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ABSTRACT

We investigate the emergence of Bloch-type polarization components in 180° ferroelectric domain walls in bulk PbTiO; under varying
mechanical boundary conditions, using first-principles simulations based on density functional theory. A spontaneous Bloch component—
primarily associated with Pb displacements confined within the PbO domain wall plane—can condense under realistic strain conditions on
top of the Ising-type domain walls. The amplitude and energetic stabilization of this component are highly sensitive to the in-plane lattice
parameters. In particular, tensile strains akin to those imposed by DyScO; substrates enhance the Bloch component and lead to energy
reductions as large as 10.7 mJ/m? (10.6 meV/[J, where O stands for “per domain wall unit cell”) with respect to the most stable structure
including only Ising and Néel components. We identify a relatively flat energy landscape for the Bloch polarization, highlighting the tunabil-
ity of chiral textures through strain engineering. Our results offer a predictive framework for estimating the strain-dependent onset tempera-
ture of Bloch-type domain wall components and provide insight into the design of topologically nontrivial and chiral polar structures in
ferroelectrics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0279988

1. INTRODUCTION However, pioneering theoretical studies on nanodots and
nanodisks in the early 2000s,"” followed by combined theoretical
and experimental investigations, have challenged this view. These
efforts uncovered a variety of nontrivial topological structures—
such as flux-closure pa‘[terns,’s’4 vortices,” electric skyrmion

For a long time, it was widely believed that ferroelectrics could
not sustain intricate topological arrangements of electric dipoles. The

strong coupling between polarization and the lattice was thought to

impose significant structural and dipolar anisotropy, making polari- bubbles,”” merons,””" and hopfions,'” among others—laying the
zation rotation prohibitively expensive in terms of energy. foundation for an emerging field.
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In low-dimensional ferroelectric oxide nanostructures, the
interplay between electrostatic energies (arising from confinement
and depolarization effects), elastic contributions, and gradient
terms can significantly influence polarization patterns, leading to
the stabilization of topologically nontrivial polar structures. For a
more comprehensive overview of this rapidly evolving research
area, readers may refer to Refs. 13-15.

One of the most extensively studied systems in this context is
the PbTiO3/SrTiO; heterostructure. As a consequence of the
complex polar orderings, exotic functional properties may emerge
as it is the case of the negative capacitance effect.'”™'® Another
interesting example is related to the appearance of chirality,'*™**
even though both constituent materials are achiral in their bulk
forms. The intricate relationship between chirality and topology
in ferroelectric nanostructures has been extensively reviewed in
Refs. 23 and 24.

Chirality, which describes a structural asymmetry where an
object cannot be superimposed onto its mirror image, is a funda-
mental property with profound implications across multiple disci-
plines, including chemistry, physics, mathematics, and biology.””*
In either magnetically or electrically polar systems, the presence of
a vortex with a nonzero toroidal moment does not necessarily
imply chirality in three dimensions. Depending on the symmetry
of the mirror plane, a vortex structure may either be superimpos-
able onto its mirror image or require only a rigid translation of half
a unit cell. As a result, such vortices exhibit chirality primarily in
two-dimensional systems, where symmetry transformations are
constrained to those preserving dipole orientations within the
plane.

In magnetism, long-range chiral ordering typically originates
from the Dzyaloshinskii-Moriya interaction (DMI).”>** Only
recently have electric analogs of this interaction been proposed,”™’
where oxygen octahedral tilting mediates the coupling of an electric
DML, playing a role analogous to spin-orbit coupling in magnetic
systems. However, this mechanism is absent in both bulk PbTiOs
and PbTiO3/SrTiO3 heterostructures.

Crucially, ferroelectric systems do not require DMI-like
interactions to exhibit chirality. For example, chiral behavior in
electric polar vortices can arise from the coupling between an
axial polarization component (perpendicular to the vortex plane)
and the vorticity of clockwise or counterclockwise vortices. This
phenomenon was first predicted in BaTiO3/SrTiO; nanocompo-
sites using first-principles-based effective Hamiltonians.”” The
emergence of this axial polarization component is linked to the
condensation of Bloch domain walls in ferroelectric domains.”
Specifically, a 180° ferroelectric domain wall develops a Bloch
component when the polarization rotates within a plane-parallel
to the domain wall.”* Given its fundamental implications, several
studies have explored the formation and stability of Bloch-type
domain walls.

Surprisingly, early first-principles calculations on 180° domain
walls in bulk PbTiO; did not detect the presence of a Bloch polari-
zation component.”” The reasons remain unclear but may stem
from symmetry constraints imposed during structural relaxations
to reduce computational cost or from the choice of initial geometry,
which could trap the system in a local energy maximum. The first
ab initio evidence of a switchable Bloch component in PbTiO;
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domain walls was reported by Wojdet and Tniguez,” using the first-
principles calculations at T =0 K with a PBEsol-based func-
tional.® They observed a Bloch polarization component of approxi-
mately 0.4 C/m? at the domain wall plane, which rapidly vanished
within the adjacent domains. Its origin was attributed to the large
Pb atomic displacements and Pb-O hybridization at the domain
wa11.33,37,38

The development of Bloch-like domain walls plays a crucial
role in the condensation of polar Bloch skyrmions in single-phase
PbTiO;.” It is also linked to the emergence of vortex tubes in
SrTiO5/PbTiO; heterostructures grown on DyScO; substrates,
endowing them with a distinct handedness.'” Notably, these
chiral properties can be externally controlled via an applied elec-
tric field.”” The condensation of the Bloch component in PbTiOs/
SrTiO; heterostructures at sufficiently low temperatures has been
confirmed using first-principles,’’ second-principles,'” deep
potential molecular dynamics,”’ and phase-field perturbation
models."”

However, recent studies suggest that the predicted Bloch
polarization component in 180° domain walls within PbTiO;/
SrTiO; heterostructures may be more sensitive to boundary condi-
tions than previously thought.”” Key factors such as epitaxial strain
from the substrate, layer thickness, temperature, and equilibrium
domain periodicity significantly influence its stabilization and can
even suppress its formation. This complexity is further highlighted
by the observation of Néel-type domain structures in PbTiOs thin
films at room temperature, where a clear Bloch component is
absent, suggesting at best a metastable nature.**

Among these factors, epitaxial strain is particularly influential
due to the strong polarization-strain coupling. The influence of
strain and the reduced dimensionality on the energetics of the
domain wall confined Bloch ferroelectric distortion was already

emphasized in Ref. 33. In addition, some studies have demonstrated ¢
that the phase diagram of PbTiO;/SrTiOs superlattices, under ;

short-circuit electrical boundary conditions, evolves as a function
of substrate lattice constant. The system transitions from a tetrago-
nal phase under large compressive strain to polar skyrmion bubbles
(with SrTiO;-imposed strain), then to vortex phases (with
DyScOj;-imposed strain), and finally to a;/a, domain structures
under large tensile strain.”® Even the coexistence of a; /az and
vortex phases has been reported on DyScO; substrates,”” while
single-phase chiral vortex structures can be achieved by controlling
epitaxial strain."®

In this work, we explore the influence of mechanical boundary
conditions on the stability of the Bloch component in 180° domain
walls in bulk PbTiO; using the first-principles simulations.

