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Characterization and atomic modeling of an asymmetric grain boundary
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Grain boundaries (GBs) significantly affect the properties of materials. In an effort to examine the phenomena
at GBs, many model boundaries, typically symmetric tilt GBs, have been investigated. However, the geometries
of symmetric tilt GBs are too restricted to represent commonly occurring interface phenomena properly in
polycrystalline materials. Thus, a method of applying density functional theory (DFT) to asymmetric GBs has
long been desired. Here, we present a simple geometric method and a new GB model with two surfaces which
make it possible to characterize an asymmetric tilt GB and calculate the GB energetics. Our method can be
extended to study other geometric asymmetric interfaces in various materials. The proposed technique thus paves

the way for DFT-related studies of asymmetric interfaces.
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I. INTRODUCTION

The characterization of grain boundaries (GBs) at the
atomic level is a fundamental subject in materials science
and solid-state physics because the GB drastically affects the
physical properties of polycrystalline materials. The effects
of GBs on the material properties become more significant
in nanocrystalline materials designed for catalysts, fuel cells,
lithium ion batteries, and other such devices. Thus, GBs, in par-
ticular symmetric tilt GBs, have been extensively investigated
experimentally as well as theoretically with respect to their
atom arrangement, termination plane, chemical composition,
and electronic structure.'~'* In contrast, studies of asymmetric
tilt GBs have only occasionally been done, despite the fact
that they are more frequently observed than symmetric tilt
GBs'> and more significantly affect the material properties.'®
Experimental observations of asymmetric tilt GBs of some
ceramics!® 22 and metals?*~2 have been attempted; however,
the atomic arrangement of GB cores has not been clarified.
Structure calculations of asymmetric tilt GBs for metals>2%%’
have been done, but those for complex ceramics such as SrTiO3
along with the energies of their asymmetric boundaries have
yet to be formulated. The present study reports the atomic
modeling and structure calculation of an asymmetric GB as
well as its experimental confirmation in SrTiO;. This result
is the first experimental and theoretical determination of the
atomic arrangement and energetics of asymmetric GB cores in
complex ceramics.

To calculate the structure of an asymmetric GB, we first
constructed an atomic model and periodic lattice structures
with [001](100)//(430) SrTiO; asymmetric tilt GBs, taking
advantage of a special geometry based on Pythagorean
numbers. This model asymmetric tilt GB allows us to construct
a calculation cell whose size is suitable for density functional
theory (DFT) calculations. The advantage of this structure
also lies in the modeling of a calculation structure without
misfit, unlike in a previous investigation.’’ We formulated
first-principles calculations for the constructed asymmetric
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boundary models to identify the energetically most stable
boundary structure and fabricated the asymmetric tilt boundary
using two single crystals with (100) and (430) planes,
characterizing its atomic structure by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM). By combining first-principles calculations and atomic
resolution observations, we were able to identify the atomic
structure and evaluate the GB energy of the [001](100)//(430)
asymmetric tilt GB in SrTiOs.

II. METHODOLOGY

The first-principles projector augmented wave (PAW)
method, within a generalized gradient approximation (GGA)
implemented in the VASP code,?®? was used for the cal-
culation. Wave functions were expressed in the plane-wave
basis set with a cutoff energy of 330 eV. The optimized lattice
constant of perfect crystalline SrTiO3; was calculated with a
10 x 10 x 10 k-point mesh generated by the Monkhorst-Pack
scheme (35 irreducible k points) and was found to be 3.942 A.
To calculate GB structures, a 1 x 1 x 3 k-point mesh generated
by the Monkhorst-Pack scheme was used and the GB structure
was relaxed until the residual force was less than 0.1 eV /A.

A undoped SrTiOj3 bicrystal fabricated by rotating two sin-
gle crystals (Furuichi Co., Ltd.,) at orientations of 0 © and 36.8 ©
about the [001] direction was used in this study. The size of the
bicrystal was 10 x 10 x 0.5 mm. TEM samples were fabricated
by the conventional method, including mechanical polishing,
dimple grinding, and ion-beam thinning. The GB structure at
the atomic level was observed by STEM [JEOL JEM-2100F
with a spherical aberration corrector (CEOS Gmbh)] with a
probe-forming aperture of 23 mrad and with a HAADF detec-
tion range of 81 to 221 mrad. In the HAADF-STEM system, a
focused electron beam was scanned across the specimen and
the highly diffracted electrons were collected by an annular
detector.

