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Atomic structure, electronic structure, and defect energetics in [001](310)25
grain boundaries of SrTiO3; and BaTiO;
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In order to find relationships among the atomic structure, electronic structure, and defect energetics,
[001](310)25 grain boundaries (GBs) of SrTiO; and BaTiO; were investigated by using first-principles cal-
culations and high-resolution scanning transmission electron microscopy. It was found that the rigid-body
translations of one grain with respect to the other are indispensable to obtain the stable GB structure, and the
rigid-body translation plays an important role to reduce the structural distortions such as dangling bonds and
strains. It was clearly demonstrated that a fit of calculated structures with microscopy images is not enough to
determine the GB structure unless O columns can be seen in the microscopy image. Although the vacancy
formation energy depends on the atomic site, the defect energetics at the GB was found to be similar to that in
the bulk. It was also found that Ti vacancy is more sensitive to the structural distortions than Sr(Ba) and O
vacancies. This would be caused by the difference in the bonding character of Ti-O and Sr(Ba)-O. Through this
study, the atomic structures of the [001](310)25 GBs of SrTiO; and BaTiO; were determined, and the

characteristic electronic structures and defect energetics of those GBs were identified.
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I. INTRODUCTION

SrTiO; and BaTiOs are typical perovskite oxides and are
known to exhibit a large variety of electrical properties.
Among their properties, nonlinear current-voltage (I-V) char-
acteristics and positive temperature coefficient of resistivity
(PTCR) arise in polycrystalline SrTiO; and BaTiO5. Namely,
grain boundaries (GBs) are indispensable to bring about
those two properties. Due to their technological importance,
the GBs of SrTiO; and BaTiO; have been extensively stud-
ied to understand and control the nonlinear /-V characteris-
tics and PTCR properties.'™ From model experiments by
using bicrystal, in which single GB with a certain orientation
relationship and GB planes are present, it was found that the
nonlinear /-V characteristics of SrTiO; and the PTCR of
BaTiO; are dramatically changed by the GB characters such
as crystallographic orientation, ¥ value, and defect
segregations.~3 This indicates that local atomic structures
and nonstoichiometry of GB play important roles to deter-
mine such properties. In the vicinity of GBs, unusual strains
and dangling bonds would be present and, thus, it is expected
that defect energetics are different from those in bulk. Un-
derstanding those peculiar structures is required for further
developments and applications of SrTiO; and BaTiOs.

So far, several kinds of GBs of SrTiOs, including
[001](210)25, [001](310)25, 213, 217, [110](111)X3 twin,
and random GBs, have been investigated by using atomic-
resolution transmission electron microscopy (TEM) and
scanning TEM (STEM), and local nonstoichiometry at the
GBs were discussed by the combination with theoretical
calculations.”?” Comparing with the studies for SrTiO; GB,
although there are some reports on [110](111)23 BaTiO;
GB, the studies of the BaTiO; GB are limited;*3-3? that is,
partially because BaTiO;5 single crystals are difficult to ob-
tain.
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Concerning the defect energetics, formation energy of
point defects in SrTiO5 and BaTiO5 perfect crystals was sys-
tematically studied.’>3> While special nonstoichiometric
models, such as half occupancy, were also suggested in
StTiO; GB,'3142526 the energetics arguments have not been
made to clarify the stability. In addition, defect formation
energy at the individual sites of the GB and its relationships
with the atomic structure and electronic structure of the GB
have not been discussed in detail.

In this paper, first-principles calculations and high-
resolution STEM observation were combined to reveal the
atomic structure, electronic structure, and defect energetics
of [001](310)25 GBs of SrTiO; and BaTiOs.

In order to determine the stable GB structures, rigid-body
translations were considered in the present calculations. Al-
though the importance of the rigid-body translation for ob-
taining the stable GB structure has been demonstrated,?”-30-38
some of the previous studies have not considered or have not
mentioned the rigid-body translations.'3425:26 After deter-
mining the stable structures of the GBs, the electronic struc-
tures and defect energetics in the vicinity of GBs were sys-
tematically investigated. The defect energetics of SrTiO5 and
BaTiO; were compared with each other and the difference
between bulk and the GBs were discussed. Its aim was to
find the relationships among the atomic structures, electronic
structures, and defect energetics.

II. METHODOLOGY

A. Theoretical procedures for grain-boundary atomic
structures

In this study, first-principles projector augmented wave
(PAW) method within the generalized gradient approxima-
tion (GGA) implemented in VASP code was used.’**! Wave

©2008 The American Physical Society
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FIG. 1. An initial supercell consists of two equivalent GBs, GB1
and GB2. The GB has two termination planes Sr(Ba)-Ti-O plane
and O-O plane. GB energies were calculated as a function of rigid-
body translation of grain B with respect to grain A. The translations
were considered in X, Y, and Z directions. Arrowed O atoms located
in bulklike area were used to evaluate the rigid-body translation
after optimization.

functions were expanded in a plane-wave basis set with a
plane-wave cutoff energy of 330 eV. Before GB calculations,
perfect crystalline SrTiO; (cubic) and BaTiO; (cubic) were
calculated to optimize theoretical lattice constants. BaTiO3
exhibits three types of polymorphs: monoclinic, tetragonal,
and cubic. However, a cubic BaTiO; was assumed in this
study to compare the results with those of SrTiOs. In the
calculation, the 10X 10X 10 k-point mesh generated by the
Monkhorst-Pack scheme (35 irreducible k points) was used
for numerical integrations over the Brillouin zone. The opti-
mized lattice constants in the present calculation were
3.942 A for SrTiO; and 4.032 A for BaTiO;. They are in
good agreement with previous studies.?33

