atomic crystals
with only the movement of atoms, which is consistent with the continuous elasticity law. In
addition, the deformation of skyrmions and the strain field of dislocation are varied by external
fields such as electric field and temperature, indicating the possibility of controlling these
unique mechanics. Furthermore, the dislocation structures are significantly different from
conventional ones, suggesting that the dynamic behaviors of SkX dislocations and entire
skyrmion lattices are different from conventional lattices. Based on these dynamics, the
collective quasiparticle behavior of skyrmions may lead to novel electromechanical responses of
SkX, which are not present in conventional continuum polarization domains, opening up a new

class of lattice mechanics hidden in skyrmion lattices.

5.4 Conclusion

In summary, I have investigated the dislocation structure in the polar skyrmion lattice distinct
using phase-field simulations. I found that decreasing the external electric field or temperature
causes a transition of skyrmion behavior from rigid particle-like to soft quasiparticle, forming
distinct dislocation core structure with 50% significant skyrmion deformation. Furthermore, the
strain field of soft skyrmion dislocation deviates from the elastic theory, resulting in the
breakdown of conventional Volterra’s law of dislocation. A quantitative evaluation of skyrmion
deformation based on the continuum mechanics theory visualized the relationships between
lattice strain and skyrmion deformation, suggesting that these unique features of skyrmion
dislocation arise from inherent mechanics that mitigate the mismatch by both migration and
deformation of skyrmion. Our findings not only indicate that skyrmion lattice may possess
unique lattice properties, dynamics, and resulting in diverse electrical-mechanical responses, but
also present the novel mechanics from a quasiparticle-like nature of skyrmions. Furthermore,
from the perspective of the response behavior of skyrmions as topological solitons, this research
also contributes to the field of soft solitonic particles. Also, from the viewpoint of two-
dimensional phase transitions, the large deformation of skyrmion at dislocation core and the
change of “elasticity” of skyrmion lattice may have a new impact on conventional melting
process. Therefore, this study opens a new class of lattice mechanics where the quasiparticle

properties of skyrmion lattices provide novel responses and functions.
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Chapter 6 Grain boundary structures in emergent polar

skyrmion lattices

6.1 Introduction

In Chapter 5, I revealed structural properties of dislocations in polar skyrmion lattice. Higher-
order lattice defects are also expected to exhibit quasiparticle-specific characteristics. This
chapter focuses on grain boundaries, which are complex defects composed of multiple aligned
dislocations.

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 physical vectors
in various systems [5,6] Due to the topological protection, skyrmions exist independently and
stably [7]. Despite being organized as a continuous vector field, 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 properties of
skyrmion lattices have been focused on. Similar to conventional atomic crystals, skyrmion
lattices include lattice defects such as vacancies [22], dislocations [23,24], and grain
boundaries [25]. Among them, grain boundaries are particularly important, as they influence the

overall lattice structure and dynamics.
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Grain boundaries 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 source of other lattice defects [28,29]. As a result, the
grain boundaries determines the overall mechanical behavior of polycrystalline
materials [26,30]. Furthermore, 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 remains unknown. A previous study
for dislocation [39] indicated that conventional elasticity 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 boundaries in polar skyrmion lattices possess unique structures and stabilization
mechanisms compared to those in atomic crystals.

In this chapter, I investigate the stable structure of X7 grain boundaries in polar skyrmion
lattices using phase-field simulations. Our results reveal that polar skyrmion grain boundaries
undergo transitions into unique structures involving skyrmion deformation depending on
electric fields and temperature conditions. Furthermore, through numerical evaluations of lattice

and skyrmion deformation, I show a “quasiparticle-based”” mismatch relaxation mechanism.

6.2 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 X values, such as X7
grain boundaries, etc. Although grain boundaries with various tilt angles have been
reported [23,25,40], most of them are composed of 5-7 pair dislocations skyrmion lattices. In

this chapter, I focus on the X7 grain boundary structure as a representative configuration of 5-7
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dislocation arrays and an intrinsically stable structure in polar skyrmion lattices. Polar
skyrmions were first observed in a PbTiO3/SrTiOs superlattice [2], and more recently,
ferroelectric thin films have emerged as a promising platform exploring for polar

skyrmions [17,41,42].
6.2.1 Phase-field modeling

To investigate the stable structures of polar skyrmion grain boundaries, I perform phase-field
simulations of polarization distribution in PbTiOs3 thin film, using polarization P = (Py, P, P3)

as an order parameter. In ferroelectric systems, the total free energy density F is written as

F= f (fLandau + fgrad + felecto + felast)dV (6'1)
14

where fiandaus farads felecs 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 depending on temperature, is expressed by [43,44]

frandau = ijPiPj + i PiPi Pk Py + yjiimn PiPj P PLPn By, (6.2)
where @;j, @jji;, and @;jgmn are the Landau coefficients. The gradient energy density,
describing the formation of polarization domain walls, is expressed by [43]

