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We calculated the binding and migration energies of mono-vacancies and di-vacancies in tungsten material
using density functional theory. Mono-vacancies diﬀuse in the [111] direction easier than in the [001] direction.
The migration energies of mono-vacancies and di-vacancies are almost the same; moreover, the migration of
mono-vacancies and di-vacancies is nearly similar. The di-vacancy binding energies are almost zero or negative.
The interactions between two vacancies in tungsten material are repulsive from the second to the ﬁfth nearest
neighbors. The vacancies are diﬃcult to aggregate because di-vacancies are less stable than mono-vacancies.
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1. Introduction
In ITER, pure tungsten and tungsten alloys are
promising candidates for divertor plates. When tungsten
materials are exposed to high temperatures, thermal vacancies can be observed. The diﬀusion and aggregation
of vacancies cause embrittlement. Moreover, the diﬀusion
of vacancies in tungsten materials is eﬀective against the
formation of helium bubbles [1] and tungsten fuzzy nanostructures [2]. Fuzzy nano-structures cause embrittlement
in the divertor materials, which subsequently embrittlement causes the release of impurities in the vessel. However, from the viewpoint of nano-device applications, the
fuzzy structures can be used as nano-catalysts and stray
light measuring devices because tungsten materials with
fuzzy structures have large surface area and nearly zero
reﬂectance. Clearly, it is necessary to understand the formation mechanism of nanostructures in tungsten. The key
point in bubble formation is the trapping of helium atoms
in thermal vacancies in the tungsten lattice structure. It
has been pointed out that the helium bubbles inﬂuence the
formation of fuzzy structures.
The calculations of Takayama et al. [3] by using the
density functional theory (DFT) showed that helium atoms
aggregate in mono-vacancies. Moreover, the DFT calculations performed by Becquart et al. [4] and Tamura et al.
[5] implied that helium atoms also aggregate in interstitial
sites; i.e., helium atoms self-aggregate without vacancies.
Therefore, to understand the formation of helium bubbles,
we have to understand whether the self-aggregation of helium atoms or the aggregation of the vacancies is dominant.
The aggregation of the helium atoms and vacancies
can be evaluated from the time scales of movement and
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binding. The time scales of movement are controlled by
the energy of migration of energy. If the migration energy is small, the helium atoms and vacancies aggregate
fast. The time scale for maintaining bound state of clusters depends on the binding energy. If the binding energy
is large, the clusters of helium atoms are maintained for a
long time. Thus, the migration and binding energies need
to be studied.
In this study, we have evaluated the migration energies
of the vacancies and di-vacancies and the binding energy
of di-vacancies in tungsten materials using ﬁrst-principles
calculations based on DFT [6, 7], which is a powerful tool
to estimate the energies of materials in an atomic scale. For
example, the vacancy formation energy in tungsten materials [8] was calculated using DFT calculations. The migration energy and reaction path were estimated by combining
DFT and the nudged elastic band (NEB) method [9].

2. Numerical Methods
Our ﬁrst-principles total-energy calculations were
based on DFT [6, 7] using the Open source package
for Material eXplorer (OpenMX) [10]. The generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional [11] was used for the
exchange–correlation potential. Linear combinations of
pseudo-atomic localized orbitals [12], norm-conserving
pseudo-potentials [13, 14], and projector expansions [15]
were used for the core Coulomb potential.
Total energies were calculated for a bcc supercell composed of 128 tungsten atoms (4 × 4 × 4). The
Monkhorst–Pack method was used for sampling 4 × 4 × 4
k-points in the Brillouin zone. The cutoﬀ energy was set at
5918 eV. The equilibrium lattice parameter was 3.186 Å.
Note that OpenMX uses numerical pseudo-atomic orbitals (PAOs) as the basic function to expand one-particle
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Kohn–Sham wave functions. We employ the radial functions for the 3 s, 2 p, 2 d, and 1 f states with a cut-oﬀ
radius of 3.71 Å for tungsten. All relaxation procedures
continued until the forces on the atoms were less than
5.14 × 10−3 eV/Å.
The binding energies of di-vacancies are given as follows:
Eb = 2 × E127 − (E126 + E128 ),

(1)

where E128 , E126 , and E127 represent the total energy of
the supercell without the vacancies, with di-vacancies, and
mono-vacancies, respectively.
The vacancy migration energies in tungsten materials
were determined using the NEB method [9]. The movement of mono-vacancy at the atomic scale implies that a
neighboring atom moves to the vacancy. The movement of
di-vacancy in the atomic scale means that a neighbor atom
moves on the di-vacancy area. Therefore, the migration
energies of the mono-vacancies and di-vacancies are calculated as the migration energies of the atoms adjacent to
the vacancies.

Fig. 1 Migration energies and paths in the NEB calculation:
(a) migration energies in the [001] and [111] directions;
and (b) and (c) reaction paths for NEB in the [001] and
[111] directions, respectively. Migration energies in the
[111] and [001] directions are 1.78 eV and 5.54 eV, respectively. The mono-vacancy diﬀuses in the [111] direction easier than in the [001] direction.

