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" Both H and He are more favorable to occupy the tetrahedral interstitial sites nearby a vacancy (or helium-vacancy complex) rather than that far away
from the vacancy or complex.

" The diatomic hydrogen–hydrogen and helium–helium prefer h100i and h111i dumbbell configurations in single vacancy, respectively.
" The diffusion-out barriers of hydrogen and helium from a vacancy and helium-vacancy complex are much larger than diffusion-in barriers, especially

for helium.
" Interstitial helium can reduce the nearby vacancy formation energy more significantly than hydrogen.
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a b s t r a c t

We present first-principles study of the stability and diffusion properties of H and He in Mo. The results
show that diatomic H–H and He–He prefer h100i and h111i dumbbell configurations in single vacancy,
respectively. The occupation and migration of H and He nearby a vacancy (or He-vacancy complex) are
very different from that in bulk: both H and He are more preferable to occupy the tetrahedral interstitial
sites closer to the vacancy (or He-vacancy complex), and the diffusion barriers of H and He into the
vacancy (or He-vacancy complex) are slightly reduced but the diffusion barriers out of the defect are
severely increased, especially for He. Besides, the presence of single He at tetrahedral interstitial site
reduces the energy required for its nearby vacancy formation more considerably than that of H (the
produced vacancy traps the H or He), contributing to the accumulation and different disposition depth
of H and He in Mo.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Because of high thermal conductivity and low sputtering ero-
sion, Mo has been used in many current tokamaks (such as
TRIAM-1M and FTU) and fusion studies [1–3]. Although Mo cannot
be marked for plasma facing materials (PFMs) in ITER [4] as W due
to neutron activation concerns, it still owns some superiority to W.
For example, Mo is ductile at room temperature, with significantly
lower brittle-ductile transition temperature, which makes it easier
to be machined into shapes required for applications [5,6]. Mo also
has better specific heat than W, making it easier to be thermally
treated into structures with low thermal stresses [5]. Besides, H
has higher diffusivity in Mo which leads to lower H retention
[6–8]. Therefore Mo is still considered as an alternative for W
[6,8,9]. The PFMs must be exposed to high heat and bombardment
by H isotopes, He ions and high-energy neutrons escaping from
ll rights reserved.
plasma [10], which often precipitate into bubbles and therefore
promote blister and induce embrittlement. Understanding H- and
He-induced embrittlement of PFMs requires good knowledge of
all basic processes affecting microstructural evolution, including
dissolution and diffusion of solute light elements in the host.
Concerning the interactions of H and He with materials, the early
well-established essential qualitative insight is deduced from
effective-medium theory (EMT) [11]. The detailed investigations
of the behaviors of individual H and He in Mo are attainable owing
to the advance in density functional theory (DFT) and computing
power. Some DFT-calculations suggest that H (or He) is more
energetically preferable to occupy tetrahedral interstitial site
(TIS) rather than octahedral interstitial site (OIS) in perfect Mo
[7,12–14]. H can diffuse easily from one TIS to the nearest TIS with
a barrier of 0.16 eV [7]. However, the dissolution and diffusion of H
and He in metals can be affected by the ubiquitously present and H
and He irradiation-induced lattice vacancy. In other words, H and
He atoms can diffuse quickly until they trapped by vacancy. Until
now, tremendous efforts have been devoted to dealing with the

http://dx.doi.org/10.1016/j.jnucmat.2012.09.025
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Fig. 1. The schematic view of the tetrahedral interstitial site (TIS) and octahedral
interstitial site (OIS). The blue and red spheres indicate Mo atoms and the
considered sites, respectively. The arrows indicate the diffusion paths. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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interplay of H and He with vacancy in metals. For example, the
roles of vacancy on trapping H and He are emphasized in W
[15–21] and a-Fe [22–24]; superabundant vacancy can be induced
by H in Pd, Ni and Cr [25–28]; and the diffusion of H in Al [29] can
be decreased due to the existence of vacancy. Since H and He coex-
ist in PFMs, some experiments have been performed to investigate
the interactions of H with He, especially the effect of He on reten-
tion and thermal release of deuterium [9,30]. Besides, some theo-
retical studies indicate that He-V complex can act as traps for
foreign H atoms in W [20,21]. However, it is still a challenge, and
the investigations of the behaviors of H and He in Mo are rare
[7,12,31].