©2011 American Physical Society
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FIG. 1. (Color online) A lattice model and atomic structures of
[001](100)//(430) GB in SrTiOs. (a) Lattice geometry of asymmet-
ric tilt [001](100)//(430) GB. With the help of simple geometry
(Pythagoras’ theorem), a periodic structure can be fabricated without
misfit. (b)—(e) Boundary structures of different terminations: (b) Sr-Sr,
(c) Sr-Ti, (d) Ti-Sr, and (e) Ti-Ti. The former element represents the
termination of the (100) plane and the latter element represents the
termination of the (430) plane.

III. RESULTS AND DISCUSSION

A. Modeling of the asymmetric tilt GB: [001](100)//(430)
SrTiO; GB

The atomic structure of the [001](100)//(430) asymmetric
tilt GB in SrTiOs; was calculated by the first-principles
projector augmented wave (PAW) method implemented in the
VASP code.?®? The lattice model was constructed as shown
in Fig. 1(a). Here, the x and y directions were set parallel
and perpendicular to the GB plane, respectively, with the
tilting axis defined along the z direction. As the plane indices
satisfy the Pythagoras condition—the periodicity of the atomic
arrangement in the (430) plane is exactly equal to five times
the periodicity in the (100) plane—a periodic structure with
no misfit is produced. As the (100) and (430) planes are not
stoichiometric surfaces, four initial structures with different
terminations, Sr-Sr, Sr-Ti, Ti-Sr, and Ti-Ti, were considered,
as shown in Figs. 1(b)-1(e). For instance, the GB unit cell with
the Sr-Sr termination [Fig. 1(b)] consists of 36 Sr, 30 Ti, and
156 O atoms. Thus, it can be said to be in a 6 SrO excess state
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or 6 TiO, deficient state. Similarly, the other GBs shown in
Figs. 1(c)-1(e) are also not stoichiometric.

As a reference state for translation at each termination, the
structure for which the cation locations in the (430) plane
termination match those in the (100) plane termination was
selected, as shown in Figs. 1(b)-1(e). Figure 2(a) depicts
the calculation cell of the Ti-Ti termination structure without
translation. Each calculation system consists of two grains,
Grain A and Grain B, along with two GBs, GB1 and GB2. The
model structures for the other terminations were constructed
in a similar manner. As the two GBs, GB1 and GB2, are
identical for structures with no translation, the GB energy can
be calculated by the following equation:

Vos(0) = ETotaLZGB — RscMsr — NTiMTI — ROMO
2A
. E ot 26 — MSrTiOs Hsitio, — Isrolgo
/ 2A )
_ Eqyi 68 — Msrmios Mserio; — 1Ti0 Mo,
N 2A ’

/
(”smo3 = n§eio, + N5r0)-

Here, E1oa1_26B denotes the total energy of the two identical
GBs without translation, and ng;, nti, and ng are, respectively,
the numbers of Sr, Ti, and O atoms at the boundary. A denotes
the area of the GB, and ng;o and nrjg, represent the excess or
deficient numbers of SrO and TiO,, respectively, with respect
to the stoichiometric composition. The GB energy with nonsto-
ichiometric compositions could be estimated by considering
the excess chemicals.” The calculated boundary energies are
presented in terms of the chemical potential of SrO in Fig. 3(e).
The chemical potential of one Ti and two O atoms in SrTiOj; is
the difference in the chemical potential between SrTiO3 and the
Srand O atoms, i, = U8, — Mg (in SITiO3). In order
to estimate the chemical potentials of the Sr, Ti, and O atoms in
SrTiO3, the free energies of Sr (metal), Ti (metal), SrO (solid),
TiO; (solid), O, (gas), and SrTiO; (bulk) were calculated. The
details of these calculations were described in our previous
reports.*?

The chemical potential of TiO; in the calculation cell can
be estimated in an oxidizing condition. It varies within the
following range:’

Mgru"ll“li(m — lgio < Kio, < l‘%‘é‘i = g%oz- @
When an arbitrary translation along the x direction is
applied, GB1 and GB2 in the calculation cell are no longer
identical. To estimate the GB energies with these types of
translated configurations and to find the most stable structure,
a new model containing only one GB and two surfaces
was considered [Figs. 2(b) and 2(c)]. By considering the
total-energy difference between the states with and without
translation, the relative GB energy between the two states
was calculated. In this case, the GB energy of the translated
structure can be estimated by the equation