Il. METHODOLOGY

The simulations of 180° domains in bulk PbTiO; have been
carried out with siEsTa within the generalized gradient approxima-
tion to the density functional theory, using the PBEsol functional.”
Core electrons were replaced by ab initio norm-conserving fully
separable pseudopotentials.”” In this work, the optimized norm-
conserving Vanderbilt pseudopotentials proposed by Hamann*®
were used, in the psmrL format™ available in the Pseudo-Dojo peri-
odic table.””’!
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The one-electron Kohn-Sham eigenstates were expanded in a
basis of strictly localized”” numerical atomic orbitals.”” Basis func-
tions were obtained by finding the eigenfunctions of the isolated
atoms confined within the soft-confinement spherical potential
proposed in Ref. 54. A quadruple-¢, double polarized basis set was
used for the valence states of all the atoms. For the semicore states
of Pb (5s, 5p, and 5d), and Ti (3s and 3p), a double-{ quality was
chosen. For Pb, an extra single-{ 5f shell was included to increase
angular flexibility. All the parameters that define the range and the
shape of the atomic orbitals have been optimized variationally in
bulk cubic centrosymmetric PbTiO; following the recipe given in
Ref. 54.

The electronic density, Hartree, and exchange-correlation
potentials, as well as the corresponding matrix elements between
the basis orbitals, were calculated in a uniform real-space grid.”
An equivalent plane wave cutoff of 1200 Ry was used to represent
the charge density.

To assess the convergence of the numerical atomic orbital
(NAO) basis set, we compared the results obtained with siEsTa
against those from a highly converged plane wave calculation per-
formed with aBinit, ™ using the same exchange-correlation func-
tional and pseudopotentials. The plane wave results, with a very
high energy cutoff (65 Ha), serve as a reference for the complete
basis-set limit. Table I presents the lattice constants, atomic dis-
placements, and spontaneous polarization of fully relaxed bulk
tetragonal PbTiO; in its ferroelectric phase. Overall, we observe
good agreement between the two codes and approaches. The tetra-
gonality is slightly underestimated in siEsta by approximately

TABLE |. Lattice constants (a and c) and atomic displacements of bulk PbTiO5 in
its ferroelectric tetragonal phase. The atomic displacements, measured relative to
the centrosymmetric tetragonal positions, are expressed as a unit vector& multiplied
by an amplitude |E|, following the approach in Ref. 35. AE represents the energy dif-
ference between the relaxed ferroelectric tetragonal structure and the centrosymmet-
ric cubic phase. PE” denotes the polarization magnitude along the z axis in the
ferroelectric tetragonal unit cell computed from the Berry phase, while PEEC is the
polarization computed with the product of the Born effective charges computed at
the cubic phase times the displacements of the atoms. Experimental data are
sourced from Ref. 62.

NAO PW Expt.

a (A) 3.871 3.861 3.905
¢ (A) 4.220 4244 4.151
cla 1.090 1.099 1.063
&, (Pb) 0.696 0.699 0.718
&, (Ti) 0.368 0.365 0.335
£ (Op —0.373 —0.363 —0.351
&, (Op) —0.373 —0.363 —0.351
&, (Om) —0.318 —0.338 —0.351
> 0.000 0.000 0.000
1€ (A) 0.490 0.510 0.434
AE (meV) —79.38 —85.24

PBEC (C/m?) 1.14 1.14

PSP (C/m?) 0.96 0.99

ARTICLE pubs.aip.org/aip/jap

—0.8%. The largest discrepancy in atomic displacements occurs for
the apical oxygen atom Oy, where the displacement along the z
direction [£,(Oyy)] is underestimated by —5.9%. The bulk sponta-
neous polarization can be computed as the change in polarization,
along a continuous distortion path—from the centrosymmetric
non-polar phase to the polar phase—using the Berry-phase
approach.” This formal description as defined by the Berry-phase
theory, yields a value of 0.96 C/m? with siEsta, in comparison with
0.99 C/m? from ABINIT. Assuming constant Born effective charges
along this path, the polarization change can alternatively be
approximated by the sum of the product of the Born effective
charges times the associated atomic displacements, divided by the
unit cell volume.”” Using Born effective charges calculated in the
centrosymmetric cubic phase (resp. tetragonal phase), we obtain an
effective polarization of 1.14C/m? (resp. 0.84 C/m?) from both
codes. The overestimation (resp. underestimation) relative to the
Berry-phase polarization arises from the sensitivity of the Born
charges to atomic displacements. More accurate estimates could be
obtained by averaging the Born effective charges evaluated in both
the high-symmetry and distorted structures. These differences will
have implications for the layer-resolved polarization discussed in
Sec. IIT A.

The five atom unit cell was replicated 20 times along the
[100] direction, building a supercell consisting of 20 x 1 x 1
perovskite unit cell (100 atoms in the simulation box), as shown
in Fig. 1. Periodic boundary conditions along the three directions
of space were applied in the supercell. This corresponds to per-
forming the simulation under short-circuit electrostatic condi-
tions. The domain wall is centered on a PbO plane, which is the
energetically preferred configuration, as it exhibits a lower
domain wall energy than the TiO,-centered alternative.” Then,
the bulk soft mode distortion shown in Table I was superimposed

on the PbTiO; atoms, so the polarization points upward in half of :
the superlattice and downward in the other half. We take the ;

domain wall to lie in the yz plane. With this choice of the coordi-
nate system, the polarization within the interior of a domain
points along the z direction, while the domain wall Bloch polari-
zation lies along the y direction and the Néel component along
the x direction. At this point, it is important to emphasize that
the systems studied are bulk ferroelectrics (specifically PbTiO;)
without interfaces to dielectric or metallic layers that could give
rise to bound surface charges. In addition, we are imposing peri-
odic boundary conditions in all three spatial directions. This
enforces continuity of the normal component of the polarization
and precludes the formation of surface charges, thereby eliminat-
ing any macroscopic depolarization field along z. In the absence
of significant depolarization fields, the true ground state of the
system is monodomain. The domain structures analyzed in this
work should, thus, be viewed as metastable configurations, stabi-
lized under the considered specific conditions.

A 1x8x8 k-point Monkhorst-Pack grid®’ was used for
integrations within the first Brillouin zone of the supercell and
8 x 8 x 8 for the simulations of the monodomain phases with five
atoms per unit cell.

In order to study the stability of the different domain configu-
rations, we shall pay attention to three different magnitudes. The
first is the energy cost required to form an Ising domain without
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FIG. 1. Representation of the 20 x 1 x 1 PbTiO; supercell featuring the domains and a domain wall with a Bloch-like component of the polarization using periodic boun-

dary condtions.

any Néel or Bloch component with respect to the homogeneous
ferroelectric phase. This will be referred to as the Ising domain wall
energy, Epnt. It is computed from

EIsing _ L

Isi f
W =54 (B — 20 x Eyuid),

s (1)
where E"™® is the energy of the relaxed supercell where only the
Ising domain is allowed to condense (i.e., atomic relaxation along z
only), Ef is the reference energy of the bulk structure (without
domain walls), calculated from a single perovskite unit cell in the
relaxed ferroelectric phase using a k-point mesh equivalent to the
one used for the supercell. The factor of 1/2 is due to the fact that
in a supercell with periodic boundary conditions, there are two
domain walls. A represents the area of the domain wall, computed
from the corresponding lattice parameter within the supercell.
Since the most stable structure in bulk PbTiO3 under short-circuit
boundary conditions is the monodomain ferroelectric phase, E]I;&‘,g
is positive. Domain wall energies will be given in units of mJ/m? or
in units of meV/OJ, where OJ represents the cell surface area of the
domain wall.

The second relevant magnitude is the energy gain for con-
densing only the Néel component at the domain wall on top of the
Ising configuration (i.e., atomic relaxation along z and x). This is
referred to from now on as ENe. It is computed by applying an
equivalent relation as the one described by Eq. (1) with Eling
replaced by ENé, the energy of the relaxed structure allowing for a
Néel component at the domain wall. During this process, the
appearance of a Bloch component of the polarization at the
domain wall is constrained. It is important to emphasize that the
distinction we draw in this article between Ising and Néel-type
domains is not commonly made in the literature. In many cases,
the term “Ising domain” is used even when a Néel component and
the associated inhomogeneous strain relaxations along the

x-direction are present. This is, for instance, the case of Refs. 33,
35, and 43. This practice arises because, upon structural relaxation,
the Néel component develops naturally contrary to the Bloch com-
ponent that requires an explicit breaking of symmetry to emerge.

