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a b s t r a c t

Helium generation in Fe–Cr alloys degrades the material by causing swelling and eventually the nucle-
ation of bubbles. When the alloys are used as construction materials the resulting embrittlement is espe-
cially undesirable. The effects of helium atoms in pure iron have been recently elucidated by ab initio
calculations. The different magnetic behavior – ferromagnetic for iron and anti-ferromagnetic for chro-
mium – makes simple extrapolation to alloys and pure chromium uncertain. In the present study helium
in pure chromium as well as chromium alloys with a small concentration of iron is investigated by ab
initio density-functional theory calculations. The results indicate that interstitial helium atoms occupy
the tetrahedral site in pure chromium. A pair of interstitial helium atoms have binding energies of about
0.3–0.6 eV when they are first or second nearest neighbors. When a substitutional iron atom is involved,
the binding energy goes up to 1 eV. The formation energy of a substitutional helium atom is slightly
higher (about 0.2 eV) when a substitutional iron atom is close by. The same holds for two helium atoms
sitting in a vacancy, but then the energy difference is roughly twice as large. A substitutional helium atom
is relatively strongly bound to a substitutional iron atom, with a binding energy of about 0.3 eV.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Stainless steels – essentially Fe–Cr alloys with some alloying
elements – used in fission (and future fusion) reactor constructions
suffer damage due to neutron irradiation. Beside the creation of
point defects, the neutrons are also responsible for transmutation
reactions, producing helium ions [1]. Due to its low solubility in
metals, helium atoms are strongly trapped and tend to gather into
bubbles (see Refs. [2,3] and references therein). These bubbles lead
to decreased mobility of dislocations, resulting in swelling and
embrittlement of the metal. The neutron flux will be higher in fu-
sion reactors than in fission reactors, so the effects of helium gen-
eration are particularly detrimental in that case.

The effects of helium in pure iron have recently been investi-
gated on the ab initio level [4–7]. The Fe–Cr alloys to be used in fu-
ture fusion reactors will most likely contain about 10-wt% Cr [8], a
level which has been proved to provide the strongest resistance to
swelling. Limited data exist for helium in chromium.

The goal of the present study is to shed some light on the behav-
ior of helium atoms in pure chromium, and chromium with trace
amounts of iron in close proximity to the helium atoms. For this
ab initio density-functional theory calculations are used. The re-
sults indicate that many of the considered defect systems are
bound. Examples of bound systems include: (i) helium atoms in
single vacancies, (ii) close by interstitial helium atoms, and (iii)
ll rights reserved.
interstitial helium atoms close to substitutional iron atoms. The
common feature for these is that they consist of interstitial helium
atoms. The insertion of helium into the chromium–iron systems
need not be ‘‘damaging”, e.g. creating vacancies that become filled
with helium, in order for the defects to form.

2. Methods

The ab initio density-functional theory (DFT) calculations were
carried out using the projector augmented wave (PAW) method
[9] in a plane-wave basis set as implemented in the Vienna ab ini-
tio simulation package (VASP) [10–14]. Pseudopotentials employ-
ing the local density approximation with the Ceperley–Alder
exchange correlation as parametrized by Perdew and Zunger
[15], and extended with generalized gradient approximation
(GGA) corrections developed by Perdew and Wang [16,17] were
used. The calculations are therefore all at the GGA level. Also, to
improve on the magnetic moments and magnetic energies, the
interpolation formula by Vosko et al. [18] was used. These were ta-
ken from the database supplied with VASP.

The sampling of k-points in the Brillouin zone was done with
the Monkhorst–Pack scheme [19]. The integration over the Brillou-
in zone was carried out with the Methfessel–Paxton (MP) method
[20] and the linear tetrahedron (LT) method of Blöchl et al. [21].
The MP method was used in all structure relaxations, and the LT
method was only used when accurate energies of relaxed struc-
tures were calculated.
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Table 1
Lattice parameters and cohesive energies of ferromagnetic (FM) bcc Fe, anti-
ferromagnetic (AFM) bcc Cr, and isolated helium atoms.