3. Results and Discussion
The migration of a single vacancy in a bcc lattice has
only two possible migration pathways; i.e., along the [001]
and [111] directions (Figs. 1 (b) and 1 (c)). Figure 1 (a)
shows the total energies of the intermediate states along
reaction paths where a mono-vacancy moves to the neighboring site in the [111] and [001] directions. The migration
energy of mono-vacancies in the [111] and [001] directions
is 1.78 eV and 5.54 eV, respectively. The migration energy
in the [111] direction is substantially similar to the results
of Ahlgren et al. [16]. Thus, a mono-vacancy diﬀuses in
the [111] direction more easily than in the [001] direction.
Figure 2 shows the initial and ﬁnal paths of the NEB
calculations. In the NEB calculations, we need to set the
initial path, which has no physical meaning. The initial
paths were set by interpolating between structures before
and after moving a tungsten atom. The initial paths have
been indicated in the left side of Fig. 2 to show that the
artiﬁcial paths were not selected. By the structure relaxation of the path images bound by the elastic band, the ﬁnal
paths, as shown in the right side of Fig. 2, were obtained.
As shown in Fig. 2, the ﬁnal paths of the NEB show
that the tungsten atom moves in the [111] direction even
if the moving distance is long. A tungsten atom moves in
the [001] direction only when it cannot move in the [111]
direction.
Figure 3 shows the migration energies of the paths
shown in Fig. 2. There are nine images for the paths shown
in Figs. 2 (a), 2 (b), and 2 (c). However, the numbers of images were increased to 17 to increase the resolution in the
calculations of Fig. 3 (a). As shown in Fig. 3, the migration
energies of the paths shown in Fig. 2 are almost the same
as in the case of mono-vacancy. The migration energies

Fig. 2 Migration paths of a di-vacancy in the NEB calculations.
The left and right sides are the initial and ﬁnal paths in the
NEB calculations, respectively. Open circles and dashed
circles represent tungsten atoms and vacancies, respectively. The dots on the blue line denote the interstitial
sites in the NEB calculations.

of paths (a) and (b) are 1.75 eV and 1.73 eV, respectively.
The migration energy of path (c) is 1.65 eV. The vacancies
are arranged in a straight line in path (c); thus, the fourth
and twelfth images are local minima in the symmetry of
the structure.
The migration energy of path (c) is slightly smaller
than that of paths (a) and (b). The migration energy shown
in Fig. 3 (b) is the same as those in the [111] and [001]
directions of the mono-vacancy; i.e., the migration of a
di-vacancy is approximately the same as that of a monovacancy.
The di-vacancy binding energy for diﬀerent conﬁgurations (see Fig. 4) has been calculated using Eq. (1) and
listed in Table 1. The interactions between two vacancies in tungsten materials are surprisingly repulsive from
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Fig. 5 Binding energies of di-vacancies as a function of the position of the vacancies. We and Becquart et al. [17] calculated the binding energy of a di-vacancy using DFT calculation. Others calculated the binding energy using empirical potentials or semi-empirical calculations [18–24].

Fig. 3 Migration energies of the paths of Fig. 2. The migration
energies are almost the same as that of the mono-vacancy.
Graph legends ((a), (b), (c), and (d)) correspond to the
legend of Fig. 2.

Fig. 4 Di-vacancy conﬁgurations from the ﬁrst nearest neighbor (1NN) to the ﬁfth nearest neighbor (5NN) positions.
Open circles and blue circles denote tungsten atoms and
vacancies, respectively.
Table 1 Binding energies of a di-vacancy. The interactions between two vacancies in tungsten material are repulsive
from the second (2NN) to ﬁfth nearest-neighbor (5NN).
The second nearest-neighbor di-vacancy is the most repulsive.

gies obtained in this study are almost zero or negative (see
Fig. 5). In tungsten materials, a di-vacancy is less stable
than a mono-vacancy. Thus, the vacancies in tungsten materials are diﬃcult to aggregate.
We have calculated the binding and migration energies of the vacancies. By comparing the energies between
the helium atoms and vacancies, we examined whether the
self-aggregation of helium or the aggregation of vacancies
is dominant in forming helium bubbles.
The migration energy of the helium atom in tungsten materials calculated by Becquart et al. [4] is 0.06 eV,
whereas the migration energy of the vacancy calculated in
this study is at least 1.8 eV. By comparing these values, the
time scales of the movement of helium atoms are found to
be signiﬁcantly shorter than those of the vacancies.
By the DFT calculations of Becquart et al. [4] and
Tamura et al. [5], the binding energy of helium atoms at
interstitial sites is about 1 - 2 eV, whereas the binding energies of vacancies obtained in this work are almost zero
or negative. By comparing the binding energies, the time
scales for maintaining the bound state of helium clusters
are found to be signiﬁcantly longer than the time scales for
maintaining the vacancies.
Consequently, in terms of the time scales of movement and maintaining the bound state, the self-aggregation
of helium atoms is easier than the aggregation of vacancies. Thus, we conclude that the self-aggregation of helium
atoms is the dominant process in the formation of helium
bubbles.

4. Conclusion

the second to the ﬁfth nearest neighbors, where the second
nearest neighbor di-vacancy is the most repulsive. Similar to Becquart et al. [17], the di-vacancy binding ener-

Point defect calculations were performed using the
DFT calculations for tungsten. Mono-vacancies diﬀuse in
the [111] direction easier than in the [001] direction. The
migration of mono-vacancies and di-vacancies is approximately the same. In tungsten material, the vacancies are
diﬃcult to aggregate because di-vacancies are less stable
than mono-vacancies. By comparing the migration and
binding energies of the vacancies with those of helium
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atoms, the self-aggregation of helium atoms is found to
be more dominant than the aggregation of vacancies in the
formation of helium bubbles.
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