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A B S T R A C T

First-principles calculations related to defect complexes formed from a monovacancy and multiple interstitial
impurity atoms (hydrogen, carbon, nitrogen, and oxygen atoms) in tungsten were performed. The most stable
atomic configurations, the electron density distributions, the binding energies of impurity atoms, and the
positron lifetimes of each defect complex were calculated. In calculating positron lifetimes, slight deviations
in the initial positions of the H atoms were found to be enhanced by positron localization, which affected
the positron lifetimes of the vacancy-hydrogen complexes. In addition, the positron lifetimes of vacancy-
nitrogen and vacancy-oxygen complexes were found to become longer in some cases with increasing numbers
of impurity atoms that bound to the vacancy. Such longer positron lifetimes with increasing numbers of binding
impurity atoms were attributed to the fact that the impurity atoms bind slightly further away from the vacancy,
expanding the tungsten lattice.
1. Introduction

Positron annihilation spectroscopy is useful for detecting vacancy-
type defects in crystalline materials [1–4]. Fig. 1 shows examples of
calculated positron density distributions in a defect-free bulk tungsten
lattice and a tungsten lattice containing a monovacancy. In crystalline
materials, positrons are repelled from nuclei and spread to interstitial
positions, while in the presence of a vacancy, they are localized in the
vacancy. Since positrons eventually annihilate with electrons in crys-
tals and emit annihilation gamma rays, one can observe the positron
lifetimes in crystalline materials. The positron lifetime contains in-
formation on the electron density around positrons, thus measuring
the positron lifetimes makes it possible to investigate vacancies in
crystalline materials [1–4].

Because of the superior properties of positrons in characterizing
vacancy-type defects, as described above, positron annihilation lifetime
spectroscopy is widely used to study tungsten (W), a plasma-facing
material in fusion reactors that must withstand neutron and plasma
irradiation [4]. In characterizing vacancies in metals using positron
annihilation lifetime measurements, defect species (e.g., vacancies asso-
ciated with dislocations, isolated monovacancies, divacancies, or larger
vacancy clusters) are often discriminated based on the difference in
positron lifetimes. However, when the vacancy is bound with an inter-
stitial impurity atom such as hydrogen (H), carbon (C), nitrogen (N),
or oxygen (O), the positron lifetime of the defect changes significantly.
These light-element impurities are difficult to remove from the metal
completely, and they are often not included in the purity analysis of
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metals. For example, although light-element impurities evaporate to
some extent during the manufacturing process, sintered W still contains
H, C, N, and O atoms at concentrations on the order of wt ppm [5].
Because of the heavy atomic weight of W (∼184), the wt% concentra-
tion of H in W becomes around 200 times when converted to at%, and
more than 10 times higher for C, N, and O as well. These interstitial
impurity atoms have large attractive interactions with vacancies [6]
and significantly influence the thermal behavior of vacancies in W. In
particular, H and O atoms have been reported to have small migration
energies of 0.21 eV and 0.17 eV, respectively, in W [7,8]. This means
that H and O atoms can diffuse over a distance of the order of 10 μm
in a second, even at the relatively low temperature of 100 ◦C [6],
where vacancies hardly migrate. Hence, a large number of extrinsic H
and/or O atoms may be incorporated into the W crystal, and multiple H
and/or O atoms are expected to bind to one vacancy. It is important to
preliminarily evaluate the effects of these interstitial impurity atoms on
the positron lifetimes to study vacancy-type defects in W using positron
annihilation lifetime spectroscopy.

In this study, first-principles calculations investigated the change in
the positron lifetime of a monovacancy bound with multiple H, C, N,
or O atoms in W. As a result, the H atoms bound to a vacancy were
found to be largely displaced with positron localization. In addition,
the changes in the positron lifetime were found to show different trends
in the case of H and C atoms and in the case of 𝑁 and O atoms.
As preliminary calculations, the most stable atomic configurations, the
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Fig. 1. Calculated positron density distributions for (a) a defect-free bulk tungsten
lattice and (b) a tungsten lattice containing a monovacancy. The calculated positron
lifetimes obtained in this study are also indicated at the bottom of each panel. Note
that the positron density distribution of the defect-free bulk tungsten lattice, where a
positron is delocalized, is emphasized compared with that of the vacancy-containing
tungsten lattice.

electron density distributions, and the binding energies of impurity
atoms were calculated.