Next, supercells containing [001](310)25 GBs were con-
structed. Figure 1 shows an example of the supercell includ-
ing the two equivalent GBs. The GBs were made by rotating
one grain by (A) 18.44° and the other grain by (B) —18.44°
around [001] axis to construct 25 GB. In the GB supercell,

three lattice vectors are represented as X=[130], Y=[310],
and Z=[001] of the perovskite unit cell. Lengths of each
vector of the supercell are X=12.46 A, Y=25.93 A, and Z
=3.942 A for SrTiO; and X=12.75 A, Y=26.50 A, and Z
=4.032 A for BaTiO;. The total number of atoms in the
supercell is 100. In the calculations, the 1X1X3 k-point
mesh generated by the Monkhorst-Pack scheme was used for
numerical integrations over the Brillouin zone. As shown in
Fig. 1, there are two different termination planes for the
(310) surface in SrTiO; and BaTiO; with cubic perovskite
crystal structure, Sr(Ba)-Ti-O plane, and O-O plane. In the
present paper, we assumed that the GBs maintain charge neu-
trality. Therefore, O-O plane was chosen for one side and
Sr(Ba)-Ti-O plane was for the other side as the termination
planes because this is only a combination to keep the charge
neutrality.
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We took account of three-dimensional rigid-body transla-
tion (X, Y, and Z) of one grain with respect to the other.
Figure 1 shows an initial structure with the translation state
of X=0 A, Y=0.5 A, and Z=0 A. Here, it was defined that
(i) Y=0 A when two termination planes at a GB are in the
same position and (ii) X=0 A and Z=0 A when respective
atoms [except for atoms on Sr(Ba)-Ti-O termination planes]
in both grains have mirror symmetry with respect to the GBs.
Increment of translation was 0.5 A for all the dimensions.
For each translation state, atomic structure in the supercell
was optimized and GB energy was simultaneously calcu-
lated. During the atomic optimization, all atoms were al-
lowed to move from their lattice sites, whereas the volume of
the supercell was fixed.

After optimizing the GB atomic structure, strain and dan-
gling bonds in the vicinity of the GB were evaluated. Dan-
gling bonds were defined by the difference of numbers of
coordinates between the GB supercell and perfect crystal.
When interatomic distances from the surrounding atoms are
shorter than a cutoff value, they were counted as coordinates.
Here, the cutoff was defined to be 1.3 times of bond lengths
in perfect crystals. Different cutoffs 1.1 and 1.2 times were
also checked in the present paper, and it was confirmed that
the tendency and arguments in this study did not change
irrespective of the cutoff values. In order to evaluate the
strains, the change in the bond length from perfect crystal
was calculated and the ratio of the change was summed up
by the number of bond. The obtained value was used as
strain.

B. Theoretical procedures for defect formation energy

Based on the calculated structure of [001](310)25 GBs,
the supercell was expanded by duplicating three times in Z
direction, and the supercell containing 300 atoms was used
for the defect formation energy calculations. In the 300 atom
supercells, the vacancy can be separated from the vacancies
in the adjacent cells by more than 10 A. To introduce a
vacancy of Sr, Ba, Ti, and O, an atom was removed from the
supercell. The vacancy formation energy at 27 sites [5 Sr(Ba)
sites, 5 Ti sites, and 17 O sites] in the vicinity of GB was
systematically calculated. In order to take account of atomic
relaxations around a vacancy, selected atoms around the de-
fect were relaxed. In the case of perfect crystalline SrTiO5
and BaTiOj calculations, third nearest-neighbor atomic sites
from the defect, which is approximately 4.2—4.3 A apart
from the defect, were allowed to relax.?>3> On the other
hand, it is difficult to define the exact third nearest neighbor
in the GB models due to the structural complexity. There-
fore, in the present GB models, atoms inside a sphere of
4.2-43 A radius centered at the defect were relaxed until
their residual forces were less than 0.1 eV/A. Since large
supercells containing 300 atoms were used, numerical inte-
grations over the Brillouin zone were performed at the T’
point.

The formation energies of intrinsic defects in SrTiO; and
BaTiO; were calculated by the same procedure as that in
previous reports.333>36 The formation energies of intrinsic
defects depend on the chemical potentials of Sr, Ba, Ti, and
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FIG. 2. Schematic phase diagram of the ternary system Sr(Ba)-
Ti-O. A hatched polygon shows the region of SrTiO; (BaTiOs3).
Corners of the polygon are indicated by A-G.

O and also vary with electronic chemical potential if a defect
has a charge of ¢. For a defect with a charge ¢, its formation
energy is given by

E;= Eq(defect:q) —{E7(GB) — nypuy — ngug — nopol
+q(ep+ Eypm)- (1)

Here, E(defect:q) and E;(GB) are the total energies of the
GB supercell containing a defect in a charge state ¢ and that
of the GB supercell without any defect, respectively. ny, ng,
and n, are the numbers of Sr, Ba, Ti, and O atoms removed
from the GB supercell to introduce a vacancy. u,, pp, and
Mo are the atomic chemical potentials and e is the Fermi
energy measured from the valence-band maximum (VBM).
We considered charge-neutral (V2 V%a, V%, and V((’)) and
ionized (Vg;, Vi, Vi, Vi, and V5') vacancies for possible
atomic sites that will be shown later.

