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Helium defect properties in V, Nb, Ta, Mo, and W were studied using first-principles electronic structure
calculations. The most stable position for the He in all bcc metals is a substitutional site; the tetrahedral
interstitial position is more favorable than the octahedral position. The formation energy of He substitutional
defect is nearly the same for all the metals, while the formation energy of He interstitial defect strongly
depends on the electronic structure of the host and insignificantly on its atomic size. The obtained He formation
energies were used to calculate He binding energy to the vacancy. For V, Nb, and Ta He-vacancy binding
energy is about one-half of the vacancy formation energy; for Mo and W it is about 40% higher than the
vacancy formation energy. Both pair potentials and effective-medium theory fall to reproduce the preference
order or the relationship between the formation energies. Calculated He formation energies and He-vacancy
binding energies improve understanding of He behavior and diffusion mechanisms in metals.
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I. INTRODUCTION

Helium can have a significant impact on the mechanical
properties and dimensional stability of materials used in
nuclear energy systems.1–5 Helium gas is produced in
neutron-irradiated materials as a result of �n ,�� transmuta-
tion reactions. Then, He atoms are deeply trapped by the
vacancies, decreasing vacancy mobility and enhancing accu-
mulation of additional vacancies and helium.6,7 He-vacancy
clustering ultimately leads to He bubble formation and can
promote additional microstructural evolution by reducing
vacancy-interstitial recombination. Understanding the funda-
mental behavior of helium in metals is a critical issue in the
research and development of nuclear materials. Electronic
structure calculations represent a powerful tool for obtaining
information about the atomistic behavior of helium in metals
such as defect formation energies and binding energies to the
vacancies.

Helium is traditionally called a noble gas, implying that it
is not chemically reactive with other elements. For a long
time the He-metal interaction has been considered exclu-
sively from this standpoint. The first systematic studies of He
interaction with the metals were done by Wilson8 in the late
1960s. He calculated He defect properties in metals using
empirical He-metal potentials obtained by Wedepohl9

method based on a Thomas-Fermi-Dirac formalism. The ex-
change energy was treated within the homogeneous gas ap-
proximation, ignoring electron correlations. The potentials
were defined as a pairwise interaction energy for He-metal
dimers completely ignoring bulk properties of the matrix.
These empirical potentials are widely used in radiation dam-
age simulations.10–13

The next step toward understanding the behavior of He in
metals was associated with the development of effective-
medium theory �EFMT�.14,15 EFMT is based on the assump-
tion that the He-metal interaction is proportional to undis-
turbed electronic density of the atoms constituting the metal.
Thus, the theory implicitly assumes He-metal pairwise inter-
action and ignores any distortion that the He defect can pro-
duce on the electronic structure of the host.

Subsequent elastic scattering of helium from metallic sur-
faces has raised questions about the correctness of the em-
pirical approaches. Rieder et al.16 studied He scattering from
Rh �110� and Ni �110� surfaces and observed that He diffrac-
tion peaks are shifted away from the actual atomic positions
to the bridge sites in between the atoms. The first-principles
calculations of Peterson et al.17 based on the density-function
theory �DFT� explained this effect called as anticorrugating
in terms of hybridization between He 1s and 3d orbitals of
the metals. The strength of the hybridization is controlled by
the geometry of d orbitals. Since He is a closed-shell atom
and any hybridization is energetically unfavorable for it, the
repulsive part of He-metal interaction potential is stronger
when He is at the bridge sites rather than on top of the atoms.
The authors also proposed that helium can be used for prob-
ing the substrate surface wave functions at the Fermi level.

The DFT calculations17,18 explained the nature of anticor-
rugating effect and changed our view regarding helium from
being chemically inactive atom to an atom that is very sen-
sitive to its environment. Though recent DFT calculations19

show that local-density approximation �LDA� and general-
ized gradient approximation �GGA� describe rare-gas ad-
sorption site preference rather inconsistently, we are confi-
dent in using DFT-GGA for calculating He defect properties
in transition metals. Since the interatomic distances in metals
are small, van der Waals forces should play little role in
He-metal interactions.