2. Computational method

Vacancy formation energy, binding energies of an interstitial im-
purity atom to a vacancy (or vacancy-impurity complex), positron
lifetimes, and DBAR spectra were calculated using ABINIT [9–11], a
program based on density functional theory (DFT). The electron–ion
interaction was modeled using the projector augmented-wave method
of Blöchl [12,13]. The exchange–correlation functional between elec-
trons was described using the generalized gradient approximation of
Perdew, Burke, and Ernzerhof [14]. Positron lifetimes were calculated
using a two-component DFT scheme [15,16], which considers the effect
of positron localization on the electron density distribution, with the
local density approximation of Puska, Seitsonen, and Nieminen as the
electron-positron exchange–correlation functional [17]. The calcula-
tions were performed using body-centered cubic supercells with a size
of 3 × 3 × 3, as shown in Fig. 1, i.e., containing 54 atoms in the
defect-free W bulk. The plane-wave cutoff energy and 𝑘-point sampling
mesh were 408 eV and a 6 × 6 × 6 mesh, respectively. The atomic
configurations of all defect structures were optimized by iterating
lattice relaxation calculations until the forces acting on each atom in
the supercell became less than 0.01 eV/Å. When a positron localizes at
a vacancy, the electron density around the vacancy varies [15], and
the force acting on each atom around the vacancy also varies [18].
This causes lattice relaxation around the vacancy by trapping a positron
into the vacancy, which will also affect the positron lifetime. Thus, in
calculating positron lifetimes, the lattice relaxation calculations were
iterated again until the force acting on each atom around the va-
cancy where a positron is localized became less than 0.01 eV/Å.
The atomic configurations, electron density distributions, and positron
density distributions were plotted using the VESTA program [19].

To confirm that the obtained value is comparable to those reported
in other studies, the formation energy of an isolated monovacancy in
W, 𝐸F

𝑉 , was calculated from the following equation:

𝐸F
𝑉 = 𝐸

(

W𝑛−1𝑉
)

− 𝑛 − 1
𝑛

𝐸
(

W𝑛

)

, (1)

where, 𝑛 is the number of W atoms in the defect-free bulk supercell
(𝑛 = 54 in this study). 𝐸

(

W𝑛

)

and 𝐸
(

W𝑛−1𝑉
)

are the total energies
of the supercells for the defect-free bulk and isolated monovacancy,
respectively. The binding energies 𝐸B

𝑉 H𝑘
between a vacancy-hydrogen

complex bound with (𝑘−1) H atoms (VH𝑘−1) and the 𝑘th H atom were
defined by the following equation:
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{

𝐸
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)

+ 𝐸
(
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)

}
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Fig. 2. Two candidate positions for isolated interstitial impurity atom: (a) O-site and
(b) T-site. Note that lattice relaxation is not reflected in the plots of the atomic
configurations in this figure.

Fig. 3. Interstitial impurity atom located at the (a) 1NN and (b) 2NN O-sites from
the vacancy. Note that lattice relaxation is not reflected in the plots of the atomic
configurations in this figure.
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, 𝐸
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)

, and 𝐸
(

W𝑛HI
)

are the total en-
ergies of the supercells for the VH𝑘, VH𝑘−1, and an isolated interstitial
H atom, respectively. This study performed calculations for 𝑘 in the
range of 1 to 6. There are two candidates for the position of the isolated
interstitial hydrogen atom HI, i.e., an octahedral-site (O-site) and a
tetrahedral-site (T-site), as shown in Fig. 2. The total energies 𝐸

(

W𝑛HI
)

were determined for calculating both the total energies of the HI placed
at the O-site or at the T-site, to investigate the more stable position of
HI. The binding energies of the C, N, and O atoms were also defined
and calculated in the same manner as above.