In this work, we will perform systemical first-principles calcula-
tions to investigate the interplays of a vacancy (or He-V complex)
with H and He in Mo: the dissolution and diffusion properties of H
and He in perfect system, nearby and inside a vacancy (or He-V
complex). The site preference of H and He in Mo is analyzed by
electronic density of state. The effects of single tetrahedral intersti-
tial H and He on the nearby vacancy formation have been dis-
cussed. Besides, zero point energy corrections are considered for
defect formation energies and diffusion barriers of H and He in Mo.

2. Computation method

Our calculations are performed within DFT as implemented in
the VASP code with the projector augmented wave potential
method [32]. The generalized gradient approximation and the Per-
dew–Wang functional are used to describe the electronic exchange
and correlation effect [33]. The supercell composed of 128 Mo
atoms (4 � 4 � 4) is used. The relaxations of atomic positions and
optimizations of the shape and size of the supercell are performed.
The plane wave cutoff and k-point density, obtained using the
Monkhorst–Pack method [34], are both checked for convergence
for the system to be within 0.001 eV per atom. Following a series
of test calculations a plane wave cutoff of 500 eV is used and a k-
point grid density of 3 � 3 � 3 is employed. The structural optimi-
zation is truncated when the forces converge to less than 0.1 eV/
nm. The defect formation energies are computed by the
expression:

Ef ¼ EnMo;mF � nEMo �mEF ; ð1Þ

where F indicates foreign H or He, EnMo,mF is the total energy of the
system with n Mo atoms and m foreign atoms like H or He, EMo is
the energy per atom of pure crystal Mo and EF is one half of the en-
ergy of H2 molecule (�3.40 eV) and the energy of an isolated He
atom (0.00 eV). In order to determine the migration barriers of H
and He between different minima, the nudged elastic band (NEB)
method is employed [35]. The vacancy formation energy with the
presence of single H or single He atom at the nearest TIS is
calculated by the formula:

Ef
V ¼ Eðn�1ÞMo;F � ðEnMo;F � EMoÞ: ð2Þ

In the present work, the zero-point energy (ZPE) of H (or He)
atom is calculated by summing up the normal modes of each H
(or He) atom in the defect considered by the expression:

ZPE ¼ 1
2

X

i

�hmi; ð3Þ

where ⁄ and mi are Plank’s constant and the normal vibration fre-
quencies, respectively. The vibration frequencies of H (or He) atom
are calculated allowing harmonic vibrations only for H (or He)
atom. The ZPE corrections on diffusion barriers of H (or He) are
calculated by the difference in vibrational energies of saddle point
and the ground state [36], that is, DE ¼ 1

2

P
i�hmS

i � 1
2

P
i�hmG

i , where
mS

i and mG
i are the normal vibration frequencies of H (or He) at saddle
point and ground state, respectively. The ZPE of 1
2 H2 molecule is

calculated to be 0.141 eV, which is in good agreement with other
DFT-calculations [20,37–39]. Besides, ZPE of an isolated He atom
is 0 eV.
3. Results and discussion

3.1. Individual hydrogen (or helium) atom in perfect molybdenum
system

3.1.1. Formation of interstitial hydrogen (or helium)
Initially, we consider two kinds of high-symmetry interstitial

sites for a single H (or He) atom in bcc Mo system: tetrahedral
interstitial site (TIS) and octahedral interstitial site (OIS) shown
in Fig. 1. The relative stability of the two sites is compared by com-
puting the formation energies using Eq. (1). Our results with exper-
imental and other theoretical values are displayed in Table 1. From
Table 1, one can see that individual H and He atom prefer TIS over
OIS by the respective energy of 0.26 eV and 0.17 eV, which is in
good agreement with the other results without ZPE corrections
[7,12]. When ZPE corrections are taken into account, the differ-
ences of H and He at TIS and OIS will be 0.17 eV and 0.12 eV,
respectively. Therefore, ZPE corrections will narrow the energy dif-
ference of H (or He) at TIS and OIS, but will not change the order of
the relative stability of H (or He) at TIS and OIS. The OIS has two
closest Mo atoms located at 0.157 nm, and the TIS has four closest
Mo atoms at 0.176 nm. We find that H at TIS and OIS pushes its
nearest Mo away by 0.008 nm and 0.020 nm, respectively. While
He at TIS and OIS pushes its closest Mo away by 0.010 nm and
0.026 nm, respectively. This may contribute to the relative stability
of H and He in Mo. Due to the energy differences between the OIS
and TIS for both H and He, only TIS is considered in further
calculations.
3.1.2. Migration of interstitial hydrogen (or helium)
To investigate the diffusion behaviors of interstitial H and He in