In this paper we present DFT-GGA calculations of He
defect properties in bcc transition metals, namely, V, Nb, Ta,
Mo, and W. The simplest He defects involve substitutional
and interstitial positions. In the bcc structure all substitu-
tional positions are equivalent; however, there are two �pos-
sibly� stable interstitial positions: the octahedral and the tet-
rahedral. These are illustrated in Figs. 1�a� and 1�b�,
respectively. The substitutional site, which has eight near
neighbors at 0.866a0, has the largest free volume �a0 is the
bcc lattice spacing�. The octahedral interstitial has six nearest
neighbors; two of them are located at 0.5a0 and four of them
at 0.707a0. The tetrahedral interstitial has four nearest neigh-
bors at 0.559a0. Thus, the free volume of the octahedral de-
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fect is larger than that of the tetrahedral defect.
Previous calculations based on the pair-potential approxi-

mation and EFMT showed that He occupies the sites in order

of largest free volume, namely, substitutional �sub�, octahe-
dral �octa�, and tetrahedral �tetra�. Furthermore, the forma-
tion energies for He defects in all bcc metals were found to
be approximately the same since the models ignored the de-
tails of the electronic structure of the metals. In our previous
work,20 we considered He defect properties in iron and found
that He defect behavior is governed by hybridization be-
tween He 1s and Fe 3d states near the Fermi energy level. If
He is in an octahedral position, the hybridization is sufficient
to cause a decrease in the magnetic moment of the neighbor-
ing Fe atoms. As a result the He octahedral position is ener-
getically less stable than the tetrahedral one in contrast with
previous work. Furthermore, the difference between the sub-
stitutional and interstitial He defect formation energies was
found to be a factor of 4–9 times smaller than was predicted
by empirical models. Similar results were obtained by Fu
and Willaime using the SIESTA code.21 This paper is a con-
tinuation of our research. We present systematic studies of
helium interaction with the rest of the bcc transition metals
excluding Cr due to disagreement between DFT with the
experiments in describing its magnetic ground state.

II. METHODOLOGY

Our electronic structure calculations were performed us-
ing the Vienna ab initio simulation package �VASP�.22–24 So-
lution of the Kohn-Sham equations25 was carried out self-
consistently using a plane-wave basis set with projector
augmented wave �PAW� pseudopotentials.26,27 Exchange and
correlation functionals were taken in a form proposed by
Perdew and Wang �PW91� �Ref. 28� within the GGA.

The calculations were performed using supercell models
of the defect structures in which He atoms are placed at the
appropriate positions of a large cell that is an n ·n ·n repeat of
the underlying bcc structure with the equilibrium lattice pa-
rameter. Then, the atomic coordinates and volume were re-
laxed to minimize the forces and pressure. The energy of an
isolated He atom is obtained by considering a cubic unit cell
with a significantly large lattice parameter, namely, 10 Å,
and one k-point in the irreducible Brillouin zone.

The following definitions are used throughout the paper.
The relaxation energy of a crystal is determined as a differ-
ence between the total energy of a crystal before and after
relaxation. The relaxation volume is determined similarly. In
order to be comparable, the formation energies of He inter-
stitial and substitutional defects are defined for the same ini-
tial atomic configuration that is a perfect bcc crystal with an
isolated He atom. The formation energy of He interstitial is

Einterstitial
f = ENm,He − NEm − EHe, �1�

where N is the number of metal atoms in the initial and final
supercells, Em is the energy per atom of the perfect bcc lat-
tice, and EHe is the energy of an isolated He atom. Creating a
He substitutional defect causes also a creation of a vacancy.
The formation energy in this case is

Esub
f = E�N−1�m,He − �N − 1�Em − EHe − Evac

f , �2�

where Evac
f is the formation energy of a vacancy. The binding

energy of a He atom to a vacancy is defined straightforward

FIG. 1. The �a� octahedral and �b� tetrahedral interstitial posi-
tions in bcc structure. The black spheres show the positions of the
interstitial; the white spheres are the bcc lattice sites.
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as the energy difference between interstitial and substitu-
tional positions,

Ebind = Einterstitial
f − Esub

f . �3�

The energy of interstitial migration is somewhat less than the
energy difference between the octahedral and tetrahedral
positions.21 Then, the He dissociation energy is defined as
the binding energy plus the energy of interstitial migration.