The most stable atomic configuration of each defect must be investi-
gated to calculate the binding energy of an impurity atom to a vacancy
(or a vacancy-impurity complex) and the positron annihilation charac-
teristics at that defect. In this study, lattice relaxation calculations were
performed with the O-site around the vacancy as the initial position of
each interstitial impurity atom. Then, the final atomic configurations
were determined. The T-sites were not used as the initial positions
except for the VH𝑘 calculations because the interstitial impurity atom
around the vacancy eventually moved to the most stable position
regardless of whether the interstitial impurity atom was initially placed
at the O-site or T-site. There was first nearest neighbor (1NN) O-sites
and second nearest neighbor (2NN) O-sites around a vacancy, as shown
in Fig. 3. The 1NN and 2NN O-sites were present around the vacancy
with 6 and 12 locations, respectively. Furthermore, in the case of 𝑘 ≥ 2,
multiple O-sites were the possible candidates for the configuration of
the 𝑘th interstitial impurity atom, based on the positional relationship
with the 𝑘 − 1 interstitial impurity atoms that were already bound
to the vacancy. Lattice relaxation calculations were performed for all
possible atomic configurations with 1NN or 2NN O-sites as the initial
positions of the interstitial impurity atom, and the most stable atomic
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Table 1
Energy difference (in eV) from the stable site of
each isolated interstitial atom. The sites indicated
as 0 are the stable sites for each element.

Element O-site T-site

H +0.41 0
C 0 +1.65
N 0 +0.95
O +0.10 0

configuration for each defect was determined by comparing their total
energies.

In consideration of the zero-point energy (ZPE), the equilibrium
position of the H atom bound to a vacancy has been reported to
slightly deviate from the straight line connecting the 1NN O-site and the
vacancy center [20,21]. Although the ZPE correction was not taken into
account in this study, lattice relaxation calculations for the VH𝑘 defect
complexes were also performed with the T-sites as the initial positions
of the H atoms in order to reproduce the slight deviation of the H atoms.
The positional relationships of multiple initial T-sites when 𝑘 ≥ 2 were
determined based on Fig. 10 in Ref. [20].

3. Results and discussion

3.1. Atomic configurations

The vacancy formation energy 𝐸F
𝑉 in tungsten obtained from Eq. (1)

was 3.65 eV. This value is comparable to experimental (3.51–4.0 eV)
[22–24] and calculated (3.14–3.95 eV) [7,25–30] values reported in
other studies.

Table 1 shows whether the stable site of each isolated impurity atom
was the O- or T-site, and the energy difference between the O- and
T-sites. The site indicated by 0 in the table is the stable site for each
element. The calculations in this study showed that the H and O atoms
were more stable at the T-site, while the C and 𝑁 atoms were more
stable at the O-site. These obtained stable sites are consistent with the
results reported in other studies [7,8,25,30–33]. This result that the
energy difference between the O- and T-sites was large for C and 𝑁
atoms and relatively small for H and O atoms is also similar to that
reported in other studies [7,8,30].

Then, the most stable atomic configurations of the VH𝑘, VC𝑘, VN𝑘,
and VO𝑘 defect complexes (𝑘 ≤ 6) are discussed. The obtained atomic
configurations are shown in Fig. 4. The positions of the atoms are
plotted in the figure, considering lattice relaxation.

3.1.1. Vacancy-hydrogen complexes
The top row of Fig. 4 shows the most stable atomic configurations of

the VH𝑘 defect complexes. These were obtained by performing lattice
relaxation calculations with T-sites as the initial positions of H atoms.
Fig. 4 shows that the first H atom was located near the 1NN O-site.
The second H atom was located at the 1NN O-site, opposite the first H
atom. The third H atom was located at the 1NN O-site, at 90 degrees to
the first and second H atoms. The three H atoms were aligned on the
{100} plane. The fourth H atom was located at the 1NN O-site, where
the fourth H atom formed a tetrahedron. The fifth H atom was located
at the 1NN O-site, where the fifth H atom formed a square pyramid.
Finally, the sixth H atom was located at the 1NN O-site, where the sixth
H atom formed an octahedron.

Fig. 5 compares the structures with H atoms relaxed from the 1NN
O-sites and the structures with H atoms relaxed from the T-sites. In the
VH1, the H atom that was relaxed from the 1NN O-site was displaced
straight toward the vacancy center by ∼ 0.1𝑎 (𝑎 is the lattice constant
of W). In contrast, the H atom relaxed from the T-site satisfied the
convergence condition for the force acting on each atom (< 0.01 eV/Å)
at a position deviating by ∼ 0.04𝑎 from the straight line connecting
3

the 1NN O-site and the vacancy center. The structure of the obtained
VH1 defect complex is generally similar to that of VH1 reported by
Ohsawa et al. [20]. Similarly, for the VH2 to VH5 defect complex, the
positions of the H atoms relaxed from the T-site were slightly shifted
compared to those relaxed from the 1NN O-site. (However, the third H
atom of the VH3 was shifted in the [100] direction, which is not visible
in Fig. 5.) On the other hand, the VH6 defect complex was found to
be significantly more stable when the H atoms were relaxed from the
T-sites than when they were relaxed from the 1NN O-sites. Fig. 5
indicates that the H atoms relaxed from the T-sites in the VH6 are
displaced significantly compared with those relaxed from the 1NN
O-sites.

