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ABSTRACT

A simulated annealing (SA) method based on molecular dynamics is employed

to reveal atomic structures of asymmetric tilt grain boundaries (ATGBs) in MgO.

R5 and R13 ATGBs with the [001] tilt axis are systematically investigated. The

ATGBs after SA simulations dissociate into saw-toothed nanofacets composed

of multiple structural units. These nanofacets are lower in GB energy than those

obtained from a c-surface method with structural optimization, demonstrating

the importance of SA-based methods for obtaining low-energy structures of

ATGBs. For most of the R5 ATGBs, the nanofacets consist of only structural

units of R5 symmetric tilt GBs (STGBs). For the R13 ATGBs studied, their

nanofacets do not consist of only R13 STGBs but always contain non-R13
structural units, which probably results from a large difference between the

excess volume of R13(510) and R13(320) STGBs. It is also found that ATGBs have

a larger number of metastable structures whose GB energies are close to the

lowest energy structure than STGBs, due to the fact that ATGB nanofacets are

more tolerant of variation in facet junction, structural units and their arrange-

ment. Consequently, the lowest energy structures have low probabilities of

being formed than metastable structures.

Introduction

In crystalline materials, grain boundaries (GBs) often

govern their macroscopic properties and functional-

ities, through changing atomic configurations and

chemical compositions within a few nanometers from

GB planes. It has been reported that physical prop-

erties of individual GBs significantly vary with their

crystallographic characteristics. For instance,

increasing proportions of R3 twin GBs in metals and

alloys demonstrated improved resistance to inter-

granular corrosion and embrittlement [1–5].
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Experiments using bicrystal samples also showed

that electrical conductivities [6], diffusivities [7, 8]

and thermal conductivities along or across GBs

strongly depend on individual GB characters [9, 10].

Although such GB properties are known to be well

correlated with GB characters described with R val-

ues, they fundamentally originate from the atomic

and electronic structure of GBs. To maximize bene-

ficial effects of GBs in real polycrystalline materials,

one therefore needs to fully understand the connec-

tion between the crystallographic characteristics,

atomic structure and physical properties of GBs,

through examining various GBs with respect to five

degrees of freedom that describe GB crystallography.

To reveal their connection, atomistic simulations

and first-principles calculations were extensively

applied to symmetric tilt GBs (STGBs) in cubic crystal

systems, including metal [11–14], covalent [15, 16]

and ionic crystals [17–19]. In those studies, GB ener-

gies and structural units were systematically deter-

mined as functions of misorientation angle and

rotational axis. Using low-energy structures, their

electronic properties were also examined using den-

sity-functional theory (DFT) calculations. Further-

more, recent atomistic simulations indicated the

existence of a vast number of metastable structures

close in GB energy to the lowest energy structures,

even for STGBs and twist GBs with low-R values

[20–23]. However, proportions of STGBs are typically

small in real polycrystals. In fact, previous experi-

mental studies on GB distribution in polycrystals

reported that except for R3 twin GBs and STGBs with

specific R values (e.g., R = 9 and 27), asymmetrical

GBs were more frequently observed than STGBs

[24–26]. So far it still remains an open question to

what extent the atomic structure of STGBs is linked to

that of general GBs, which are most likely to be

asymmetrical with a wide spectrum of crystallo-

graphic characteristics.

For metals, some atomistic simulations focused on

asymmetric tilt GBs (ATGBs) and indicated that

ATGBs have nanofacet structures with more complex

structural units than STGBs [27–34]. Tcshopp and

McDowell systematically determined low-energy

structures of ATGBs in Al and Cu [28, 29]. Their

results indicated R3, R5 and R13 ATGBs each ideally

facet into STGB structural units with the same R
values, whereas facet structures of R9 and R11
ATGBs contain structural units of R3(111) STGBs.

Brown and Mishin also showed that R11 ATGBs in

Cu partially dissociate into nanofacets with non-R11
and even non-coincident-site-lattice (CSL) structures

[30], which cannot be interpreted with the CSL model

alone. For a R5 ATGB in bcc Fe, Medlin et al. showed

that secondary GB dislocations are localized to facet

junctions of R5 structural units, suggesting that a

density of GB dislocations is a dominant factor in

nanofacet lengths [32]. Additionally, several theoret-

ical works reported that shear deformation abilities

along GB planes are much higher for ATGBs with

non-planar interfaces than STGBs with planar inter-

faces [33, 34]. ATGBs and STGBs may thus be dif-

ferent in not only atomic structure but also GB

properties, depending on their crystallography.

However, no systematic theoretical studies on

ATGB in ionic crystals have been conducted in con-

trast to metals, although the atomic structure and

energetics of STGBs have been widely investigated

for oxide systems with simple crystal structures, e.g.,

MgO [17, 18], NiO [35, 36] and ZnO [37]. A few

experiments examined atomic structures and GB

properties of ATGBs in typical oxides, with a com-

parison to STGBs [38–42]. Bean et al. showed that in a

MgO thin film, an incommensurate (100)/(110) ATGB

exhibits a flat interface composed of triangle struc-

tural units, by using STEM observations and first-

principles calculations [42]. This ATGB also indicated

45% of reduction in band gap from its bulk value,

while a band gap reduction at a R5 STGB was *
30%. This indicates that the atomic structure of the

ATGB leads to the difference in electronic structure

between the ATGB and STGB. Lee et al. reported that

a (430)/(001) ATGB in SrTiO3 exhibited higher

resistivity than R5 STGBs [39]. The authors attributed

the high resistivity to a high concentration of oxygen

deficits at the faceted interface of the ATGB. How-

ever, it is currently unclear whether such differences

between ATGBs and STGBs are significant in real

ionic polycrystals, since the knowledge on the atomic

structure of ATGBs is still very limited even for ionic

systems with simple crystal structures.