Since the defect formation energies given by Eqs. �1� and
�2� represent a small difference between large numbers, one
has to be careful about calculational settings. To examine the
impact of simulation cell size, we carried out calculations
using both 54 and 128 atom supercells. Larger supercells
were not considered due to the substantial increase in the
computational time. For every atomic configuration we
tested the energy convergence with respect to the number of
k points used in the integration over the Brillouin zone and
the basis-set cutoff energy. Brillouin-zone sampling was per-
formed using the Monkhorst-Pack scheme.29 For the 54-atom
supercell, we took a 6�6�6 k-point mesh that produced 40
k points for interstitial defects and 20 k points for substitu-
tional defect and perfect bcc lattice. These numbers were
correspondingly twice smaller for 128-atom supercell calcu-
lations. The minimal cutoff energy providing energy conver-
gence was found to be 350 eV for all the metals.

In this paper, unless otherwise specified, we present the
results obtained from 128-atom supercell calculations includ-
ing both atomic and volume relaxations. Changing the super-
cell size from 54 to 128 atoms decreases He formation ener-
gies by up to 0.2 eV; however, the relative energy differences
between the defect configurations change by at most 0.1 eV.
In addition we performed atomic relaxation at constant vol-
ume. In this case the calculated energies are noticeably
higher than those in Table I. The extreme case is a He defect
in W, where performing volume relaxation lowers the forma-
tion energies by 0.4 eV. But even in this case the ratios
between the energies are weakly affected. Thus, when the
volume of the supercell is fixed, the energy difference be-
tween He octahedral and tetrahedral defects decreases by
0.07 eV comparing to the calculations with the relaxed vol-
ume, and the He-vacancy binding energy decreases by 0.15
eV in this case. We conclude by noting that calculations
based on changing the supercell size and carrying out the

atomic relaxation at constant volume preserve the relation-
ship between He formation energy with the high accuracy.

Before considering He defect in bcc metals, we used PAW
pseudopotentials to calculate the basic physical properties of
the pure metals. In Table I we present calculated equilibrium
atomic volume, bulk modulus, vacancy formation energy,
and vacancy formation volume. The results of full-potential
GGA calculations30 and experimental data31,32 are given for
comparison. The bulk moduli were obtained by expanding
and contracting the bcc unit cell within 10% of its equilib-
rium lattice parameter. Then we performed Birch fitting33 of
the uniform expansion curve and found the bulk modulus at
experimentally measured lattice constant. The vacancy for-
mation energy and vacancy formation volume were calcu-
lated by the same procedure as in reference.30

For Nb, Ta, and Mo our calculations show a very good
agreement with full-potential calculations and the experi-
ment. Both calculations overestimate the atomic volumes by
less than 1%. The bulk moduli agree with the experiment
within 5%. The vacancy formation energies calculated by
PAW-GGA method are lower than the values obtained in the
full-potential calculations, but they are still within the uncer-
tainty of the experiment. The calculated atomic volume of V
is 5% smaller than the experimentally measured value and
the vacancy formation energy is overestimated by 0.08 eV.
The largest discrepancy between calculations and the experi-
ment is found for W. In the case of W, the calculated bulk
modulus is overestimated by 6% comparing with the experi-
ment, but the vacancy formation energy is by 0.4 eV smaller
than its measured value. The later introduces an error of the
same order in our calculation of He substitutional formation
energy in W and in He dissociation energy. However, as we
will see later, the dissociation energy of He in W is a big
number and PAW-GGA method allows us to determine it
with the relative accuracy of 10%.