Finally, if on top of the most stable Ising and Néel compo-
nents of the polarization at the domain wall, we further allow the
condensation of the Bloch component (i.e., atomic relaxation along
x, , and z), we can define EBS", again applying an equivalent rela-
tion as the one described by Eq. (1), but introducing Efcl“h as the
energy of the most stable ferroelectric polarization (including both
Néel and Bloch components). The difference between EBh
ENé is particularly relevant to estimate the critical temperature
upon which the Bloch component is unstable TRY. Structural
relaxations allowing for Bloch components were initialized from
the previously relaxed Néel configuration, with Pb atoms at the
domain wall displaced along the y-direction. The subsequent relax-
ations were performed using a conjugate-gradient method. Unless
otherwise specified, all atomic relaxations were carried out using
the siestA code, with convergence criteria of 0.01 eV/A for the
maximum component of the force on any atom and 0.0001 eV/A3
for the maximum component of the stress tensor. For the atomic
relaxation carried out using the ABINIT code, convergence criteria of
2.5 x 1073 eV/A for the maximum component of the force on any
atom and 2.5 x 107> eéV/A® for the maximum component of the
stress tensor have been used.

Ill. RESULTS
A. Atomistic domain wall structures

The relaxed atomic structures of the supercell were obtained
under various epitaxial strain conditions. These include (i) full
relaxation of both atomic positions and lattice vectors; (ii) relaxa-
tion with lattice constants fixed to those of the optimized bulk
tetragonal ferroelectric phase (see Table I); (iii) relaxation under

and ;

62:12:81 G202 19qWianoN 0

J. Appl. Phys. 138, 044105 (2025); doi: 10.1063/5.0279988
© Author(s) 2025

138, 044105-4


https://pubs.aip.org/aip/jap

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

TABLE Il. Calculated domain wall energies using the PBEsol functional under various epitaxial strain conditions for a supercell of 20 x 1 x 1 u.c. (domain width of 10 u.c.).
Lattice constants a, b, and ¢ (in A) correspond to the three Cartesian directions. Py (in C/m?) denotes the polarization at the center of the domain, and & (in A) is the half-width
of the domain wall, both obtained by fitting the polarization profiles shown in Fig. 2 to the functional form given in Eq. (2). Domain wall energies are reported in both mJ/m?
and meV/O (in brackets).

Ising Ising  -Néel Néel _zBloch
a b c P, ) Epw Epw -Epw Epw -Epw

Fully relaxed configuration

3.892 3.893 4.115 0.99 2.24 195.6 (195.4) 5.1 (5.1) 3.4 (3.3)
3.884 3.884 4122 1.01 2.20 200.2 (200.1) 6.0 (6.2) 42 (42)
3.892* 3.897% 4.075" 179.5 (178.0)" 6.4 (6.5)"
152 (148.0)™ 4.1 (4.0)”
PbTiO; fixed to the optimized bulk tetragonal ferroelectric
3.871 3871 4220 1.15 2.06 223.1 (227.5) 6.4 (6.6) 22(22)
PbTiO; strained on cubic SrTiO;
3.889 3.889 4.120 0.99 221 195.6 (195.6) 5.0 (5.0) 3.0 (2.9)
PbTiO; strained on cubic DyScO;
3.912 3912 4.071 0.92 2.39 2249 (223.5) 5.0 (5.0) 10.2 (10.0)
PbTiO; strained on orthorhombic DyScO;
3.912 3916 4.069 0.92 2.38 230.4 (229.0) 5.7 (5.6) 10.7 (10.6)
PbTiO; strained on orthorhombic DyScO;
3.916 3912 4.065 0.91 2.45 229.4 (227.8) 5.0 (5.0) 9.8 (9.9)
the epitaxial constraint imposed by a hypothetical SrTiO; substrate; where § denotes the characteristic half-width of the domain wall ®
and (iv) relaxation under strain conditions corresponding to a (i.e., to make the transition from —P, to Py, we need a space of §
DyScOj; substrate, assuming either a square surface unit cell or an around four times this length §). The results, reported in Table II, 3
orthorhombic one with strains of —0.25% and —0.16% with respect reveal that § increases with the in-plane lattice parameter, ranging 3
to the theoretical bulk cubic lattice constant along the two in-plane from 2.06 A at a = 3.871-2.45 A at a = 3.916 A. 5
directions.”” The resulting lattice parameters for each case are sum- Third, the layer-by-layer polarization exhibits a plateau begin- &
marized in Table II. ning at the second TiO, plane, with a saturation value of 5
The corresponding layer-resolved polarization profiles are pre- Py = 0.99 C/m? for the fully relaxed structure. This is somewhat
sented in Fig. 2. The local polarization is obtained within a linear lower than the bulk value of 1.14 C/m? reported in Table I, calcu-
approximation, using the same approach described in Sec. II for lated using the same local polarization model. This discrepancy
the computation of the spontaneous polarization®>*> in usual first- arises from the compromise that should be found between the ¢
principles models of ferroelectrics.”* The polarization is computed, value at the domain and the ¢ value at the domain wall. The ¢ value

as a product of the Born effective charges obtained for the bulk obtained after relaxation of the full structure is ¢ = 4.115 A, i.e.,
cubic centrosymmetric phase of PbTiO; times the displacement of 2.49% shorter than the relaxed value for the bulk tetragonal phase,

the atoms with respect to a reference centrosymmetric phase on a and is dependent on the width of the domains. The reason for this
five atom unit cell centered on Ti or Pb depending whether we are shortening can be traced back to the strong polarization-strain cou-
on a PbO or a TiO, plane. pling: the local ¢ would naturally reduce near the domain wall

Several conclusions can be drawn from the data in Fig. 2. where P, vanishes and would tend to the bulk value at the center
First, the comparison between the results obtained using siesta and of the domain, where P, saturates. Thus, a balance is found where
ABINIT for the fully relaxed structure [Fig. 2(a)] confirms excellent the global ¢ is reduced with respect to the bulk, with a concomitant
agreement for all three components of the polarization, validating increase in the in-plane lattice constant (a changes from 3.871 A in
the use of numerical atomic orbitals in domain wall calculations. the bulk ferroelectric tetragonal phase to 3.892A in the fully

65

Second, consistent with prior findings,”” the 180° ferroelectric relaxed domain structure). Indeed, the local in-plane strain compo-
domain walls are atomically narrow, with a width on the order of nent, £ in Voigt notation, computed with respect to the bulk
the lattice constant. The domain wall width was extracted by tetragonal ferroelectric in-plane lattice constant, shows a uniform
fitting the polarization profile to the functional form proposed tensile strain of approximately 0.54% within the domain interior.

by Gureev et al.,*® This effect diminishes with increasing simulation box length along
X, so the contribution to the total energy coming from the center of
P(x) = P, tanh (f) : @) the df)main increases with respect to the regions close to the
domain wall.
J. Appl. Phys. 138, 044105 (2025); doi: 10.1063/5.0279988 138, 044105-5
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FIG. 2. Layer-resolved polarization profiles across 180° ferroelectric domains in bulk PbTiO3 under six different epitaxial strain conditions: (a) full relaxation of atomic posi-
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FIG. 3. Layer-resolved profile of the in-plane strain component £ (Voigt nota-
tion), evaluated with respect to the in-plane lattice constant of the bulk tetrago-
nal ferroelectric phase. The strain is shown for three relaxation scenarios: (red)
only the Ising component P, of the polarization is allowed to relax; (green) both
the Néel (Py) and Ising (P,) components are relaxed; (blue) all three compo-
nents of the polarization, including the Bloch component (P,), are relaxed. In all
cases, the lattice vectors are fully relaxed. &1 is given as percentage with
respect to the bulk tetragonal ferroelectric in-plane lattice constant.

