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Abstract 

Ferroelectric domain walls play a critical role in determining the polarization switching 
kinetics and physical properties in ferroelectric materials. There have been extensive studies 
on identifying the domain wall structures and domain wall energies. Nevertheless, the 
predicted domain wall energies tend to vary a lot for the same type of domain walls, and it 
remains elusive under what conditions the non-Ising type domain wall is more stable than the 
Ising type. In this work, we performed first-principles calculations to evaluate the structures 
and energetics of several types of domain walls for two prototypical tetragonal ferroelectric 
perovskites, PbTiO3 and BaTiO3, including charge-neutral 90° domain walls, Ising-type and 
Ising-Bloch-type 180° domain walls with various orientations. We adopted three schemes of 
structural optimization to optimize the domain wall structures and extract the domain wall 
energies by carefully eliminating the contribution from strain energies. We discussed how the 
choice of the schemes influence the calculation results and their applicable conditions. We 
found that the anisotropy of domain wall energy for Ising-type 180° walls is larger in BaTiO3 
than that in PbTiO3. The emergence of Bloch component in PbTiO3 can lower the domain 
wall energy and reduce its anisotropy. This work offers a more accurate method for predicting 
the domain wall structures and energetics of ferroelectrics. The calculation results can be 
useful for understanding of stability of ferroelectric domain walls with high-index orientations 
and non-Ising characteristics, which is of critical importance in developing domain wall 
nanoelectronics. 
 
Key words: ferroelectric domain walls; BaTiO3; PbTiO3; perovskite oxides; first-principles 
calculations 
1. Introduction 

Ferroelectric materials are featured by the presence of spontaneous polarization that can 
be reversed by an applied electric field. One of the salient microstructural characteristics of 
ferroelectric materials is the formation of polar domains that are separated by domain walls 
(DWs). The DWs have been demonstrated to exhibit behaviors different from the domains, 
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such as reduced mechanical compliance[1], enhanced dielectric permittivity[2, 3], increased 
electronic conduction[4, 5], and improved photovoltaic effects[6, 7]. Moreover, the dynamics 
of DWs during ferroelectric switching is closely related to the fatigue and degradation 
behaviors of ferroelectric materials[8]. Therefore, understanding the statics and dynamics of 
DWs is of great importance not only for harnessing their distinct properties but also for 
enhancing the reliability of ferroelectrics-based electronic devices.  
There have been extensive theoretical efforts devoting to understanding the structure and 

kinetics of DWs, including the Landau-Ginzburg-Devonshire (LGD) theory and first-
principles calculations. The LGD theory has been utilized to derive closed-form solutions of 
the polarization distribution, thickness, and formation energy of ferroelectric DWs[9, 10]. The 
parameters used in the LGD model can be evaluated by fitting to experimental measurements 
of the bulk materials[10]. On the other hand, first-principles calculations can predict the 
structures and energies of DWs free of fitting parameters and provide insights on the 
configuration and properties of DWs from the atomistic and electronic perspectives.  
However, the DW energies obtained from the first-principles calculations may be 

influenced by the structural optimization schemes [11, 12]. In general, there are three types of 
schemes to relax the DW supercell in literature: (i) both the lattice vectors and the atomic 
positions are fully relaxed, as adopted in Ref.[13-15]; (ii) only the lattice vector normal to the 
DW plane and the atomic positions are relaxed, while the other two lattice vectors parallel to 
the DW plane are fixed, as adopted in Ref.[12, 16]; (iii) only the atomic positions are relaxed 
while keeping the three lattice vectors fixed, as adopted in Ref.[4, 11, 15, 17, 18]. In addition, 
symmetry constraints may be imposed to the atomic relaxation, such as the mirror operation 
and inversion centers. One of the main objectives of this work is to compare and discuss the 
applicability of those schemes under different constraints.  
DWs of perovskite oxides such as PbTiO3 (PTO) and BaTiO3 (BTO) have been 

extensively investigated using first-principles calculations. Most previous studies focused on 
90° DWs and (100)- or (110)-oriented 180° DWs[11, 16, 18-20]. The investigation on 180° 
DWs parallel to a high-index plane is limited. Li et al.[12] investigated (410)-oriented as well 
as (100)-oriented 180° DWs of tetragonal BaTiO3 and found no preferred orientation based on 
the close DW energies of (100)- and (410)-oriented DWs. Based on the LGD theory, the 
anisotropy of polarization vectors at the DW in tetragonal BaTiO3 was investigated[21, 22]. 
However, the general anisotropy of 180° DW energies in tetragonal ferroelectric perovskites 
has not been investigated. The DW anisotropy is of significant importance for understanding 
the orientation preference of DW formation and motion in ferroelectric crystals. 

The chirality of ferroelectric DWs enables another degree of freedom to be tuned for 
logic and memory device applications[23]. However, there remains large discrepancy in the 
existing literature for the presence and stability of chiral DWs. For example, the 180° DWs of 
perovskite oxides have long been considered as pure Ising-type DWs, across which the 
polarization vectors simply change the magnitude while reversing their directions. Lee et 
al.[16, 24] and Behera et al.[15] have found Bloch- and (or) Néel-component in 180° DWs in 
PbTiO3 and LiNbO3 in addition to the predominant Ising-component using first-principles 
calculations. Phenomenological analysis and phase-field simulations have found that the 
emergence of non-Ising components may be ascribed to the flexoelectric effect[21, 22]. Using 
first-principles calculations, Wang et al.[17] studied atomic and electronic structure of 180° 
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DWs in PbTiO3 and found that the Bloch-type component originates from the large 
displacement of Pb and Pb-O hybridization at the DWs. The existing studies of Bloch-type 
component are mainly focused on DWs with low crystallographic indices in the tetragonal 
phase with only a few exceptions[12, 21]. Nevertheless, it remains unknown whether there are 
non-Ising or chiral components in DWs with high crystallographic indices. 