This work aims to determine atomic structures,

nanofacet structures and GB energies of ATGBs in

MgO by using a simulated annealing (SA) method

based on molecular dynamics (MD) simulations

[18, 19]. Comparisons between ATGBs and STGBs are

also made with respect to structural units and excess

volume to investigate an origin of formation of ATGB

atomic structures. The metastability of ATGBs is also

examined by comparing the distribution of
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metastable structures for ATGBs and STGBs. MgO is

a typical ionic-bonding system, with the simple rock-

salt structure. Analysis on MgO ATGBs will provide

us fundamental insight into formation of nanofacet

structures for ionic systems, which is expected to be

applicable to ATGBs in other ionic systems. In addi-

tion, a comparison between ATGBs in MgO and fcc

metals [29] is also made in order to reveal how the

difference between their bonding states, namely ionic

and metal bonding, affects preferential nanofacet

structures for the two systems. The knowledge

obtained from their comparison will shed the light to

formation mechanisms of ionic and metal ATGB

structures.

Method

Construction of ATGB

Table 1 lists crystallographic characteristics of ATGBs

studied here. R5 and R13 ATGBs from low- to high-

index boundary planes were examined, and their

results were also compared to those of metal ATGBs

in the literature [29]. As described in previous studies

[28–30], the inclination angle U needs to be

introduced to define the angle between the boundary

planes of an ATGB and a reference STGB with the

same R value. R5 and R13 ATGBs with the [001] tilt

axis are defined between 0�\U\ 45�. For R5
ATGBs, U = 0� and U = 45� correspond to the R5(310)
and R5(210) STGBs, respectively. For R13 ATGBs, the

reference STGBs are R13(510) at U = 0� and R13(320)
at U = 45�. The atomic structures of STGBs with the

001½ � tilt axis were also determined to compare

structural units and GB energies of ATGBs and

STGBs. Their crystallographic characteristics are

contained in the Supporting Information.

A simulation cell of an ATGB is illustrated in

Fig. 1a. Here, the z-axis is parallel to the [001] tilt axis.

In order to satisfy periodic boundary conditions of

the simulation cells for ATGBs, y-axis lengths of the

adjacent grains have to match with each other. For

this purpose, least common multiples of minimum y-

axis lengths of the two grains were considered to

construct the simulation cells. For example, a y-axis

length of a R5(100)/(430) cell was obtained to extend

a minimum y-axis length of the (001) grain by five

times against a minimum y-axis length of the (430)

grain.

Note that when an ATGB is modeled with three-

dimensional (3D) periodic boundary conditions, the

Table 1 Information about crystallography and simulation cell for

ATGBs. U represents the inclination angle. Ly is the y-axis length

along the boundary plane

R Boundary plane U [deg.] Ly [Å]

5 410
� �

= 1980ð Þ 4.40 86.83

1120
� �

= 210ð Þ 8.13 47.09

810
� �

= 740ð Þ 11.31 33.96

1810
� �

= 320ð Þ 15.26 75.93

100ð Þ= 430ð Þ 18.44 21.06

1210ð Þ= 980ð Þ 23.20 50.72

710ð Þ= 110ð Þ 26.57 14.89

920ð Þ= 670ð Þ 30.96 38.83

1130ð Þ= 790ð Þ 33.69 24.01

310ð Þ= 9130ð Þ 36.87 33.30

1970ð Þ= 11170ð Þ 38.66 42.64

13 1810
� �

= 1760ð Þ 8.13 75.93

100ð Þ= 1250ð Þ 11.31 54.75

810ð Þ= 740ð Þ 18.43 33.96

1130ð Þ= 970ð Þ 26.57 24.01

1450ð Þ= 11100ð Þ 30.96 62.61

1770ð Þ= 110ð Þ 33.69 38.72

Figure 1 a Schematic illustration of a GB simulation cell.

b Initial simulation cell for the SA method. The bottom pictures

show snapshots at 4000 K, 3000 K and 1000 K during a SA

simulation, and the structure after energy minimization.
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simulation cell does not always satisfy rotational

symmetry about the [001] axis with the center of

rotation located at the center in the x–y plane, for an

arbitrary translation of one grain to the other along

the boundary plane. This often leads to distortion of a

simulation cell in structural optimization. However,

it is advantageous to use this type of simulation cell

during SA simulation so as to prevent abrupt

expansion of the GB region, as described in the next

section. Thus a simulation cell with 3D periodic

boundary conditions was first used in a SA simula-

tion. Subsequently a simulation cell with the grains

terminated at free surfaces was constructed from the

simulation cell after the SA simulation, in order to

calculate its GB energy.