We notice that constraining the lattice constants to that of the
bulk tetragonal phase, as done in Ref. 35, restores a central domain
polarization value of Py = 1.15 C/m?, in excellent agreement with
the bulk value [Fig. 2(b)], independently of the domain width.
Notably, Py shows also a strong dependence on epitaxial strain:
compressive strain (smaller in-plane lattice constant) enhances the
polarization amplitude at the center of the domains.

The presence of a Néel component, Py, introduces position-
dependent variations in the in-plane strain &, as illustrated in
Fig. 3. The associated strain gradient, 7, (x) = 0&x./0x, becomes
nonzero. While P, remains small (see inset of Fig. 2), it peaks at
the PbO planes where &; reaches up to 0.8%. Conversely, £; drops
to —0.06% at the domain wall, where P, vanishes. This inhomoge-
neous strain distribution helps relax the elastic energy and is
reflected in the energetics summarized in Table II and discussed in
Sec. 111 B. Importantly, the symmetry-adapted form of the flexo-
electric tensor for the considered space group prohibits coupling
between the strain gradient 7,,, and the Bloch component of the
polarization, P,.

Finally, under full relaxation, a Bloch component is clearly
observed, whose magnitude increases with in-plane lattice constant.
It originates from displacements of Pb atoms along the y direc-
tion.”””*** For the fully relaxed structure, the Pb displacement is
Ayp, = 0.19 A, decreasing to Ayp, = 0.18 A under the SrTiO; epi-
taxial constraint, in agreement with prior apmiT results*’ (0.20 and
0.19 A, respectively). Interestingly, multiple local minima are found
in siesta depending on the initial Pb displacement relative to the
Néel configuration. These local minima are not observed when
the relaxations are performed within the plane wave aBINIT code.

ARTICLE pubs.aip.org/aip/jap

Py (C/ 'm? )
Relative initial displacement (a.u.)

+  PW reference (ABINIT)
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FIG. 4. Layer-resolved profiles of the Bloch component of the polarization (Py)
for various locally stable domain wall structures, obtained from different initial
configurations used in the structural relaxation. The color bar shows the relative
amplitude of the initial amplitude of displacement. In all cases, the latice
vectors are fully relaxed. Polarizations are given in C/m?. The results from the
plane wave basis (ABINIT) serve as a reference (grey diamonds).

The siesTA energies reported in Table II correspond to the global
minimum after the systematic exploration of initial conditions. The
local minima show essentially the same polarization profiles as
those shown in Fig. 2, with the main difference being a reduced
peak in the Bloch component, as shown in Fig. 4. Energy differ-
ences among metastable configurations are small—of the order of
6 meV per 100-atom supercell— indicating a flat energy landscape
with respect to the development of the Bloch component. A global
minimum with consistent structural and energetic properties, as
reported in Table II, can be reliably obtained by refining the real-
space integration grid in sEsTA and tightening relaxation
thresholds.

The amplitude of the Bloch component at the minimum is
also strongly dependent on the epitaxial strain, ranging from
0.35 C/m? when PbTiO; is strained on cubic SrTiO; to 0.42 C/m?
when a DyScO; substrate is assumed.

B. Domain wall energies

The domain wall energies for the supercells under different
strain conditions are summarized in Table II.

It is important to note that domain walls (DWs) are associated
with strain relaxations, which are inherently long-range in nature.
As such, DW energies strongly evolve with the domain density”’
and isolated DW energies are very hard to converge. Moreover, in
systems with finite domain sizes, the concept of an isolated DW
energy may not be the most relevant. In the present work, we con-
sider stripe domain configurations with a domain width t set by
the supercell size L (i.e., t = L/2). This means that the domain wall
density is inversely proportional to t, since each supercell always
contains two domain walls.

In fully relaxed calculations—or under epitaxial constraints
with out-of-plane relaxation of the lattice parameter c—increasing ¢
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FIG. 5. (a) Convergence of the Bloch DW energies with respect to the domain
width ¢ in the fully relaxed case (red circles), constrained to the bulk tetragonal
cell parameters case (red triangles) and asiniT DFT fully relaxed results to which
the model was fitted (green stars). The red curve represents a power-law fit to
the energies on the fully relaxed case. (b) Convergence of the c lattice parame-
ter with respect to the domain width (blue circles) fitted with a power-law (blue
curve).

alters the domain wall density, which modifies the lattice parame-
ters and, in turn, influences the DW energy, Epw.

Alternatively, fixing the lattice parameters to their bulk values,
as expected in the limit + — oo, provides a practical approach to
estimate isolated DW energies from small supercells.” Figure 5 dis-
plays the evolution of ¢ and Epw as a function of t, obtained from
second-principles simulations employing the model of Ref. 68. The
results confirm that both quantities converge slowly when the
lattice parameters are relaxed, exhibiting a power-law dependence
on t. Consistent with previous findings,”” we also show that fixing
the lattice constants to their bulk values yields DW energies in
excellent agreement with the extrapolated isolated DW limit, even
for relatively small supercells. Unless otherwise stated, all DW ener-
gies reported in this work correspond to ¢t = 10 unit cells and are,
thus, specific to that domain width.

Given these considerations, we can now examine the results.
Within the PBEsol functional, the energy differences associated
with the domain wall in the fully relaxed configuration are

ARTICLE pubs.aip.org/aip/jap

relatively large. For the high-symmetry case, where only the
Ising-type configuration is allowed in the fully relaxed
PbO-centered domain wall, these energies range from 152
(148 meV/0J), as reported in Ref. 33, to 195.6 mJ/m? (195.4 meV/(J)
in our siEsta calculations for fully relaxed lattice constants in a
20 x 1 x 1 supercell. Meyer and Vanderbilt obtained a lower value of
132 mJ/m? (128.5meV/J) at the local density approximation (LDA)
level using a 12 x 1 x 1 and the lattice vectors constrained to the bulk
tetragonal ferroelectric unit cell.”” These significant discrepancies are
unexpected, given the overall good agreement in the polarization
profile and domain wall polarization. However, it is important to keep
in mind that, as previously discussed, the “Ising” domain wall energies
reported in Refs. 33, 35, and 43 correspond in reality to Néel wall
energies following the notation of this article. While this is primarily a
matter of nomenclature, it is nonetheless an important point to bear
in mind when comparing energies. In addition, this variation can also
be attributed to the differences in the DFT functional (LDA in Ref. 35
and PBEsol in Refs. 33 and 43 and in this work), pseudopotentials
(projector augmented wave method in Ref. 33 vs optimized norm-
conserving pseudopotentials used in this work and in Ref. 43), and
basis sets (plane waves in Refs. 33 and 43 vs numerical atomic orbitals
in this study). Notably, when the same pseudopotentials are used, the
agreement in energy differences improves.

When a Néel-type polarization component is allowed at the
domain wall, the energy decreases by approximately 5m]J/m?
(5.0meV/0), a value that is pretty constant independent of the
strain conditions. This is surprising given that the Néel polarization
at the domain wall is relatively small. As discussed in Sec. III A,
this is attributed to the relaxation of the elastic energy produced by
an inhomogeneous strain in the plane.