Since the ZPE correction was not taken into account in this study,
in the case of the VH1 and VH2, the energy differences between the
structures with and without the deviation of the H atoms shown in
Fig. 5 are negligible (< 1 meV). In the case of the VH3 to VH5, the
structures with the H atoms relaxed from the T-sites were slightly
(∼0.01 eV) more stable. In contrast, in the case of the VH6, the structure
with the H atoms relaxed from the T-sites was found to be energetically
more stable by 0.31 eV than the structure with the H atoms relaxed
from the 1NN O-sites.

The obtained atomic configurations of VH𝑘 shown in Fig. 4 are
consistent with those reported in past studies [20,21,34]. On the other
hand, Liu et al. [25] proposed a planar configuration (like VC4 in
Fig. 4) as the most stable atomic configuration of VH4. However, in
the calculations of this study, VH4, in which four H atoms formed a
tetrahedron, as shown in Fig. 4, was energetically more stable than the
planar VH4, by 0.16 eV.

3.1.2. Vacancy-carbon complexes
As in the case of the H atom, the first C atom was located near the

1NN O-site. Unliken the H atom, the second C atom was not located
at the 1NN O-site, opposite the first C atom, but it was located at the
1NN O-site at 90 degrees to the first C atom. The third C atom was
located at the 1NN O-site, opposite the first C atom. The fourth C atom
was located at the 1NN O-site, opposite the second C atom, and the
four C atoms were aligned on the {100} plane. When located at the
2NN O-site, the fifth C atom was more stable than at the 1NN O-site.
However, the calculations showed that the fifth C atom was repulsive
(i.e., the binding energy between the VC4 and the fifth C atom was
negative), therefore, the calculation of the VC6 defect complex was not
performed.

The atomic configurations of VC𝑘 obtained from the present cal-
culations were consistent with those reported by Kong et al. [30].
The atomic configurations of VC𝑘 suggested the attractive interaction
between C atoms around a vacancy. For example, in the VC4 and VH4
defect complexes, the minimum interatomic distance of C–C was only
77% compared with that of H–H.

3.1.3. Vacancy-nitrogen complexes
In the case of VN𝑘, the atomic configurations were the same as for

VH𝑘 up to 𝑘 ≤ 2. For 𝑘 ≥ 3, the third, fourth, fifth, and sixth 𝑁 atoms
were all located at the 2NN O-site rather than the 1NN O-site. The
three 𝑁 atoms in the VN3 and the four 𝑁 atoms in the VN4 were both
aligned on the {110} plane. The atomic configurations of the VN𝑘 were
consistent with those reported by Kong et al. [30].

In contrast to the case of C atoms, repulsive interaction between 𝑁
atoms around a vacancy was suggested from the atomic configurations
of VN𝑘. For example, the minimum interatomic distance of N–N in
VN4 was 136% compared with that of H–H in VH4. Furthermore, since
the third and subsequent 𝑁 atoms were located at the 2NN O-site, the
distance between the W–W atoms was expanded. In the VN6, the W–W
interatomic distance in the ⟨100⟩ direction with an 𝑁 atom in between
became 118% compared with that in defect-free bulk W.
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Fig. 4. Most stable atomic configurations of the VH𝑘, VC𝑘, VN𝑘, and VO𝑘 defect complexes (𝑘 ≤ 6). The positions of the atoms are plotted with consideration of lattice relaxation.
The impurity atoms are connected to each other by cylinders to make it easier to see the positional relationship between impurity atoms. Broken circles representing a vacancy
are omitted for 𝑘 ≥ 2.
Fig. 5. Atomic configurations of the VH𝑘 defect complexes when the H atoms are relaxed from the O- or T-sites. H atoms relaxed from the O- and T-sites are drawn in black and
pink, respectively. A dashed line connecting the 1NN O-site and the vacancy center is also depicted in the VH1 panel. The values at the bottom of each panel show the difference
in total energy between the structure with H atoms relaxed from the T-sites and that with H atoms relaxed from the 1NN O-sites.
3.1.4. Vacancy-oxygen complexes
In the case of VO𝑘, the atomic configurations were the same as for

VH𝑘 up to 𝑘 ≤ 4. Unlike the case of VH𝑘, the fifth O atom was located
at the 2NN O-site. The sixth O atom was placed at the 1NN O-site as
the initial structure of the calculation. Through the lattice relaxation
calculation, the sixth O atom was eventually located near the T-site.