Simulated annealing and c-surface methods

Stable and metastable structures of the ATGBs were

obtained using a SA method with MD simulations

used in our previous studies [18, 19], as illustrated in

Fig. 1b. Simulation cells for GBs are often constructed

by cutting original perfect crystal structures accord-

ing to the GB orientations in a straightforward man-

ner. However, it is expected that ATGBs form

nanofacets along the GB planes, where considerable

atomic motions such as reconstruction and shuffling

can take place. In order to facilitate such atomic

motion in GB formation during simulations, thin

layers of disordered atomic structures of MgO were

initially introduced between the adjacent grains (see

Fig. 1b). This disordered structure was created by

performing an MD simulation at 8000 K for 20 ps,

and subsequently, it was sandwiched between two

grains.

The SA method was performed in the following

procedures. Firstly, an MD simulation was per-

formed at 4000 K for 30 ps. In this stage, the NVT

condition was used to solidify the disordered struc-

tures and prevent large expansion of the simulation

cell. The edge lengths were slightly increased by a

few percent to relieve internal high pressure. Sec-

ondly, to equilibrate the edge lengths, MD simula-

tions in the NPT condition were performed by

decreasing temperature T from 3750 to 500 K in an

increment of 250 K (3750 K B T B 2500 K) and 500 K

(2500 K B T B 500 K). The holding time at each

temperature was set at 30 ps. Finally, after running

successive MD simulations at 500 K, 100 K and 50 K

for 10 ps, the GB structures were optimized by

performing energy minimization. The Nosé–Hoover

thermostat was used in the series of MD simulations.

To obtain low-energy structures, the SA method

mentioned was performed 20 and 50 times for each

STGB and ATGB, respectively. For the ATGBs with

the y-axis length larger than 50 Å, additional 50 SA

simulations were performed, as it is expected that

these ATGBs have a larger number of

metastable structures and thus the lowest energy

structures are more difficult to obtain than that of an

ATGB with a shorter y-axis length.

Since two GBs in the individual simulation cells,

which are introduced due to periodic boundary

conditions, were independently relaxed in a SA

simulation, their relaxed atomic structures were often

different. Thus two simulation cells with either GB

structures were created from one simulation cell after

a SA simulation, by adding vacuum layers in the x-

axis direction perpendicular to the GB planes and

terminating the grains at free surfaces. The width of

the vacuum layer was chosen to be 30 Å. The two

simulation cells were again optimized using a con-

jugate gradient method in a constant volume condi-

tion, and finally their GB energy was calculated.

A c-surface method was also used to confirm that a

SA-based method is essential for obtaining low-en-

ergy nanofacet structures for ATGBs. In typical c-
surface methods, static energy minimization is

employed to search for low-energy structures; how-

ever, the atomic positions are updated so that the

total energy of a system always decreases at every

iteration. Thus if significant atomic rearrangement,

which often involves temporal increase in total

energy, is required to obtain the global energy-mini-

mum structure, such a structure cannot be obtained

with the c-surface method alone. In this method,

different initial GB structures in atomic configuration

at GBs were constructed, by shifting one grain rela-

tive to the other with a translational vector of 0.5 Å in

the y- and z-axis directions along the boundary plane.

All initial structures were relaxed by performing

structural optimization.

Atomistic simulations were performed using the

LAMMPS code [43]. A Buckingham-type interatomic

potential was employed to calculate short-range

interactions between ions, using a set of empirical

parameters reported in the literature [44]. The rigid-

ion model was used, and the formal charges of Mg

and O ions were fixed to be ? 2 and 2, respectively.
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GB energy and excess volume of ATGBs

The GB energy of an ATGB, EATGB
GB , was calculated in

two ways: one is to directly calculate EATGB
GB from an

energy difference between the ATGB cell (EATGB) and

the perfect-crystal cell (EPerfect), by using the following

equation:

EATGB
GB ¼ EATGB � EPerfect

A
� ESurface

1 � ESurface
2 ð1Þ

where A is an area of a macroscopic GB plane, and

ESurface
1 and ESurface

2 are the surface energies of two

surfaces at which two grains are terminated. The

values of surface energies are listed in Supporting

Information. Here, ‘‘macroscopic’’ means that A is

calculated from the product of the y- and

z-axis lengths, excluding an increase in GB area due

to faceting. The other is to calculate EATGB
GB by

assuming that an ATGB ideally facets into STGB

structural units with the same R value. With this

assumption, EATGB
GB as a function of U was calculated

by using the following equation reported by Tcshopp

and McDowell [28, 29]:

EATGB;TM
GB ¼ ESTGB;1

GB cosU� sinU � cos a
sin a

n o
þ ESTGB;2

GB

� sinU
sin a

ð2Þ

where ESTGB;1
GB and ESTGB;2

GB are the GB energies of two

STGBs with the same misorientation of two grains

(e.g., R5(210) and R5(310) for the R5 ATGBs), and a is

the angle between the GB planes of the two STGBs.