Furthermore, the full development of polarization at the
domain wall, including a Bloch component, leads to an additional

energy reduction that strongly depends on the imposed in-plane :
lattice constant. In the fully relaxed structure, this reduction (with ;

respect to the most relaxed Néel structure) amounts to 3.4 mJ/m?
(3.3 meV/0), a value that remains nearly unchanged when PbTiO;
is strained atop a cubic SrTiO; substrate (with a lattice parameter
of 3.899 A, as computed using the PBEsol functional®’). However,
under a tensile strain similar to that induced by a DyScOs5 substrate,
the energy reduction due to the Bloch component nearly triples
with respect the value where only Néel polarization was allowed,
increasing from 3.4 (3.3meV/O) to approximately 10.7 mJ/m?
(10.6 meV/0). This is somehow expected from previous studies on
the phase diagram of bulk PbTiO; under strain. Tensile strains
favor the polarization rotation from a purely tetragonal c-phase to a
phase where the coexistence of c-domains and aa domains (with
non-vanishing in-plane components) is favored.””’” The fact that
the P, values are not increasing with strain arises from symmetry
constraints that enforce head-to-head and tail-to-tail polarization
configurations, which are energetically unfavorable due to
electrostatics.

This increase in the well-depth also suggests that the critical
transition temperature below which a Bloch-like domain wall stabi-
lizes is highly strain-dependent. Second-principles simulations in
Ref. 43 suggested that P, became zero at approximately 150 K
when PbTiO; was strained on cubic SrTiO;, while for freestanding
PbTiO; (no imposed strain that resulted in slightly larger in-plane
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lattice constants), a transition temperature equal to approximately
200K was found. Further calculations with larger tensile strains
should be performed for a proper numerical estimation of this
temperature-strain dependence on the onset of the Bloch
component.

IV. CONCLUSIONS

In this work, we have investigated the structural and energetic
properties of Bloch-type polarization components in 180° domain
walls in bulk PbTiO3; under varying mechanical boundary condi-
tions, using first-principles simulations. Our results provide a com-
prehensive atomistic understanding of how epitaxial strain
influences the polarization profile and energetics of domain walls
in this prototypical ferroelectric.

We confirm that a Bloch component, primarily originating
from displacements of Pb atoms along the domain wall plane, can
spontaneously develop at T = 0K in otherwise Ising-type domain
walls. The magnitude of this component, and the corresponding
energy gain associated with its condensation, is found to be highly
sensitive to the in-plane lattice constants. Specifically, tensile strains
significantly enhance both the amplitude of the Bloch component
and the associated energetic stabilization, with energy reductions
reaching up to 10.7 mJ/m? (10.6 meV/J) under strain conditions
mimicking DyScOj; substrates.

Our analysis highlights the delicate interplay between struc-
tural relaxations, strain-induced elastic energy variations, and
polarization orientation at domain walls. While the Ising compo-
nent remains robust, the Bloch component arises in a relatively flat
energy landscape. This behavior suggests that external control via
mechanical boundary conditions could serve as a viable route to
engineer chiral ferroelectric textures in bulk PbTiOs.

Finally, the strain dependence of the energy gain associated
with the Bloch component provides a predictive framework to esti-
mate the critical temperature for its stabilization, a critical magni-
tude to tailor topological and chiral functionalities in ferroelectric
polar systems.

ACKNOWLEDGMENTS

S.C. acknowledges the financial support from Erasmus+
KA-107 action and the Vice-rectorate for the Internationalisation
and Global Engagement of the University of Cantabria. J].J.
acknowledges the financial support from Grant No.
PID2022-139776NB-C63  funded by  MCIN/AEIL/10.13039/
501100011033 and by ERDF “A way of making Europe” by the
European Union. F.G.-O., L.B., and Ph.G. acknowledge the support
by the European Union’s Horizon 2020 research and innovation
program under Grant Agreement No. 964931 (TSAR). F.G.-O. also
acknowledges the financial support from MSCA-PF 101148906
funded by the European Union and the Fonds de la Recherche
Scientifique (FNRS) through the grant FNRS-CR 1.B.227.25F.
Ph.G. also acknowledges the support from the Fonds de la
Recherche Scientifique (FNRS) through the PDR project
PROMOSPAN (Grant No. T.0107.20). The authors also acknowl-
edge the computer resources, technical expertise, and assistance
provided by the Centre for High Performance Computing
(CHPC-MATS862), Cape Town, South Africa.

ARTICLE pubs.aip.org/aip/jap

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Stephen Chege: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Writing - original
draft (equal); Writing - review & editing (equal). Louis Bastogne:
Data curation (equal); Formal analysis (equal); Investigation
(equal); Writing - original draft (equal); Writing - review &
editing (equal). Fernando Gomez-Ortiz: Conceptualization
(equal); Data curation (equal); Formal analysis (equal);
Investigation (equal); Writing - original draft (equal); Writing -
review & editing (equal). James Sifuna: Supervision (equal).
George Amolo: Funding acquisition (equal); Supervision (equal).
Philippe Ghosez: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Funding acquisition (equal); Investigation
(equal); Writing - original draft (equal); Writing - review &
editing (equal). Javier Junquera: Conceptualization (equal); Data
curation (equal); Formal analysis (equal); Funding acquisition
(equal); Investigation (equal); Methodology (equal); Project admin-
istration (equal); Resources (equal); Software (equal); Supervision
(equal); Validation (equal); Visualization (equal); Writing — origi-
nal draft (equal); Writing — review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

TH. Fu and L. Bellaiche, “Ferroelectricity in barium titanate quantum dots and

wires,” Phys. Rev. Lett. 91, 257601 (2003).

2L I. Naumov, L. Bellaiche, and H. Fu, “Unusual phase transitions in ferroelec-
tric nanodisks and nanorods,” Nature 432, 737 (2004).

3C.-L. Jia, K. W. Urban, M. Alexe, D. Hesse, and L. Vrejoiu, “Direct observation
of continuous electric dipole rotation in flux-closure domains in ferroelectric Pb
(Zr,Ti)O3,” Science 331, 1420 (2011).

“Y. L. Tang, Y. L. Zhu, X. L. Ma, A. Y. Borisevich, A. N. Morozovska,
E. A. Eliseev, W. Y. Wang, Y. J. Wang, Y. B. Xu, Z. D. Zhang, and
S. J. Pennycook, “Observation of a periodic array of flux-closure quadrants in
strained ferroelectric PbTiOs films,” Science 348, 547 (2015).

SA. K. Yadav, C. T. Nelson, S. L. Hsu, Z. Hong, J. D. Clarkson, C. M. Schlepiitz,
A. R. Damodaran, P. Shafer, E. Arenholz, L. R. Dedon, D. Chen, A. Vishwanath,
A. M. Minor, L. Q. Chen, J. F. Scott, L. W. Martin, and R. Ramesh, “Observation
of polar vortices in oxide superlattices,” Nature 530, 198 (2016).

Y. Nahas, S. Prokhorenko, L. Louis, Z. Gui, I Kornev, and L. Bellaiche,
“Discovery of stable skyrmionic state in ferroelectric nanocomposites,” Nat.
Commun. 6, 8542 (2015).

7M. A. Pereira Gongalves, C. Escorihuela-Sayalero, P. Garca-Fernindez,
J. Junquera, and J. Ifiiguez, “Theoretical guidelines to create and tune electric
skyrmion bubbles,” Sci. Adv. 5, eaau7023 (2019).

85, Das, Y. L. Tang, Z. Hong, M. A. P. Gongalves, M. R. McCarter, C. Klewe,
K. X. Nguyen, F. Gomez-Ortiz, P. Shafer, E. Arenholz, V. A. Stoica, S.-L. Hsu,
B. Wang, C. Ophus, J. F. Liu, C. T. Nelson, S. Saremi, B. Prasad, A. B. Mei,
D. G. Schlom, J. Iniguez, P. Garcia-Fernindez, D. A. Muller, L. Q. Chen,
J. Junquera, L. W. Martin, and R. Ramesh, “Observation of room-temperature
polar skyrmions,” Nature 568, 368 (2019).