III. RESULTS

Table II shows the results of our first-principles calcula-
tions of the He formation energy in bcc transition metals for
octahedral, tetrahedral, and substitutional positions. For in-
terstitial defects, the volume change due to atomic relax-
ation, ��, is determined with respect to perfect bcc crystals;

TABLE I. Calculated and experimental equilibrium atomic volumes, �0 �Å3�, bulk moduli, B0 �GPa�,
vacancy formation energies, Evac

f �eV�, and vacancy formation volumes, �vac
f ��0�, for bcc d-transition

metals.

PAW-GGA FP-LMTO-GGAa Expt.b

�0 B0 Evac
f �vac

f �0 B0 Evac
f �0 B0 Evac

f

V 13.2 153 2.28 0.70 13.3 134 2.55 13.9 157 2.1–2.2

Nb 18.2 179 2.62 0.60 18.2 157 2.88 18.0 173 2.6–3.0

Ta 18.1 203 2.86 0.70 18.1 183 3.20 17.9 194 2.8–3.1

Mo 15.7 268 2.62 0.51 15.7 266 2.90 15.5 265 2.6–3.2

W 15.8 334 3.12 0.70 16.2 310 3.60 15.9 314 3.5–4.1

aReference 30.
bReferences 31 and 32.
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for substitutional defects, �� is calculated with respect to
the lattices relaxed around the vacancy. Table II contains also
the formation energies calculated within pair potential8 and
EFMT �Refs. 14 and 15� models for comparison. The nu-
merical values of He defect formation energies are in a rela-
tively good agreement with the results of the similar work.34

In the table the metals are placed in the following sequence.
First, we put the elements that belong to the same column of
the Periodic Table. Inside each group of these elements, they
are placed in ascending order of the row number.

We find that the He defect induces strong atomic relax-
ation with the atomic shells neighboring the He impurity
relaxing outward for all defects and metals considered. For
He in the interstitial position, relaxation decreases the forma-
tion energies by more than 26%. For all of the metals con-
sidered, the volume expansion associated with the He inter-
stitial defect is essentially the same for both octahedral and
tetrahedral configurations. Not surprisingly, placement of He
into the vacancy also causes lattice expansion. This expan-
sion is largest in V and W, where we also find the largest
relaxation energy. For all the metals, the volume change re-
sulting from the He substitution is smaller than the vacancy
formation volume �compare �vac

f of Table I with �� of
Table II�. Of course, relative to the pure solid, substitution of
metal atom by He results in an overall reduction in the su-
percell volume consistent with the fact that the He atom is
much smaller than the metal atom which it is replacing.

From Table II one can see that He substitutional defect is
the most stable for all metals considered. The formation en-
ergy of this defect varies between the different metals by
only 0.65 eV which is much smaller than the variation in
energy ��3 eV� associated with the He interstitial defects.
In all cases, the tetrahedral is the most stable He interstitial

position. This finding conflicts with the result of empirical
models which predict the octahedral defect to be the most
stable. The energy difference between He octahedral and tet-
rahedral positions varies from 0.14 eV for W to 0.26 eV for
Ta. These energies agree quite well with an experimental
value in the range of 0.24–0.32 eV that was obtained from
atom-probe microscopy studies35 and estimates of enthalpy
change in migration. Of particular note is the more than dou-
bling of the formation energy of He tetrahedral defect, from
3.04 to 6.15 eV, between V and W. As will be discussed later,
the explanation of this large difference lies in differences in
the electronic structure of the host metals.

From Table II it can be seen that both empirical models
fail to reproduce the defect preference order. The pair poten-
tial model8 gives about the same formation energies for all
the hosts contrary to the roughly factor of 2 difference be-
tween V and W found in the first-principles results. The
EFMT �Refs. 14 and 15� provides a better description of the
He defect than the pair potential model. For He interstitial
defects in Nb and He substitutional defects in Mo and W the
EFMT results only slightly differ from our PAW-GGA calcu-
lations. Thus, the description of He-metal interaction in
terms of the undisturbed electronic densities can be accept-
able in this cases. The EFMT model in general fails once the
electronic structure effects become strong. In Table II one
can see that in case of Mo and W the EFMT calculations
underestimate the He interstitial defect energies by more than
0.7 eV.