perfect Mo system, we compute the diffusion barriers of H and He
atoms hopping from one interstitial site to another. Since having
demonstrated that both H and He are more energetically favorable
to occupy TIS, we concentrate on the diffusion of interstitial H and
He between two TIS (Fig. 1): (a) from one TIS to the nearest TIS
(TIS ? TIS) and (b) from one TIS to the second nearest TIS, passing
through an OIS (TIS ? OIS ? TIS). The energy barriers of H (or He)
diffusion along the two paths are calculated and displayed in Table
2. We find that the energy barrier of the path TIS ? TIS is signifi-
cantly lower than that of the path TIS ? OIS ? TIS for both H



Table 1
The calculated defect formation energies of H at TIS and OIS Ef

H-TIS (eV) and Ef
H-OIS (eV),

and the defect formation energies of He at TIS and OIS Ef
He-TIS (eV) and Ef

He-OIS (eV).
While defect formation energy with ZPE corrections are displayed in bracket.

Ef
H-TIS Ef

H-OIS Ef
He-TIS Ef

He-OIS

Other 0.62a 0.94a 5.28b 5.45b

Expt. 0.56c 4.97d

This work 0.69(0.80) 0.95(0.97) 5.39(5.47) 5.56(5.59)

a Ref. [7].
b Ref. [12].
c Ref. [40].
d Ref. [41].

Table 2
The diffusion barriers of H and He in perfect Mo. The referenced data of H diffusion
from one TIS to the closest TIS and from one TIS to the second neighboring TIS via an
OIS are listed for comparison. ZPE corrections are considered for each barrier.

Reaction-path Barrier (eV)

without ZPE with ZPE References

H
TIS ? TIS 0.16 0.12 0.16a, 0.17b, 0.23c

TIS ? OIS ? TIS 0.26 0.17 0.34a

He
TIS ? TIS 0.06 0.05
TIS ? OIS ? TIS 0.17 0.12

a Ref. [7].
b Ref. [40].
c Ref. [42].

Fig. 2. The schematic view of all considered sites as labeled from S1 to S6 nearby a
vacancy (or He-V complex) and O0 , NTS and NOS inside a vacancy and He-V
complex. O0 indicates the center of the vacancy, which can be occupied by He (i.e.
He-V complex). The blue, red and white spheres indicate Mo atoms, considered
sites and vacancy (or He-V complex) respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. The variation in the total energy in 128-site supercell with one vacancy (or
He-V complex) and one interstitial H (or He) atom nearby the defect as a function of
the distance between H (or He) and the center of the defect. The total energy is
given relative to the energy of the system where H (or He) is placed at the stable site
closest to the defect. The lines are guides to the eyes.
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and He. The ZPE corrections will lower the barriers of H and He dif-
fusing along the two paths, but will not change the order of the
preferred path. The calculated lowest-energy barrier for the path
TIS ? TIS of H is 0.16 eV, which is reduced to 0.12 eV when ZPE
correction is considered. Compared with the experimental values
of 0.17 eV [40] and 0.23 eV [42], our ZPE-corrected diffusion barrier
of H in Mo is relatively lower, where the discrepancy may come
from the ubiquitously present defects that slow down the diffusion
of H in samples used in the experiments.
3.2. Individual hydrogen (or helium) atom nearby and inside a
vacancy