In this work, we systematically investigate the DW energies of two prototypical 
tetragonal ferroelectric perovskites: PbTiO3 and BaTiO3. We adopt three structural 
optimization schemes to calculate the structures and energetics of the DWs and compare their 
conditions of applicability which are described in Section 2. We also evaluated and discussed 
the anisotropy of the 180° DW energies in BaTiO3 and PbTiO3 in Section 3, which suggests 
that BaTiO3 exhibits a larger anisotropy than PbTiO3 in terms of the 180° DW energy. It is 
found that the non-Ising type component is observed in all 180° DWs of PbTiO3 and is 
energetically more favorable than its Ising-type counterpart, regardless of orientations. We 
summarized our findings in Section 4.  
 
2. Theoretical Details 
2.1  Method of calculation 

We perform first-principles calculations based on density functional theory using Vienna 
Ab initio Simulation Package (VASP). We employ the projector-augmented wave (PAW) 
method[25-27] with the local-density approximation (LDA)[28] and an cutoff energy 520 eV. 
The projector augmented wave potentials include 6 valence electrons for O (2s22p4), 12 for Ti 
(3s23p63d24s2), 14 for Pb (5d106s26p2), and 10 for Ba (5s25p66s2). The geometry optimizations 
are performed using the conjugate gradient algorithm until forces acting on the ions are less 
than 10-3 eV/Å. The change of total energy was converged to 10-6 eV. Γ-centered k-point 
meshes for every supercell in this work are summarized in Table 1. Crystal and DW structures 
are plotted using VESTA[29]. 
 
2.2  Domain wall structures  

The present work focuses on two prototypical ferroelectric perovskite oxides, PbTiO3 and 
BaTiO3. PbTiO3 undergoes a phase transition from a paraelectric cubic phase to a ferroelectric 
tetragonal phase at 763 K and remains the tetragonal phase down to 0 K. BaTiO3 undergoes a 
series of structural phase transitions from a cubic to a tetragonal phase at 393 K, then to an 
orthorhombic phase at 278 K, and finally to a rhombohedral phase at 183 K. In this work, we 
only consider the tetragonal phase of both materials. DWs in tetragonal ferroelectric phase 
can been classified into 180° and 90° types[11, 16, 18-20], where the polarization directions 
on the two sides of the DW are antiparallel and perpendicular, respectively. Table 1 
summarizes the information of all supercells for DW calculations in this paper.  

For the 180° DWs parallel to {100} planes, we adopt a five-atom unit cell to construct a 
series of N´1´1 (along the x, y, z direction, respectively) reference supercells and then set the 
pure Ising-type (I) DWs (opposite polarization with +Pz and –Pz on the two sides of the DW) 
using a twin-like operation. Here, N is the number of perovskite unit cells in the supercell 
with 180° DWs. The normal of the wall is along x direction, the polarization is along z 
direction, and y direction is perpendicular to the x-z plane. The A-centered (A) and B-centered 
(B) 180° DWs are taken into consideration, in which either A or B atoms are set as the 
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inversion centers, as shown in Fig. 1(a)-(b). Furthermore, we construct the mixed Ising-
Bloch-type (IB) DWs with anti-parallel Bloch-type component by displacing the A atoms in 
two DWs at the center and the boundary of the supercells along +y and –y direction, 
respectively. The two DWs at the center and the boundary of the supercells are equivalent. 
Note that we only present the results of IB-type DWs for tetragonal PbTiO3 here because our 
calculations show that the relaxation of a preset IB-type DW for tetragonal BaTiO3 lead to 
unstable supercell structures. 

We also construct supercells containing Ising-type 180° DWs with orientations different 
from (100), which we termed as high-index domain wall planes. The building blocks for the 
DW parallel to the (110), (120), (130) and (140) planes are shown in Fig. 2(a). Similarly, the 
reference supercells are constructed and then the supercells with 180° DWs are obtained by 
applying a twin-like operation on the building blocks of one side, as shown in Fig. 2(b)-(e). 
Furthermore, the mixed Ising-Bloch-type DWs with anti-parallel Bloch-type components are 
constructed by displacing the A atoms in the two DWs along +y and –y directions, 
respectively. 

For the 90° DWs, we only consider the head-to-tail polarization configuration for 
charged neutrality consideration, which is presumably more stable than the head-to-head and 
tail-to-tail configurations. Because the ferroelastic nature of 90° DWs, the energetically 
favorable orientation of the DW plane belongs to {110} planes. Fig. 1(c) shows the geometry 
of the supercell containing the 90° DW, which are oriented to the (101) plane with lattice 

parameters 𝑁𝑐%1 + (𝑐/𝑎)!, a, and 𝑎%1 + (𝑐/𝑎)! in x, y, and z directions, respectively. Here, 

N is the number of perovskite unit cells in the supercell with 90° DWs, and a and c are lattice 
parameters of the unit cell. We notice that the supercells containing 90° DWs of BaTiO3 were 
not stable against structural relaxation, which is likely to be ascribed to the fact that tetragonal 
BTO is not stable phase at 0 K. Therefore, we only consider the 90° DW of PbTiO3.  
Table 1 Description of the supercells constructed (N = 8, 10, 12, 14, 16). 