62:12:81 G202 19qWianoN 0

J. Appl. Phys. 138, 044105 (2025); doi: 10.1063/5.0279988
© Author(s) 2025

138, 044105-9


https://doi.org/10.1103/PhysRevLett.91.257601
https://doi.org/10.1038/nature03107
https://doi.org/10.1126/science.1200605
https://doi.org/10.1126/science.1259869
https://doi.org/10.1038/nature16463
https://doi.org/10.1038/ncomms9542
https://doi.org/10.1038/ncomms9542
https://doi.org/10.1126/sciadv.aau7023
https://doi.org/10.1038/s41586-019-1092-8
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

%Y. Nahas, S. Prokhorenko, Q. Zhang, V. Govinden, N. Valanoor, and
L. Bellaiche, “Topology and control of self-assembled domain patterns in low-
dimensional ferroelectrics,” Nat. Commun. 11, 5779 (2020).

19y, J. Wang, Y. P. Feng, Y. L. Zhu, Y. L. Tang, L. X. Yang, M. J. Zou,
W. R. Geng, M. J. Han, X. W. Guo, B. Wu, and X. L. Ma, “Polar meron lattice in
strained oxide ferroelectrics,” Nat. Mater. 19, 881 (2020).

"Y.-T. Shao, S. Das, Z. Hong, R. Xu, S. Chandrika, F. Gémez-Ortiz,
P. Garcia-Ferndndez, L.-Q. Chen, H. Y. Hwang, J. Junquera, L. W. Martin,
R. Ramesh, and D. A. Muller, “Emergent chirality in a polar meron to skyrmion
phase transition,” Nat. Commun. 14, 1355 (2023).

121, Luk’yanchuk, Y. Tikhonov, A. Razumnaya, and V. M. Vinokur, “Hopfions
emerge in ferroelectrics,” Nat. Commun. 11, 2433 (2020).

13]. Junquera, Y. Nahas, S. Prokhorenko, L. Bellaiche, J. Ifliguez, D. G. Schlom,
L.-Q. Chen, S. Salahuddin, D. A. Muller, L. W. Martin, and R. Ramesh,
“Topological phases in polar oxide nanostructures,” Rev. Mod. Phys. 95, 025001
(2023).

14V, Govinden, S. Prokhorenko, Q. Zhang, S. Rijal, Y. Nahas, L. Bellaiche, and
N. Valanoor, “Spherical ferroelectric solitons,” Nat. Mater. 22, 553 (2023).

13Y. Wang, Y. Tang, Y. Zhu, and X. Ma, “Entangled polarizations in ferroelec-
trics: A focused review of polar topologies,” Acta Mater. 243, 118485 (2023).
18p, Zubko, J. C. Wojdel, M. Hadjimichael, S. Fernandez-Pena, A. Sené,
L. Luk’yanchuk, J.-M. Triscone, and J. [fiiguez, “Negative capacitance in multido-
main ferroelectric superlattices,” Nature 534, 524 (2016).

17A. K. Yadav, K. X. Nguyen, Z. Hong, P. Garcia-Ferndndez, P. Aguado-Puente,
C. T. Nelson, S. Das, B. Prasad, D. Kwon, S. Cheema, A. I. Khan, C. Hu,
J. Iniguez, J. Junquera, L.-Q. Chen, D. A. Muller, R. Ramesh, and S. Salahuddin,
“Spatially resolved steady-state negative capacitance,” Nature 565, 468 (2019).
18], Thiguez, P. Zubko, I. LuK’yanchuk, and A. Cano, “Ferroelectric negative
capacitance,” Nat. Rev. Mater. 4, 243 (2019).

19p, Shafer, P. Garcia-Fernindez, P. Aguado-Puente, A. R. Damodaran,
A. K. Yadav, C. T. Nelson, S.-L. Hsu, J. C. Wojdel, J. Ihiguez, L. W. Martin,
E. Arenholz, J. Junquera, and R. Ramesh, “Emergent chirality in the electric
polarization texture of titanate superlattices,” Proc. Natl. Acad. Sci. U.S.A. 115,
915 (2018).

205, W. Lovesey and G. van der Laan, “Resonant x-ray diffraction from chiral
electric-polarization structures,” Phys. Rev. B 98, 155410 (2018).

21K, T. Kim, M. R. McCarter, V. A. Stoica, S. Das, C. Klewe, E. P. Donoway,
D. M. Burn, P. Shafer, F. Rodolakis, M. A. P. Gongalves, F. Goémez-Ortiz,
]. Iﬁiguez, P. Garcia-Fernandez, J. Junquera, S. Susarla, S. W. Lovesey, G. van der
Laan, S. Y. Park, L. W. Martin, J. W. Freeland, R. Ramesh, and D. R. Lee, “Chiral
structures of electric polarization vectors quantified by x-ray resonant scattering,”
Nat. Commun. 13, 1769 (2022).

22M, R. McCarter, K. T. Kim, V. A. Stoica, S. Das, C. Klewe, E. P. Donoway,
D. M. Burn, P. Shafer, F. Rodolakis, M. A. P. Gongalves, F. Gomez-Ortiz,
]. iﬁiguez, P. Garcia-Fernandez, J. Junquera, S. W. Lovesey, G. van der Laan,
S. Y. Park, J. W. Freeland, L. W. Martin, D. R. Lee, and R. Ramesh, “Structural
chirality of polar skyrmions probed by resonant elastic x-ray scattering,” Phys.
Rev. Lett. 129, 247601 (2022).

23], LuK’yanchuk, A. Razumnaya, S.
V. M. Vinokur, “Topological ferroelectric
[cond-mat.mtrl-sci] (2024).

24, A. Lukyanchuk, A. G. Razumnaya, S. Kondovych, Y. A. Tikhonov,
B. Khesin, and V. M. Vinokur, “Topological foundations of ferroelectricity,”
Phys. Rep. 1110, 1 (2025).

25G. H. Fecher, J. Kiibler, and C. Felser, “Chirality in the solid state: Chiral
crystal structures in chiral and achiral space groups,” Materials 15, 5812 (2022).
26E, Bousquet, M. Fava, Z. Romestan, F. Gémez-Ortiz, E. E. McCabe, and
A. H. Romero, “Structural chirality and related properties in periodic inorganic
solids: Review and perspectives,” |. Phys.: Condens. Matter 37, 163004 (2025).
271, Dzyaloshinsky, “A thermodynamic theory of “weak” ferromagnetism of anti-
ferromagnetics,” J. Phys. Chem. Solids 4, 241 (1958).

28T, Moriya, “Anisotropic superexchange interaction and weak ferromagnetism,”
Phys. Rev. 120, 91 (1960).

Kondovych, Y. Tikhonov, and
chirality,”  arXiv:2406.19728

ARTICLE pubs.aip.org/aip/jap

29K, C. Erb and J. Hlinka, “Vector, bidirector, and Bloch skyrmion phases
induced by structural crystallographic symmetry breaking,” Phys. Rev. B 102,
024110 (2020).

30H. J. Zhao, P. Chen, S. Prosandeev, S. Artyukhin, and L. Bellaiche,
“Dzyaloshinskii-Moriya-like interaction in ferroelectrics and antiferroelectrics,”
Nat. Mater. 20, 341 (2021).

31p, Chen, H. J. Zhao, S. Prosandeev, S. Artyukhin, and L. Bellaiche,
“Microscopic origin of the electric Dzyaloshinskii-Moriya interaction,” Phys.
Rev. B 106, 224101 (2022).

32, Louis, I. Kornev, G. Geneste, B. Dkhil, and L. Bellaiche, “Novel complex
phenomena in ferroelectric nanocomposites,” J. Phys.: Condens. Matter 24,
402201 (2012).

53], C. Wojdet and J. Thiguez, “Ferroelectric transitions at ferroelectric domain
walls found from first principles,” Phys. Rev. Lett. 112, 247603 (2014).