In the case of VO𝑘, the fifth O atom was also located at the 2NN
O-site, thus expanding the interatomic distance of W–W. In the VO5,
the interatomic distance of W–W in the ⟨100⟩ direction with an O atom
in between was 121% compared with that of the defect-free bulk.

3.2. Electron density distributions

The electron density distributions on the (100) plane of each defect
complex shown in Fig. 4 are presented in Fig. 6. The electron density
distribution of the VC5 is not shown because the binding energy
between the VC4 and the fifth C atom is negative (i.e., the VC5 is
not stable), as will be discussed later. Focusing on the dependence of
the electron density distribution on impurity elements, it can be seen
4

that only carbon has different characteristics from the other impurity
elements. In the case of H, N, and O atoms, the electron density in
the region between the impurity atoms did not increase even when
the impurity atoms were close to each other. In contrast, an obvious
increase in electron density was observed in the region between the
C atoms. In the case of the VC4, the region of low electron density
has almost disappeared. On the other hand, in the case of the VN𝑘,
a gradual expansion of the low electron density region was observed
from VN2 to VN6. This is because the third and subsequent 𝑁 atoms
occupy the 2NN O-sites and expand the vacancy volume, as shown in
Fig. 4.

To investigate charge transfer between the vacancy and the impurity
atom, the difference electron density distributions of the VX1 (X=H,
C, N, and O) are plotted in Fig. 7. The difference electron density
distribution was derived from the electron density distribution of the
VX1 by subtracting the sum of the electron density distributions when
only W atoms were placed and when only the impurity atom X was
placed. In the calculations of the difference electron density distribu-
tions, the positions of each atom were kept the same. The distances
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Fig. 6. Electron density distributions on the (100) plane through the vacancy center.
of H, C, N, and O atoms from the vacancy center in each VX1 defect
complex were 0.41𝑎, 0.40𝑎, 0.43𝑎, and 0.43𝑎, respectively (where 𝑎 is the
lattice constant of W), and none of them were significantly different. In
addition, the charge transfer around the vacancy due to the presence
of each impurity atom was qualitatively similar for the four impurity
elements. Therefore, the difference in the atomic configurations of
the impurity atoms around the vacancy, depending on the impurity
elements, seems to be due to the difference in the interaction between
the impurity atoms rather than to the difference in the interaction
between the impurity atom and the vacancy.

3.3. Binding energies

The binding energies 𝐸B
𝑉 X𝑘

of the VX𝑘−1 defect complex and the
𝑘th isolated X atom (X=H, C, N, and O) calculated based on Eq. (2)
are shown in Fig. 8. Except for 𝐸B

𝑉 C5
, the 𝐸B

𝑉 X𝑘
shown in Fig. 8 was

positive, indicating that each impurity atom could bind up to at least
6 in one vacancy, except for the C atom.

The present calculations showed that the binding energy between
an isolated monovacancy and an isolated H atom (𝐸B

𝑉 H1
) was 1.13 eV,

which is comparable to the binding energy of 1.18 eV reported by
Liu et al. [25]. With increasing 𝑘, the binding energy between the
VH𝑘−1 defect complex and the 𝑘th H atom decreased gradually, and the
binding energy of the sixth H atom became 0.59 eV. Liu et al. [25] have
reported that the binding energies of the fourth and fifth H atoms were
0.70 and ∼1.1 eV, respectively. This large variation in binding energies
may be due to the fact that Liu et al. [25] adopted a metastable planar
atomic configuration as the defect structure of the VH in their binding
5

4

energy calculations, rather than the more stable atomic configuration
(tetrahedral structure as shown in Fig. 4). In the present calculations,
the binding energies of the fourth and fifth H atoms were 0.88 and
0.84 eV, respectively.

The binding energies of the first C and 𝑁 atom to an isolated
monovacancy (𝐸B

𝑉 C1
and 𝐸B

𝑉 N1
) were 1.97 and 2.46 eV, respectively.

