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Interactions between vacancies and prismatic Σ3 grain
boundary in 𝛼-Al2O3: First principles study∗
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Interactions between vacancies and Σ3 prismatic screw-rotation grain boundary in α-Al2O3 are investigated by the
first principles projector-augmented wave method. It turns out that the vacancy formation energy decreases with reducing
the distance between vacancy and grain boundary (GB) plane and reaches the minimum on the GB plane (at the atomic
layer next to the GB) for an O (Al) vacancy. The O vacancy located on the GB plane can attract other vacancies nearby to
form an O–O di-vacancy while the Al vacancy cannot. Moreover, the O–O di-vacancy can further attract other O vacancies
to form a zigzag O vacancy chain on the GB plane, which may have an influence on the diffusion behavior of small atoms
such as H and He along the GB plane of α-Al2O3.
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1. Introduction
Aluminum oxide, commonly referred to as alumina, is

well known to have a broad technological significance. It
is considered as a replacement gate oxide in the microelec-
tronics industry, a substrate that is for growing the functional
thin films, and as a support material for heterogeneous cata-
lysts. Alumina has various allotropic forms of Al2O3, such
as α-Al2O3, γ-Al2O3. Among the various allotropic forms,
the stablest and well-characterized phase is α-Al2O3, which
has a wide variety of technology applications such as high-
temperature structure ceramics, dielectric insulators, and opti-
cal devices.

It was reported that the aluminum-rich coating with
aluminum oxide is a very efficient hydrogen permeation
barrier.[1–3] Moreover, both experimental and theoretical re-
sults showed that α-Al2O3 single crystal has a good resis-
tance to hydrogen isotopic permeability.[4–6] Thus, α-Al2O3

has a potential application to the fusion reactor as a hydrogen
isotopic permeation barrier in tritium production blankets to
minimize tritium leakage. However, α-Al2O3 coatings, as a
hydrogen isotopic permeation barrier, used in the engineering
applications are often poly-crystalline. The presence of grain
boundaries (GBs) and radiation-induced vacancies has a sig-
nificant influence on the properties of α-Al2O3 coating against
hydrogen isotopic permeation. It was reported that a rapid dif-
fusion of oxygen along GBs via vacancies plays a crucial role
in high temperature mechanical properties.[7–10] So far, it is
still unclear whether there exists a rapid diffusion path along

GBs via vacancies in α-Al2O3, which is crucial for the appli-
cations of α-Al2O3 coatings against hydrogen isotopic perme-
ation. This motivates us to investigate the vacancy behavior
near α-Al2O3 GBs.

Contrary to GBs, the formation energy of the point defect
in perfect Al2O3 crystal has been systematically studied.[11–15]

For instance, Xu et al.[16] studied the neutral and charged O
vacancy in α-Al2O3 by supercell total-energy calculations us-
ing a first-principle method based on the density-functional
theory. They obtained a theoretical zero-temperature O va-
cancy formation energy of 5.83 eV. However, the energetics of
vacancies in α-Al2O3 GBs have not been well studied due to
the fact that the atomistic structures of the GBs are complex.
Recently, based on the fact that the atomic structure of pyrami-
dal Σ13 twin GB has been characterized experimentally[17,18]

and theoretically,[19] the defect energetics in pyramidal Σ13
twin GB of α-Al2O3 was investigated by Takahashi et al.[20]

using a first principle projector-augmented wave method.
Apart from pyramidal Σ13 twin GB, the atomic struc-

tures of a few other GBs such as prismatic Σ3, basal Σ3, and
rhombohedral Σ7 GBs have been characterized and proven to
be periodic.[21–23] Among them, the prismatic Σ3 GB is spe-
cial for its low GB energy and unique atomic layer structure,
which consists of both Al and O atoms, in contrast to the
other three GBs consisting of the atomic layers with either
single Al or O atoms. From previous studies,[21] prismatic
Σ3 GB has two possible structures: the screw-rotation twin
and the glide-mirror twin. In the present study, we focus on
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the screw-rotation Σ3 twin GB with the lowest GB energy of
0.3 J/m2 among the alumina boundaries studied so far by the
first-principle. Moreover, the atomic arrangement of prismatic
Σ3 GB has been investigated by density functional theory and
transmission electron microscopy.[21] It is proven that this GB
is quite periodic and thus suitable for constructing the super-
cell with the realistic number of atoms.