For the 001½ � system, a is 45�. If an ATGB ideally

facets into STGB structural units and also its facet

junctions do not involve large distortion of the

structural units, EATGB
GB obtained from Eqs. (1) and (2)

should be the same. On the other hand, if the ATGB

contains STGB structural units with different R val-

ues or its facet junctions lead to an energy penalty,

EATGB
GB obtained from Eq. (1) should deviate from that

of Eq. (2). The ideal value of excess volume per unit

area of a GB plane, VGB, was also defined in the same

manner:

VGB ¼ VSTGB;1
GB cosU� sinU � cos a

sin a

n o
þ VSTGB;2

GB � sinU
sin a

ð3Þ

where VSTGB;1
GB and VSTGB;2

GB are the excess volume of

the STGB counterparts.

Results and discussion

Grain boundary energy and structural unit
of STGB

It is prerequisite to examine structural properties and

energetics of STGBs, in order to understand those of

ATGBs. Figure 2 shows the lowest energy structures

of the R5, R13 and R17 STGBs in order of misorien-

tation angle 2h. From R13(510) to R17(530), their GB

cores have empty spaces, whereas R13(320) contains
ions located on the boundary plane without an empty

space. These ‘‘open’’ and ‘‘dense’’ structures are also

obtained from density-functional theory (DFT) cal-

culations [45] (see also the Supporting Information).

Note that for R13(320), DFT calculations show two

stable structures whose GB energies are very close

with a difference of 4 9 10–3 J/m2. The empirical

potential also predicts one of the two structures as the

stable structure, and thus, its transferability is rea-

sonably maintained for all STGBs studied.

Here the R17(410) and R17(530) STGBs are also

shown, as their structural units are contained in R5
and R13 ATGBs as discussed later. R17(410) has an

open structure similar to those of R13(510) and

R5(310), with a difference in the number of atoms

consisting of their structural units. The sizes of the

structure units tend to decrease with increasing 2h
value. In contrast, R17(530) has two different struc-

ture units. The one is the same with that of R5(210) as
indicated by the green line, while the other is a six-

membered ring (black line) that is not contained in

the R13(320) STGB.

Figure 3a shows GB energies of STGBs (ESTGB
GB ) as a

function of 2h. There are two cusps for R5(210) and

for R5(310), at which ESTGB
GB is 1.78 J/m2 and 1.96 J/

m2, respectively. The maximum value of ESTGB
GB is

2.19 J/m2 for R17(530). These trends are in agreement

with DFT results (Supporting Information), although

ESTGB
GB calculated from the empirical potential were

0.26–0.39 J/m2 larger than ESTGB
GB calculated from DFT

calculations for the six STGBs in Fig. 2. It is noted that

ESTGB
GB obtained from the SA and c-surface methods

are identical, with just small differences for R97(940)
and R65(530). For STGBs, the two methods thus can

provide similar low-energy structures. Figure 3b

shows excess volume VGB as a function of 2h. VGB

also reflects the difference between open and dense

structures: from R13(510) to R17(530), VGB ranges
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similar values, whereas it sharply decreases for

R13(320). Thus if a GB structure consists of only an

open or a dense structure, VGB is predominantly

determined by 2h.

Grain boundary energy of ATGB

Figure 4 shows EATGB
GB as a function of inclination

angle U. The ideal values (black line, EATGB;TM
GB ) are

obtained from Eq. (2), and the calculated values (red

line, EATGB;SA
GB ) are computed using the energy-mini-

mum structures obtained for the SA method (red

line). The calculated results using the c-surface
method with static energy minimization (blue line,

EATGB;c
GB ) are also plotted. As shown in Fig. 4a, most of

the R5 ATGBs have EATGB;SA
GB similar to EATGB;TM

GB ,

although EATGB;SA
GB is slightly higher than EATGB;TM

GB

with differences between 0.03 and 0.05 J/m2.

However, the particular high-index ATGBs have

EATGB;SA
GB values larger than EATGB;TM

GB , with differences

between 0.16 and 0.21 J/m2.

For the R13 ATGBs (Fig. 4b), EATGB;SA
GB values do not

simply follow EATGB;TM
GB and are more complicated

than those of the R5 ATGBs. At U = 8.13� and 30.96�,
EATGB;SA
GB larger than EATGB;TM

GB , whereas EATGB;SA
GB is

smaller than EATGB;TM
GB at U = 11.31�, 18.43� and 26.57�.

At U = 33.69�, EATGB;SA
GB and EATGB;TM

GB have close val-

ues with the difference of less than 0.02 J/m2. Even

for this ATGB, the nanofacet does not consist of

purely R13 STGB structural units, as mentioned in

the next section. These results demonstrate that

Figure 2 Structural units

viewed along the [001] tilt axis

for R5, R13 and R17 STGBs

in order of misorientation

angle 2h. They are the lowest

energy structures obtained

from the SA method. The

light- and dark-gray balls

represent Mg and O ions,

respectively.

Figure 3 a GB energy and b excess volume per unit area of a GB

plane as a function of misorientation angle 2h for STGBs with the

[001] tilt axis. The GB energies are calculated from the SA

method (red line) and the c-surface method (blue line).

Figure 4 GB energies calculated from Eq. (2) (black line), SA-

simulation results (red line) and c-surface results (blue line) for

a R5 and b R13 ATGBs. The metastable structures obtained from

the SA method are represented by the gray circles distributed

vertically at each U. Each circle corresponds to one

metastable structure.
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whether calculated EATGB
GB follows its ideal value

greatly depends on the inclination angle and R value.