1
feraa = 5 GijiaPi,jPrct (6.3)

. . . aP; . . . o
where Gjjy; is the gradient energy coefficient and P; ; = a—if is the spatial partial derivative of
J

polarization. The electrostatic energy density is expressed by [45]

felecto = _%EbEiEi — B, (6.4)
where g, 1s the background permittivity and E; is electric field. In this chapter, screening factor
p is introduced to reproduce the electrical boundary conditions of thin film surface where polar
skyrmion appears in the previous study [41]. Thus, electric field is expressed by

E; = EEt 4+ (1 — B)ESP, (6.5)
where Ef** is external electric field and Efl P is depolarization field. The elastic energy density
is expressed by

_1 elast _elast
fetast = 5 Cijri€ij - € (6.6)

where ¢;ji; is the elastic constant and siejlaSt is elastic strain. In addition to elastic strain,
ferroelectric materials exhibit eigen strain (intrinsic strain) caused by spontaneous polarization.

The eigen strain &} is expressed by [43]
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&l = QijiaPrPy, (6.7)
where Q;jx; 1s electrostrictive coefficients. The total strain ¢;;, defined as the displacement
gradient in the material, is the sum of elastic strain and eigen strain and expressed by
et = g — &l (6.8)

Substituting Eq. (8), felast 1S

1
— last .elast
felast = Ecijszfjas el
= lC"kl(‘g“ - Sp')(ekz — &xp)
2 RN (6.9)
1 1

1
. 0 0 0.0
= 5 Cijki€ij€L Ecijkl(gijgkl + 3ijgkl) + 7 Cijkiij€kt:

Substituting Eq. (7) into the second term, using ¢;jx; = Cy;j in for isotropic materials,

1 D 1
_Ecijkl(gijgkl +elien) = _Ecijkl(giijlmanPn + QijmnPruPrr)
1
= 5 (Cijmn + Cmnij)anklEiijPl (6.10)
= —CijmnQmnki&ijPr P
= —qijki€ijPr P

where q;jx; (= CijmnQmnit) is piezoelectric coupling coefficients. And the third term is
1 oo 1
> Cijkt€ij€kt = 5 Cijki Qijmn Fn P Qkimn Pin Pa

2 2 (6.11)

= EcmnomenionpklPinPkPl-
The right side of this equation is the fourth-order term of P;, which can be incorporated into

Landau energy density. Therefore, f,.s; is expressed by

felast = %Cijklgijgkl — Qijia€ij PP (6.12)

The second term of Eq. (9) describes the piezoelectric coupling 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.
TDGL equation is written as

dP;/0t = —L(8F/6P;), (6.13)
where t is time, L is the kinetic coefficient and F = [ fioradV is total free energy of the system.

Mechanical equilibrium equation is
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0y = (0 /0s) , = 0, (6.14)
where g ; is the stress gradient. Maxwell’s equations is
D;; = (—9f/9E),; =0, (6.15)

where D; ; is the electric displacement gradient in the material. Eqgs. (6.13), (6.14), and (6.15) are
the governing equations of the phase-field simulation. All of the material parameters used in this

chapter are listed in Table 6-1.

Table 6-1 Material parameters for PbTiO3 [41,46]. T is temperature.

Landau coefficients
2.2 5 111 8
a; [CT“m*N] 3.8(T —752) x 10 2.606 x 10
[C~®m'ON]
—4..6 8 @112 8
ai1 [CT*m°®N] —0.7252 x 10 6.1 x 10
[C™®m°N]
-4..6 8 @123 9
a2 [CT*m°N] 7.5x 10 —3.7x 10
[C~®m'ON]
Gradient energy coefficients Elastic constants
G11 [C™2m*N] 3.4504 x 10710 ¢y [m™2N] 1.746 x 1011
G2 [C"2m*N] 0.0 €12 [m™2N] 0.7937 x 10!
Gys [C”?m*N] 1.7252 x 10710 C4q [M™2N] 1.111 x 1011
Electrostrictive coefficients Background permittivity
Q41 [C™%2m*] 8.9 x 1072 & 66
Q1> [C™%2m*] —2.6 X 1072 Screening factor
Q44 [C™%2m*) 3.375 x 1072 B 0.2