As can be seen Eq. (1), Eygy needs to be determined. For
this purpose, it was assumed that the electrostatic potentials
in the GB supercell without vacancies were similar to those
far from a defect in a GB supercell with a vacancy. This
treatment can compensate distortion to the band structure
around the band gap, which was caused by a vacancy.*>~4¢

The Fermi level e varied in the range of the band gap.
The theoretical band gaps were found to be 1.78 eV of
SrTiO; and 1.67 eV of BaTiO; by calculating the total ener-
gies of the charged perfect crystals, which are in good agree-
ment with previous studies.?33347-3! These values were
smaller than the experimental values of 3.3 eV for both of
StTiO5 and BaTiO;. Differences (AE,) between theoretical
and experimental values are 1.52 eV for SrTiO5 and 1.63 eV
for BaTiO;. As in previous investigations,*32 the forma-
tion energy of an O vacancy was corrected by adding a value
of mXAEg, where m was the number of electrons at the
donor levels. For instance, the value of m equals 2 for Vg.

As mentioned above, the formation energies depend on
the atomic chemical potentials. The chemical potentials of
constituent atoms vary with equilibrium conditions among
their related phases. Figure 2 shows a schematic phase dia-
gram of the ternary Sr(Ba)-Ti-O system and the vertices of
three phase regions were named A—G as for the previous
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TABLE I. Calculated and experimental formation enthalpies for
the reference materials. The values in parentheses are calculated by
the spin-polarized method. The experimental data were obtained
from Ref. 53.

Formation enthalpies

(eV/atom)
Expt. Calc.
BaO Fm3m -2.85 -2.96 (-2.99)
SrO Fm3m -3.07 -2.74 (-2.76)
TiO Fm3m -2.82 —2.47 (-2.48)
TiO, P42/ mmm -3.25 -3.13 (-3.12)
Ti, 03 R3c -3.16 -3.04 (-3.06)

reports.’33> The values of atomic chemical potential of three
elements were evaluated at those points. Here, it was as-
sumed that SrTiO5; and BaTiO; were always stable, so that
the chemical potentials of the three elements were obtained
from the combinations of the chemical potentials of Sr, SrO,
Ba, BaO, Ti, TiO, Ti, 03, TiO,, and O,. The chemical poten-
tial of O, was obtained from the supercell calculation at the
I" point for an isolated O, molecule using a cubic supercell
15X 15X 15 A3, Spin-polarized calculation was performed
for the O,. The errors in formation enthalpies for the rest of
the materials due to spin-polarized and spin-unpolarized cal-
culations might affect the vacancy formation energies. In or-
der to check the errors, both of the spin-polarized and spin-
unpolarized calculations were carried out. The heats of
formation obtained from the calculations are summarized in
Table I. It is seen that both spin-polarized and spin-
unpolarized calculations satisfactorily reproduce the experi-
mental values. Thus, in this study, the spin-unpolarized re-
sults were used for the atomic chemical potentials except for
02.

C. Experimental procedures

A SrTiOj; bicrystal with [001](310)25 GB was fabricated
by joining two single crystals (Furuuchi Chem. Co. Ltd.)
with the proper orientation. The procedure to fabricate the
bicrystals has been reported in detail elsewhere>®% A
BaTiO; thin film was grown on the SrTiO; bicrystal by
pulsed-laser deposition. The BaTiO; film was deposited at
750 °C substrate temperature in an O, atmosphere at a pres-
sure of 1 X107 Pa. A KrF excimer laser beam (wavelength
of 248 nm; repetition frequency of 10 Hz) was used for the
deposition.” TEM specimens of them were fabricated by a
conventional method, including mechanical polishing,
dimple gliding, and ion thinning. Those specimens were ob-
served by aberration corrected STEM [JEOL JEM-2100F
with a spherical aberration corrector (CEOS Gmbh)]. For
high-angle annular dark-field (HAADF)-STEM observations,
the probe-forming aperture was 23 mrad and the annular
dark-field (ADF) detection range was from 81 to 221 mrad.

III. RESULTS AND DISCUSSION

A. Atomic structure of grain boundary

Figure 3 shows the theoretically calculated GB energies
as a function of translation states. It is clearly seen that the
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FIG. 3. GB energy of SrTiOj; as a function of translation states.
Data for Y=0.5 is shown.

GB energy changes with the translation, indicating the im-
portance of rigid-body-translation consideration. The most
stable GB energy was obtained by the translation state of X
=45 A, Y=0.5 A, and Z=0.5 A as the initial structure.
Here, it should be mentioned that the translation state
changed during the calculations due to the lattice relaxation
and the translation state after the calculation was X=4.4 A,
Y=0.5 A, and Z=0.0 A. Namely, shifts of 0.1 and 0.5 A to
the X and Z directions took place. The GB energy of the most
stable structure in this case was 1.02 J/m?.