3.2.1. Occupancy of interstitial hydrogen (or helium) nearby a vacancy
To investigate the influence of a vacancy on the occupancy

properties of H and He in bcc Mo system, we firstly calculate va-
cancy formation energy using Eq. (1). The obtained vacancy forma-
tion energy of 2.91 eV is in good agreement with the experimental
result of 2.9 eV [43] and other theoretical result of 2.61 eV [12].
Meanwhile, we also consider the effect of He-V complex on the
behaviors of H and He. The site preference of interstitial H and
He nearby a vacancy and He-V complex is investigated. And some
TIS are taken into consideration: S1, S2, S3, S4, S5, and S6 (Fig. 2).
The variations in the total energy of the system with one vacancy
(or He-V complex) and one interstitial H (or He) atom as a function
of the distance between H (or He) and the vacancy (or He-V
complex) are displayed in Fig. 3. The total energy variation is given
relative to the energy of the system where H (or He) is placed at the
stable TIS nearest to the vacancy (or He-V complex): H at S1 nearby
the vacancy, H at S2 nearby the He-V complex, and He at S2 nearby
the vacancy and He-V complex. We note that H at S1 nearby the
vacancy is locally stable, but H at S1 nearby He-V complex is unsta-
ble. Whereas He at S1 nearby the vacancy and He-V complex is
unstable. In Fig. 3, one can see that both H and He are more ener-
getically favorable to occupy TIS closer to the vacancy (or He-V
complex). And the influence of the vacancy (or He-V complex)
tends to disappear as H (or He) is displaced at more than
0.55 nm from the vacancy (or He-V complex). It is noted that ZPE
corrections of the energy difference are relatively small, because
the ZPE of H at all considered TIS keep �0.253 eV and 0.319 eV
nearby a respective vacancy and He-V complex, while He at all in-
cluded TIS are �0.087 eV and 0.158 eV nearby a vacancy and He-V
complex, respectively. The relatively lower energy may enhance
the concentration of H (or He) in the neighborhood of the vacancy
(or He-V complex), which will be favorable for the accumulation of
H and He in the vacancy (or He-V complex) and the growth of H, He
as well as H–He mixed bubble. At the same time, we notice that the
occupancy properties of interstitial He nearby the vacancy and
He-V complex behave alike. Therefore we demonstrate that both
H and He are more energetically preferable to the occupy the sites
nearby a vacancy (or He-V complex) compared with the sites far
away from the vacancy (or He-V complex).

3.2.2. Occupancy of hydrogen (or helium) inside a vacancy
The above results have clearly demonstrated that both H and He

prefer to take the positions nearby a vacancy (or He-V complex)
over that far from the defect. Next, we will investigate the occu-
pancy properties of H and He inside a vacancy (or He-V complex).
The calculated results with ZPE corrections display that single H
atom at near octahedral site (NOS shown in Fig. 2) is most stable
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with �0.81 eV lower in formation energy than that of S1 nearby
the vacancy. Unlike H, He prefers the geometric center of the va-
cancy (i.e. substitutional site (SS)) over S2 by �3.53 eV. So the
occupancy of H and He in Mo vacancy is alike to that in other metal
vacancy [15,24,44]. The preference of H and He binding with the
vacancy could be understood by two parts: one comes from smal-
ler distortions caused by H (or He) at vacancy and the other contri-
bution originates from chemical bonding. The results indicate that
H at NOS and He at the center of vacancy pushes the closest Mo
away by �0.001 nm and 0.003 nm, respectively. Compared with
the distortion induced by H and He at interstitial site, the
distortions caused by H and He at vacancy are relatively smaller.
Furthermore, in order to shed light on what underlies H and He
site-preference at vacancy rather than the interstitial sites, we
analyze the electronic structure of various H and He defects.