6.2.2  Simulation model and procedure

As shown in Figure 6-1(a), the simulation model consists of an 8 nm thick PbTiOs3 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 PbTiOs film. The screening factor is set to f = 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 previous study*!, enabling investigation of grain boundary structures

depending on quasiparticle features of skyrmion. The initial polarization distribution in PbTiO3
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film forms two perfect hexagonal skyrmion lattices with different orientations, each having a
lattice constant a(E, T), as listed in Table 6-2 and Table 6-3. The lattice is tilted by 8 (= 10.9°)
in the left half of the simulation model and —@ in the right half, creating a lattice mismatch
corresponding to a £7 grain boundary at the center and the edge of the model under 3D periodic
boundary conditions (Figure 6-1(b)). The X7 grain boundary structure, characterized by
straightly aligned dislocations and commonly observed in magnetic skyrmion lattices, is
adopted as the reference structure in this chapter. To minimize interactions between grain
boundaries, I decided on the model size and initial polarization 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 x; direction, and the
most stable grain boundary structure with the lowest total free energy was determined. The
model length in the x, direction is set to match the repeating units under periodical boundary
conditions. As a result, the actual model length in x; and x> directions are (/1, 1) = (388.6 nm,
38.5 nm), (416.1 nm, 39.7 nm), and (436.3 nm, 41.0 nm) for £ = 12, 9, and 6 MV/cm,
respectively. The entire simulation model is divided into grids of approximately 1 nm width.
Eqgs. (6.13)~(6.15) are numerically solved using Semi-Implicit Fourier-Spectral method [47,48]

and Fourier spectral iterative perturbation method [49,50], under varied out-of-plane electric

— E—Vacuum(12nm)

PbTiO4(8nm)

Grain Boundary Grain Boundary Grain Boundary

ko 6=10.9°

Figure 6-1 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.
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field and temperature conditions. This method has been successfully used in previous studies to

reproduce the emergence of polar skyrmions and skyrmion lattices [39,51].

Table 6-2 Lattice constants of polar SkX at 7= 300 K.

E [MV/cm] 3 6 9 12

a [nm] 15.8 15.4 15.0 14.6

Table 6-3 Lattice constants of polar SkX at £ =6 MV/cm.

TIK] 100 300 500

a [nm] 16.6 15.4 13.8

6.3 Results and discussion

6.3.1 Skyrmion Grain Boundary Structure under High Electric Field (12
MYV/cm)

Figure 6-2(a-1), (b-1), and (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 downward 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 surface, 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/SrTiOs superlattices [2]. In addition, the skyrmions have Néel type domain wall,
consistent with other theoretical and experimental studies [17,41,52]. As shown in Figure 6-2(a-
2), under a high electric field (E = 12 MV/cm), each skyrmion has circular shape without
significant deformation, with an approximate diameter of 10 nm. At the grain boundary, 5-fold
and 7-fold coordinated skyrmions are present and are arranged parallel to the grain boundary
plane. This configuration is structurally analogous to a conventional £7 grain boundary, where
5-7 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 topological nature of the skyrmions, I

calculated the Pontryagin charge density [53] g,
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_ 1 P (anaP)dz 6.16
q_4rt5 ox 0y r (6.16)

where P is the normalized polarization vector, and its distribution is shown in Figure 6-2(a-3).
The negative g 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, Figure 6-2(a-4)
presents a comparison between individual skyrmion positions and atomic positions obtained

from molecular statics (MS) simulations of an atomic grain boundary. With only minor

@ skyrmion

Figure 6-2 (a-1)-(c-1) Three-dimensional view and (a-2)-(c-2) two-
dimensional view 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), (b), and (c), the external

out-of-plane electric field is £ =12, 9, and 6 MV/cm, respectively.
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exceptions, the lattice points in both structures align closely, confirming that the arrangement of
skyrmions within the skyrmion grain boundary closely resembles 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.

6.3.2 Skyrmion grain boundary structure under medium electric field (9

MV/cm)

Under a medium electric field (E = 9 MV/cm), as shown in Figure 6-2(b-2), the 7-fold
skyrmion elongates in the x; direction, while other skyrmions retain their circular shape. The
major axis of the 7-fold skyrmion measures 18 nm, approximately two times that of other
skyrmions. This corresponds to the fact that the 7-fold lattice points accommodate a larger area
within the lattice mismatch region at the grain boundary. Similar elongation of 7-fold skyrmions
has also been observed in magnetic skyrmions at grain boundaries [25]. From the topological
charge distribution shown in Figure 6-2(b-3), a ring-based negative ¢ distribution appears in
correspondence with the elongation of the 7-fold skyrmion. This characteristic is similar to that
of circular skyrmions, indicating that the topological properties remain equivalent. Furthermore,
as shown in Figure 6-2(b-4), the skyrmion arrangement aligns closely with that of atomic
crystals, similar to 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 7-fold skyrmion undergoes elongation, the grain boundary structure

remains analogous to that in atomic crystals.