It is considered that this is an energetically stable structure
and, thus, this structure is hereafter called “stable structure.”
The obtained structure is shown in Fig. 4(a). Some of previ-
ous studies on the SrTiO; GBs have not considered or have
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FIG. 4. (a) The stable SrTiO; GB structure obtained by using
the initial translation state of X=4.5, Y=0.5, and Z=0.5. The trans-
lation state was changed to X=4.4, Y=0.5, and Z=0 during the
structural optimization. (b) Mirror symmetric SrTiO; GB structure
with the translation state of X=0, Y=0.5, and Z=0. Small and large
solid circles and dotted circle represent Ti, Sr, and O, respectively.
Arrows indicate certain O columns.
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not mentioned such rigid body translation, and GB structures
having mirror symmetry with respect to Sr-Ti-O plane have
been mainly studied so far.!*!%23:26 Such mirror symmetric
structure was obtained by using the initial translation state of
X=0 A, Y=0.5 A, and Z=0 A [Fig. 4(b)]. It can be seen
that not only cation sublattice but also anion sublattices are
mirror symmetric with respect to the Sr-Ti-O plane. This
calculated results, however, clearly revealed that such a “mir-
ror symmetric” structure has a higher GB energy of
1.61 J/m? comparing to that in the most stable structure.

One of the reasons of the higher GB energy of the mirror
symmetric structure can be found in the atomic structure of
the GB. It is seen that the arrowed O atoms, they are located
at almost the same position in Z direction, are close to each
other (2.4 A) in the mirror symmetric structure [Fig. 4(b)]. It
is understood that such short-length O-O bonding is energeti-
cally unpreferable due to the electrostatic repulsion. On the
other hand, in the stable structure, those O atoms are further
away from each other [Fig. 4(a)]. Interestingly, their distance
2.8 A corresponds to that in SrTiO; perfect crystal.

In order to confirm the validity of the calculated structure,
experimental HAADF-STEM image was taken for the
[001](310)%5 SrTiO; GB and the structure was compared
with the calculated structures shown in Fig. 5. Since the
image intensity of the HAADF-STEM image is approxi-
mately proportional to the square of atomic number (Z),’® the
brighter and darker columns correspond to Sr and Ti-O col-
umns, respectively, whereas O column cannot be seen. It
seems that the observed HAADF-STEM image is consistent
with that observed in previous study.'® In addition, it can be
seen that the image intensity reduces at the GB core. At the
present time, the origin of this reduction in the image inten-
sity is not clarified; but it is expected that this is related to the
structural distortions of the GB, thinner film thickness, or/
and presence of the vacancy.

Here, both the stable structure [Fig. 5(c)] and the mirror
symmetric structure [Fig. 5(d)] are compared with the ex-
perimental HAADF-STEM image [Fig. 5(b)]. In those fig-
ures, only cations were displayed to compare with the ex-
perimental image. Detailed inspections of the experimental
image can find slight shift of one side of grain with respect to
the other side of grain and such asymmetric structure is re-
produced by the stable structure [Fig. 5(c)]. On the other
hand, significant inconsistency with the experimental image
is not found even in the mirror symmetric structure [Fig.
5(d)], though it does not reproduce the asymmetric structure.
This is ascribed to the similarity of the cation sublattices
between the stable structure and the mirror symmetric struc-
ture. As noted above, however, there is a significant differ-
ence in their O columns structure. The anion sublattice struc-
tures could not be identified by the present HAADF-STEM.
This clearly indicates that a fit with HAADF-STEM image is
not enough to determine the GB structure unless O columns
can be seen.

Strains and dangling bonds in the stable GB structure are
calculated and shown in Fig. 6. The dangling bonds are rep-
resented by the number and color tone [Fig. 6(a)], and the
compressive and tensile strains are represented by red and
blue colors, respectively [Figs. 6(b)]. It is seen that large
structural distortions, namely, dangling bonds and large
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FIG. 5. (a) HAADF-STEM image of [001](310)%5 GB in a
SrTiO; bicrystal. (b) Enlargement of the GB region. (c) Cation
sublattice structure from the stable GB structure in Fig. 4(a), and (d)
cation sublattice structure from the mirror symmetric GB structure
in Fig. 4(b). Structural units of the boundary are indicated by poly-
gons. Only cation sites are shown in the figures.

strains whose absolute values are larger than 2%, are mainly
localized at the GB core and they distribute asymmetrically.

Here, the total number of the dangling bonds and the total
strains in the supercell were evaluated. The total strains were
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FIG. 6. (Color online) (a) The number of dangling bonds at each
site of the stable SrTiO; GB structure. Open circles show the
atomic sites without dangling bonds, whereas gray and black circles
show the atomic sites with dangling bonds. Numbers in the circles
denote the number of dangling bonds. (b) The magnitude of strain
at each site of SrTiO; GB. The magnitude of compressive strain is
indicated by red color and that of tensile strain is indicated by blue
color. For both figures, structural units of the boundary are indicated
by polygons.

obtained by summing up the absolute value of the strains.
The total number of the dangling bonds and the total strains
in the stable structure are estimated to be 16 and 296%,
whereas that in the mirror symmetric structure is 16 and
321%, respectively. Namely, the rigid-body translation plays
an important role to reduce the unpreferable distortions at the
GB.