DWs Degree 
(°) Orientation DW 

plane Type Supercell size # of 
atoms 

k-point 
mesh 

PTO-A-I 180 (100) AO I N´1´1 5N 1´7´7 
PTO-B-I 180 (100) BO I N´1´1 5N 1´7´7 
PTO-A-IB 180 (100) AO IB 16´1´1 80 1´7´7 
PTO-110-I 180 (110) ABO I 8√2´√2´1 80 1´5´7 
PTO-120-I 180 (120) AO I 4√5´√5´1 100 1´4´7 
PTO-130-I 180 (130) ABO I 4√10´√10´1 200 1´3´7 
PTO-140-I 180 (140) AO I 2√17´√17´1 170 1´2´7 
PTO-110-IB 180 (110) ABO IB 8√2´√2´1 80 1´5´7 
PTO-120-IB 180 (120) AO IB 4√5´√5´1 100 1´4´7 
PTO-130-IB 180 (130) ABO IB 4√10´√10´1 200 1´3´7 
PTO-140-IB 180 (140) AO IB 2√17´√17´1 170 1´2´7 
PTO-90 90 (101) ABO N/A N/A 5N 1´7´5 
BTO-A-I 180 (100) AO I 16´1´1 80 1´7´7 
BTO-B-I 180 (100) BO I 16´1´1 80 1´7´7 
BTO-110-I 180 (110) ABO I 8√2´√2´1 80 1´5´7 
BTO-120-I 180 (120) AO I 4√5´√5´1 100 1´4´7 
BTO-130-I 180 (130) ABO I 4√10´√10´1 200 1´3´7 
BTO-140-I 180 (140) AO I 2√17´√17´1 170 1´2´7 
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Fig.1. (a) Unit cell of tetragonal ABO3 perovskite. (b)-(d) Geometry of supercells with (b) A-centered 180° 
DWs, (c) B-centered 180° DWs and (d) 90° DWs. O atoms in 90° DW structure were not shown. 
 

 
Fig.2. (a) Building blocks of tetragonal ABO3 perovskite for supercells with (1k0)-oriented 180° DWs 

construction, (k = 1, 2, 3, 4). Geometry of supercells with (b) (110)-oriented DWs, (c) (120)-oriented DWs, 
(d) (130)-oriented DWs and (e) (140)-oriented DWs. O atoms in supercells were not shown. 
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2.3  Three schemes for domain wall energy calculations    
In ferroelectric perovskite oxides, the appearance of DWs leads to the change of lattice 

constants in the proximity of the DWs. The higher the density of DWs, the larger the change 
of lattice parameters with respect to the single-domain state. The lattice parameters of the 
supercell with very low density of DWs should approach those of a single domain supercell. 
The formation energy Ef is expressed as following: 𝐸" = 𝐸# + 2𝑆𝛾, where Es is strain energy, 
S is the area of DW and γis DW energy. To accurately evaluate the DW energies, we adopt 
three structural optimization schemes which can be applied to different situations. We first 
describe the key steps of each scheme and discuss their applicable conditions. The results of 
DW energies and structures obtained by using different schemes for the studied materials will 
be compared and discussed in the next section. 

Scheme 1: Fully relaxed supercell with DWs 
(1) Acquire the total energy Ebulk,1 of the fully relaxed supercell with the DWs by allowing the 
cell shape, cell volume and atomic positions to relax. 

(2) Construct a supercell with the same supercell size as obtained in Step (1) but without 
creating the DWs. The two lattice parameters parallel to the DW plane are fixed to be 
same as those of supercell with DWs; the third lattice parameter and all atomic positions 
are allowed to relax. The obtained total energy is labeled as EDW,1.  

(3) The DW energy 𝛾$(N) in Scheme 1 can be calculated by  

 𝛾$(𝑁) =
%!",$('))%%&'(,$(')

!*
,  (1) 

where S is the area of DW, N is the number of unit cells in the supercell. Then, we 
calculate 𝛾$(𝑁) for a series of supercells with increasing size N and fit these energies to  

 𝛾$(𝑁) = 𝑘 $
'
+ 𝛾+→+∞. (2) 

where k and 𝛾+→+∞ are fitting parameters. The y-intercept of the fitting line, 𝛾+→+∞, is 
taken as the DW energy in low DW density condition obtained by Scheme 1.  
Scheme 2: Fully relaxed bulk supercell 

(1) Acquire the total energy Ebulk,2 of a fully relaxed bulk supercell, i.e., the N´1´1 reference 
supercell with uniform polarization configuration. 

(2) Construct a supercell with DWs and fix the lattice parameters to be identical to those of 
the bulk supercell. Acquire the total energy EDW,2 by only relaxing the atomic positions. 
(3) The DW energy 𝛾!(N) in Scheme 2 can be calculated by  

 𝛾!(𝑁) =
%!",)('))%%&'(,)(')

!*
.  (3) 

Note that 𝛾!(N) obtained in this way should show negligible dependence on the domain 
size and can be taken as the DW energy in the low DW density limit.  
Scheme 3: Fully relaxed bulk unit cell 

(1) Acquire the total energy Ebulk,3 of a fully relaxed bulk unit cell instead of a bulk supercell.  
(2) Construct a supercell containing DWs and fix the lattice parameters the same as those of 
the bulk unit cell. Acquire the total energy EDW,3(N) by only relaxing the atomic positions. 