The binding energy 𝐸B
𝑉 C𝑘

of the 𝑘th C atom to the VC𝑘−1 defect
complex, up to 𝑘 ≤ 4, was positive and turned negative at 𝑘 = 5. When
𝑘 increased from 2 to 3, the binding energy 𝐸B

𝑉 N𝑘
of the 𝑘th 𝑁 atom to

the VN𝑘−1 defect complex decreased significantly and did not change
much at 3 ≤ 𝑘 ≤ 6. These tendencies in 𝐸B

𝑉 C𝑘
and 𝐸B

𝑉 N𝑘
are consistent

with the calculations by Kong et al. [30].
The binding energy 𝐸B

𝑉 O𝑘
of the 𝑘th O atom to the VO𝑘−1 defect

complex also showed the same tendency as 𝐸B
𝑉 N𝑘

, as shown in Fig. 8.
That is, when 𝑘 increased from 2 to 3 the 𝐸B

𝑉 O𝑘
decreased significantly,

and then it did not change much at 3 ≤ 𝑘 ≤ 6. This tendency was
different from the reported interaction between a vacancy and O atoms
in W calculated by Alkhamees et al. [35]. They also calculated binding
energies using the same way as in Eq. (2) of the present study, and
up to 𝑘 ≤ 3, obtained a result similar to the present study. However,
they reported that the VO3 defect complex and the fourth O atom were
repulsive. Although the atomic configuration of VO4 was not shown in
their paper, the discrepancy in the binding energy of the fourth O atom
may be attributed to the different atomic configurations of VO4 used in
the calculations. Fig. 9(a) shows the atomic configuration of VO4 used
in the binding energy calculation in Fig. 8, but if one instead uses a
planar VO with four O atoms aligned on the {100} plane as shown
4
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Fig. 7. Difference electron density distributions of the (a) VH1, (b) VC1, (c) VN1, and
(d) VO1 defect complexes on the (100) plane through the vacancy center. Large and
small black circles indicate the positions of W and impurity atoms, respectively.

Fig. 8. Binding energies 𝐸B
𝑉 X𝑘

of the 𝑘th isolated interstitial impurity atom to the VX𝑘−1
(X=H, C, N, and O) defect complex. Positive and negative values represent attractive
and repulsive interactions, respectively.

in Fig. 9(b), the binding energy of the fourth O atom would become
−0.04 eV. Actually, the fourth O atom is also attractive because the
atomic configuration shown in Fig. 9(a) is energetically more stable,
by 1.52 eV compared to that shown in Fig. 9(b).

3.4. Positron lifetimes

The positron density distributions calculated in this study for defect-
free bulk and isolated monovacancy are shown in Fig. 1. The calculated
6

Fig. 9. Two different atomic configurations of VO4 defect complexes. (a) Tetrahedral
structure; and (b) planar structure aligned on a {100} plane.

positron lifetimes for defect-free bulk and isolated monovacancy were
100.9 ps and 195.7 ps, respectively. These values are comparable to
a previous study [6] and other studies [34,36,37]. Fig. 10 shows the
positron density distributions and respective positron lifetimes in the
VH𝑘, VC𝑘, VN𝑘, and VO𝑘 defect complexes calculated in this study.
The 𝑘-dependence of the positron lifetimes for each defect complex is
summarized in Fig. 11.

When a single H atom was bound to a monovacancy, the positron
lifetime of the defect became shorter, from 195.7 ps to 186.3 ps. The
calculated positron lifetime for the VH2 defect complex was 176.1 ps.
Then, the positron lifetime of VH𝑘 then continued to shorten monoton-
ically up to 𝑘 = 6, reaching 152.3 ps for VH6.

In the case of the VH1, as mentioned above, the H atom that
relaxed from the T-site was located at a slightly deviated position
(∼ 0.04𝑎) from the straight line connecting the 1NN O-site and the
vacancy center. This slight deviation of the H atom was found to be
enhanced by the positron localization to the vacancy. Fig. 12 shows
the lattice relaxations of the VH𝑘 defect complexes due to the positron
localization. In the VH1 where the H atom was relaxed from the 1NN
O-site, a localized positron pushed the H atom straight out toward the
1NN O-site. In contrast, in the VH1 where the H atom was relaxed from
the T-site, a localized positron pushed the H atom largely toward the
T-site direction. As a result, the calculated positron lifetime became
longer from 184.1 ps to 186.3 ps. Even in the VH2 where the H atoms
were relaxed from the T-sites, the H atoms were displaced largely due to
the positron localization, and the calculated positron lifetime elongated
from 170.1 ps to 176.1 ps. The calculated positron lifetimes of the
VH3, VH4, and VH5 where the H atoms were relaxed from the T-sites,
were also elongated by a few ps. Furthermore, partly because the H
atoms were largely displaced even before the positron localization, the
calculated positron lifetime was significantly elongated from 134.1 ps
to 152.3 ps in the VH6 where the H atoms were relaxed from the T-site.