In this study, a first-principle projector augmented wave
(PAW) method is used to study the mono-vacancies, di-
vacancies and vacancy–clusters at or near prismatic screw-
rotation Σ3 GB. Vacancy formation energies, vacancy–
vacancy, and vacancy–cluster binding energies are calculated
to reveal vacancy–GB interactions in α-Al2O3. The model
and simulation details are described in Section 2, followed by
the results and discussion in Section 3, and conclusion in Sec-
tion 4.

2. Computational method and models
As shown in Fig. 1, the prismatic Σ3 (101̄0) twin GB was

obtained by rotating the right half of the α-Al2O3 crystal sep-
arated by the (101̄0) plane with respect to the left half around
[101̄0] by 180◦ and then translating the right half crystal by
a vector of 1

2

[
1̄21̄0

]
+ 1

3 [0001] parallel to the (101̄0) plane.
The GB was modeled using an orthorhombic supercell with
cell dimensions along the x ([1̄21̄0]), y ([0001]), and z ([101̄0])
directions of 4.80 Å, 13.11 Å, and 47.03 Å, respectively. In
the model, only one GB plane lies between the left and right
grains, and two (101̄0) surfaces on other side of the grains
were separated by a vacuum space of 15 Å in thickness to
avoid their interactions when periodic conditions were applied
to all three directions. There were 240 atoms (96 Al atoms and
144 O atoms) in the model. Since large supercells were used,
numerical integrations over the Brillouin zone were performed
at the Γ point.

O
Al

GB-5 GB+5GB 1.5 nm

[1
0
0
0
]

[1010]
-

Fig. 1. Relaxed structure of S configuration of Σ3 (101̄0) GB. The
atoms are projected on the (1̄21̄0) plane. Black and gray balls repre-
sent Al and O atoms, respectively. The bold dark line indicates the GB
and the light lines show the 5th atomic layers away from GB (noted
by GB±5), which are selected as a reference for comparing the energy
variation of vacancies at different atomic layers.

First principle calculations of prismatic Σ3 GB of α-
Al2O3 were performed using a plane-wave-basis projector
augmented wave(PAW) method[24] as implemented in the Vi-
enna ab initio simulation package (VASP) code.[25–27] For the
exchange correlation potential, the generalized gradient ap-
proximation (GGA)[28] was employed. In all the calculations,

wave functions were expanded by plane waves with a maxi-
mum kinetic of 500 eV. The atoms, except for the outermost
surface layers (fixed), were allowed to relax using a conjugate
gradient scheme until their residual forces had converged to
less than 0.01 eV/Å.

After optimizing the structure, we introduced a vacancy
by removing an atom (Al or O) from different atomic lay-
ers away from GB and then calculated the vacancy formation
energy. The GB system was treated neutrally without extra
charges no matter whether vacancies were introduced. The
vacancy formation energy is given by

Ef = Etot(vac)−{Etot(perfect)−nAlµAl−nOµO}, (1)

where Etot(vac) and Etot(perfect) are the total energies of the
supercell with and without vacancies, respectively; nAl and nO

are the numbers of Al and O atoms removed from the super-
cell; µAl and µO are chemical potentials of Al and O atoms in
α-Al2O3, respectively. The µAl and µO are dependent on each
other, they are constrained by the equilibrium conditions of

2µAl +3µO = µAl2O3 , (2)

where µAl2O3 is a total energy per molecule of perfect α-
Al2O3. Although µAl and µO are dependent on the conditions
of growing α-Al2O3 crystal, the upper limits of µAl and µO

are determined by the stability limit of α-Al2O3 in terms of
total energies for metallic Al and molecule O2 in the follow-
ing manner

µAl ≤ µ
0
Al, µO ≤ µ

0
O, (3)

where µ0
Al and µ0

O are total energies per atom of Al metal and
O2 molecule, respectively. The formation enthalpy (∆EAl2O3

f )

of α-Al2O3 can be obtained from

∆EAl2O3
f = 2

(
µAl−µ

0
Al
)
+3

(
µO−µ

0
O
)
. (4)

From Eqs. (3) and (4), the range of µO is represented as

1
3

∆EAl2O3
f +µ

0
O ≤ µO ≤ µ

0
O. (5)

In order to obtain the range of µO, separate calculations of
the total energies of fcc Al crystal and molecule O2 were
performed. The encut kept the same throughout all the cal-
culations, i.e., 500 eV. For metallic fcc-Al, a 14× 14× 14
Monkhorst–Pack mesh was used. In the case of oxygen, an
isolated O2 molecule was placed in a 1.5× 1.5× 1.5-nm su-
percell, the calculation was performed with spin-polarized and
2×2×2k-point meshes.