As is highlighted in Table II the He substitutional atom in
V behaves quite differently from that in the remaining met-
als. Interestingly, when He atom is in a vanadium vacancy
and atomic relaxation is performed the energy minimum cor-
responds to an atomic configuration with the He atom dis-
placed from the vacancy center toward the octahedral posi-
tion. The first-principles calculations yield a displacement
�drift� of 1.2 �Å� which is a large fraction �37%� of V lattice
parameter. In Table II the drifted He substitutional defect is
denoted by Hesubdrift from which it can also be seen that the
drift decreases the energy by 0.21 eV. To expand on this
result, in Fig. 2 we show how the formation energy varies as
the He substitutional defect is displaced from the center of

TABLE II. The volume change, �� ��0�, relaxation, Ef �eV�,
and formation energies, Ef �eV�, of He defect in transition bcc
metals.

�� Erel Ef Epair
f a EEFMT

f b

V Heocta 0.27 1.93 3.17 4.61

Hetetra 0.26 1.19 2.94 4.74

Hesub 0.62 0.39 2.30 1.65

Hesubdrift 0.62 0.56 2.03

Nb Heocta 0.31 1.51 3.26 3.04

Hetetra 0.31 0.94 3.05 3.10

Hesub 0.19 0.07 1.38

Ta Heocta 0.32 1.83 3.42 4.23

Hetetra 0.32 1.27 3.16 4.22

Hesub 0.17 0.17 1.75 0.93

Mo Heocta 0.28 1.75 5.33 4.91 4.46

Hetetra 0.28 1.39 5.16 5.14 4.44

Hesub 0.22 0.07 1.76 1.04 1.59

W Heocta 0.37 1.82 6.39 5.47 4.60

Hetetra 0.39 1.61 6.15 5.71 4.58

Hesub 0.40 0.47 1.38 1.05 1.27

aReference 8.
bReferences 14 and 15.

FIG. 2. Energy profile of He substitutional formation energy
along �100� path from the center of the vacancy to the octahedral
position.
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the vacancy toward the octahedral position. The two curves
show calculations for a frozen lattice �squares� and calcula-
tions �triangles� in which atomic relaxation around a fixed
He atom is taken into account.36 From Fig. 2 one can see that
even in unrelaxed lattice case the displaced position is ener-
getically more favorable—by 0.12 eV. After atomic relax-
ation the energy minimum moves even closer to the octahe-
dral position with a further decrease in the energy. Clearly,
the He displacement is a purely quantum-mechanical effect
and therefore was not observed in previous classical calcula-
tions. It should also be noted that this displacement effect is
specific to He in V; in all the other metals the center of the
vacancy is the most stable position for both relaxed and un-
relaxed structures.

Using the He defect formation energies presented in Table
II it is straightforward �Eq. �3�� to calculate the binding en-
ergy of He to a vacancy. The results are shown in Fig. 3 as
triangles. Because the formation energies of He substitu-
tional defect �shown as squares in Fig. 3� are rather similar
for all of the hosts, the interelement variation in the He bind-
ing energy mainly reflects differences in He interstitial for-
mation energies �shown as circles in Fig. 3�. A point to note
is that the He binding energy changes rapidly going across a
column of the Periodic Table while it differs only slightly
between metals that belong to the same column. The value of
the binding energy of He in Fe taken from our previous
work20 lies between the energies calculated for V and Mo
groups. As we will show later, the variations in defect bind-
ing energies that we have just described find a ready expla-
nation in terms of the underlying electronic structure of the
hosts.

Given that He is produced in metals during irradiation
which simultaneously produces vacancies, it is interesting to
look at the relationship between He binding energies and
vacancy formation energies shown in Fig. 3. In V, Nb, and Ta
the He-vacancy binding energy is about one-half the vacancy
formation energy; in Fe the two values are about the same,
and in Mo and W the He-vacancy binding energy is 40%
higher than the vacancy formation energy.