6.3.3 Skyrmion grain boundary structure under low electric field (6

MV/cm)

On the other hand, as shown in Figure 6-2(c-2), under a low electric field (E = 6 MV/cm),
skyrmion deformations at the grain boundary become significant. Notably, the 7-fold skyrmion
is highly elongated in the x; direction, and the two skyrmions positioned below the 7-fold
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
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grain boundary. Even in these elongated skyrmions, as shown in Figure 6-2(c-3), the topological
charge ¢ remains distributed along their outer edges. However, unlike other skyrmions, the 7-
fold skyrmion exhibits non-negative values in its intermediate section. This indicates that, the
middle part of the 7-fold skyrmion formed by the elongation has a polarization structure similar
to the stripe phase. In other words, a local topological transition occurs in highly elongated the
7-fold skyrmion. Furthermore, as shown in Figure 6-2(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 7-fold skyrmion are slightly shifted in the xi
direction, consistent with the deformation direction of the 7-fold skyrmion. These observations
indicate that under low electric fields, although some skyrmion 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 7-fold skyrmion.

Based on these findings, in skyrmion GBs, although individual skyrmions exhibit electric
field dependent deformation, the overall structural characteristics remain largely unchanged.
Under high electric fields, skyrmion GB consist of rigid circular skyrmions, whereas the 7-fold
skyrmion deform significantly 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 7-

fold skyrmion, slight positional shifts of adjacent skyrmions occur.
6.3.4 Temperature dependence of skyrmion grain boundary structure

I also investigate the temperature dependence of polar skyrmion grain boundaries. Figure 6-3
presents the skyrmion grain boundaries at an electric field of £ =6 MV/cm and temperatures of
T=100 and 500 K. At 7=100 K, as shown in Figure 6-3(a-1)(a-2), the skyrmions are generally
large and exhibit significant deformation near the grain boundary, similar to the distribution
observed at 7 = 300 K. The topological charge density (Figure 6-3(a-3)) shows positive values
at 7-fold skyrmion, indicating the topological phase transition. In contrast, at 7 = 500 K, as

shown in Figure 6-3(b-1)(b-2), individual skyrmions are relatively smaller with less deformation.

The magnitude of polarization values |P| = /P% + P% + P range from 0.145 to 0.448 C/m? at T’

= 100 K, 0.058 to 0.329 C/m? at T = 300 K, and 0.014 to 0.193 C/m? 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 Figure 6-3(a-4)(b-4), the positions of each skyrmion consist with atomic grain
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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, making 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.

a-1

10 nm 10nm
- (nm-2) ® skyrmion |l atom
—0.005 0.005

Figure 6-3 (a-1), (b-1) Three-dimensional view and (a-2), (b-2) two-
dimensional view 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 i1s T’

=100 and 500 K.

6.3.5 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 mismatch, and

their relaxation plays a crucial role in determining the crystal structure, mechanical strength, and
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other material properties. Therefore, understanding the mechanism by which skyrmion grain
boundaries relax lattice mismatches is important. Here, I use the lattice strain [39,54] in
skyrmion lattices as an indicator of lattice mismatch. To quantify this, I construct triangular
lattice by treating the center points of each skyrmion as a lattice point and applying Delaunay
triangulation. The local lattice strain is then calculated for each triangle by comparing it with an
ideal equilateral triangle from a reference perfect lattice. Figure 6-4 shows the lattice strain
distribution of skyrmion GBs at the initial state and the equilibrium states under electric fields
of E =12 and 6 MV/cm. At the initial configuration, as shown in Figure 6-4(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 Figure 6-4(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.

a Initial state b-1 E\= /12 IQ/I\///cm b2 . 7
> . » oy ~ - ™Y . v
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Lattice strain Vi
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[
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Figure 6-4 Distributions of lattice strain in the x; direction near the
skyrmion grain boundaries at (a)initial configurations and (b-1)(c-
I)equilibrium state of £ = 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.
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Additionally, as indicated by the green arrows in the figure, skyrmions near the grain boundary
have moved significantly. These indicate that the position changes of skyrmions around the
grain boundary disperses 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 Figure 6-4(b-2), individual skyrmions remain undeformed, with the most deformed 7-
fold skyrmion exhibiting only 15 % deformation. This indicates that skyrmion deformation does
not contribute to this relaxation process. Thus, under high electric field conditions, I 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.

On the other hand, under the lower electric field condition (F = 6 MV/cm), as shown in
Figure 6-4(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 7-fold 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 Figure 6-4(c-2), the deformation of skyrmions at the grain
boundary is significantly large, with the most pronounced deformation occurring in the 7-fold
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 Figure 6-5, the lattice strain in the x> direction is significantly small than that in x; direction,

a Initial state b E =12 MV/cm

IXZ c E =6 MV/cm
X1 K

Lattice strain
-1.0 -0.5 0.0 0.5

1.0 Al

5\
Figure 6-5 Distributions of lattice strain in the x2 direction near
the skyrmion grain boundaries at (a)initial configurations and

(b)(¢) equilibrium state of £ =12 and 6 MV/cm.
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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
arrangement. This is a quasiparticle-based stabilization mechanism unique to skyrmions, which

is fundamentally different from conventional lattice behavior.
6.3.6 Structures and features of zigzag grain boundaries

Experimentally observed atomic X7 grain boundaries include zigzag grain boundaries formed
by a series of dislocations oriented in different directions [55]. Similar £7 grain boundaries have
also been reported in magnetic skyrmion lattices [25]. Based on these observations, I also
investigate zigzag polar skyrmion grain boundaries. Figure 6-6 shows the zigzag grain
boundaries in polar skyrmion lattice at £ = 12, 9, and 6 MV/cm. Similar to the straight grain
boundary case, almost all skyrmions are circular at £ = 12 MV/cm, while the skyrmion
deformation near the grain boundary increases with decreasing electric field. The 7-fold
skyrmion is the most deformed, supporting that the skyrmions covering a larger area are more
deformed.