(3) The formation energy Ef (N) of a supercell with DWs is calculated by  
 𝐸,(𝑁) = 𝐸-.,0(𝑁) − 𝑁𝐸1234,0.  (4) 
We can further write the formation energy in terms of  
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 𝐸,(𝑁) = 𝑁𝜉 + 2𝑆𝛾0,  (5) 
where S represents area of DW, 𝛾0 is DW energy independent of N, and ξ is a fitting 
parameter accounting for the energy difference per unit cell between the calculations 
based on a bulk unit cell and a bulk supercell. We calculate a series of energies 𝐸,(𝑁) with 
increasing N and fit the data to equation (5). The ξ can be obtained from the slope of the 
line and the DW energy 𝛾0 of Scheme 3 can be calculated from the y-intercept divided by 
2S. 
Scheme 1 can be adopted for the high-density DW (N is relatively small) case due to the 

fully structural optimization of supercell with DWs. While Scheme 2 and Scheme 3 are more 
applicable for low-density DWs cases, in which the lattice parameters of the supercell with 
DWs are fixed to be the same as those of a single-domain state. Scheme 3 can be used to 
calculating all DWs types considered in this work, including some special DW types that 
cannot be calculated in Scheme 1 and (or) 2. For example, the 90° DW energy of tetragonal 
phase cannot be calculated in Scheme 1 and 2 because the reference bulk supercell does not 
satisfy the periodic boundary conditions. In addition, the mixed Ising-Bloch-type 180° DW 
energies can be calculated in Scheme 2 and 3; in contrast, it leads to an unreasonable negative 
DW energy when computed using Scheme 1. A comparison of the conditions of applicability 
and the computational costs between the three schemes is summarized in Table 2.  

 
Table 2 Characteristics and application scenarios of three schemes. “all” in the table 2 represents all DWs 
structures constructed in this work.  

 Scheme 1 Scheme 2 Scheme 3 
Experimental 
situation 

high-density (N is small) 
low-density (	𝑁 →+∞) low-density low-density 

Applicable DWs 
structure except 90° and IB except 90° all 

Computational 
cost 

small (N is small) 
large (	𝑁 →+∞) small large 

 
2.4  Calculation of spontaneous polarization 

The Born effective charge tensor is defined as the proportionality coefficient measuring 
the polarization change in direction β caused by an atomic displacement in direction α under 
the conditions of zero external field. The Born effective charge tensor for a given ion i is 
defined as: 

 𝑍5,67∗ = 9*
:

;<+
;=,,-

|%>?,  (6) 

where α, β label the Cartesian directions and i labels the atoms. 𝜇5,7 is the coordinate of ion i 
in the direction α. 𝛺@ 	is the volume of the unit cell and e is the electron charge.  

The Born effective charge tensor is calculated using the density functional perturbation 
theory (DFPT)[30] as implemented in VASP. We adopt the “Ti-centered” unit cell proposed in 
Ref.[11] and choose the center of the eight A atoms as the reference position. The local 
polarization in the unit cell of j is calculated by  

 𝑷(A) = :
9*
∑ 𝑤5𝐙5∗5 (𝝁5

(A) − 𝒖?),  (7) 

where 𝝁5
(A) is the coordinate of atom i in the unit cell j, 𝒖? is the coordinate of the reference 
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position, 𝑤5 is the weight factor of atom i, and 𝐙5∗ is the Born effective charge tensor of atom 
i. The local polarizations are calculated using optimized supercells in Scheme 2. 
 
3 Results and discussion 
3.1  Lattice parameters and polarization 

The calculated lattice parameters and spontaneous polarization of the unit cell of 
tetragonal PbTiO3 and BaTiO3 are listed in Table 3. The lattice parameters are slightly lower 
than experimental values of the two pervoskites, which is typical for DFT calculations based 
on LDA due to the overbinding problem. The largest underestimation of -2.8% is from the 
lattice parameter c of tetragonal PbTiO3, which is in accordance with previous 
calculations[31, 32]. The polarization of bulk tetragonal PbTiO3 is 74.3 μC/cm2, consistent 
with experimental measured value of 75 μC/cm2 at room temperature. The polarization is 23.8 
μC/cm2 for bulk tetragonal BaTiO3 which is slightly lower than the experimental values 26 
μC/cm2. In general, our calculations give reasonable estimation of the lattice parameters and 
polarization.  
 

Table 3 Calculated lattice parameters and polarization. 
  A(Å) b(Å) c(Å) Ref. P(μC/cm2) Ref. 

PTO Calc. 3.867 3.867 4.032 this 
work 74.3 this 

work 
Expt. 3.900 3.900 4.150 [33] 75 [34] 

BTO Calc. 3.946 3.946 3.992 this 
work 23.8 this 

work 
Expt. 3.999 3.999 4.022 [35] 26 [36] 

 
3.2  Domain wall energies of (100)-oriented 180° DWs 

The 180° DW energies of tetragonal PbTiO3 are calculated using the three schemes 
discussed in Section 2.3.  

In Scheme 1, the lattice parameter c becomes smaller and lattice parameter b becomes 
larger for supercells with DWs compared with those parameters of the unit cell of bulk 
PbTiO3. As a result, the c/b ratio becomes smaller in the supercell with DWs, as shown in Fig. 
3(b). The c/b ratio approaches the bulk value (1.043) with the increase of supercell size for 
both Pb-centered and Ti-centered DWs, indicating a decrease of the strain energy in the 
domains, as shown in Fig. 3(c) and 3(d). In addition, with increasing supercell size, the lattice 
parameters approach those in bulk and therefore are deviated from those in the DW region, 
therefore, DW energies increase as shown in Fig. 3(c) and 3(d). As shown in Fig. 3(e) and 
3(f), the formation energy density, strain energy density and 2𝑆𝛾$(𝑁)/𝑁 decrease with the 
increase of the size of supercell. Due to the increasing DW energy, the lowering of 2𝑆𝛾$(𝑁)/
𝑁 arises from the decreasing total area (or density) of DWs.  