A detailed comparison of our calculated He dissociation
energies with the results of the previous calculations as well
as experiment is presented in Table III. Since in the pair-

potential model electronic structure effects were not taken
into account, the He defect behavior found in these studies is
similar for all bcc metals; EFMT calculations strongly over-
estimate the dissociation energies of Fe, Mo, and W and give
unrealistically small energy for Nb. Our calculations show
that He binding energy increases as you go across the peri-
odic table from V to W. The experimentally measured He
dissociation energies for Fe, Mo, and W exhibit similar be-
havior. For V and Fe desorption measurements7 give similar
values of He dissociation energies, while our calculations
indicate that there is an energy difference about 1 eV. Unfor-
tunately, the desorption experiments are unable to capture all
the details of the atomistic behavior; therefore it is difficult
to say what exactly causes this disagreement. Diffusion of
He in metals involves He evolution in a complex environ-
ment of defects induced during implantation and thermal va-
cancies formed during the high-temperature desorption mea-
surements. This involves a number of interactions and
reactions of He with the other defects which are impossible
to predict without detailed simulations using an atomistic
model. Here is worthwhile to note that such simulations
could become possible if one were to use the internally self-
consistent set of He defect calculations in bcc transition met-
als presented here to construct interatomic potentials for He-
metal interactions and to employ them in large-scale
atomistic simulations to investigate He diffusion in metals
and its impact on microstructure evolution of the metals un-
der irradiation.

IV. DISCUSSION

In the following we analyze the electronic structure of the
various He defects and hosts in an attempt to shed light on
three questions: �1� what underlies He site-preference order
in the different transition metals; �2� what are the origins of
the variations in interstitial He defect energies across the
various host metals; �3� why does the He substitutional de-
fect drift away from the vacancy center in V.

In Figs. 4�a� and 4�b� we present site-projected electronic
densities of states �DOS� of He substitutional and tetrahedral

FIG. 3. Calculated formation energies of He tetrahedral defect,
vacancy formation energies, and He-vacancy binding energies de-
pending on the type of metal.

TABLE III. He dissociation energy �eV� calculated using PAW-
GGA pseudopotentials, pair potentials, effective-medium theory,
and measured experimentally.

PAW-GGA Pair potentiala EFMTb Expt.

V 1.28 3.65 1.4�3 c

Nb 1.67 0.06

Ta 1.61 3.93

Fe 2.36 3.75 4.27 1.4�3 c

Mo 3.67 3.04 5.45 3.8d

W 5.1 3.05 6.81 4.0e

aReference 8.
bReferences 14 and 15.
cReference 7.
dReference 37.
eReference 38.
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defects in V, Nb, and Mo for the components of the DOS that
change most between different defect environments. In Fig.
4�a� we show the d-projected DOS of the metal atom closest
to the He defect and, in Fig. 4�b�, the s- and p-projected DOS
of the He defect itself. The He atom does not gain any d
states. For comparison we also show, by the solid line in Fig.
4�a�, the d-projected DOS of the pure metals. We focus on

the DOS of V and Nb to illustrate the similarities in their
electronic structure and on Mo to highlight the differences
with the previous two. As for the rest of the metals, the
electronic structure of He defect in Ta resembles the one in
Nb and the DOS of He defect in W is very similar to the He
defect in Mo. The DOS of He octahedral defect are only
slightly different from the He tetrahedral DOS. In Figs. 5�a�
and 5�b� we present enlarged d-projected DOS of V site and
p-projected DOS of He substitutional, tetrahedral, and octa-
hedral defects to demonstrate the differences in He octahe-
dral and tetrahedral defects behaviors.

In Fig. 4�a� one can see that the He defect produces dis-
tortion of the DOS of the neighboring metal atoms that indi-
cates the ongoing hybridization. Since He is a closed-shell
atom and any hybridization is energetically unfavorable for
it, larger distortion of the DOS at the metal site corresponds
to the larger formation energy of He defect. The electronic
DOS of He atom shown in Fig. 4�b� also change due to
hybridization. The He atom acquires some s and p states near
the Fermi energy level. Though the absolute values of He
DOS are relatively small �integrated DOS at He site are less
than 0.14 electrons�, they cannot be neglected. Since the re-
laxation around He substitutional defect is small �the relax-
ation energy never exceeds 30% of the formation energy and
the displacement of the first neighbors is less than 6% of the
lattice parameter�, we conclude that the large values of the
formation energies �for all the metals larger than 1.3 eV�
come from the electronic hybridization. The He substitu-
tional defect gets mostly s states near the Fermi energy level
since the vacancy has the largest free volume and symmetric
environment. The He tetrahedral defect acquires some lim-
ited p character. Although s-projected He DOS are generally

