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using ﬁrst-principles density functional theory
Masanobu NAKAYAMA,*,**,***,³ Shota HOTTA,* Tomoaki NAKAMURA* and Toshihiro KASUGA****
*Department

of Materials Science and Engineering, Nagoya Institute of Technology, Gokiso, Showa, Nagoya 466–8555, Japan
Science and Technology Agency, PRESTO, 4–1–8 Honcho Kawaguchi, Saitama 332–0012, Japan
***Unit of Elements Strategy Initiative for Catalysts & Batteries (ESICB), Kyoto University,
Katsura, Saikyo-ku, Kyoto 615–8520, Japan
****Department of Frontier Materials, Nagoya Institute of Technology, Gokiso, Showa, Nagoya 466–8555, Japan
**Japan

First-priciples density functional theory (DFT) techniques are used to provide atomic-scale insight into the surface structures
and crystal morphologies of cubic barium titanate, BaTiO3. Relaxed surface structures and energies are calculated for 3 low
index planes and resulting equilibrium morphology based on Wulff’s theorem with {001} and {011} faces were constructed. The
calculated surface energies are strongly dependent on the coordination loss of TiO6 octahedra at the surface. The optimized
structure at the low-energy surfaces shows that only atoms at 1st perovskite layer are displaced from ideal position, while no
signiﬁcant displacements are indicated. On the other hand, the Bader charge analysis shows that the ionicity of whole the cations
in the slab (7 perovskite layers) is larger than that in the bulk. Therefore, change of electric property is expected at the surface
region, which is not due to the surface reconstruction, but to the change of electronic structure.
©2013 The Ceramic Society of Japan. All rights reserved.
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1.

Introduction

Perovskite-type BaTiO3 (BT) particles used as raw materials
for electronic devices, such as multilayered ceramic capacitors
(MLCC), has attracted considerable attentions owning to their
excellent dielectric properties, and the fundamental fascination
of the relationship between their various electronic properties
and crystal structure.1) Therefore, BT materials have been studied
extensively for many years. One of the interesting phenomena
related to BT materials is a “size effect”, in which the ferroelectricity reduces with decreasing particle size and vanishes
below certain critical size.2)8) In addition, Wada et al. reported
ultrahigh dielectric constants of ³15 000, when the particle size
approaches to 60 nm.8) They found that the BT nano-particles
possessed two regions of (a) a surface cubic and (b) a bulk
tetragonal BT structures. This suggests observed high dielectric
constants related to the surface cubic-BT structure, since the
contribution of surface becomes emphasized by nanorization.
To clarify the effect of surface structure and energies of cubicBT, ﬁrst-principles density functional theory (DFT) has been
performed in this paper. The thermodynamic equilibrium shape
(morphology) of a crystal was determined through the Wulff
construction procedure.9) The crystal and electronic structures are
discussed for the sake of understanding electronic properties of
particle size effect in the BT compound.

2.

Methodology

All ﬁrst-principles DFT calculations were performed using the
Vienna ab initio simulation package (VASP)10),11) with the modiﬁed PerdewBurkeErnzerhof generalized gradient approximation (GGA-PBEsol)12),13) and projector-augmented wave (PAW)
³
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method.14) Spin polarization calculation was adopted. An energy
cutoff was of 500 eV and appropriate k-point meshes are chosen
to ensure that the total energies are converged within 3 meV per
BaTiO3. The relaxation of lattice parameters and fractional coordinates was allowed for the bulk cubic-BT structure, and the ﬁnal
energies of the optimized geometries were recalculated to correct
for changes in the plane-wave basis during the relaxation, unless
speciﬁcally mentioned otherwise.
The surface cubic-BT structures were simulated using the slab
technique, in which a set of inﬁnite layers separated by vacuum
layers are repeated periodically along the surface normal.15)
The slabs were constructed such that the two sides of it are
symmetrically equivalent and can be mapped into each other by
an inversion or mirror type of symmetry operation in the middle
of the slab. Only three low-index facets of (001), (011), and
(111) surfaces were calculated in present computations due to
expensive computational cost for these surface simulations. In
addition, charge-balanced stoichiometric slabs are only considered by adjusting the number of surface atoms keeping above
symmetry constraint in this study. Total 6 termination models
were constructed as follows; BaO- and TiO2-terminated (001)
surfaces, O2- and BaTiO-terminated (011) surfaces, and Ti- and
BaO3-terminated surfaces. (See Fig. 1.) All the bulk and slab
calculations were performed taking the symmetry into account
during ionic relaxation, which prevents the transition to lower
symmetric phase for the bulk and cancels polarity appeared at top
and bottom of the slab.

3.