The above trends in GB energy in MgO are in

contrast to R5 and R13 ATGBs in Cu and Al reported

by Tschopp and McDowell [29]. For their calculations

of R5 ATGBs, the calculated and ideal EATGB
GB were

nearly the same in the whole U value, including high-

index ATGBs such as 4 10
� �

= 1980ð Þ, 18 10
� �

= 320ð Þ
and 1210ð Þ= 980ð Þ ATGBs. For R13 ATGBs in the fcc

metals [29], the calculated EATGB
GB was reported to also

well follow the ideal EATGB
GB , with small differences

of * 0.02 J/m2. This comparison suggests that even

for the low-R ATGBs, there may be large differences

in energetics of ATGBs between MgO and the fcc

metals. This difference is highly likely to arise from

the difference in low-energy structural unit, which

are originally determined by bonding state, between

ionic and metal systems.

It is worthwhile to compare EATGB
GB obtained from

the SA and c-surface methods (red and blue line,

respectively). For R5 ATGBs, EATGB;c
GB is entirely larger

than EATGB;SA
GB with differences ranging from 0.12 J/

m2 to 0.56 J/m2. This is also the case of the low-index

ATGBs, i.e., the 100ð Þ= 430ð Þ and 710ð Þ= 110ð Þ ATGBs.

A similar trend is also observed for the R13 system;

the 1770ð Þ= 110ð Þ ATGB especially shows a large dif-

ference between EATGB;SA
GB and EATGB;c

GB , with as large as

0.80 J/m2. These differences arise from differences

between low-energy atomic structures obtained from

the SA and c-surface methods, as will be shown later.

These results clearly indicate that the c-surface
method is unable to explore low-energy ATGB

structures obtained from the SA method.

It is also noted that there exist many

metastable structures obtained from the SA method,

as represented by the gray circles distributed verti-

cally at each U. The metastable structures were

obtained from structural optimization at 0 K. Here a

metastable structure was defined as a local minimum

structure different in atomic configuration from the

most stable one at 0 K. It is noted that in this defini-

tion, the stability of a GB is based on zero-tempera-

ture potential energy and volume, and thus a

metastable structure at 0 K is not exactly the same as

its equilibrium structure at finite temperature.

All ATGBs studied have at least one

metastable structure close in EATGB
GB to the lowest

energy structure, with their GB-energy differences of

less than 0.1 J/m2. In addition, there are multiple

near-lowest structures for each ATGB. Therefore not

only the lowest energy structure but also

metastable structures may be also essential for

understanding the atomic structure of actual ATGBs

in polycrystals. A detail analysis will be carried out in

the section of metastability of ATGB.

Atomic structure of ATGB

Figures 5 and 6 show nanofacets of R5 ATGBs. For

the ATGBs whose EATGB
GB is close to the ideal value

(Fig. 4a), their nanofacets consist of only R5(210) and
R5(310) STGBs as represented by the green and blue

lines. For these ATGBs, the ratio of the R5(310) to

R5(210) structural units decreases with increasing U
(see Table 2), while keeping their shapes. These

changes in the ratio can be understood from the

crystallographic prediction. As indicated by the

dashed lines in the panel of the (100)/(430) ATGB, the

angle between the R5(210) and R5(310) segments is

maintained to be 45�, which is observed for all

ATGBs in Fig. 5.

In comparing between the current result of MgO

and the previous result of Cu [29], the same trend is

that nanofacets in these two systems dissociate into

purely the lowest energy structural units of R5(210)
and R5(310) STGBs, without other structural units. A

large difference is the width of nanofacets perpen-

dicular to the boundary plane. For MgO, the nano-

facets are formed across two grains, involving a

significant reconstruction of atomic arrangements

that originally have the perfect crystal structure. As a

result, these nanofacets have saw-toothed structures.

For Cu ATGBs [29], on the other hand, changes in

atomic arrangement are confined to only the GB core

region, with a few Å in width. Another difference is

that for MgO ATGBs, structural units appear to be

more distorted than those for Cu ATGBs, particularly

at the facet junction where R5(210) and R5(310)
structural units are adjacent to each other. Their

distortion probably results in the calculated EATGB
GB

slightly higher than the ideal value (Fig. 4a).

For the R5 ATGBs whose EATGB
GB deviates from the

ideal value (Fig. 6), two types of non-R5 structural

units are contained. One is the R17(410) STGBs as

represented by the red line. The other is similar to the

structural unit of an incommensurate {100}/{110}

ATGB (black line), as observed by Bean et al. [39]. The
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410ð Þ= 1980ð Þ and 1210ð Þ= 980ð Þ ATGBs contain both

the structural units, whereas the 18 10
� �

= 320ð Þ ATGB

contains only {100}/{110} ATGBs. Even for

metastable structures obtained from the SA method,

nanofacets composed of only R5(210) and R5(310)
STGBs are absent. There are mainly two possible

reasons that a pure R5 nanofacet was not observed.