Similar to the discussion in W [45], we calculate site-projected
electronic densities of states (DOS) for the TIS and NOS defects of H
in Mo. And only the d-projected DOS of metal Mo atom closest to
the H defect (Fig. 4a) and the s-projected DOS of the corresponding
H itself (Fig. 4b) exhibit an interesting change. The s-projected DOS
of H at NOS exhibits a broad induced states overlapping signifi-
cantly with the d-projected DOS of Mo. The induced state shows
a covalent bonding character via a strong hybridization of the
s-projected DOS of H with the d-projected DOS of the closest Mo.
However, the induced state of H atom at TIS is very local with a
narrow distribution below the d-projected DOS of Mo, indicating
less hybridization of the orbital with the closet Mo atom, while
hybridization with transition metal is favorable for H. He is a
closed-shell atom and any hybridization is energetically unfavor-
able for it. Seletskaia et al. discuss that the overall similarity in
the shapes of the d-projected DOS of Fe and p-projected DOS of
its neighbor He at TIS indicates hybridization between these states
[46]. Moreover, the p-projected DOS of He at OIS is higher than that
of He at TIS and both interstitial defects have higher DOS near the
Fermi energy level than the DOS of He at SS in V, which agrees with
the order of the site-preference of He, that is, SS, TIS, and OIS.
Therefore, they also conclude that hybridizations of p-projected
DOS of He and its neighbor metal atoms are responsible for the
site-preference order of He [13]. In this work, as shown in Fig. 5a
and c, it is noted that there is overall similarity in the shapes of
the d-projected DOS of Mo atom and the p-projected DOS of its
neighbor He atom at TIS, however, there is no similarity in the
shape of d-projected DOS of Mo atom and the p-projected DOS of
its neighbor He atom at SS. Besides, the p states of He at TIS is
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Fig. 4. (a) The d-projected DOS for Mo; (b) the s-projected DOS for H. The dashed
and solid lines show the d-projected DOS of Mo with a H atom at respective TIS and
NOS in the vacancy in (a), and the s-projected DOS of the H itself in (b).
higher than that of He at SS near Fermi energy level, which
indicates stronger hybridizes of He at TIS than at SS. Assuming that
He is a completed spherically-symmetric s shell atom, acquiring
p-projected DOS is unfavorable though He atom gets more
s-projected DOS than the p-projected DOS. In this case, the larger
the He p-projected DOS near the Fermi energy level, the less ener-
getically favorable is the corresponding He defect configuration.
The unfavorable He defect configuration leads directly to the larger
formation energy of the He defect. This analysis agrees well with
that by Seletskaia et al. [13,46].

We further investigate the occupancy of a single H (or He) atom
at He-V complex. By testing many possible configurations, we find
that both H and He are energetically preferable to stay at He-V
complex rather than the sites nearby the defect. And the most
favorable site for H at He-V complex is the near tetrahedral site
(NTS) with the energy of �0.015 eV lower than that of the near
octahedral site (NOS) (Fig. 2). While He prefers the site, forming
diatomic He–He dumbbell configuration along h111i direction
with the already present He at He-V complex. The diatomic He–He
is locally stable in three configurations at vacancy: dumbbell con-
figurations along h111i, h110i, and h100i directions. We calculate
Table 3
The calculated formation energy of defects with diatomic H–H and He–He located in a
single Mo vacancy, and the ZPE corrections are considered as comparisons. The
distances of H–H and He–He are also listed.

Orientation Distance (nm) Formation energy (eV)

Without ZPE With ZPE

He–He
h100i 0.147 4.199 4.315
h110i 0.152 4.004 4.135
h111i 0.153 3.896 4.066

H–H
h100i 0.248 1.658 1.596
h110i 0.219 1.713 1.744
h111i 0.191 2.581 2.487



Fig. 7. The diffusion profile with the corresponding barriers of H from S6 to the
inside of a He-V complex, from NTS1 to NTS3 via NTS2 in the complex, and out of
the complex from NTS3 to S50 , He indicates a He atom occupying the center of the
vacancy. The solid and dashed lines indicate the diffusion barriers with and without
ZPE corrections.

Fig. 8. The diffusion profile with the corresponding barriers of He from S5 to the
center of a vacancy (O0) and then out of the vacancy from O0 to S50 . The solid and
dashed lines indicate the diffusion barriers with and without ZPE corrections.