Result and discussion

The cubic lattice parameter of the bulk cubic-BT phase is
3.98899¡, showing good agreement with experimental one
(3.996 ¡ at 393 K).16) The obtained cubic lattice parameter was
set and ﬁxed for ab-plane of the slab (parallel to slab) for the slab
simulation, and only ions were allowed to relax. The thickness of
611
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Table 1. Surface energies of cubic BaTiO3 in three low-index directions
with two sets of termination. (See main text)

Surfaces
Termination*
£ /eV ¡

¹2

(001)

(011)

(111)

BaO

TiO2

O2

BaTiO

Ti

BaO3

0.076

0.263

0.072

0.107

0.104

0.100

Fig. 3. Wulff shape of BaTiO3 using calculated surface energies
at Table 1.

Fig. 1. Optimized surface structure of (001), (011), and (111) facets
with two termination structure. The large, middle, and small spheres
correspond to Ba, Ti, and O atoms, respectively, and Ti and O atoms are
connected by bonds.

Fig. 2. Variation of the calculated surface energies with various slab
thickness. The surface energy refers to the O2-terminated (011) surface.

vacuum layer was set to be 10 ¡ in the present slab simulation.
The surface energy, Esurf, can be determined for the stoichiometric slab simulation by following equation,
Esurf ¼ 1=ðn  ·Þ½Eslab ðBan Tin O3n Þ  nEbulk ðBaTiO3 Þ
in which Eslab and Ebulk refer to total energy of the slab and the
bulk of cubic-BT, respectively, and n and · stand for the mole
number of BT phase and the surface area, respectively, in the
corresponding slab model. Figure 2 displays typical examples of
calculated surface energies as a function of number of perovskite
layers along c-axis, i.e. the thickness of cubic-BT slab. The surface
energy converged if more than six cubic-BT layers are considered.
Hence, the surface structures and energies refer to the model with
612

the slab thickness of seven cubic-BT lattices, unless specially
mentioned. We also calculated total energies for several surface
conﬁgurations by increasing periodicity in parallel to slab layer,
and minor change in energy (<0.5 meV ¡2) is indicated. Table 1
lists the calculated surface energies for six slab models. Among
six low-index orientations, (001) and (001) surfaces shows relatively small surface energies. We infer that the difference in the
surface energy stems from coordination loss of TiO6 octahedra.
[The coordination loss stands for the difference of coordination
number of Ti between at surface (i-fold) and at bulk (sixfold Ti).]
As seen in Fig. 1, the number of coordination loss of TiO6
octahedra at surface is unity, i.e. ﬁvefold Ti, for stable BaOterminated (001) and O2-terminated (011) surfaces. On the other
hand, threefold Ti ions can be seen for unstable TiO2-terminated
(001) surface, and so on. This agrees with former ﬁrst-principles
DFT study on LiFePO4 material, in which the coordination loss at
the transition metal, Fe, causes surface energies increase largely.17)
The crystal morphology at equilibrium was predicted from the
surface energies to be minimal for a given volume. This can be
determined based on Wulff’s theorem, in which the distance to the
central point {hkl} from the origin is taken to be proportional to
the surface energy.9),17)19) Figure 3 presents the calculated crystal morphology at equilibrium (Wulff shape). The facets of (111)
were not appeared in the present computation due to relatively
high surface energies. The surface area of (011) facets are almost
4 times as large as that of (001) facets. The calculated morphology in Fig. 1 agrees with the former computational results for
LaCoO3.18) Note that the surface energies and Wulff shape were
calculated based on the vacuum « cubic-BT interface. Hence,
a variety of the crystal morphologies was conceivable, depending on synthesis condition, such as atmosphere. Hereinafter in
this report, we focus on the reconstructed structures of BaOterminated (001) and O2 terminated-(011) surfaces. Table 2 show
the interatomic distances between Ba and Ba, and Ti and Ti
perpendicular to the slab layer, where both the ideal distance are
the same as the cubic lattice parameter. (3.988 ¡) The displacement of the atoms by surface reconstruction is indicated at the ﬁrst
layer, so that the cubic symmetry was broken. The BaBa or TiTi
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Fig. 4. Bader charges of selected cations in (a) the bulk, (c) BaO-terminated (001), and (c) O2-terminated (011) facets of
cubic-BT phase.
Table 2. Interatomic distances of BaBa and TiTi perpendicular to the

slab layer
BaO-terminated (001)
surface
1st layer
2nd layer
3rd layer

O2-terminated (011)
surface

BaBa/¡

TiTi/¡

BaBa/¡

TiTi/¡

3.856
4.029
4.012

4.147
4.033
4.013

4.087
3.991
4.029

3.857
4.054
3.953

(No. 257959) from MEXT, and “Elements Strategy Initiative to
Form Core Research Center” (Since 2012) from MEXT, (MEXT;
Ministry of Education Culture, Sports, Science and Technology,
Japan). Figures of the crystal structure were drawn with VESTA.25)
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