It is also worth noting that, for the same DW type, the DW energies obtained from 
Scheme 2 and 3 converge well with each other. For example, the DW energy of Pb-centered 
Ising-type 180° DW is predicted to be 125.7 mJ/m2 and 126.2 mJ/m2 using Scheme 2 and 3, 
respectively. Similarly, for Ti-centered case, the two values of 161.8 mJ/m2 and 161.2 mJ/m2, 
respectively. In Schemes 2 and 3, the lattice parameters of supercells with DWs are fixed the 
same as those of bulk, indicating larger strain (larger c, smaller b and larger c/b) in DW 



9 
 

region, which is consistent with calculated higher DW energies with respect to those 
calculated in Scheme 1. The fitted result is slightly lower than those obtained in Scheme 2 and 
3 for the more stable Pb-centered DWs. In addition, the DW energies are independent of 
supercell size due to fixed strain (fixed lattice parameters) in DW region as listed in Table 4, 
indicating the supercell is large enough so that the interaction between the two DWs in the 
supercell can be ignored. Overall, our results demonstrate the self-consistency between the 
different schemes in evaluating the DW energies.   

As listed in Table 4, the Pb-centered DWs exhibit smaller DW energies for all the 
schemes, indicating higher stability than the Ti-centered DWs. We fit these energies in 
Scheme 1 to equation (4) and the fitting results (𝑁 →+∞) are 118.8 mJ/m2 for Pb-centered and 
137.3 mJ/m2 for Ti-centered DWs, which are lower than DW energies for the low-density case 
calculated in Scheme 2 and 3.  

The Pb-centered and Ti-centered DW energies calculated in Scheme 2 and 3 are about 
126 mJ/m2 and 162 mJ/m2, which are slightly lower than previous theoretical values of 132 
mJ/m2 for Pb-centered and 169 mJ/m2 for Ti-centered DWs calculated by Meyer and 
Vanderbilt[11] using ultrasoft pseudopotentials (USPP) method with LDA. The calculated 90° 
DW energy in Scheme 3 is 28.3 mJ/m2, which is much lower than the experimental value 50 
mJ/m2[37] but agrees well with the theoretical value of 29.2 mJ/m2[38] using the PAW 
method with LDA and slightly lower than the theoretical value of 35 mJ/m2[11] using the 
USPP method with LDA.  
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Fig.3. The calculated (a) lattice parameters and (b) c/b ratio of supercells as a function of the supercell size 
N for Pb- and Ti-centered DWs optimized in Scheme 1. The dash lines in (a) and (b) are calculated lattice 
parameters b, c and c/b in bulk, respectively. Total energy of supercells as a function of the supercell size N 
for (c) Pb-centered and (d) Ti-centered DWs. Energy density of supercells as a function of the supercell size 
N for(e) Pb-centered and (f) Ti-centered DWs. 
 

Similar to PbTiO3, the same energy sequence for both DW plane types and structural 
optimization schemes hold for tetragonal BaTiO3, but with much lower DW energies, as listed 
in Table 5. In Scheme 2, the calculated Ba-centered and Ti-centered 180° DW of tetragonal 
BaTiO3 are 6.0 mJ/m2 and 13.9 mJ/m2, which are slightly lower than the values of 7.5 mJ/m2 
for Ba-centered and 16.8 mJ/m2 for Ti-centered DWs in Ref.[11] and much lower than 14.8 
mJ/m2 and 85.5 mJ/m2 in Ref.[12]. The disagreements between our calculations and work in 
Ref.[12] may be due to different calculation schemes and choice of pseudopotentials.  

For PbTiO3, the mixed Ising-Bloch-type DWs exhibit lower DW energies than Ising-type 
for A-centered type, as listed in Table 5. For the mixed Ising-Bloch-type DWs of the B-
centered type, our calculations lead to an unstable structure during the structural optimization. 
Therefore, we did not include the results here.    
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Table 4 Calculated 90° and Ising-type 180° domain wall energies (mJ/m2) of tetragonal PbTiO3. 

N 

 Scheme 1   Scheme 2   Scheme 3  
180° 180° 180° 180° 180° 180° 90° 
Pb-

centered 
Ti-

centered 
Pb-

centered 
Ti-

centered 
Pb-

centered 
Ti-

centered 
Pb-Ti-O 
centered 

8 92.1 95.2 125.9 161.8 — — — 
10 96.9 102.5 125.7 161.5 — — — 
12 100.6 108.5 125.5 161.3 — — — 
14 103.3 113.4 125.8 162.1 — — — 
16 105.7 116.2 125.7 162.4 — — — 
Fitted 
results 118.8 137.3 — — 126.2 161.2 28.3 

 
Table 5 Calculated (100)-oriented Ising-type and Ising-Bloch-type 180° domain wall energies (mJ/m2) 
using supercells with 16 unit cells.  