Fig. 13 shows the relaxations due to the positron localization when
C, N, and O atoms are located at the same initial position as the
deviated H atom. (The stable positions of the C, N, and O atoms were
actually closer to the 1NN O-site even when each impurity atom was
relaxed from the T-site. In other words, the deviations from the straight
line connecting the 1NN O-site and the vacancy center were about 1/10
of that for the H atom.) Even though the initial positions of the C, N,
and O atoms were located at the same position as the deviated H atom,
each impurity atom approached the 1NN O-site as a result of relaxation
due to the positron localization, in contrast to the case of the H atom.
The calculated positron lifetimes of the VC1, VN1, and VO1 obtained
here were also almost the same as those for the structures in which
each impurity atom was relaxed from the 1NN O-site shown in Fig. 10.
This result indicates that in positron lifetime calculations for vacancy-
hydrogen complexes, it should be noted that slight deviations in the
initial positions of the H atoms are enhanced by positron localization,
which also affects the positron lifetimes.

Then, the calculated positron lifetimes for vacancy-carbon com-
plexes will be discussed. When a single C atom was bound to a monova-
cancy, the positron lifetime of the defect became shorter, from 195.7 ps
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Fig. 10. Calculated positron density distributions for VH𝑘, VC𝑘, VN𝑘, and VO𝑘 defect complexes. The calculated positron lifetimes obtained in this study are also indicated at the
bottom of each panel. Note that the positron density distribution for the VC4 defect complex, where a positron is delocalized, is emphasized compared with those for the other
defect complexes.
Fig. 11. Calculated positron lifetimes for isolated monovacancy (𝑘 = 0) and vacancy-
impurity complexes. The calculated positron lifetime for defect-free bulk is also depicted
as a dashed line.

to 172.5 ps. The positron lifetime of the VC𝑘 defect complex showed
a linear shortening trend with increasing 𝑘. In the VC3, the localized
positron is extruded by the three C atoms and presents a rather dis-
torted shape, as shown in Fig. 10. The calculation showed that when a
7

monovacancy was bound with four C atoms, a positron was no longer
localized. In contrast to the positron localization in the other defect
complexes, the positron was not localized in the VC4 defect complex,
as shown in Fig. 10. The aggregation of the four C atoms as shown
in Fig. 6 makes the vacancy no longer a potential well for a positron.
Therefore, the value of the defect-free bulk is plotted as the positron
lifetime of the VC4 defect complex in Fig. 11.

With increasing 𝑘, in contrast to the VH𝑘 and VC𝑘 defect complexes,
the positron lifetime did not monotonically shorten for the VN𝑘 and
VO𝑘 defect complexes. The positron lifetime of VN1 was 172.2 ps, and
that of VN2 became even shorter, 140.6 ps. Fig. 10 indicates that the
localized positron in the VN2 is considerably compressed by the upper
and lower 𝑁 atoms. However, the positron lifetime of VN𝑘 increased
slightly with increasing 𝑘 for 𝑘 ≥ 3, and that of VN6 became 146.1 ps.
This is because, for 𝑘 ≥ 3, the 𝑁 atoms were located at the 2NN O-sites
and expanded the distance between the W–W atoms, thereby increasing
the vacancy volume. The positron lifetime reflects the electron density
around a positron [1–4]. The increase in the positron lifetimes observed
from VN3 to VN6 is consistent with the expansion of the low-electron-
density region at 𝑘 ≥ 3 seen in Fig. 6. The positron lifetime of VO𝑘
showed a small decrease for 𝑘 ≥ 3, and when 𝑘 reached 6, it turned to
increase.