(a)

(b)

FIG. 4. �a� Local DOS for V and Mo atoms and �b� local DOS
for He defect. In �a� the solid line shows the DOS of pure metals.
The dashed and dotted lines represent the DOS of metal sites with
the He at tetrahedral and substitutional positions, respectively. In
�b� the dashed and dotted lines represent the DOS of He octahedral
and substitutional defects, respectively. The solid line shows the
DOS of He substitutional defect in V after its drift from the vacancy
center. The Fermi energy of the supercell with the He defect is 0.00
eV.

(a)

(b)

FIG. 5. �a� Local DOS for V atom and �b� local DOS for He
defect. In �a� the solid line shows d projected DOS of pure V. The
dashed line and the dashed line with the dots represent the DOS of
metal sites with the He at octahedral and tetrahedral positions, re-
spectively. The dotted line shows the DOS of V with He substitu-
tional defect. The p-projected DOS of He are shown in �b�. The
Fermi energy of the supercell with the He defect is 0.00 eV.
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larger than the p DOS, having p states in the neighborhood
of the Fermi energy is particularly unfavorable, given that He
is an atom with a completed spherically symmetric s shell. If
this is the case, then the larger the He p DOS at the Fermi
energy level, the less energetically favorable is the corre-
sponding He defect configuration. In Fig. 5�b� one can see
that He octahedral DOSs are higher than the DOS of the
tetrahedral defect and both interstitial defects have higher
DOS at the Fermi energy than the DOS of He substitutional
defect in agreement with the order of the preference of He in
metals, namely, sub, tetra, and octa. We conclude that the
hybridization between transition metals d states and He p
states is responsible for site-preference order of He in metals
and is the reason for large He formation energies. A similar
result was previously obtained for He defect in Fe.20

While He site-preference order is the same in all consid-
ered transition metals, the values of the formation energies of
He interstitials are different for the metals of V and Mo col-
umns and only in V do we observe the drift of the He sub-
stitutional atom from the vacancy center. To find the reasons
for these phenomena we turn to analyzing the electronic
structure of the metals. As is well known, the electronic
structure of the bcc transition metals is characterized by a
hybridization gap between low-energy bonding states and
high-energy antibonding states �see Fig. 4�a��. For V, Nb, and
Ta, the Fermi energy lies at the top of the bonding states �at
the bottom of the hybridization gap�, while for Mo and W,
the Fermi energy lies at the bottom of the antibonding states
�at the top of the hybridization gap�. It is interesting to note
that spin-polarized Fe represent an intermediate case be-
tween V and Mo columns. Its majority �spin up� d band is
full and the Fermi energy lies in the middle of the hybridiza-
tion gap in the minority �spin down� DOS.

Studies of the bonding charge densities show that the lo-
cation of the Fermi energy strongly correlates with the direc-
tionality of atomic bonding and the density of the interstitial
charge. While V, Nb, and Ta have high electron density at the
Fermi energy level, Mo and W have a much lower Fermi
energy charge density. In Fig. 6 we show the spatial distri-
bution of the charge density of V in 50 meV energy below
the Fermi energy. The charge is concentrated at the atomic
sites and it is also spread between the atoms along the atomic
bonds. One can see that there is almost no Fermi energy
charge density around the octahedral position denoted in the
Fig. 6 by label X. In Mo and W the situation is different. In
these metals the corresponding d states are located well be-
low the Fermi energy, the result being that the charge distri-
bution is more uniform in the interstitial region and conse-
quently has a larger value.