In addition, the lattice strain distribution differs with the electric field conditions. At £ =12
MV/cm, strain is distributed broadly around the grain boundary, while at £ = 6 MV/cm, it
becomes more concentrated at the grain boundary. These results indicate that the local mismatch
maintained by quasiparticle mechanics discussed in section 6.3.5 also holds for zigzag grain
boundaries. This suggests that such quasiparticle-based mechanics represent a general feature of

polar skyrmion lattices.
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Figure 6-6 (a-1)-(c-1) Polarization distribution at the zigzag skyrmion grain
boundaries. (a-2)-(c-2) Distributions of lattice strain near the skyrmion
grain boundaries. In (a), (b), and (c), the external out-of-plane electric field

isE=12,9, and 6 MV/cm, respectively.

6.3.7 Energetic and structural characteristics of skyrmion grain

boundaries

To systematically characterize the skyrmion grain boundaries, I calculated two fundamental
attribute of grain boundaries, grain boundary free volume (BFV) [56,57] and grain boundary

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

values per grain boundary length. BFV § is expressed as

s
21,

(6.17)

195 and £

where and are model length in the x; direction of grain boundary model and perfect

lattice model, and [, is the model length in the x, direction. GBE y is expressed as
FGB _ FPL

21,

y = (6.18)

where FGB and FPL are total free energy of grain boundary model and perfect lattice model.
Table 6-4 presents the calculated 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 6-5. 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 £ = 6
and 9 MV/cm, GBEs are negative. Although GBEs are generally positive in atomic crystals,
previous studies have reported cases of negative defect formation energies under specific
materials or external conditions [60,61], 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, mismatch 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 boundary behavior.

Table 6-4 Grain boundary energy and grain boundary free volume of skyrmion grain
boundaries under various electric field conditions with temperature 7'= 300 K.
E [MV/cm] 6 9 12
Grain boundary energy [1071! J/m] —1.31 —1.015 4.140
Grain boundary free volume 0.124 0.048 —0.149
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Table 6-5 Grain boundary energy and grain boundary free volume of skyrmion

grain boundaries with various temperature conditions under external electric field

E=6MV/cm.
T[K] 100 300 500
Grain boundary energy [1071! J/m] —6.61 —1.31 —6.75
Grain boundary free volume 0.134 0.124 0.113

6.4 Conclusion

In summary, this chapter 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, accompanied by changes in their stabilization
mechanisms. Under high electric fields and high temperature conditions, skyrmions have
circular shape and form grain boundary structures 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 electric 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 crystals.
Generally, in atomic crystal growth, atoms arrange themselves to minimize grain boundary
mismatches, influencing the final crystal structure, mechanical strength, and other material
properties [62]. The unique structures and stabilization 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 these findings 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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Chapter 7 Conclusion

7.1 Summary of thesis

In this thesis, I have investigated emergent topological polar structures induced by
mechanical fields using multiphysics phase-field simulations. This thesis establishes a novel
strategy for the mechanical creation and control of emergent topological polar structures
through electromechanical coupling effects, revealing how these effects cooperatively generate
and stabilize exotic polarization configurations beyond conventional domains.

Chapter 2 demonstrates the mechanical creation and control of two-dimensional topological
polar structures by singular stress fields around crack tips under mixed-mode loading. The
topological characteristics of strain and strain gradient field are reflected in the resulting
polarization distribution. Both piezoelectric and flexoelectric effects are shown to contribute to
the formation and manipulation of topological polarization textures, which construct the basis of
the proposed concept of “topological-strain field engineering”.

Chapter 3 extends the concept of strain-field engineering to higher-dimensional topological
structures. The strain gradient fields induced by nanoindentation act as an effective driving force
to generate rotational polarization, leading to the formation of quasi-two-dimensional polar
structures, including polar skyrmions. By combining mechanical writing and electrical erasing
under background polarization textures, various topological quasiparticles, such as merons and
skyrmioniums, are demonstrated to be created in a controlled manner, confirming the
universality of the proposed mechanical approach.