An O vacancy may attract another O vacancy to form an
O–O di-vacancy. Their binding ability was described by bind-
ing energy, Eb(VO1

VO2), which is given by

Eb(VO1VO2) = Ef(VO1)+Ef(VO2)−Ef(VO1VO2), (6)

where Ef(VO1
) and Ef(VO1

VO2) are the formation energies of
a single O1 vacancy and O1–O2 di-vacancy, respectively .
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Similarly, the binding energy, Eb(VAl), of an Al vacancy
to a vacancy cluster VnOV(m−1) Al that contains n O vacancies
and m−1 Al vacancies, is determined as follows:

Eb(VAl) = Ef(VnOV(m−1)Al)+Ef(VAl)−Ef(VnOVmAl), (7)

where Ef(VAl) and Ef(VnOVmAl) are the formation energies
of a single Al vacancy and the vacancy cluster VnO VmAl with
n O vacancies and m Al vacancies, respectively.

3. Results and discussion
3.1. Mono-vacancy

An O/Al vacancy is introduced by removing an O/Al
atom from the relaxed structure as shown in Fig. 1. The calcu-
lated formation energy, Ef, of vacancies lying on the GB plane
is given in Fig. 2. It can be seen that the Ef of VO increases
with increasing µO and vice versa for VAl. There is a small
difference among Ef values at different sites on the GB plane
due to their different coordination numbers. The calculated
formation energies for Al and O vacancies agree well with the
results of previous studies (e.g. the maximum value for VAl

(VO) is 12.46 (6.51) eV compared with 12.21 (6.42 eV),[29]

respectively.)

As a general tendency, it is often assumed that the Ef of
vacancies near to the GB is smaller than those in the bulk-
like region. As shown in Fig. 1, the 5th atomic layer on the
right side away from the GB (denoted as GB+5) is treated as
a bulk-like region and taken as a reference for the considera-
tion of variation of Ef with vacancy site. The differences in
Ef among different atomic layers with respect to the reference
(hereafter called ∆Ef) are calculated and shown in Fig. 3. It
can be seen that ∆Ef reduces zigzag with reducing the vacancy
distance to the GB for VO, while it monotonically decreases
and then bounced on the GB plane for VAl. One notices that
the minimum Ef for VO occurs on the GB plane and that for
VAl appears at the 1st atomic layer away from the GB. Inter-
estingly, it can be seen that the minimum ∆Ef for VAl almost
triples that for VO. The minimum Ef for VAl is not located
on the GB but 1st atomic layer is away from the GB, because
the structural distortion for vacancy sites on the GB is bigger
than that on 1st atomic layer away from the GB.[11] A nega-
tive value of ∆Ef indicates that vacancies are more preferably
formed at the GBs rather than in bulk. By scrutinizing Figs. 2
and 3, one may draw a conclusion that O vacancies are more
readily formed and aggregate to the GB than Al vacancies in
α-Al2O3 because the Ef of O vacancies is generally smaller
than that of Al vacancies.
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Fig. 2. (color online) Variations of the calculated formation energy of (a) neutral oxygen vacancy VO and (b) neutral aluminum vacancy
VAl at various sites on the prismatic Σ3 S GB plane of α-Al2O3 with oxygen chemical potential µO. The different atomic sites on the
GB plane are indicated by the different numbers.
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Fig. 3. (color online) Variations of system energy with vacancy site away from
the GB plane. ∆Ef is the difference in energy between the vacancy at different
atomic layers and that at the reference state (i.e., the 5th atomic layer away
from the GB).

3.2. Di-vacancy

As is well known, di-vacancy configurations play an im-
portant role in vacancy aggregation into a large vacancy clus-
ter in oxides. As discussed above, a mono-vacancy tends
to migrate to GB areas, it is of interest to know whether a
mono-vacancy located at the GB area would attract other va-
cancies to form a cluster in GB areas. One vacancy is cho-
sen and fixed at the site with the lowest formation energy
and another vacancy is varied and selected at different atomic
layers. Figure 4 shows the difference in the system energy,
∆E, as a function of distance between two vacancy sites (i.e.,
∆E = Etot(r)− Etot(ref), where Etot(r) is the system energy
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with two vacancies separated by r and Etot(ref) is the system
energy with one vacancy fixed at the minimum Ef site and an-
other at GB+5). It can be seen that the system energy de-
creases with reducing the distance between two vacancies for
both O–O and O–Al (or Al–O) di-vacancy, and vice versa for
Al–Al divancancy. It indicates that the O vacancy on the GB
plane attracts another nearby O vacancy while the Al vacancy
repels other Al vacancies to close the O vacancy. It can also
be seen that the binding energy Eb reaches a maximum when