One is that such a nanofacet is not necessarily the

lowest energy structure for the three high-index

ATGBs, possibly due to a high energy penalty at the

facet junction at R5 STGBs. The other is that the pure

R5 nanofacets are also the lowest energy ones for the

three ATGBs, but their probability of being formed is

low because of the existence of a vast number of

metastable structures, as discussed in the next sec-

tion. Although it is still unclear whether these struc-

tures are the global minimum, this result suggests

that the presence of R17(410) STGBs and {100}/{110}

ATGBs does not lead to a large increase in EATGB
GB for

R5 ATGBs.

It is noted that there is a clear difference between

the lowest energy structures obtained from the SA

and c-surface methods, as indicated in the bottom

panels for the 1970ð Þ= 11170ð Þ ATGB in Fig. 5. The SA

nanofacet is composed of only R5(210) and R5(310)
STGBs, involving reconstruction of atomic arrange-

ments in the lattice region. The c-surface nanofacet

contains non-R5 structures (black line) and lies par-

allel to the boundary plane. This nanofacet is ener-

getically much higher than the SA nanofacet as

previously shown in Fig. 4a.

For R13 ATGBs (Fig. 7), their nanofacets are more

complex than the R5 ATGBs in the sense that no

facets consist of purely R13(510) and R13(320) STGBs,

and different R structural units are always present.

Figure 5 Nanofacets of R5

ATGBs whose EATGB
GB are

similar to the ideal values

(Fig. 4a) in order of inclination

angle U. These structures are

obtained from the SA method.

The green and blue lines

represent the structural units of

R5(210) and R5(310) STGBs,
respectively.
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This tendency is especially significant for the

810ð Þ= 740ð Þ and 1130ð Þ= 970ð Þ ATGBs. The 810ð Þ= 740ð Þ

ATGB consists of only R17(410) STGB structural

units, although their shapes are distorted from the

original one. The 1130ð Þ= 970ð Þ ATGB also does not

contain R13 STGB structural units, but it consists of a

series of non-R13 STGBs: R17(410), R5(310) and a part

of R17(530). The other R13 ATGBs also contain non-

R13 structural units, including segments that do not

belong to at least low-R STGBs, as indicated by the

purple lines. These results suggest that R13 ATGBs in

MgO are likely to have atomic structures different

from a simple combination of R13(510) and R13(320)
STGBs.

The great deviation in structural unit type for the

R13 ATGBs is probably due to a large difference

between VGB of the R13(510) and R13(320) STGBs,

Figure 6 Nanofacets of the R5 ATGBs whose EATGB
GB deviate

from the ideal values (Fig. 4a). These structures are obtained from

the SA method. The green, blue and red lines represent the

R5(210), R5(310) and R17(410) STGB structural units,

respectively. The black one appears to be the structural unit of

an incommensurate {100}/{110} ATGB.

Table 2 Ratio of R5(210) to R5(310) structural units in one

period along the y-axis for R5 ATGBs. The values in the bracket

parentheses are the ideal value predicted from crystallography.

Boundary plane Ratio of structural units

R5(310) R5(210)

410
� �

= 1980ð Þ 9 (6) 4 (1)

1120
� �

= 210ð Þ 3 (3) 1 (1)

810
� �

= 740ð Þ 2 (2) 1 (1)

1810
� �

= 320ð Þ 3 (4) 2 (3)

100ð Þ= 430ð Þ 1 (1) 1 (1)

1210ð Þ= 980ð Þ 1 (2) 2 (3)

710ð Þ= 110ð Þ 1 (1) 2 (2)

920ð Þ= 670ð Þ 1 (1) 3 (3)

1130ð Þ= 790ð Þ 1 (1) 4 (4)

310ð Þ= 9130ð Þ 1 (1) 6 (6)

1970ð Þ= 11170ð Þ 1 (1) 8 (8)

Figure 7 Nanofacets obtained from the SA method for the R13
ATGBs. The green and blue lines represent the R13(510) and

R13(320) structural units, respectively. The gray, red and yellow

ones correspond to the R5(310), R17(410) and R17(530)
structural units, respectively. The purple lines indicate the

structures that cannot be classified into any low-R STGBs.
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which is as large as 0.85 Å (see Fig. 3b). This differ-

ence also influences VGB of the R13 ATGBs, as shown

in Fig. 8. For R5 ATGBs in Fig. 8a, VGB monotonically

decreases with U and qualitatively follows the ideal

value. For R13 ATGBs in Fig. 8b, on the other hand,

the calculated VGB keeps 1.20–1.32 Å in the range of

U = 0� and 26.57�, while its ideal VGB almost linearly

decreases. In this range of U, VGB has similar values

because the nanofacets do not contain dense struc-

tures (i.e., the R13(320) STGB) but basically consist of

open structures, as shown in Fig. 7. At U = 30.96�,
VGB abruptly decreases to 0.85 Å and subsequently

decreases with increasing U. In this range the ATGBs

partly contain R13(320) STGBs, which have smaller

VGB, as indicated by the blue lines in the bottom

panels in Fig. 7.