Fig. 9. The diffusion profile with the corresponding barriers of He from S5 to the
site (DS1) to form h111i dumbbell configuration with the already present He
(diffusion from vacancy center to DS2) in He-V complex and then out of the
complex from DS1 to S50 , He indicates a He atom occupying the vacancy center.
When a He atom migrates from S2 to DS1, He atom already presented in the
vacancy center will diffuse to DS2 synergetically, and migrate back to the vacancy
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the formation energy as well as the distance of He–He in the three
configurations. As shown in Table 3, one can see that diatomic He–
He prefers h111i dumbbell configuration rather than h110i dumb-
bell configuration by 0.11 eV and h100i dumbbell configuration by
0.30 eV. Meanwhile, it is notable that He–He dumbbell configura-
tions along h111i direction corresponds to the longest He–He dis-
tance of 0.153 nm. As a comparison, we probe the formation
energy of diatomic H–H in the three configurations similar to
He–He. The calculated results displayed in Table 3 suggest that
the h100i dumbbell configuration with the longest H–H distance
of �0.248 nm is the most stable. ZPE corrections slightly increase
the formation energy of the three dumbbell configurations of dia-
tomic He–He, and diatomic H–H along h110i direction. While the
corrections reduce the formation energy of diatomic H–H long
h100i and h111i directions. However, the relative stability of the
three configurations of H–H (or He–He) is not changed. Therefore,
one can see that the longest diatomic distance corresponds to the
most stable configuration at vacancy for both H and He.

3.2.3. Migration of hydrogen (or helium) through a vacancy
In the above discussion, it has been found that TIS ? TIS is the

optimal diffusion path for both H and He with the barriers of
0.12 eV and 0.05 eV in perfect system, respectively. To probe the
effect of vacancy (or He-V complex) on the migration behaviors
of H and He, we investigate the energy landscape for H (or He)
migration through the vacancy (or He-V complex). Our calculated
energy profiles of H (or He) diffusion into and then out of the va-
cancy (or He-V complex) along the chosen paths are shown in Figs.
6–9. In all the figures, both the diffusion barriers of H (or He) with
and without ZPE corrections are presented. The ZPE corrections
generally reduce the diffusion barriers of H (or He), and we mainly
discuss the barriers with ZPE corrections below. In Fig. 6, as a H
atom approaches the vacancy, the diffusion barriers are reduced
gradually from 0.109 eV (close to the lowest barrier in perfect sys-
tem) to 0.006 eV, via the path from interstitial sites S5, S4, S3, S2,
S1 to NOS. At the inside of the vacancy, H diffuses from one NOS
to the closest NOS with the barrier of �0.187 eV, which is much
lower than the barrier of H diffusion out of the vacancy
(�0.815 eV). However, once H jumps out of the vacancy, the barri-
ers decrease from 0.265 eV to 0.118 eV as H diffuses from S10 to S50

via S20, S30 and S40. So H can migrate easily into the vacancy but
hardly jumps out of it. In this way H diffusion in Mo is seriously
slowed down due to the existence of the vacancy, resulting in
the accumulation of H in the vacancy. Therefore, it is understand-
able that the diffusion barriers of H in Mo observed in experiments
are relatively larger than that we calculated. As a comparison, sin-
gle H atom diffusion through a He-V complex is also considered. In
Fig. 7, the diffusion barriers of H from S5 to NTS, via S4, S3, S2, and
S1 reduce gradually as it approaches the complex like the behav-
iors of H diffusion to a vacancy. And the barrier of H diffusion from
Fig. 6. The diffusion profile with the corresponding barriers of H from S5 to the
inside of a vacancy, from NOS1 to NOS2 in the vacancy, and out of the vacancy from
NOS2 to S50 , O0 indicates the center of the vacancy. The solid and dashed lines
indicate the diffusion barriers with and without ZPE corrections.

center from DS2 as the foreign He diffuses from DS1 to S20 . The solid and dashed
lines indicate the diffusion barriers with and without ZPE corrections.
S1 to NTS even disappears, which is so-called ‘downhill’ drift diffu-
sion. H could jump directly from S2 to He-V complex with the bar-
rier of �0.087 eV, which is still lower than the minimum diffusion
barrier of H in perfect system. At the complex, H diffuses from one
NTS to the closest NTS with the barrier of 0.011 eV. It is noted that
the barrier of H diffusion out of the complex (�0.855 eV) is
�0.04 eV higher than that out of a vacancy. In other words, it is
more favorable for H to accumulate at He-V complex than vacancy.