In the same manner as SrTiO;, GB structure of
[001](310)X5 BaTiO; was investigated. Figure 7 shows cal-
culated GB energy as a function of the translation states.
Several translation states (x=2.5-7.0 A with z=0.0-1.0 A)
yielded similar final translation state of X=4.2, Y=0.5, and
Z=0 and similar GB energies of 1.02 J/ m?, due to the re-
laxation. Detailed analyses revealed that the obtained struc-
tures are almost identical. During the calculations, atoms not
only at GB but also in bulk regions are deviated and, as a
result, several different initial translation states sank into the
same final translation state. Similar behavior was also found
in SrTiO; but the magnitude of deviation during the calcula-

245320-5



IMAEDA et al.
2.0 T T
0 Z=0
o ® Z=0.5
AZ=1.0
1.8 A 7=157|
& gpOoOoOOo 0 27=2.0
£ a
165 . -
> zAA o A
Q °
o 1.4f o BAgaag
8 ODDD‘QQQQD
A
12t R .
e8R800°%, o
sl . R4maalnaRE
0 5 10

Translation X(ﬁ\)

FIG. 7. Grain boundary energy of BaTiO; as a function of trans-
lation states. Data of Y=0.5 are shown.

tion is larger in BaTiO5. This may indicate that BaTiO; is
more sensitive to the structural distortions and is more likely
to be the stable structure.

The stable GB structure is compared with the HAADF-
STEM image in Fig. 8. It is seen that the calculated structure
agrees well with the experimental image. The strains and
dangling bonds are analyzed in Fig. 9. Ba and Ti at the GB
core have strong tensile distortion, whereas both tensile and
compressive distortions appear at the oxygen sites. Dangling
bonds are mainly formed in the GB core. In addition to the
atomic structure, it is found that the distribution of those
structural distortions is very similar to that in SrTiOs.

B. Electronic structure of grain boundary

To understand the GB electronic structure, partial density
of states (PDOS) of selected atoms in the vicinity of GB was
calculated. The selected Sr or Ba, Ti, and O are, respectively,
numbered 1-5, 6-10, and 11-27, as shown in Figs. 10(a) and
10(b). PDOS of bulk region and GB region of the SrTiO; GB

FIG. 8. (a) HAADF-STEM image of [001](310)%5 BaTiO; GB.
(b) Cation sublattice structure from stable structure, which was ob-
tained by calculation. Structural units of the boundary are indicated
by polygons. Only cation sites are shown.
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FIG. 9. (Color online) (a) The number of dangling bonds at each
site of the stable BaTiO; GB structure. Open circles show the
atomic sites without dangling bonds, whereas gray and black circles
show the atomic sites with dangling bonds. Numbers in the circles
denote the number of dangling bonds. (b) The magnitude of strain
at each site of BaTiO3; GB. The magnitude of compressive strain is
indicated by red color and that of tensile strain is indicated by blue
color. For both figures, structural units of the boundary are indicated

by polygon.

supercell are shown in Figs. 11(a) and 11(b). The PDOS of
the GB area was obtained by summing up the PDOS of those
27 sites and averaged them to fit to the stoichiometry,
namely, Sr(Ba):Ti:O=1:1:3. The top of the valence band
was aligned to zero. In PDOS from the bulk area, it can be
seen that the strong O-Ti hybridization appears in the regions
of —4.5—-2 eV, whereas the region of —2—0 eV is mainly
composed of O. It is also found that Sr does not have strong
hybridization with O in the occupied bands. In the unoccu-
pied bands, it is found that Ti is dominant from 2 to 6 eV
with a large peak around 4 eV. Although those characteristics
also appear in the PDOS of GB area, overall profiles are
broadened, which may originate from structural distortions at
the GB. It should be mentioned that additional bands are not
formed in the band gap even by the presence of the GB. In
the case of BaTiOs, it is found that overall characteristics are
very similar to that of SrTiO; (Fig. 12). That is, strong O-Ti
hybridizations are formed from —4.5 to =2 eV; Ti PDOS has
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FIG. 10. (a) The stable GB structures of SrTiO; and (b) that of
BaTiO;. The sites in the vicinity of GB are numbered from 1 to 27.
Structural units of the boundary are indicated by polygon.

strong peak around 4 eV and the PDOS of the GB area is
more broadened than that of the bulk area.

Here, unoccupied Ti PDOS is focused because character-
istic features were found. Figures 13 and 14 show PDOS
from Ti sites in SrTiO5; and BaTiO; GBs, respectively. Al-
though the detailed profiles are different from each other,
most of Ti sites have main peaks around 4 eV. However, it is
found that the Ti9 sites in both SrTiO; and BaTiO; GBs have
main peaks around 3 eV. Unoccupied Ti PDOS can be indi-

(a) SrTiOs bulk — S
Af---Ti

'|—o

(b) SITiOs GB

Partial Density of States (a.u.)

0 2
Energy (eV)

FIG. 11. Calculated PDOS of (a) bulk region and (b) GB region
in the SrTiO5 GB supercell. The PDOS of the GB area was obtained
by summing up the PDOS of the 27 sites and averaged them to fit to
the stoichiometry, namely, Sr:Ti:O=1:1:3. The top of the valence
band was aligned to zero indicated by dashed line.
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(a) BaTiOs bulk

—Ba|
w|==-Ti
" |=— Q0

Partial Density of States (a.u.)