The above trend of the R13 ATGB structures in

MgO is very different from those in Cu in the liter-

ature [29]. In Cu, the R13 ATGBs studied were

reported to dissociate into R13(510) and R13(320)
STGBs without other R-value STGBs. These R13
STGB structural units have similar shapes with

‘‘dense’’ structures in the context of MgO GBs, as

shown in the previous study. As a result, their excess

volumes probably also have similar values. It is thus

likely that they can coexist adjacent to each other in

one R13 ATGB, without a large energy increase. On

the other hand, MgO STGBs have both dense and

open structures (Fig. 2). This difference between the

MgO and metal structural units presumably arises

from the difference between their bonding states. For

MgO, Mg and O ions are always adjacent even at

GBs, while mostly maintaining the atomic arrange-

ment of its perfect crystal. This trend is clearly due to

the fact that the Coulomb interaction of Mg and O

ions is also a critical effect in determining the shape

of a structural unit. Due to this effect, the preferential

atomic configuration of Mg and O ions at a GB is

likely to be more restrictive than that of metal atoms,

leading to the existence of dense and open structures

depending on misorientation angle. However, if the

two structures belong to the same R system as is

observed for R13(320) and R13(510), their coexistence
is most likely to result in a large energy penalty due

to significant distortion of their structural units, as

shown in Fig. 8b. For other ionic systems, ATGBs

with particular R values may also show a trend

similar to R13 ATGBs in MgO, that is, their nanofa-

cets do not simply consist of the same R STGBs due to

a large difference between the excess volumes of

STGB counterparts.

The above comparison between the atomic struc-

tures of the R5 and R13 highlights that whether

ATGBs dissociate into STGBs with the same R value

greatly depends on their GB characters. If an ATGB

contains different R structural units, GB properties

also may be changed from a simple combination of its

STGBs counterparts.

Metastability of ATGB

Recent molecular simulation studies have indicated

that there possibly exist many metastable structures

close in DEGB to the lowest energy structures, even for

STGBs with low-R values [20–23]. Here we examine

metastable structures of ATGBs, by comparing

STGBs. Figure 9 shows the distribution of DEGB for

four GBs. In the y-axis direction, five repeats of the

120ð Þ= 210ð Þ and 310ð Þ= 310
� �

STGB cells are the same

in length and thereby in GB area as one repeat of the

210ð Þ= 11 20
� �

and 310ð Þ= 9130ð Þ ATGB cells, respec-

tively. Thus one can directly compare the distribution

of GB energies of the ATGBs and STGBs, by exclud-

ing the effect of the difference in GB area. Totally 100

SA simulations were performed, and 200 structures

were used to obtain the distribution for each GB.

In Fig. 9a, the SA-based distribution of DESTGB
GB for

the 120ð Þ= 210ð Þ STGB (blue line) shows the peak of

the lowest energy structure at 1.78 J/m2 and the

peaks of metastable structures at about 2.09–2.14 J/

m2. The peaks of the lowest energy and

metastable structures are thus clearly separated. By

contrast, the SA-based distribution of DEATGB
GB for the

Figure 8 Excess volume VGB obtained from the ideal value

(black line) and the SA method (red line) as a function of

inclination angle U: a R5 and b R13 ATGBs. The lowest energy

structures are used to calculate VGB.
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210ð Þ= 11 20
� �

ATGB (red line) shows that the peaks

of the lowest energy and metastable structures are

very close without a clear separation. The DEATGB
GB

values of the other metastable structures are also

continuously distributed from that of the lowest

energy structure. These results indicate that the

210ð Þ= 1120
� �

ATGB has more metastable structures

close in DEATGB
GB to the lowest energy structure than

the 120ð Þ= 210ð Þ STGB. As a result of the presence of

many metastable structures, the probability of form-

ing the lowest energy structure becomes low.

A similar difference is also observed for the

310ð Þ= 3 10
� �

STGB and the 310ð Þ= 9130ð Þ ATGB, as

shown in Fig. 9b, although the overall distribution is

distinct from that of the 210ð Þ= 11 20
� �

ATGB. For the

310ð Þ= 3 10
� �

STGB, there is a peak corresponding to

the lowest energy structure at 1.96 J/m2. A peak

arising from a metastable structure is also clearly

observed at 2.14 J/m2, for which ESTGB
GB is 0.18 J/m2

larger than the lowest ESTGB
GB . At higher values than

the two peaks, ESTGB
GB is continuously distributed. For

the 310ð Þ= 9130ð Þ ATGB, there are two peaks close to

each other at 1.93 J/m2 and 1.98 J/m2, which corre-

spond to the lowest energy and metastable GBs

obtained from the SA method. At higher-energy

region, EATGB
GB is broadly distributed without a clear

separation of each peak. The 310ð Þ= 9130ð Þ ATGB is

thus also likely to have a higher probability of

forming metastable structures than the lowest energy

structure.

It is noted that the distributions obtained from the

SA and c-surface methods are different in peak

position and its magnitude, as indicated in Fig. 9. In

static calculations, an optimized structure typically

depends on its initial structure, particularly when

there exist multiple metastable structures. Due to this

fact, the c-surface distribution shows strong peaks for

both the ATGBs, which are entirely located at higher

values of EATGB
GB than the SA distribution. This indi-

cates that for the ATGBs, static calculations sample

only particular metastable structures with high

EATGB
GB . Thus the SA method is indeed likely to be a

better choice for exploring the low-energy atomic

structures of ATGBs.