 Scheme 1  Scheme 2 
A-centered B-centered  A-centered B-centered 

PTO-A(B)-I 105.7 116.2  125.7 162.4 
BTO-A(B)-I 5.8 11.2  6.0 13.9 
PTO-A-IB — —  120.2 — 

 
3.3  Anisotropy of domain wall energies  

The calculated DW energies of A-centered 180° DWs of the tetragonal phase with 
different orientations are shown in Fig. 4. The (110)-oriented 180° DWs exhibit the largest 
DW energies for both PbTiO3 and BaTiO3, indicating (110) is the most unfavorable 
orientation, consistent with investigation on PbTiO3 by Pökkö et al[18]. In addition, the 
(130)-oriented 180° DWs also exhibit high DW energies. The B atoms are in the center of the 
DW plane for both (110)-oriented and (130)-oriented DWs, which is consistent with the 
calculations that B-centered (100)-oriented DWs exhibit higher DW energies than those of A-
centered (100)-oriented DWs. For BaTiO3, (140)-oriented DW energy is close to that of 
(100)-oriented DW, which agrees with previous calculations[12]. 

The DW energy anisotropic factor for orientation i can be defined as 𝐾5 =
B(C,)CD))

CD
, 

where 𝛾̅ is the average value of DW energies of different orientations, which is defined as 

isotropic parts. The %(𝛾5 − 𝛾̅)!  is defined as anisotropic parts. Larger ∑𝐾5  values indicate 

larger anisotropy. The K(110) is the largest for both PbTiO3 and BaTiO3, taking more than 42% 
of sum of all the anisotropic factors. As listed in Table 6, the BaTiO3 generally exhibits larger 
anisotropy than PbTiO3 in terms of the 180° DW energies with larger anisotropic factors, 
which is consistent with the study by Hlinka et al.[39]. Note that Ref [37] estimates the 
anisotropy of the two materials by analyzing the experimental phonon spectra. Here, our 
results provide evidence from first-principles calculations verifying the experimental findings. 
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Fig.4. Ising-type 180° domain wall energies (mJ/m2) of tetragonal (a) PbTiO3 and (b) BaTiO3 as a function 
of the rotation angle of the domain wall plane around [001]. The angle 0° corresponds to the normal of the 
DW plane along [100] and 90° corresponds to the normal of domain wall plane along [010].  
 
Table 6 Calculated anisotropic factors of orientation dependent Ising-type and mixed Ising-Bloch-type 180° 
DWs. 

 Scheme K(100) K(110) K(120) K(130) K(140) ∑ 𝐾$$   
PTO-I 1 0.0068 0.2291 0.0923 0.0162 0.1139 0.4582 
PTO-I 2 0.0619 0.1321 0.0478 0.0179 0.0403 0.3000 
BTO-I 1 0.1643 0.3256 0.0634 0.0519 0.1499 0.7550 
BTO-I 2 0.2308 0.4487 0.1154 0.0769 0.1795 1.0513 
PTO-IB 2 0.0535 0.0947 0.0189 0.0110 0.0102 0.1874 

 
Compared with pure Ising-type 180° DWs, the mixed Ising-Bloch-type 180° DWs 

exhibit slightly lower DW energies for all orientations for tetragonal PbTiO3 as shown in Fig. 
5. This finding suggests that the emergence of the Bloch-type component increases the 
stability of 180° DWs of tetragonal PbTiO3 regardless of the DW orientations. Moreover, the 
existence of the Bloch-type component also changes the anisotropy of the DW energies, as 
shown in Fig. 5 and their anisotropic factors in Table 6. Compared with pure Ising-type DWs, 
the Ising-Bloch-type DWs of tetragonal PbTiO3 becomes more isotropic with respect to 
different orientations. 
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Fig.5. Ising-type and Ising-Bloch-type 180° domain wall energies (mJ/m2) of tetragonal PbTiO3 as a 
function of the rotation angle in Scheme 2. 
 
3.4  Polarization profiles across the domain walls   

We further examine the distribution of the ferroelectric polarization across the 180° DWs 
with different orientations. The polarization profiles of (1k0)-oriented (k = 1, 2, 3, 4) Ising-
type and mixed Ising-Bloch-type 180° DWs of tetragonal PbTiO3 optimized in Scheme 2 are 
shown in Fig. 6. For the Ising-type 180° DWs of PbTiO3, the polarization in the region far 
away from DW is close to that in bulk. The polarization reduces abruptly to zero in the center 
of DW and reincreases to its bulk value in the opposite direction. The width of 180° DW is 
measured to be less than 10 Å, showing excellent agreement with atomic-force microscopy 
observation[40]. On the other hand, stable Bloch components can be obtained regardless of 
orientations. For Ising-Bloch-type 180° DW of PbTiO3, the Bloch-type component Py in the 
(100)-oriented DWs peaks at the DW center to be 25.5 μC/cm2, which is more than one third 
of the Ising component Pz. Our calculation is much lower than the maximum Bloch-type 
component 65 μC/cm2 in Ref. [41], but consistent with the value of 28.4 μC/cm2 obtained by 
the first-principles calculation in Ref.[17]. Among all (1k0)-oriented DWs we studied, the 
(110)-oriented DW manifests a maximal Bloch-type component with the value of 34.7 
μC/cm2. Meanwhile, it also shows the largest difference in the DW energy relative to the 
corresponding Ising-type DW. If we define the width at half height of the peak of Bloch-type 
component polarization profile to be the width of the mixed Ising-Bloch-type DWs, the width 
of the mixed Ising-Bloch-type DW of PbTiO3 is around 7.4 Å, almost independent of the 
DWs orientation and supercell size. In addition, the Ising component Pz of the mixed Ising-
Bloch-type DWs does not deviate much from that of the Ising-type DWs, indicating the Pz 
and Py components are weakly coupled in the IB-type DWs.  
 