To clearly show the effect of the different binding positions of the
interstitial impurity atoms on the positron lifetime of the vacancy,
the distance from the vacancy to the 𝑘th impurity atom, 𝐿, is plotted
in Fig. 14. All 𝐿 were normalized compared with the distance from
the vacancy center to the unrelaxed 1NN O-site (= 0.5𝑎). In the VH𝑘
and VC𝑘 defect complexes, the impurity atoms were always bound at
the 𝐿 < 1 position. This means that the impurity atoms are relaxed
inward from the unrelaxed 1NN O-site. In contrast to the VH and
𝑘
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Fig. 12. Lattice relaxations of the VH𝑘 defect complexes due to the positron localization. Black circles indicate atomic positions before positron localization. The upper and lower
panels are atomic configurations obtained by relaxing the H atoms from the 1NN O-sites and T-sites, respectively. Dashed lines connecting the 1NN O-site and the vacancy center
are also depicted in the VH1 panels. The corresponding calculated positron lifetimes are indicated at the bottom of each panel.
Fig. 13. Lattice relaxations of the (a) VH1, (b) VC1, (c) VN1, and (d) VO1 defect
complexes due to the positron localization. Black circles indicate atomic positions before
positron localization. The initial positions of C, N, and O atoms are located at the same
position as the H atom. The corresponding calculated positron lifetimes are indicated
at the bottom of each panel.

VC𝑘 defect complexes, Fig. 14 shows that in the VN𝑘 and VO𝑘 defect
complexes, the impurity atoms sometimes bind to the outward of the
unrelaxed 2NN O-site (𝐿 > 1.414). In the VN𝑘 defect complex, the
first and second 𝑁 atoms also bound at 𝐿 < 1 position, however, at
𝑘 ≥ 3 the 𝑁 atoms were located outward of the unrelaxed 2NN O-site.
Such binding of the interstitial impurity atoms away from the vacancy
would have the effect of expanding the W lattice around the vacancy.
The inverse change in positron lifetime observed in the VN𝑘 and VO𝑘
defect complexes is attributed to the different binding positions of the
impurity atoms.

The calculations revealed that an increase in the number of intersti-
tial impurity atoms binding to a vacancy did not monotonically shorten
the positron lifetime in some cases. The position of the interstitial
impurity atoms that bind to a vacancy affected the positron lifetimes
of vacancy-impurity complexes. This is an effect that requires attention
in identifying defect species from positron lifetimes.

4. Conclusion

In this study, first-principles calculations were performed for defect
complexes consisting of a monovacancy and single or multiple intersti-
tial impurity atoms (H, C, N, or O atoms) in W. The most stable atomic
8

Fig. 14. Distance between vacancy and 𝑘th impurity atom, 𝐿. Each value is normalized
compared with the distance from the vacancy center to the unrelaxed 1NN O-site
(= 0.5𝑎). The distances from the vacancy to the unrelaxed 1NN and 2NN O-sites are
also depicted as solid and dashed horizontal lines, respectively.

configurations of the vacancy-impurity complexes, the binding energies
of an interstitial impurity atom to a vacancy (or vacancy-impurity
complex), and the positron lifetimes at such defect complexes were cal-
culated. For each defect complex, the most energetically stable atomic
configuration was investigated. To this end, all atomic configurations
were considered, where the impurity atom was located at the 1NN and
2NN O-sites from the vacancy. In calculating the positron lifetimes,
the two-component DFT scheme was used, considering the effect of
positron localization on the electron density distribution. Furthermore,
the lattice relaxation associated with positron localization was taken
into account to calculate the positron lifetimes.

For a couple of defect complexes, atomic configurations more sta-
ble than those reported (or probably assumed) in other studies were
proposed. With the findings of more stable atomic configurations,
more accurate binding energies of impurity atoms to vacancy-impurity
complexes were also derived. In calculating positron lifetimes, slight
deviations in the initial positions of the H atoms were found to be
enhanced by positron localization, which affected the positron lifetimes
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of the VH𝑘 defect complexes. In addition, in contrast to the monoton-
cally shortening positron lifetimes with increasing 𝑘 at the VH𝑘 and
C𝑘 defect complexes, in some cases with increasing 𝑘, the positron

lifetimes at the VN𝑘 and VO𝑘 defect complexes were increased. This
means that attention must be paid to the identification of defect species
from positron lifetimes. The inverse change in the positron lifetime
observed in the VN𝑘 and VO𝑘 defect complexes was attributed to the
binding of impurity atoms away from the vacancy.
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