0 2
Energy (eV)

FIG. 12. Calculated PDOS of (a) bulk region and (b) GB region
in the BaTiO; GB supercell. The PDOS of the GB area was ob-
tained by summing up the PDOS of the 27 sites and averaged them
to fit to the stoichiometry, namely, Ba: Ti:O=1:1:3. The top of the
valence band was aligned to zero indicated by dashed line.

rectly observed as Ti-L, 3 edge of electron energy-loss spec-
tra (EELS).”” By using a modern aberration corrected STEM
system, it is possible to obtain the spectrum nearly from a
single atomic column.’®-%° Since the peaks of the Ti PDOS at

SrTiOs :
bulk

Ti6

Partial Density of States (a.u.)
|
©

Ti10 :

6 -4 -2 0 2 4 6
Energy (eV)

FIG. 13. Calculated Ti PDOS of bulk SrTiO5 and each Ti site at
SrTiO3 GB. The top of the valence band was aligned to zero indi-
cated by dashed line.
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BaTiOs
bulk

Ti6

Partial Density of States (a.u.)
=
@

6 4 2 0 2 4
Energy (eV)

FIG. 14. Calculated Ti PDOS of bulk BaTiO5 and each Ti site at
BaTiO; GB. The top of the valence band was aligned to zero indi-
cated by dashed line.

3—4 eV are mainly composed of Ti 3d orbitals, changes in
PDOS directly influence the spectral features of the Ti-L, ;
edge. Especially, ,, e, splitting is expected to be sensitive to
such structural distortions. This PDOS result predicts that the
Ti-L, 5 edge EELS changes mostly at Ti9 site. However, in
order to discuss the spectral changes in detail, the first-
principles multielectron calculation of the Ti-L,; edge is
required.®!-63

C. Defect energetics of grain boundary

Based on the stable structures, vacancy formation ener-
gies of 27 sites in the vicinity of the GB (Fig. 10) were
calculated. Dependence of vacancy formation energies at the
atomic sites was considered using the results for neutral va-
cancies. On the other hand, Schottky reactions were consid-
ered using the results of ionized vacancies. From the results
of vacancy formation energies for all the sites, the site with
the lowest formation energy was selected for each species; in
this study, Sr2, Ba2, Ti9, and O16 were used. Then, the for-
mation energies were simply summed according to the
Schottky formula. Schottky reactions considered here are as
follows: V& + Ve (Sr partial Schottky), Vi, + Vg (Ba partial
Schottky), V& + V5" (Ti partial Schottky), Vi +2V4' (Ti par-
tial Schottky), V& + Vg +3Va (SrTiO; full Schottky), and
Vi + Vi +3VE (BaTiO; full Schottky). Here, association
between the vacancies was not considered. Since the follow-
ing discussion focuses on neutral isolated vacancies and
Schottky reactions, their formation energies will be indepen-
dent of the Fermi energy. On the other hand, the formation
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FIG. 15. Formation energy of a neutral vacancy at each atomic
site of SrTiO; GB [Fig. 10(a)] at each equilibrium point (Fig. 2).
Formation energies of Schottky defects are also shown. For
Schottky defects, the lowest formation energy of respective species
was selected and summed up according to the Schottky reactions.

energy is dependent on the atomic chemical potential as
mentioned above.

In addition, the effect of the vacancy on the translation
state should be mentioned. In order to check it, the rigid-
body translation of 0.1 and =0.5 A to X direction was
again applied after making Sr2 vacancy in the stable struc-
ture. The calculated total energies at those translation states
were found to be larger than that at the stable translation
state. This may imply that the presence of the point defect
does not change the stable translation state completely. How-
ever, it is expected that the effect should not be negligible
when the vacancy concentration is large. This study focuses
only on the isolated vacancy at the GB. Calculated formation
energies at each point of the phase diagram shown in Fig. 2
are plotted in Figs. 15 and 16.

In both SrTiO; and BaTiO; cases, it is commonly seen
that the formation energy changes with the atomic chemical
potentials. There is a tendency that cation-related vacancies
are more stable for more oxidized conditions, whereas O
vacancies are more stable under more reduced conditions. In
comparison with SrTiO; and BaTiO;, formation energy of
V3. tends to be lower in BaTiO; than SrTiO;, and the V4,
becomes the most stable species at point A in BaTiO;. All
these tendencies were similarly found in the perfect crystals
of SrTiO; and BaTi0;.%*%

In addition, formation energies also depended on the
atomic sites at the GBs. Here, in order to find preferential
defect formation site at the GB, the differences of defect
formation energies between bulk region and GB, which is
hereafter called AE;, were calculated. AE, in SrTiO; and
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FIG. 16. Formation energy of a neutral vacancy at each atomic
site of BaTiO3 GB [Fig. 10(b)] at each equilibrium point (Fig. 2).

Formation energies of Schottky defects are also shown. For

Schottky defects, the lowest formation energy of respective species
was selected and summed up according to the Schottky reactions.