VGB(X) = YoB (0) + ETotaLSurface(x) ; ETotaLSurface(O) , (3)
where Eotl_surface(X) 1S the total energy of the structure shown
in Fig. 2(c) with x translation. ygg(0) is the GB energy
estimated by Eq. (1) for each termination. Because this model
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FIG. 2. (Color online) Model structures for calculating GB energies with rigid-body translations: (a) Ti-Ti terminated [001](100)//(430)
GB model with two identical GBs without translation. (b) and (c) GB model structures with one GB and two surfaces with (b) no translation
and (c) with a translation of 1.5 A in the x direction.

includes two surfaces, it is necessary to estimate the effect
of the surfaces on the GB energy. The validity of the present
method was checked by calculating the GB energy with a
structure translated along the z direction. Given that translation
along the z direction does not break the symmetry of the
two grain boundaries, GB1 and GB2, the surfaces were not
necessary to estimate the GB energy. The maximum difference

between the GB energies in the two different methods, with
and without surfaces, specifically the error introduced by
the presence of two surfaces, was less than 0.05 J /mz,
indicating that the present method feasibly estimates the GB
energy.

Figures 3(a)-3(d) show the calculated GB energies for
the Sr-Sr, Sr-Ti, Ti-Sr, and Ti-Ti terminations. The GB
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FIG. 3. (Color online) Calculated GB energies as a function of the rigid-body translation. (a) and (b) Variations of GB energies with
(a) Sr-Sr and (b) Sr-Ti terminations with rigid-body translation under the SrO-rich condition. The lowest GB energy is indicated by an arrow.
(c) and (d) Variations of GB energies with (c) Ti-Sr and (b) Ti-Ti terminations with translation under the TiO,-rich condition. The lowest GB
energy is indicated by an arrow. (e) The lowest GB energies among all rigid-body translation configurations for different terminations. The
Ti-Ti termination exhibits the lowest GB energy in the Ti-rich condition and the Sr-Sr termination does so in the Sr-rich condition.

energies vary significantly depending on the translation, and
the structures without translation do not always give the lowest
GB energy. This result indicates that translation between
the two grains is essential to determine the stable boundary
structure of the asymmetric GBs.

The most stable translation states for the GBs with the
Sr-Sr, Ti-Sr, Sr-Ti, and Ti-Ti terminations were (x, y, z) =
(0.5, 2.0, 2.0 A), (0.0, 2.0, 2.0 A), (0.5, 2.0, 1.0 A), and (1.5,
0.0, 0.0 A), respectively. For the most stable GB structures,
the variation of the GB energy with the chemical potential
of SrO was calculated, as shown in Fig. 3(e). Because the
number of excess or deficient StO compounds is different
for different terminations, each termination shows a different
variation in the plots in Fig. 3(e). The GB energy of the
Sr-Sr termination varies from 1.06 J/m? under the SrO-rich
condition to 1.87 J/m? under the TiO,-rich condition. In
contrast, the GB energies of the Ti-Sr and Ti-Ti terminations
are, respectively, 1.26 and 1.08 J /m2 under the TiO,-rich

condition, which are lower than those under the SrO-rich
condition of 1.81 and 1.89 J/m?. Note that the GB energies
of the most stable asymmetric [001](100)/(430) GB under the
TiO;-rich oxidizing condition are quite similar to that (0.98
J/ m?) of the symmetric tilt [001](210) X5 GB, as well as to that
(0.93 J/m?) of the [001](310) £5 GB under the same
calculation condition.*> For [001](210) 5, three possible
terminations, SrO-SrO, SrO-TiO2, and TiO2-TiO2, were con-
sidered, while for [001](310) X5, the stoichiometric SrTiO-O2
termination was considered because the other combinations
were not electrically neutral.

In previous studies of the morphology of asymmet-
ric tilt boundaries in SrTiOs,'® the GB energy of the
[001](100)//(430) asymmetric tilt GB was postulated to be
about twice the value of the low-energy symmetric tilt
GBs, suggesting that the asymmetric boundary was unstable.
Our calculation, however, reveals that the nonstoichiometric
asymmetric tilt GB with specific terminations can be as stable
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FIG. 4. (Color online) A HAADF-STEM image and the calculated structures of the asymmetric tilt [001](100)//(430) StTiO; GB. (a) (left)
HAADEF-STEM image of SrTiO; asymmetric GB. Because the intensity of the HAADF-STEM image is approximately proportional to the
square of the atomic number, the brighter and darker columns correspond to Sr and Ti-O columns, respectively, whereas O columns are not seen
(right). The atom positions are overlapped with the calculated Ti (small white dots) and Sr (large white dots) positions of the Ti-Ti terminated
structure shown in (e). (b)—(e) The calculated most stable GB atomic structures for different terminations: (b) Sr-Sr, (c¢) Sr-Ti, (d) Ti-Sr, and

(e) Ti-Ti.

as other symmetric tilt GBs. This result may explain why
asymmetric boundaries are observed as frequently as sym-
metric boundaries in polycrystalline materials. The stability
of our asymmetric tilt boundary has further been confirmed
systematically with changing atmosphere. The results are
described in the Sec. III C.