The migration of He from S5 to the center of a vacancy, passing
through S4, S3 and S2 is investigated and displayed in Figs. 8. Unlike
the gradual-decrease barriers of H approaching the vacancy, only
the barriers of He diffusion from S4 to S3 is significantly reduced.
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While He at S1 nearby the vacancy migrates into the vacancy in the
style of ‘downhill’ drift diffusion. Because there is only one stable
site for He at the vacancy, it moves directly from S2 to the center
of the vacancy. However, He jumps out of the vacancy with the
barrier of up to 3.564 eV, which is much higher than the barriers
of H migration out of the vacancy and He-V complex. Clearly, a sin-
gle Mo vacancy could strongly trap He atom, considerably slowing
down the diffusion of He in Mo. So it is reasonable to conclude that
the effect of vacancy on the accumulation of He is stronger than H.
Besides, we also consider the effect of He-V complex on the diffu-
sion of He. The barriers of He diffusion from S5 to S2 nearby a He-
V complex is very similar to that of He diffusion nearby a vacancy,
and He migrates directly from S2 to DS1, forming He–He dumbbell
configuration along h111i direction with the already presented He
at the He-V complex (Fig. 9). However, the jump-out barrier from
the He-V complex is �1.026 eV lower than that of He from a va-
cancy. So He located at He-V complex is relatively easier to jump
out than at a vacancy. Meanwhile, when He migrates from S2 to
DS1, the already presented He at the He-V complex center diffuses
to DS2 synergetically, and it moves back to the center from DS2 as
the foreign He diffuses from DS1 to S20. To sum up, a vacancy and
He-V complex could seriously slow down the migration of H and
He in Mo, resulting in the accumulation of H and He in Mo, and
the trapping ability of a vacancy is weaker than that of He-V com-
plex on trapping H, but stronger than that of He-V complex on trap-
ping He.
3.2.4. Effect of interstitial hydrogen (or helium) on nearby vacancy
formation

Some experiments have qualitatively demonstrated that inter-
stitial H in Pd can reduce vacancy formation energy: raising va-
cancy concentration in the metal [25–28]. Here we quantitatively
calculate the vacancy formation energy with a H (or He) atom
nearby. Having demonstrated that both H and He are more ener-
getically favorable to occupy TIS in perfect system, we investigate
the energetics of the Mo atoms closest to the H and He atoms. The
calculated results with ZPE corrections display that the vacancy
formation energies with the presence of single H and single He
atom at TIS are reduced from 2.91 eV to 1.23 eV and �1.26 eV
(Eq. (2)), respectively. Evidently, the vacancy formation with a He
atom at TIS is much easier than that of H. Once a vacancy is pro-
duced the interstitial H or He atom will be caught by the vacancy.
In other words, He atoms are caught by the already present and
newly created vacancies, while more H atoms exist in the intersti-
tial form. Combined with the diffusion of H in bulk and through a
vacancy and He-V complex, we suggest that if metal Mo is exposed
to H and He ions irradiation, it will also result in the extremely dif-
ferent disposition depth of the two light elements. And we believe
that this may be the reason why He bubbles form right at �10 nm
to the W surface, while H bubbles are found at micrometers
[47–49].
4. Conclusions

We have performed first-principles study of the occupancy and
diffusion of H and He in perfect system, nearby a vacancy (or He-V
complex), as well as inside a vacancy (or He-V complex) in Mo. In
most of our results, zero point energy corrections taken into ac-
count. It is found that both H and He are more energetically pref-
erable to occupy TIS over OIS in perfect system. While both H
and He are more favorable to occupy the TIS nearby a vacancy
(or He-V complex) rather than the TIS far away from the vacancy
or complex. H and He at some TIS nearby a vacancy (or He-V com-
plex) diffuse to the corresponding vacancy (or He-V complex) in
the way of ’downhill’ drift diffusion. H prefers to be situated at
the sites near octahedral sites in a vacancy and the sites near
tetrahedral sites in a He-vacancy complex. While He favors to take
the geometric center in a vacancy and the site forming h111i
dumbbell configuration with the already present He in a He-
vacancy complex. Besides, it is found that the diffusion barriers
of H and He into a vacancy (or He-V complex) are much smaller
than that out of the vacancy (or He-V complex), slowing down
the diffusion of H and He in Mo. At last, we find that He at TIS
reduces the energy required for its nearby vacancy formation more
considerably than that of H. The produced vacancy can trap H and
He atom, which can contribute to the accumulation of H and He,
and the different disposition depth of them in Mo.
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