14 
 

 
Fig.6. The polarization profiles of (1k0)-oriented DWs (k = 0, 1, 2, 3, 4) of PbTiO3. (a) Ising-type, (b) 
Ising-Bloch-type. The horizontal dash lines indicate the magnitude of polarization in the bulk. Herein d is 
the distance away from the central domain wall plane. 
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4 Summary 
In this study, we have adopted three structural optimization schemes to calculate the 

energies of various types of 180° and 90° DWs for two prototypical tetragonal ferroelectric 
perovskites, PbTiO3 and BaTiO3. Many subtleties that affect the values of DW energies have 
been carefully examined, including the centered atom in the DW plane, system size, DW 
orientation, presence of non-Ising polarization components. In particular, we evaluated the 
anisotropy of 180° DW energies for Ising-type DWs of PbTiO3 and BaTiO3 and Ising-Bloch-
type DWs of PbTiO3. The results showed that 

(1) The value of DW energies can be influenced by the different schemes for structural 
relaxation of the supercells. This dependence can explain the scattered values of DW 
energies and the discrepancy in the prediction of non-Ising type DWs reported in 
previous studies using first-principles calculations. We also demonstrated that a self-
consistent result on the DW energies can be achieved by using the proposed 
structural relaxation Scheme 2 and 3.   

(2) The anisotropy of 180° DW energy is larger in tetragonal BaTiO3 than that in 
tetragonal PbTiO3. For both materials, the (110)-oriented 180° DW exhibit the 
highest DW energies. Our ab initio results verified the previous estimation on the 
DW anisotropy for the two materials based on experimental measurements and LGD 
theory[37].  

(3) The presence of Bloch-type component in the mixed Ising-Bloch-type DWs lowers 
the DW energies of tetragonal PbTiO3, leading to more isotropic DW energies. The 
knowledge on the stability of non-Ising type DWs can be useful to guide the domain 
wall engineering for advanced ferroelectrics-based nanoelectronics[42]. 
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Figure Captions: 
 
Fig.1. (a) Unit cell of tetragonal ABO3 perovskite. (b)-(d) Geometry of supercells with (b) A-centered 180° 
DWs, (c) B-centered 180° DWs and (d) 90° DWs. O atoms in 90° DW structure were not shown. 
 
Fig.2. (a) Building blocks of tetragonal ABO3 perovskite for supercells with (1k0)-oriented 180° DWs 
construction, (k = 1, 2, 3, 4). Geometry of supercells with (b) (110)-oriented DWs, (c) (120)-oriented DWs, 
(d) (130)-oriented DWs and (e) (140)-oriented DWs. O atoms in supercells were not shown. 
 
Fig.3. The calculated (a) lattice parameters and (b) c/b ratio of supercells as a function of the supercell size 
N for Pb- and Ti-centered DWs optimized in Scheme 1. The dash lines in (a) and (b) are calculated lattice 
parameters b, c and c/b in bulk, respectively. Total energy of supercells as a function of the supercell size N 
for (c) Pb-centered and (d) Ti-centered DWs. Energy density of supercells as a function of the supercell 
siIN for (e) Pb-centered and (f) Ti-centered DWs. 
 
Fig.4. Ising-type 180° domain wall energies (mJ/m2) of tetragonal (a) PbTiO3 and (b) BaTiO3 as a function 
of the rotation angle of the domain wall plane around [001]. The angle 0° corresponds to the normal of the 
DW plane along [100] and 90° corresponds to the normal of domain wall plane along [010].  
 
Fig.5. Ising-type and Ising-Bloch-type 180° domain wall energies (mJ/m2) of tetragonal PbTiO3 as a 
function of the rotation angle in Scheme 2. 
 
Fig.6. The polarization profiles of (1k0)-oriented DWs (k = 0, 1, 2, 3, 4) of PbTiO3. (a) Ising-type, (b) 
Ising-Bloch-type. The horizontal dash lines indicate the magnitude of polarization in the bulk. Herein d is 
the distance away from the central domain wall plane. 
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Table Captions: 
 
Table 1 Description of the supercells constructed (N = 8, 10, 12, 14, 16) 
 
Table 2 Characteristics and application scenarios of three schemes. All represent all DWs structures 
constructed in this work.  
 
Table 3 Calculated lattice parameters and polarization. 
 
Table 4 Calculated 90° and Ising-type 180° domain wall energies (mJ/m2) of tetragonal PbTiO3. 
 
Table 5 Calculated (100)-oriented Ising-type and Ising-Bloch-type 180° domain wall energies (mJ/m2) 
using supercells with 16 unit cells.  
 
Table 6 Calculated anisotropic factors of orientation dependent Ising-type and mixed Ising-Bloch-type 180° 
DWs. 
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Fig.1. (a) Unit cell of tetragonal ABO3 perovskite. (b)-(d) Geometry of supercells with (b) A-centered 180° 
DWs, (c) B-centered 180° DWs and (d) 90° DWs. O atoms in 90° DW structure were not shown. 
 

 
Fig.2. (a) Building blocks of tetragonal ABO3 perovskite for supercells with (1k0)-oriented 180° DWs 

construction, (k = 1, 2, 3, 4). Geometry of supercells with (b) (110)-oriented DWs, (c) (120)-oriented DWs, 
(d) (130)-oriented DWs and (e) (140)-oriented DWs. O atoms in supercells were not shown. 
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Fig.3. The calculated (a) lattice parameters and (b) c/b ratio of supercells as a function of the supercell size 
N for Pb- and Ti-centered DWs optimized in Scheme 1. The dash lines in (a) and (b) are calculated lattice 
parameters b, c and c/b in bulk, respectively. Total energy of supercells as a function of the supercell size N 
for (c) Pb-centered and (d) Ti-centered DWs. Energy density of supercells as a function of the supercell size 
N for (e) Pb-centered and (f) Ti-centered DWs. 
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Fig.4. Ising-type 180° domain wall energies (mJ/m2) of tetragonal (a) PbTiO3 and (b) BaTiO3 as a function 
of the rotation angle of the domain wall plane around [001]. The angle 0° corresponds to the normal of the 
DW plane along [100] and 90° corresponds to the normal of domain wall plane along [010].  
 