B. Characterization of [001](100)//(430) SrTiO; GB

To identify the atomic structure of the [001](100)//(430)
SrTiO; GB experimentally, three different samples were
observed by HAADF-STEM. Figure 4(a) shows a typical

HAADF-STEM image of the boundary. In this image, the
brighter and darker spots in Fig. 4(a) correspond to Sr and Ti-O
columns, respectively. It was found that the GB core consists
of four structure units: a rhombus, a six-member polygon,
a triangle, and a trapezium. The observed HAADF-STEM
image was compared with the calculated stable structures of
the four terminations shown in Figs. 4(b)-4(d). The Ti-Ti
termination, which gives the lowest GB energy under the
TiO,-rich condition, was found to fit the observed structure
best. According to previous studies,*>”3" SrTiO; is in Ti-
excess nonstoichiometry at high temperatures in air because
the formation of Sr vacancies arises more readily than the
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FIG. 5. HRTEM image of the joined [001](100)//(430) bicrystal
before annealing.

formation of Ti vacancies. This result also supports our
calculation and observation.

C. The stability of asymmetric boundary at different
oxygen partial pressures

It is commonly observed that an asymmetric GB consists
of a few different inclination planes. After joining the [001]
(100)//(430) bicrystal, three major GB planes are observed, as
shown in Fig. 5. An examination of their atomic structures
and inclination angles revealed that the boundary consists

(a) in Air

FIG. 6. HAADF-STEM images of the [001](100)//(430) bicrystal
after annealing at 1350 °C for 120 hr (a) in air and (b) in Hj.

PHYSICAL REVIEW B 84, 195319 (2011)

of two symmetric tilt boundaries, [001] (210) X5 and
[001] (310) X5, and one asymmetric boundary, the [001]
(100)//(430) tilt boundary. In this study, it was found that
the GB energy of the [001] (100)//(430) asymmetric tilt
GB depends on the chemical potential of each element,
whereas the GB energies of two symmetric tilt GBs are
invariant with the oxygen partial pressure because they are
stoichiometric.

The effect of the variation of the chemical potential of the
elements on the GB structure was observed after annealing
bicrystal specimens at 1350 °C for five days in different
atmospheres of air and H,. Figures 6(a) and 6(b) show
HAADF-STEM images of the specimens annealed in air and
H,, respectively. To compare the GB structures in two different
atmospheres quantitatively, the total lengths of three distinct
GB planes were measured for more than 0.1 nm length of the
GB for each specimen. An asymmetric tilt GB was not present
in the Hp-annealed specimen, whereas 15% of the GB length
was the [001](100)//(430) asymmetric boundary in the air-
annealed specimen. A DFT calculation showed that the energy
of the [001](100)//(430) asymmetric boundary was 2.02 J /m2
in a reducing atmosphere, in which the chemical potentials of
Sr and Ti in SrTiO; are identical to those of metals. This value
in air was 1.07 J/m?. This result indicates that in a reducing
atmosphere, the [001](100)//(430) asymmetric boundary is en-
ergetically unstable and only two symmetric tilt GBs are stable.
This result is in agreement with the experimental observation
[Fig. 6(b)].

IV. SUMMARY

In summary, an asymmetric tilt [001](100)//(430) SrTiO3
GB was successfully modeled by the first-principles PAW
method and experimentally confirmed by HAADF-STEM
observations. The calculated energy of the asymmetric tilt
GB was similar to those of symmetric tilt GBs under the
Ti-excess or Sr-deficient condition. The present result can
explain why the [001](100)//(430) SrTiO3; GB is frequently
observed in experiments and why this GB exists in a
Ti-excess condition.”!82131:32 This study also demonstrates
the method required to investigate the atomic structure and
GB energy of asymmetric tilt GBs and provides an example
to assist with a comprehensive understanding of asymmetric
boundaries.
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