34D, Lee, R. K. Behera, P. Wu, H. Xu, Y. L. Li, S. B. Sinnott, S. R. Phillpot,
L. Q. Chen, and V. Gopalan, “Mixed Bloch-Néel-Ising character of 180° ferro-
electric domain walls,” Phys. Rev. B 80, 060102 (2009).

35B. Meyer and D. Vanderbilt, “Ab initio study of ferroelectric domain walls in
PbTiOs,” Phys. Rev. B 65, 104111 (2002).

36). P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria,
L. A. Constantin, X. Zhou, and K. Burke, “Restoring the density-gradient expan-
sion for exchange in solids and surfaces,” Phys. Rev. Lett. 100, 136406 (2008).
57y, J. Wang, D. Chen, Y. L. Tang, Y. L. Zhu, and X. L. Ma, “Origin of the
Bloch-type polarization components at the 180° domain walls in ferroelectric
PbTiOs,” J. Appl. Phys. 116, 224105 (2014).

38y.-]. Wang, Y.-L. Zhu, and X.-L. Ma, “Chiral phase transition at 180° domain
walls in ferroelectric PbTiO; driven by epitaxial compressive strains,” J. Appl.
Phys. 122, 134104 (2017).

59p, Behera, M. A. May, F. Gomez-Ortiz, S. Susarla, S. Das, C. T. Nelson,
L. Caretta, S.-L. Hsu, M. R. McCarter, B. H. Savitzky, E. S. Barnard, A. Raja,
Z. Hong, P. Garcia-Fernandez, S. W. Lovesey, G. van der Laan, P. Ercius,
C. Ophus, L. W. Martin, J. Junquera, M. B. Raschke, and R. Ramesh, “Electric
field control of chirality,” Sci. Adv. 8, eabj8030 (2022).

40p, Aguado-Puente and J. Junquera, “Structural and energetic properties of
domains in PbTiO3/SrTiO; superlattices from first principles,” Phys. Rev. B 85,
184105 (2012).

1], Yang and S. Liu, “Topological phase transitions in perovskite superlattices
driven by temperature, electric field, and doping,” Phys. Rev. B 110, 214112 }

(2024).

425, Zheng, J. Zhang, A. Li, and J. Wang, “Origin of chiral phase transition of
polar vortex in ferroelectric/dielectric superlattices,” Nano Lett. 25, 1397 (2025).
“3E, Zatterin, P. Ondrejkovic, L. Bastogne, C. Lichtensteiger, L. Tovaglieri,
D. A. Chaney, A. Sasani, T. Schilli, A. Bosak, S. Leake, P. Zubko, P. Ghosez,
J. Hlinka, J.-M. Triscone, and M. Hadjimichael, “Assessing the ubiquity of Bloch
domain walls in ferroelectric lead titanate superlattices,” Phys. Rev. X 14, 041052
(2024).

“%C. Weymann, S. Cherifi-Hertel, C. Lichtensteiger, I. Gaponenko,
K. D. Dorkenoo, A. B. Naden, and P. Paruch, “Non-Ising domain walls in
c-phase ferroelectric lead titanate thin films,” Phys. Rev. B 106, L241404 (2022).
45A. R. Damodaran, J. D. Clarkson, Z. Hong, H. Liu, A. K. Yadav, C. T. Nelson,
S.-L. Hsu, M. R. McCarter, K.-D. Park, V. Kravtsov, A. Farhan, Y. Dong, Z. Cai,
H. Zhou, P. Aguado-Puente, P. Garcia-Fernindez, J. Idiguez, J. Junquera,
A. Scholl, M. B. Raschke, L.-Q. Chen, D. D. Fong, R. Ramesh, and L. W. Martin,
“Phase coexistence and electric-field control of toroidal order in oxide superlatti-
ces,” Nat. Mater. 16, 1003 (2017).

46g, Das, M. R. McCarter, F. Gomez-Ortiz, Y.-L. Tang, Z. Hong, A. Ghosh,
P. Shafer, P. Garcia-Fernandez, J. Junquera, L. W. Martin, and R. Ramesh, “Pure
chiral polar vortex phase in PbTiOs/SrTiO; superlattices with tunable circular
dichroism,” Nano Lett. 23, 6602 (2023).

47L. Kleinman and D. M. Bylander, “Efficacious form for model pseudopoten-
tials,” Phys. Rev. Lett. 48, 1425 (1982).

“8D, Hamann, “Optimized norm-conserving Vanderbilt pseudopotentials,”
Phys. Rev. B 88, 085117 (2013).

62:12:81 G202 19qWianoN 0

J. Appl. Phys. 138, 044105 (2025); doi: 10.1063/5.0279988
© Author(s) 2025

138, 044105-10


https://doi.org/10.1038/s41467-020-19519-w
https://doi.org/10.1038/s41563-020-0694-8
https://doi.org/10.1038/s41467-023-36950-x
https://doi.org/10.1038/s41467-020-16258-w
https://doi.org/10.1103/RevModPhys.95.025001
https://doi.org/10.1038/s41563-023-01527-y
https://doi.org/10.1016/j.actamat.2022.118485
https://doi.org/10.1038/nature17659
https://doi.org/10.1038/s41586-018-0855-y
https://doi.org/10.1038/s41578-019-0089-0
https://doi.org/10.1073/pnas.1711652115
https://doi.org/10.1103/PhysRevB.98.155410
https://doi.org/10.1038/s41467-022-29359-5
https://doi.org/10.1103/PhysRevLett.129.247601
https://doi.org/10.1103/PhysRevLett.129.247601
https://arxiv.org/abs/2406.19728
https://doi.org/10.1016/j.physrep.2025.01.002
https://doi.org/10.3390/ma15175812
https://doi.org/10.1088/1361-648X/adb674
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRevB.102.024110
https://doi.org/10.1038/s41563-020-00821-3
https://doi.org/10.1103/PhysRevB.106.224101
https://doi.org/10.1103/PhysRevB.106.224101
https://doi.org/10.1088/0953-8984/24/40/402201
https://doi.org/10.1103/PhysRevLett.112.247603
https://doi.org/10.1103/PhysRevB.80.060102
https://doi.org/10.1103/PhysRevB.65.104111
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1063/1.4904192
https://doi.org/10.1063/1.5006607
https://doi.org/10.1063/1.5006607
https://doi.org/10.1126/sciadv.abj8030
https://doi.org/10.1103/PhysRevB.85.184105
https://doi.org/10.1103/PhysRevB.110.214112
https://doi.org/10.1021/acs.nanolett.4c05067
https://doi.org/10.1103/PhysRevX.14.041052
https://doi.org/10.1103/PhysRevB.106.L241404
https://doi.org/10.1038/nmat4951
https://doi.org/10.1021/acs.nanolett.3c01744
https://doi.org/10.1103/PhysRevLett.48.1425
https://doi.org/10.1103/PhysRevB.88.085117
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

494, Garcia, M. J. Verstraete, Y. Pouillon, and J. Junquera, “The PSML format
and library for norm-conserving pseudopotential data curation and interopera-
bility,” Comput. Phys. Commun. 227, 51 (2018).

SOM. Van Setten, M. Giantomassi, E. Bousquet, M. ]. Verstraete, D. R. Hamann,
X. Gonze, and G.-M. Rignanese, “The PseupoDojo: Training and grading a 85
element optimized norm-conserving pseudopotential table,” Comput. Phys.
Commun. 226, 39 (2018).

51The scalar relativistic oncvese v0.4.1 pseudopotentials with stringent accuracy
were used.

520). F. Sankey and D. J. Niklewski, “Ab initio multicenter tight-binding model
for molecular-dynamics simulations and other applications in covalent systems,”
Phys. Rev. B 40, 3979 (1989).