the O–O and O–Al (or Al–O) di-vacancy are the first nearest

neighbor at the GB, and it is remarkably large for the Al–O

di-vacancy as compared with that for the O–O di-vacancy. We

find that both in bulk alumina, the binding energies for the

Al–O di-vacancy are also much larger than those for the other

two di-vacancies. The large binding energies of unlike species

of vacancies have also been observed in other oxides, such as

Y2O3.[30]
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Fig. 4. Variations of the difference of system energy, ∆E, with distance between two vacancy sites.

3.3. O-vacancies chain

In the stoichiometric α-Al2O3, the concentration of O
atoms is 1.5 times that of Al atoms. Moreover, as can be seen
in Fig. 2, the formation energy of the O vacancy is in general
lower than that of the Al vacancy. Therefore, in the radiation
environments the radiation-induced O vacancies will be much
more than Al vacancies. As mentioned above, the binding en-
ergy of the Al–O di-vacancy is remarkably larger than that of
the O–O di-vacancy. In addition, we find that the binding en-
ergy of the Al–O di-vacancy keeps almost unchanged no mat-
ter whether they are located in the bulk or at the GB. There-
fore, in the radiation environments the radiation-induced Al
vacancies can easily attract the O vacancies to form Al–O di-
vacancies, which are difficult to move once they have formed.
This will prevent Al vacancies from aggregating to the GB.
However, for O vacancies, because the number of O vacancies
at the GB is large and their formation energy is small, they
tend to aggregate to GBs. As the binding energy of the O–O
di-vacancy is larger in GB areas than in bulk, an O vacancy at
the GB can attract other O vacancies nearby to form an O–O
di-vacancy. It is wondered whether the O–O di-vacancy could

further attract other O vacancies to GBs to form an O cluster.

The O-vacancy chains consisting of O vacancies on or
near the GB plane are the most possible form for vacancy clus-
ters near the GB as shown in Fig. 5(a). The binding energy,
Eb(O), of an extra O vacancy to the existing vacancy chain
with (n− 1) O vacancies is calculated as a function of O va-
cancy number n, and the results are given in Fig. 6. It can
be seen that Eb(O) is always positive for the O vacancy chain
marked by number 1 on the GB plane, while it turns nega-
tive when the numbers of vacancies n reaches 3 and 4 for the
chains labeled by number 2 and 3, respectively. The negative
binding energy represents the repulsion between an extra O va-
cancy and the existing O vacancy chains to hinder the growth
of O vacancy cluster. However, all the O vacancies on the GB
plane could bind together to form a zigzag O vacancy chain as
shown in Fig. 5(b). It can be deduced that if such a vacancy
chain exists, it would play an important role in diffusion of
small atoms such as H, He through the GB plane. Therefore, it
would have a significant influence on the behavior of α-Al2O3

against tritium permeation, which is worth further study.
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Fig. 5. (a) Three possible configurations of O-vacancy chains in the GB ar-
eas. The O-vacancy chain on the GB plane (GB+1) marked by the number
1 (2) is indicated by the solid line with arrays (dashed line) and the zigzag
chain between GB-1 and GB planes marked by the number 3 is shown by the
dashed lines with arrays. (b) The side view of the zigzag O vacancy chain
denoted by the number 1 on the GB plane.
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Fig. 6. (color online) Plots of the binding energy Eb(O) of an extra O
vacancy to the vacancy chain with (n−1) O vacancies versus the num-
ber of vacancies for the three possible O-vacancy chains as shown in
Fig. 5.

4. Conclusions
A first principles calculation is performed to study the in-

teractions between vacancies and prismatic Σ3 screw-rotation
grain boundary in α-Al2O3. It turns out that the lowest va-
cancy formation energy for O (Al) vacancy occurs on the GB
plane (the atomic layer next to the GB), suggesting that mono-

vacancy tends to aggregate to GB areas. The O vacancies lo-
cated on GB areas can attract other O vacancies nearby to form
an O–O di-vacancy while Al vacancy cannot. The O–O di-
vacancy can further attract other O vacancies to form a zigzag
O vacancy chain on the GB plane, which is energetically fa-
vorable.
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