Chapter 4 investigates the collective formation of polar skyrmions, revealing strain-induced
topological transitions from a trivial stripe phase to skyrmion bubble and skyrmion lattice
phases. I successfully established a firm understanding of the formation process of these phases
in ferroelectric heterostructures, providing theoretical support for their experimental realization.
These results show that mechanical control is also effective for the collective organization of
quasiparticle-like skyrmions, offering a realistic route toward the realization of emergent polar

skyrmion lattices.
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Chapter 5 focuses on the typical lattice defects, dislocations in polar skyrmion lattices.
Dislocations are stabilized as a 5-7 pair configuration like those in atomic crystals, even though
polar skyrmions are not real rigid particles of atoms but quasiparticles composed of polarization
vector fields. The deformability of individual skyrmions significantly depends on external
electric fields, leading to quasiparticle-specific core structures with markedly elongated
skyrmions. Furthermore, these skyrmion deformations change the conventional elastic field
intrinsic to the dislocation and cause the breakdown of Volterra’s elasticity theory in polar
skyrmion lattices. These findings suggest the emergence of a quasiparticle lattice mechanics, in
which skyrmion deformation interacts with lattice strain.

Chapter 6 investigates another lattice defect, i.e., grain boundaries, in polar skyrmion lattices.
I reveal a quasiparticle-specific structure and stabilization mechanism distinct from atomic
crystals, providing novel insights into the collective behavior of topological polar skyrmions

and skyrmion lattice mechanics.

7.2 Prospects

The fundamental understanding of topological polar structures and mechanical fields
established in this thesis provides a universal framework for designing and controlling emergent
topological polarization structures. Based on this foundation, further exploration of their novel
response phenomena intrinsic to polar topological structures, such as optical activity, dielectric
tunability, and electromechanical conversion, can be a promising research direction. Once these
response properties are fully understood, it will open the possibility of realizing next-generation
ferroelectric devices in which multiple functionalities associated with topological polar orders
can be dynamically written and reconfigured. Such response properties of topological polar
structures will also provide potential applications of multistate information storage, high
electromechanical elements, and energy-efficient functional materials based on this work, for
beyond the capabilities of conventional domain-based ferroelectrics.

Furthermore, the realization of polar topological structures in this thesis enables direct
comparison with their magnetic counterparts, which have been extensively studied in
ferromagnetics. A comparative investigation of polar and magnetic skyrmions will provide
valuable insights into the fundamental physics behind ferroelectrics and ferromagnets. The
contrast between the electromechanical interactions governing polar skyrmions and

Dzyaloshinskii-Moriya interactions governing magnetic skyrmions will clarify how distinct
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microscopic origins can lead to emergent phenomena across ferroic electric and magnetic
systems.

Finally, this thesis opens a new research field of “quasiparticle lattice mechanics”. The
breakdown of conventional elasticity in polar skyrmion lattices shown in this thesis also
suggests the existence of unconventional mechanics in dynamic behaviors of skyrmion lattices.
In conventional lattices such as atomic crystals, lattice defects and their dynamics, such as
dislocation glides, play crucial roles in macroscopic mechanical properties, including plastic
deformation. In contrast, polar skyrmion lattices are composed of discrete quasiparticles with
internal degrees of freedom as intrinsic particle-deformability, suggesting that their lattice defect
dynamics may obey entirely different principles. Elucidating how these quasiparticle-specific
characteristics influence lattice mechanics will not only deepen our fundamental understanding
of collective behavior in topological orders but also construct a way for utilizing these discrete
features unlike conventional continuous domains. I have already started research in this
direction and have preliminarily obtained distinctive lattice dynamics of skyrmion lattices.

Further studies will advance the physics of collective quasiparticle systems.






121

List of publications and conferences

Publications

1.

“Emergence of non-trivial polar topologies hidden in singular stress field in SrTiOs:
topological strain-field engineering”

Takahiro Shimada, Yu Wang, Takayuki Hamaguchi, Kohta Kasai, Kairi Masuda, Le Van
Lich, Tao Xu, Jie Wang and Hiroyuki Hirakata

Journal of Physics: Condensed Matter 33 505301 (2021)

“Stability and deformation of a vacancy defect in skyrmion crystal under external
magnetic and temperature fields”

Yu Wang, Ryosuke Manabe, Kohta Kasai, Tao Xu, Takahiro Shimada

Acta Materialia 281 120381 (2024)

“Singular stress field induced two-dimensional topological polar structures in SrTiO3:
Topological number manipulation via loading modes”

Kohta Kasai, Takayuki Hamaguchi, Yu Wang, Susumu Minami, Hiroyuki Hirakata,
Takahiro Shimada

Computational Material Science 242 113070(2024)

“Mechanical Writing of Polar Skyrmionic Topological States via Extrinsic
Dzyaloshinskii—-Moriya-like Flexoelectricity in Ferroelectric Thin Films”

Kohta Kasai, Takashi Nojima, Yu Wang, Tao Xu, Hiroyuki Hirakata, Takahiro Shimada,
ACS Nano 18 47 32451-32457(2024)

“Breakdown of Volterra’s Elasticity Theory of Dislocations in Polar Skyrmion Lattices”
Kohta Kasai, Tao Xu, Susumu Minami, Takahiro Shimada

Nano Letters 24 13247-13254(2024)

“Microscopic formation process of polar skyrmions and strain-dependent topological
phase transitions in PbTiO3/SrTiO3 superlattices”
Kohta Kasai, Toya Itano, Susumu Minami, Takahiro Shimada

Scripta Materialia 263 116680(2025)



122 List of publications and conferences Chapter 7

7.