 
Fig.5. Ising-type and Ising-Bloch-type 180° domain wall energies (mJ/m2) of tetragonal PbTiO3 as a 
function of the rotation angle in Scheme 2. 
 



23 
 

 
Fig.6. The polarization profiles of (1k0)-oriented DWs (k = 0, 1, 2, 3, 4) of PbTiO3. (a) Ising-type, (b) 
Ising-Bloch-type. The horizontal dash lines indicate the magnitude of polarization in the bulk. Herein d is 
the distance away from the central domain wall plane. 
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Table 1 Description of the supercells constructed (N = 8, 10, 12, 14, 16). 

DWs Degree 
(°) 

Orien
tation 

DW 
plane Type Supercell size # of 

atoms 
k-point 
mesh 

PTO-A-I 180 (100) AO I N´1´1 5N 1´7´7 
PTO-B-I 180 (100) BO I N´1´1 5N 1´7´7 
PTO-A-IB 180 (100) AO IB 16´1´1 80 1´7´7 
PTO-110-I 180 (110) ABO I 8√2´√2´1 80 1´5´7 
PTO-120-I 180 (120) AO I 4√5´√5´1 100 1´4´7 
PTO-130-I 180 (130) ABO I 4√10´√10´1 200 1´3´7 
PTO-140-I 180 (140) AO I 2√17´√17´1 170 1´2´7 
PTO-110-IB 180 (110) ABO IB 8√2´√2´1 80 1´5´7 
PTO-120-IB 180 (120) AO IB 4√5´√5´1 100 1´4´7 
PTO-130-IB 180 (130) ABO IB 4√10´√10´1 200 1´3´7 
PTO-140-IB 180 (140) AO IB 2√17´√17´1 170 1´2´7 
PTO-90 90 (101) ABO N/A N/A 5N 1´7´5 
BTO-A-I 180 (100) AO I 16´1´1 80 1´7´7 
BTO-B-I 180 (100) BO I 16´1´1 80 1´7´7 
BTO-110-I 180 (110) ABO I 8√2´√2´1 80 1´5´7 
BTO-120-I 180 (120) AO I 4√5´√5´1 100 1´4´7 
BTO-130-I 180 (130) ABO I 4√10´√10´1 200 1´3´7 
BTO-140-I 180 (140) AO I 2√17´√17´1 170 1´2´7 

 
Table 2 Characteristics and application scenarios of three schemes. All represent all DWs structures 
constructed in this work.  

 Scheme 1 Scheme 2 Scheme 3 
Experimental 
situation 

high-density (N is small) 
low-density (	𝑁 →+∞) low-density low-density 

Applicable DWs 
structure except 90° and IB except 90° all 

Computational 
cost 

small (N is small) 
large (	𝑁 →+∞) small large 

 
Table 3 Calculated lattice parameters and polarization. 

  a(Å) b(Å) c(Å) Ref. P(μC/cm2) Ref. 

PTO Calc. 3.867 3.867 4.032 this 
work 74.3 this 

work 
Expt. 3.900 3.900 4.150 [33] 75 [34] 

BTO Calc. 3.946 3.946 3.992 this 
work 23.8 this 

work 
Expt. 3.999 3.999 4.022 [35] 26 [36] 
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Table 4 Calculated 90° and Ising-type 180° domain wall energies (mJ/m2) of tetragonal PbTiO3. 

N 

 Scheme 1   Scheme 2   Scheme 3  
180° 180° 180° 180° 180° 180° 90° 
Pb-

centered 
Ti-

centered 
Pb-

centered 
Ti-

centered 
Pb-

centered 
Ti-

centered 
Pb-Ti-O 
centered 

8 92.1 95.2 125.9 161.8 — — — 
10 96.9 102.5 125.7 161.5 — — — 
12 100.6 108.5 125.5 161.3 — — — 
14 103.3 113.4 125.8 162.1 — — — 
16 105.7 116.2 125.7 162.4 — — — 

Fitting 
results 118.8 137.3 — — 126.2 161.2 28.3 

 
Table 5 Calculated (100)-oriented Ising-type and Ising-Bloch-type 180° domain wall energies (mJ/m2) 
using supercells with 16 unit cells.  

 Scheme 1  Scheme 2 
A-centered B-centered  A-centered B-centered 

PTO-A(B)-I 105.7 116.2  125.7 162.4 
BTO-A(B)-I 5.8 11.2  6.0 13.9 
PTO-A(B)-IB — —  120.2 — 

 
Table 6 Calculated anisotropic factors of orientation dependent Ising-type and mixed Ising-Bloch-type 180° 
DWs. 

 Scheme K(100) K(110) K(120) K(130) K(140) ∑ 𝐾$$   
PTO-I 1 0.0068 0.2291 0.0923 0.0162 0.1139 0.4582 
PTO-I 2 0.0619 0.1321 0.0478 0.0179 0.0403 0.3000 
BTO-I 1 0.1643 0.3256 0.0634 0.0519 0.1499 0.7550 
BTO-I 2 0.2308 0.4487 0.1154 0.0769 0.1795 1.0513 
PTO-IB 2 0.0535 0.0947 0.0189 0.0110 0.0102 0.1874 

 