BaTiO; GBs are shown in Fig. 17. The positive and negative
AE; are represented by blue and red colors. It can be seen
that 19 sites for SrTiO; and 21 sites for BaTiO; have red
colors, indicating that vacancies are more preferably formed
at the GBs than that in bulk. It should be mentioned that Ti9
site, which has the smallest AEf, corresponds with the site
that has most different PDOS from bulk as discussed above
(Figs. 13 and 14). In addition, it can be seen that the color
distribution of Ti sites is apparently asymmetric. For in-
stance, sites Ti9, Ti7, and Ti6 of both SrTiO; and BaTiO;
have strong-red color, namely, much lower formation energy
than that in bulk; whereas the sites in the other-side grain
Til0 and Ti8 have weak red or blue color. The asymmetric
distribution of the AE, for Ti vacancy may correspond to the
asymmetric distributions of the strains and dangling bonds as
shown in Figs. 6 and 9. On the other hand, such strong asym-
metric distribution of the AEf cannot be seen in Sr and Ba,
even though strains and dangling bonds at those sites distrib-
ute asymmetrically. The origin of this difference will be dis-
cussed below.

D. Relationships among atomic structure, electronic structure,
and defect energetics

In order to discuss the relationships among the structural
distortions, electronic structure, and defect energetics, AEf,
number of dangling bonds, and strain at each atomic site are
summarized in Tables II and III. The sites are sorted by AE,
namely, top to bottom corresponds to smaller to larger AEy.
In addition to those structural distortions, the magnitude of
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FIG. 17. (Color online) (a) The differences of defect formation
energies (AEf) between in bulk and at a certain GB atomic site in
SrTiO5 and (b) AE, in BaTiO;. The higher and lower defect ener-
gies than bulk are represented by blue and red colors, respectively.
The numbers in the circles represent the value of AEy.

relaxation due to the presence of vacancy was also evaluated
by summing up total atomic motions occurred during the
atomic relaxation. This is interesting comparison of AE, and
the magnitude of relaxation that the vacancy formation ac-
companying with larger relaxation tends to have lower for-
mation energy, namely, smaller AEf. In addition, it should be
mentioned that the order of AE; is similar in SrTiO; and
BaTiO; though the absolute values are different. For in-
stance, sites Ti9, O16, and Sr(Ba)2 commonly have the
smallest AEf in both SrTiO; and BaTiO; and sites Ti8, TilO0,
019, 022, 025, Sr(Ba)l, Sr(Ba)4, and Sr(Ba)5 have rela-
tively large AE;. In the case of [001](310)25 GB, it can be
concluded that the site dependence of the vacancy formation
is very similar in SrTiO; and BaTiO; even though they are
different materials.

Concerning the relationship between the defect energetics
and the structural distortions, it seems that the formation en-
ergy of Ti vacancy is more related to the structural distor-
tions than that of Sr(Ba) vacancy. For instance, the sites Ti9,
Ti7, and Ti6, which have smaller AE £ commonly have large
strains and/or dangling bonds. On the other hand, although
Sr(Ba)4 and Sr(Ba)l have dangling bonds or large strains,
their defect formation energy is close to bulk. Similarly, O11
and O19 sites have large strains and/or dangling bonds but
the formation energies are similar to bulk. It is also found
that the formation energy of Ti vacancy is more largely af-
fected by the vacancy position than Sr(Ba) and O vacancies.
The difference between the smallest and the highest AE, for
Ti vacancy is more than 2 eV; whereas that for the Sr(Ba)
vacancy and O vacancy is less than 1 eV and approximately
1.5 eV, respectively. This implies that the Ti vacancy is more
sensitive to the structural distortions than the Sr(Ba) and O
vacancies.
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TABLE II. The differences of formation energy (AE/), the mag-
nitude of relaxation, the number of dangling bonds, and the magni-
tude of strain in SrTiO; GB. The magnitude of relaxation (A) was
defined by the sum of changes of coordinates before and after re-
laxation. The sites are sorted by AEy.
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TABLE III. The differences of formation energy (AEj), the
magnitude of relaxation, the number of dangling bonds, and the
magnitude of strain in BaTiO; GB. The magnitude of relaxation (A)
was defined by the sum of change of coordinates before and after
relaxation. The sites are sorted by AEy.

Magnitude Magnitude

of rela:xation No. of Strain of relaoxation No. of Strain
No. AE[eV) (A) dangling bonds (%) No. AE[eV) (A) dangling bonds (%)
Sr2 -0.73 1.74 3 -4.10 Ba2 -0.58 1.69 3 —-6.09
Sr3 -0.39 1.85 1 1.85 Ba3 -0.30 1.75 1 -3.37
Srl -0.04 1.88 0 14.6 Ba4 -0.15 1.74 2 9.50
Sr4 +0.08 1.71 2 1.54 Ba5 -0.03 1.56 0 -2.03
Sr5 +0.12 1.71 0 1.56 Bal +0.05 1.62 0 15.6
Ti9 -2.05 3.33 1 2.88 Ti9 -1.48 3.89 1 0.97
Ti7 -1.59 3.04 1 -0.76 Ti6 -1.47 4.86 1 2.81
Ti6 -1.31 3.88 0 10.9 Ti7 -1.26 2.80 1 -6.43
Til0 -0.26 3.01 0 2.30 Til0 +0.25 2.94 0 -0.60
Ti8 -0.03 2.68 0 1.40 Ti8 +0.94 2.69 0 2.70
016 -0.77 2.30 1 0.55 ol16 -1.38 2.10 1 1.65
021 -0.65 2.18 0 5.94 015 -1.04 2.59 1 -2.89
012 -0.56 2.05 1 —-6.64 012 -0.95 1.92 1 -12.0
015 -0.51 3.23 1 1.50 021 -0.94 2.24 0 -0.09
018 -0.41 242 0 7.76 014 -0.84 2.80 2 -0.52
027 -0.34 2.38 0 6.21 018 -0.71 2.89 0 -2.39
014 -0.33 2.00 2 0.99 013 -0.66 1.83 1 -7.78
013 -0.19 2.04 1 -3.12 027 -0.59 2.24 0 9.81
020 -0.08 2.59 0 0.69 020 -0.41 2.16 0 -0.89
023 -0.03 1.75 0 2.76 017 -0.39 1.43 1 -2.14
Ol11 —-0.00 1.49 2 -16.1 Ol11 -0.37 1.45 2 -12.0
024 +0.00 2.23 0 1.85 024 -0.37 1.80 0 -2.69
017 +0.37 1.48 0 14.1 026 -0.34 1.82 0 0.27
022 +0.48 1.16 0 6.43 019 -0.02 1.60 0 9.21
019 +0.49 1.20 0 13.6 023 +0.13 1.41 0 0.22
025 +0.57 1.17 0 4.28 025 +0.13 1.11 0 4.61
026 +0.57 1.17 0 3.28 022 +0.39 1.02 0 5.78