10.

“Grain boundaries stabilization of polar skyrmion lattice via quasiparticle-based
mechanism”

Kohta Kasai, Shun Miyata, Susumu Minami, Takahiro Shimada

Physical Review B 112 125421(2025)

“Temperature and magnetic field dependent grain boundary structures in skyrmion lattice
via quasiparticle-based mechanism”

Kohta Kasai, Chang Liu, Akihiro Uematsu, Tatsuki Kawakane, Yu Wang, Tao Xu,
Susumu Minami, Takahiro Shimada

Physical Review Materials (accepted)

“Topological transition and emergent elasticity of dislocation in skyrmion lattice: Beyond
Kittel's magnetic-polar analogy”

Kohta Kasai, Akihiro Uematsu, Yu Wang, Tao Xu, Chang Liu, Susumu Minami, Takahiro
Shimada

Physical Review Letter (under review)

“Multiferroic Skyrmions in Composite Ferroic Heterostructures”
Tao Xu, Chensheng Wu, Yu Wang, Kohta Kasai, Jie Wang, Takahiro Shimada
Nano Letters (submitted)

International Conference

1.

“Phase-field Simulation of Mechanically Induced Polar Skyrmions in PbTiO; Ultrathin
Films”

Kohta Kasai, Takashi Nojima, Hiroyuki Hirakata, Takahiro Shimada

The 6™ International Conference on Materials and Reliability, KDDI Ishin Hall, Yamagchi,
Japan, December 7-9, 2022 [Oral]

“Phase-field simulation of mechanical transition of polar skyrmion lattice”
Kohta Kasai, Toya Itano, Susumu Minami, Takahiro Shimada
34th IUPAP Conference on Computational Physics, Kobe International Conference Center,

Kobe, Japan, August 4-8, 2023 [Poster]

“Phase-field simulation of polar skyrmion lattice and its defect in ferroelectric thin film”

Kohta Kasai, Yu Wang, Susumu Minami, Takahiro Shimada



Chapter 7 List of publications and conferences 123

Joint-Symposium on Mechanics of Advanced Materials & Structures, Crowne Plaza

Chengdu West Hotel, Chengdu, China, December 1-4, 2023 [Oral]

4. “Quasiparticle-like structures and behaviors of magnetic skyrmion lattice defects from
phase-field simulations”
Kohta Kasai, Yu Wang, Tatsuki Kawakane, Akihiro Uematsu, Ryosuke Manabe, Susumu
Minami, and Takahiro Shimada
The 5th International Symposium on Phase-Field Modelling in Materials Science, Dragon

Hotel, Hangzhou, China, May 19-23, 2024 [Poster]

5. “Phase-field simulation of structure and motion of dislocation in polar skyrmion lattice in
ferroelectric thin film”
Kohta Kasai, Susumu Minami, Takahiro Shimada
Symposium on Mechanics of Advanced Materials & Structures for Young Researchers

2024, Sago Royal Hotel, Hamamatsu, Japan, September 6-7, 2024 [Oral]

6. “Phase-field simulation of dislocations in polar skyrmion lattice: Breakdown of Volterra’s
elasticity theory”
Kohta Kasai, Susumu Minami, Takahiro Shimada
Asia-Pacific Conference on Fracture and Strength 2024, Kunibiki Messe, Shimane, Japan,
November 25-29, 2024 [Oral]

7. “Phase-field simulation of grain boundaries in polar skyrmion lattice”
Kohta Kasai, Shun Miyata, Susumu Minami, and Takahiro Shimada
The 10th Symposium for Multiscale Materials Mechanics: Mechanism and Modeling,
Kyoto Research Park, Kyoto, Japan, June 7, 2025 [Poster]

8. “Phase-field simulation of quasiparticle-based grain boundary structures in polar
skyrmion lattice”
Kohta Kasai, Shun Miyata, Susumu Minami, Takahiro Shimada
The 8" Joint-Symposium on Mechanics of Advanced Materials & Structures, RIHGA
Royal Hotel Kyoto, Kyoto, Japan, November 28-December 1, 2025 [Oral]



124 List of publications and conferences Chapter 7

Domestic Conference

1.