To show how metastable structures of ATGBs are

generated, three typical examples observed are

visualized in Fig. 10. To explore metastable struc-

tures close in GB energy to the most stable ones, GB

structures obtained from SA simulations and subse-

quent structural optimizations were sorted by the

lower GB energies. Then, if differences between GB

energies were larger than around 103 J/m2, their

structural units and configuration were checked

manually. The first is that the ratio of two STGB

structural units is the same between the lowest

energy and metastable structures, but the order of

their arrangements along the y-axis is different. As

shown in Fig. 10a, the lowest energy structure has

two R5(210) structural units adjacent to each other,

whereas a metastable structure (the center picture in

Fig. 10a) has those separated by one R5(310) struc-

tural unit. The difference leads to a just slight increase

of EATGB
GB by 0.01 J/m2. This type of metastable struc-

ture is also observed for other R5 ATGBs studied,

e.g., the 100ð Þ= 430ð Þ and 8 10
� �

= 740ð Þ ATGBs. The

second is that non-R5 and non-R13 structural units

are formed, as illustrated in the right picture in

Fig. 10a. In this case, two incommensurate {001}/

{110} units are formed, without formation of R5(210)

Figure 9 Distribution of GB energies for R5 ATGBs and STGBs:

a the 210ð Þ= 1120
� �

ATGB and the R5(2 1 0) STGB, and b the

310ð Þ= 9130ð Þ ATGB and the R5(3 1 0) STGB. The red and green

lines represent the distribution obtained from the SA and c-surface
methods, respectively, for the ATGBs. A Gaussian function with a

standard deviation of 0.01 is used to draw the GB-energy

distribution as a continuous value.
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units. The increase in EATGB
GB is as small as 0.05 J/m2

despite the fact that constituent structural units are

different. The third is that different facet junctions are

formed by connecting structural units differently in

space, while keeping the order of their arrangements

along the y-axis, as illustrated in Fig. 10b. In this case,

a R5(310) structural unit is located at the facet junc-

tion in both the lowest energy and metastable struc-

tures, but ions belonging to both R5(310) and R5(210)
are different. This difference merely leads to an

increase of EATGB
GB by 0.03 J/m2. As another

metastable structure, structural vacancies are also

often introduced, although this type is not illustrated

here. In this case, some atomic columns of structural

units have lower atomic density than the lattice

region.

With a combination of these metastable structures

mentioned, a wide spectrum of metastable structures

can be generated, although some structures would

have high EATGB
GB . It is thus likely that their configu-

rational entropy is large, and as a result the proba-

bility of forming the lowest energy structure becomes

lower than that of metastable structures. Recent ato-

mistic simulations for STGBs and twist GBs [20–23]

varied atomic densities at GB regions by systemati-

cally removing/adding GB atoms and demonstrated

that the atomic densities are also essential for

exploring low-energy structures. Although our SA

method also partly takes this factor in account as

structural vacancies are spontaneously introduced, a

systematic examination was not conducted. To fully

understand ATGB metastability, atomic densities at

GB may be also important, in addition to those

shown in Fig. 10.

The results of the ATGB metastability indicate that

even R5 ATGBs with low-index boundary planes

have a large number of metastable structures, some

of which are close in GB energy to the lowest energy

structure. In real polycrystals, it is expected that

general GBs have more complex nanofacet structures

with high-index boundary planes and thus a larger

number of low-energy metastable structures than the

R5 ATGBs in Fig. 9. As a result, metastable structures

may be more frequently observed than the lowest

energy structures, resulting in a more dominant

influence on GB distribution and thereby polycrys-

talline microstructure.

Conclusions

The atomic structure of asymmetric tilt grain

boundaries (ATGBs) in MgO has been explored by

performing a simulated annealing (SA) method with

molecular dynamics, in comparison with a c-surface
method. R5 and R13 ATGBs from low- to high-index

planes were examined. The lowest energy structures

obtained from the SA method are clearly lower than

those of the c-surface method, demonstrating the

importance of SA methods for searching for low-en-

ergy structures. For R5 ATGBs, their nanofacets

consist of purely the structural units of R5(210) and
R5(310) symmetric tilt grain boundaries (STGBs).

However, particular R5 ATGBs partly contain non-R5
structural units, leading to increase in GB energy

from their ideal values. For the R13 ATGBs studied,

nanofacets do not consist of only R13(320) and

R13(510) STGBs, but always contain non-R13 struc-

tural units even for low-index ATGBs. This is prob-

ably due to that fact that the difference in excess

volume between the two STGBs is large, and thus

their coexistence leads to large increase in GB energy.

Furthermore, analyses of ATGB metastability indi-

cate that there exist a various types of

metastable structures, involving variation in struc-

tural unit, its arrangement and facet junction. Due to

their variation, configuration entropies of

metastable structures become large, and as a result,

the lowest energy structures have low probabilities of

being formed.

Figure 10 Arrangement of structural units in one period viewed

along the [001] tilt axis. a the 1120
� �

= 210ð Þ ATGB and b the

310ð Þ= 9130ð Þ ATGB. The green, blue and black lines represent

structural units of R5(210), R5(310) and {100}/{110}.
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