The hybridization between metal and He electronic states
can also be visualized in charge-density plots. In Figs. 7�a�
and 7�b� we show the charge density corresponding to the He
octahedral defect in the relaxed structures in V and Mo, re-
spectively. In these figures one can see that He defect polar-
izes its first and second neighbors and is itself polarized. The
metal atoms loose the charge from the eg atomic orbitals and
gain it in the atomic orbitals with t2g symmetry. Clearly, the
atoms of Mo become more strongly polarized than those of
V. In addition, the He interstitial atom is also more strongly
polarized. Since the charge density in the interstitial region is

higher in Mo than in V, the He atom looses more of its
charge which determines the relationship between the forma-
tion energies of He interstitial defects in this metals. In V,
Nb, and Ta the He polarization is small and the He formation
energies are almost the same in all of these metals. On the
other hand, in Mo and W the polarization is significant due to
the larger interstitial charge density and the formation ener-
gies are significantly larger than the former group. Because

FIG. 6. The charge density of V in 50 meV energy window at
the Fermi level in the �110� plane. The lines represent contours of
equivalent charge density. The cross shows the location of octahe-
dral interstitial positions.
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FIG. 7. �Color online� The change in the charge density of �a� V
and �b� Mo after inserting He in an octahedral position. The lines
represent contours of equivalent charge density. Solid lines indicate
an increase in charge density and dashed lines represent charge
depletion. The cross indicates the position of He and filled circles
specify the position of neighboring metal sites.
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the interstitial charge density in W is larger than in Mo, as
befits the more extended 5d states of W relative to the 4d
states of Mo, this results in a yet larger formation energy of
He interstitial.

In the case of the He substitutional defect the situation is
opposite. When the original atom is removed from the lat-
tice, the vacancy is filled with the electronic charge from the
surrounding metal atoms. Since atomic bonding in V has a
more pronounced directional character, its vacancy has a
higher charge density than the vacancies of the other metals.
The energy of the electronic charge in the vacancy lies in the
vicinity of the Fermi level; therefore, the He substitutional
defect must interact with it. As one can see in Fig. 4�b�, the
s states corresponding to a He placed in V vacancy have
sharp peak at the Fermi energy level; in Nb this peak be-
comes smaller and in Mo He s states are located below the
Fermi energy. The larger are the DOS at the Fermi energy
level, the higher is the formation energy of the corresponding
defect configuration. Particularly in V, He substitutional en-
ergy is so high that it makes this configuration unstable and
He drifts away from the vacancy center toward the octahe-
dral position. The drift lowers the formation energy of the
defect by 0.27 eV and eliminates the DOS peaks at the Fermi
energy level. The same effect does not happen in Nb which
has the same electronic structure because Nb has slightly
larger atomic radius and therefore higher interstitial charge
density. If a He substitutional atom is displaced from the
center in Nb vacancy, it acquires more of the p states and the
He formation energy increases.

V. SUMMARY

In summary we note that despite being a closed-shell
atom the relative stabilities of the various defects are deter-

mined by the interaction between the He defect atom and the
charge density of the host system. Since the charge density is
higher in the interstitial region than in the vacancy, the He
defect prefers to occupy a substitutional position in all the
metals. The hybridization between metal d states and He p
states is responsible for He tetrahedral site preference over
the octahedral site. The formation energy of He substitutional
defect is nearly constant for all the metals; the formation
energy of He interstitial depends on the electronic structure
of the host. In V, Nb, and Ta the interstitial formation ener-
gies are nearly the same and are much smaller than He for-
mation energies in Mo and W.

Investigation of He defect properties in metals illustrates
the power of first-principles methods. Both pair potentials
and effective-medium theory fail to reproduce He defect
preference order or the relationship between formation ener-
gies. Calculated He defect formation and He-vacancy bind-
ing energies improve our understanding of He behavior and
diffusion mechanisms in metals with significant implications
of understanding their irradiation response. Parametrization
of ab initio results to develop empirical potentials will permit
molecular-dynamics �MD� investigation of diffusion and
bubble behaviors. Further work is planned to apply similar
methods to investigate hydrogen in metals and synergistic
effects of H and He. Such studies are important for under-
standing of He diffusion and He bubble formation in the
metals under irradiation.
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