R BIS I5 2 L 2 MFEBEARNO @R N a2 I VERFFREOAIH
SHEIR, EOSE, WBHEIL, FHEZ
Folal~w /L F A —AMEF AR Y 7 A RS 2021/5/24-28 [Online

poster]

(R bR e P v 7 mEEEAR ORI © SrTiOs N & HZA~DAGTIZEI T % Phase-
field fifAT |

SRR, WO SR, WBHEML, SEHEZ

%5 7 R EF WEEK 5087 /L 2021/10/12-13 [Online oral]

(BFEEAFXNIA DT ) AAN=ZIINTAT 4 T

SEHEIR, BESERE, WBHFEIA

5 TE TR — RN RO N RIR  —
2022/5/29-31 [Online poster]

[HRFE AR T/ A~ O LIAIAZ L D50 A L X 4 U ARRRIE U BE 3%
Phase-field f#4T |

SHHEIR, BRI, P Wz, WRHEFER

55 35 BRI e BERERY 2022/11/16-18 [Online oral]

[SrTiOs/PbTiOs BTN D 43 A F /L I A U ¥+ D J) P i FRs I B3 5
Phase-field fi#4]T |

SEFHEIR, AREPRCRR, WS HEPEIA

8 A~ VT R — B 1Y R Y T A O ITEBEREY 2023/5/28
[Poster]

[GREHEEE T/ RIS T 2 0B A L I A Uk & 2 O R KoEEIZBI 3% Phase-
field AT ]

RESRIEIR, RORE, WS PRIA

M&M2023 MBI 7 7 L A B KR HIEF v o "2 =2 7 3A
B - 3BAH 2023/9/27-29 [Oral]



Chapter 7 List of publications and conferences 125

7.

10.

1.

[PbTiOs T/ W I 1T D3 A XL I A U TERC & 2 D R | ¥ VR ks
152 B89 % Phase-field fi##HT ]
REFEIEIR,  FLBCRE, WS HEFEA
I v AHE HEITEKES RV YA AHBRE CGRLF vy RR)
2024/09/10-12 [Oral]

[HRAE T BB D OMAX LI A UK EZDRMWME A F 7 AT
% Phase-field fi#4T )
MEFHEIR,  BLBCRE, WG HIPRIA
%37 RIEHREIFEEEES b—27 %y AR —/UlIB 2024/10/18-20 [Oral]

[ A L A GO R # A T 2 7 AZBET 5 ik 5 B phase-field fi#
)
SRR, PErTRERR, RBECRE, WS HIFELL

H AR @ 8 74 2025 FRFKIICER 177 [EDai ke LB R 2025/9/17-19 [Poster]

"MnSi FEEZ 31T RGN A L 2 A U1 O HERL TR K BN B35
Phase-field f#4T |

SEFHERR, )Nl RLECRE, IR HEFEIA

% 38 MGt ke BRI 2025/9/24-26 [Oral]

GRFEE T/ W D3R A XL I A RS D MR R D B BT
% Phase-field f#4T |
SRR, PErTRERR, RECRE, WS HFEL
M&M2025 ¥1E 1% v 7 7 Lo A BEAIRAR—/L 2025/11/10-13 [Oral]






127

Acknowledgement

I would like to express my deepest gratitude to my supervisor, Professor Takahiro Shimada,
for his continuous guidance, encouragement, and invaluable advice throughout my academic
journey. Since I joined his group as an undergraduate student, he has always provided me with
insightful guidance and warm support. His profound knowledge and rigorous scientific attitude
have greatly inspired me and sharped my approach to science. Beyond research, he has also
taught me the attitude and discipline essential to being a responsible researcher and member of
society. The freedom and trust he gave me to pursue my own ideas has greatly broadened my
academic perspective and helped me grow as an independent researcher. I am truly honored to
have been able to study under his supervision for these many years.

I would also like to express my sincere appreciation to Assistant Professor Susumu Minami,
for his kind support, helpful discussions, and the many enjoyable moments we shared in the
laboratory. His approachable personality and positive attitude always made the research
environment lively and encouraging. I am grateful not only for his helpful scientific advice but
also for the cheerful atmosphere he brought to our daily life in the lab.

I would like to thank all current and former members of the Material Science Laboratory for
creating an inspiring and enjoyable research environment. I have learned a great deal from the
discussions and collaborations with my colleagues, and I deeply appreciate the encouragement
and friendship they have given me over the years.

I am also sincerely grateful to Professor Hirakata and Professor Inoue for their careful review
and constructive discussions during the evaluation of this thesis. Professor Hirakata’s
experimental insights helped me connect the theoretical aspects of this work to realistic physical
systems, while Professor Inoue’s mathematically rich perspective deepened my understanding
of the universal laws underlying different physical phenomena. Their thoughtful feedback not
only strengthened this thesis but also inspired the direction of my future research.

I also wish to acknowledge the valuable collaborations with researchers both in Japan and
abroad, whose perspectives and expertise have significantly enriched this study.

Finally, I would like to express my earnest appreciation to my family and friends. Their
unwavering support has sustained me through the challenges of research and life, and this

achievement would not have been possible without them.