53, Artacho, D. Sanchez-Portal, P. Ordejon, A. Garcia, and J. M. Soler,
“Linear-scaling ab-initio calculations for large and complex systems,” Phys.
Status Solidi B 215, 809 (1999).

547, Junquera, O. Paz, D. Sanchez-Portal, and E. Artacho, “Numerical atomic
orbitals for linear-scaling calculations,” Phys. Rev. B 64, 235111 (2001).

55]. M. Soler, E. Artacho, J. D. Gale, A. Garcfa, J. Junquera, P. Ordejon, and
D. Sanchez-Portal, “The siEsta method for ab initio order-N materials simula-
tion,” J. Phys.: Condens. Matter 14, 2745 (2002).

56X. Gonze, B. Amadon, P.-M. Anglade, ].-M. Beuken, F. Bottin, P. Boulanger,
F. Bruneval, D. Caliste, R. Caracas, M. Coté, T. Deutsch, L. Genovese, P. Ghosez,
M. Giantomassi, S. Goedecker, D. Hamann, P. Hermet, F. Jollet, G. Jomard,
S. Leroux, M. Mancini, S. Mazevet, M. Oliveira, G. Onida, Y. Pouillon, T. Rangel,
G.-M. Rignanese, D. Sangalli, R. Shaltaf, M. Torrent, M. Verstraete, G. Zerah,
and J. Zwanziger, “ABINIT: First-principles approach to material and nanosys-
tem properties,” Comput. Phys. Commun. 180, 2582 (2009).

57X. Gonze, E. Jollet, F. Abreu Araujo, D. Adams, B. Amadon, T. Applencourt,
C. Audouze, J.-M. Beuken, J. Bieder, A. Bokhanchuk, E. Bousquet, F. Bruneval,
D. Caliste, M. Coté, F. Dahm, F. Da Pieve, M. Delaveau, M. Di Gennaro,
B. Dorado, C. Espejo, G. Geneste, L. Genovese, A. Gerossier, M. Giantomassi,
Y. Gillet, D. Hamann, L. He, G. Jomard, J. Laflamme Janssen, S. Le Roux,
A. Levitt, A. Lherbier, F. Liu, I. Lukacevi¢, A. Martin, C. Martins, M. Oliveira,
S. Poncé, Y. Pouillon, T. Rangel, G.-M. Rignanese, A. Romero, B. Rousseau,
O. Rubel, A. Shukri, M. Stankovski, M. Torrent, M. Van Setten, B. Van Troeye,
M. Verstraete, D. Waroquiers, J. Wiktor, B. Xu, A. Zhou, and J. Zwanziger,
“Recent developments in the ABINIT software package,” Comput. Phys. Commun.
205, 106 (2016).

58y Gonze, B. Amadon, G. Antonius, F. Arnardi, L. Baguet, J.-M. Beuken,
J. Bieder, F. Bottin, J. Bouchet, E. Bousquet, N. Brouwer, F. Bruneval, G. Brunin,

ARTICLE pubs.aip.org/aip/jap

T. Cavignac, J.-B. Charraud, W. Chen, M. Coté, S. Cottenier, J. Denier,
G. Geneste, P. Ghosez, M. Giantomassi, Y. Gillet, O. Gingras, D. R. Hamann,
G. Hautier, X. He, N. Helbig, N. Holzwarth, Y. Jia, F. Jollet,
W. Lafargue-Dit-Hauret, K. Lejaeghere, M. A. Marques, A. Martin, C. Martins,
H. P. Miranda, F. Naccarato, K. Persson, G. Petretto, V. Planes, Y. Pouillon,
S. Prokhorenko, F. Ricci, G.-M. Rignanese, A. H. Romero, M. M. Schmitt,
M. Torrent, M. J. van Setten, B. Van Troeye, M. J. Verstraete, G. Zérah, and
J. W. Zwanziger, “The aBNIT project: Impact, environment and recent develop-
ments,” Comput. Phys. Commun. 248, 107042 (2020).

59D, Vanderbilt, Berry Phases in Electronic Structure Theory. Electric
Polarization, Orbital Magnetization and Topological Insulators (Cambridge
University Press, Cambridge, 2018).

60p, Ghosez, ].-P. Michenaud, and X. Gonze, “Dynamical atomic charges: The
case of ABO; compounds,” Phys. Rev. B 58, 6224 (1998).

6TH. J. Monkhorst and J. D. Pack, “Special points for Brillouin-zone integra-
tions,” Phys. Rev. B 13, 5188 (1976).

S2F. Jona and G. Shirane, Ferroelectric Crystals, Dover Books on Engineering
(Dover Publications, 1993).

®3L. Tovaglieri, M. Hadjimichael, P. Torruella, C.-Y. Hsu, L. Korosec,
D. T. L. Alexander, P. Paruch, J.-M. Triscone, and C. Lichtensteiger,
“Investigating domain structures and superdomains in ferroelectric PbTiO3
based heterostructures on DyScO3,” APL Mater. 13, 021118 (2025).

64W. Zhong, D. Vanderbilt, and K. M. Rabe, “First-principles theory of ferro-
electric phase transitions for perovskites: The case of BaTiOs,” Phys. Rev. B 52,
6301 (1995).

65G. Catalan, J. Seidel, R. Ramesh, and J. F. Scott, “Domain wall nanoelec-
tronics,” Rev. Mod. Phys. 84, 119 (2012).

®6M. Y. Gureev, A. K. Tagantsev, and N. Setter, “Head-to-head and tail-to-tail
180° domain walls in an isolated ferroelectric,” Phys. Rev. B 83, 184104
(2011).

675, Poykko and D. J. Chadi, “Ab initio study of 180° domain wall energy and
structure in PbTiO;,” Appl. Phys. Lett. 75, 2830 (1999).

8, Bastogne and P. Ghosez, “Ferroelectric properties and topological textures
in PbTiO; from a second-principles open-source interatomic potential,”
arXiv:2505.02624 [cond-mat.mtrl-sci] (2025).

89¢. Bungaro and K. M. Rabe, “Epitaxially strained (PbTiO3),/(PbZrOs),

superlattice and PbTiO; from first principles,” Phys. Rev. B 69, 184101 1

(2004).
790. Diéguez, K. M. Rabe, and D. Vanderbilt, “First-principles study of epitaxial
strain in perovskites,” Phys. Rev. B 72, 144101 (2005).

62:12:81 G202 19qWianoN 0

J. Appl. Phys. 138, 044105 (2025); doi: 10.1063/5.0279988
© Author(s) 2025

138, 044105-11


https://doi.org/10.1016/j.cpc.2018.02.011
https://doi.org/10.1016/j.cpc.2018.01.012
https://doi.org/10.1016/j.cpc.2018.01.012
https://doi.org/10.1103/PhysRevB.40.3979
https://doi.org/10.1002/(SICI)1521-3951(199909)215:1�809::AID-PSSB809�3.0.CO;2-0
https://doi.org/10.1002/(SICI)1521-3951(199909)215:1�809::AID-PSSB809�3.0.CO;2-0
https://doi.org/10.1103/PhysRevB.64.235111
https://doi.org/10.1088/0953-8984/14/11/302
https://doi.org/10.1016/j.cpc.2009.07.007
https://doi.org/10.1016/j.cpc.2016.04.003
https://doi.org/10.1016/j.cpc.2019.107042
https://doi.org/10.1103/PhysRevB.58.6224
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1063/5.0250166
https://doi.org/10.1103/PhysRevB.52.6301
https://doi.org/10.1103/RevModPhys.84.119
https://doi.org/10.1103/PhysRevB.83.184104
https://doi.org/10.1063/1.125164
https://arxiv.org/abs/2505.02624
https://doi.org/10.1103/PhysRevB.69.184101
https://doi.org/10.1103/PhysRevB.72.144101
https://pubs.aip.org/aip/jap