System Lattice parameter (nm) VASP cohesive energy (eV)

Fe (FM) 0.2830 �8.209
Cr (AFM) 0.2848 �9.470
He – 0.0

Table 2
Formation energies Ef and binding energies Eb for simple defects in Cr involving He.
The initial distance between the two interstitial He atoms in the last two cases is one
lattice parameter. See Section 3.2 for an explanation of the abbreviations.

System Ef (eV) Eb (eV)

Vacancy 2.60
Tetr. He 5.13
Oct. He 5.30
h11 1i Cr–He 5.13a

Subst. He ðHe1VÞ 4.93
He2V 7.78 2.28
He3V 11.09 4.10
He4V 15.56 4.75
He5V 17.58 7.86
He6V 21.49 9.07
He7V 24.59 11.10
He8V 28.92 11.89
He9V 33.23 12.71
Oct. He2, 1NN and 2NN 9.64 0.61
Tetr. He2, 1NN 10.00 0.25
Tetr. He2, 2NN 9.72 0.53
Tetr. He2, 4NN 10.26 �0.01

a Relaxes to tetrahedral site.
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All the present calculations are based on supercells with 128
metal lattice sites forming a body centered cubic (bcc) lattice.
The cell is made up of four conventional cubic cells in each Carte-
sian direction, making it contain 64 unit cells. A total number of
3� 3� 3 k-points were used, with an energy cutoff of 400 eV. Low-
er or equal cutoff energies have been used in studies [22,23,6,4] for
the Fe–Cr, Fe–He, and Cr–He systems, with similar values for these
settings. Full relaxation of both cell parameters (size and shape)
and atomic coordinates was performed. The calculations were con-
sidered converged when the changes in the forces on individual
atoms became less than 10�5 eV=nm2. The residual pressure in
the relaxed cells was always checked, and the calculations were
continued if the pressure was over 1 kbar. All calculations were
spin-polarized.

It should be noted that the true ground state for chromium at
zero Kelvin is a spin density wave (SDW) (see Ref. [24]). Using
the GGA, the ground state is antiferromagnetic (AFM) bcc Cr [24],
with the SDW being higher in energy. However, with a nonlocal ex-
change correlation potential [25] it may be possible to generate
non-collinear magnetic moments (including SDWs) that are lower
in energy than the AFM state. Given the preliminary nature of
these results, and their higher computational cost, the AFM state
is used as the ground state in the present study. The ordering of
energies for configurations with the same number of Cr atoms
should not be affected, even if the SDW were to be considered
the true ground state. Since mostly comparisons between different
configurations involving the same number of impurities (He and
Fe) are carried out in Section 3, the choice of AFM as the ground
state should not have any large bearing on any qualitative findings.

The formation energy of a system containing ni atoms of species
Si is in this study defined as

Ef ðS1; . . .Þ ¼ EðS1; . . .Þ �
X

i

niEðSiÞ; ð1Þ

where EðS1; . . .Þ < 0 is the potential energy of the (bulk) system, and
EðSiÞ is the energy per atom of the individual elements in their ref-
erence states. These are taken as ferromagnetic (FM) bcc iron, AFM
bcc chromium, and isolated helium atoms. The numerical values
can be found in Table 1 in Section 3.1 below.

The binding energy of a defect system A1 þ � � � þ An (such as
substitutional Cr close to tetrahedral He), where Ai is a fundamen-
tal defect, is [26]

EbðA1 þ � � � þ AnÞ ¼
X

i
EðAiÞ � EðA1 þ � � � þ AnÞ � ðn� 1ÞEref ; ð2Þ

where EðAiÞ is the energy of the cell containing only defect Ai,
EðA1 þ � � � þ AnÞ is the energy of the cell containing the defect sys-
tem, and Eref is the energy of the cell without any defects. If
Eb < 0 then it is energetically favorable for the defects to be far
apart, and the system can be said to be repulsive or unbound.

3. Results and discussion

3.1. Reference energies

The energies of the reference states used for calculation of
formation energies are presented in Table 1.
3.2. Helium in chromium

The formation and binding energies of simple He-related de-
fects in Cr are shown in Table 2. The binding energies for defects
involving only He atoms and no vacancies are with respect to iso-
lated tetrahedral He atoms. The binding energies for defects
involving N He atoms and one vacancy are with respect to one sub-
stitutional He atom and N � 1 tetrahedral He atoms.