IV. SUMMARY

The different sensitivity can be attributed to the different
bonding characters of Ti-O and Sr(Ba)-O. As discussed in
Figs. 11 and 12, Ti has strong hybridization with O, whereas
Sr or Ba does not have such strong hybridization. That is to
say, Ti-O bonding and Sr(Ba)-O bonding are considered as
covalent bonding and ionic bonding, respectively. Generally
speaking, covalent bonding has strong directional character,
whereas ionic bonding does not have it. Due to the direc-
tional and covalent Ti-O bondings, the formation energy of
Ti vacancy is sensitive to the local-structure distortions;
whereas the Sr or Ba vacancy is not so sensitive because Sr
or Ba forms the nondirectional and ionic bondings with O.

By combining the first-principles calculation with the
HAADF-STEM imaging, atomic structure, electronic struc-
ture, and defect energetics in [001](310)25 grain boundaries
of SrTiO5 and BaTiO; were systematically investigated. The
main results in this study are summarized as follows.

(1) By considering the rigid-body translations of one grain
with respect to the other, the atomic structure of
[001](310)X5 grain boundaries of SrTiO; and BaTiO; was
determined. It was found that the rigid-body translation is
indispensable to obtain the stable GB structure.

(2) Dangling bonds and large strains were mainly local-
ized at the GB core and distribute asymmetrically. Detailed
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analysis revealed that the rigid-body translation plays an im-
portant role to reduce those structural distortions.

(3) Tt was found that the experimental HAADF-STEM
image was well reproduced by the stable GB structure. On
the other hand, significant inconsistency with the experimen-
tal image was not found even in the mirror symmetric GB
structure because it has similar cation sublattices structure to
the stable GB structure. Their main difference, anion sublat-
tice structures, could not be identified by the HAADF-
STEM. This study demonstrated that a fit with HAADF-
STEM image is not enough to determine the GB structure
unless O columns can be seen in the image.

(4) It was found that characteristic electronic structures of
bulk SrTiO5 and BaTiO; are maintained in their GBs. How-
ever, detailed inspections of PDOS revealed that overall pro-
files of the PDOS are more broadened at the GBs than that in
bulk. This PDOS analysis predicted that the Ti-L,; edge
EELS changes mostly at a specific Ti site in the GBs.

(5) Although the vacancy formation energy depends on
the atomic site, it was found that cation-related vacancies are
more stable at more oxidization conditions; whereas O va-
cancy is more preferable under more reduction conditions. In
addition, the Ti-related vacancy can be the most stable spe-
cies under oxidation condition in BaTiO;, whereas the Sr-
related vacancies are always more stable than Ti-related va-
cancies in SrTiOs;. Those characteristics were found to be
similar to that in bulk.

(6) By calculating the difference of the vacancy formation
energy between bulk and GBs (AEy), it was found that most
of atomic sites have negative AEy, indicating that the vacan-
cies preferentially form at the GB. It was also found that the
Ti vacancy is more sensitive to the structural distortions than
the Sr and O vacancies. This would be caused by the differ-
ence in the bonding characters of Ti-O and Sr-O.

PHYSICAL REVIEW B 78, 245320 (2008)

Through this study, we determined the atomic structures
of the [001](310)25 GBs of SrTiO; and BaTiO; and identi-
fied the characteristic electronic structures and defect ener-
getics of the GBs. Even though they are different materials,
we could find common characteristics both in SrTiO; and
BaTiO;. We successfully found some relationships among
the atomic structure, electronic structure, and defect energet-
ics.

Recent progresses of electron microscopy and first-
principles method enable us to observe the GB with high
resolution and calculate the GB within a realistic time, re-
spectively. However, one should know that a fit of the calcu-
lated structure with TEM and STEM images is not enough to
determine the atomic structure of GB because the O sites
cannot be identified by usual TEM and STEM.

As we have shown here, GBs have different atomic struc-
ture, electronic structure, and defect energetic from bulk. The
correct understanding of the atomic structure is indispensable
to know those peculiar features of GBs. We believe that this
manuscript demonstrated the way for the correct understand-
ing of the GBs.
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