The relative ordering of the formation energies of substitu-
tional, tetrahedral, and octahedral He in bcc Cr follows the same
trend as for He in bcc Fe [4,5]. The significant difference is that
the values in the Cr case are all roughly 1 eV higher, meaning He
insertion into Cr costs more energy than into Fe. In both metals
an interstitial He atom prefers the tetrahedral site. From the table,
the tetrahedral site is 0.17 eV lower in energy than the octahedral
site. Corresponding value for He in Fe is about 0.2 eV [4,5].

Concerning the relation between interstitial and substitutional
energies for He in Cr, the data indicate that the octahedral (tetrahe-
dral) site is 0.37 eV (0.20 eV) higher than the substitutional one.
This is in agreement with a similar study of He in Cr by Domain
[23], where the difference is 0.43 eV (0.23 eV). The present value
for the vacancy formation is about 0.1 eV lower than in Ref. [22],
where the volume was not allowed to relax during the calculations.

Single helium atoms are quite strongly trapped in mono-vacan-
cies, with a binding energy of 2.79 eV. The corresponding value for
iron is 2.30 eV [5], i.e. about 0.5 eV lower. In other words, He atoms
in Cr-vacancies are more strongly bound than in Fe-vacancies. The
binding energy rises monotonically when the helium content of a
monovacancy is increased. The largest content tried was nine He
atoms. The relaxed atomic positions for nine He atoms in a mono-
vacancy is shown in Fig. 1.

The relaxed configurations of helium atoms in a monovacancy
are as follows: (i) the atoms in He2V assume a h111i orientation.
The interatomic distance is 0.153 nm. (ii) The He atoms in He3V
form a isosceles triangle, with side lengths 0.171 nm and
0.160 nm (the base). The normal of the triangle is in the h100i
direction. (iii) A perfect square with a h100i normal is formed by
the He in He4V, with all sides of length 0.163 nm. (iv) The He atoms
in He5V form a pyramid, with a basal square with side length
0.170 nm, and the top He atom at a distance of 0.176 nm from all
the other He atoms. (v) A perfect octahedron is formed by the He
atoms in He6V, the distance between He neighbors being
0.175 nm. The octahedron consists of two pyramids with their
square basal planes joined together. (vi) When a He atom is placed



Fig. 1. (Color online.) Relaxed configuration with nine He atoms (light pink) inside a
vacancy in AFM bcc Cr. (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. 2. Cluster formation energy as a function of cluster size n in HenV. A linear fit is
also shown.
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Fig. 3. Cluster binding energies EN as a function of the cluster size N. The broken
line is a guide for the eye.
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at the center of the octahedron to form the He7V cluster, the side
lengths change. The side length of the square basal plane increases
to 0.206 nm. The He atoms at the top of the pyramids are 0.205 nm
from the He atoms in the square. The He atom placed in the center
of the former octahedron is at a distance of 0.145 nm from the
nearest neighbor. (vii) The He atoms in He8 forms a perfect cube,
with side length 0.152 nm. The side planes of the cube have nor-
mals h100i. (viii) One can obtain He9V by adding one He to the
center of this cube. The resulting parallelepiped has side lengths
of 0.165 nm and 0.166 nm. The centered He atom is at a distance
of 0.143 nm and 0.144 nm from the atoms forming the He ‘‘cage”.

A plot of the formation energy as a function of cluster size n is
shown in Fig. 2 together with a linear fit Ef ðnÞ ¼ anþ b. The value
of the fitted parameters are a ¼ 3:49� 0:01 eV and b ¼ 0:89� 0:07
eV. The uncertainties in the parameters stem from synthetic errors
set to 0:10jEf j for each data point ðn; Ef Þ.
There is another way to define the binding energies of HeNV
clusters, than using a substitutional He atom and N � 1 tetrahedral
atoms. Perhaps a more natural choice is to use a tetrahedral He
atom and a vacancy containing N � 1 He atoms as the fundamental
defects. The binding energy is then simply the energy required to
break off one He atom from the cluster. This energy may be called
‘‘cluster binding energy” and denoted EN . Its definition is:

EN � EbðHeT þHeN�1VÞ
¼ EðHeTÞ þ EðHeN�1VÞ � Eref � EðHeNVÞ; ð3Þ

where EðHeTÞ is the energy of the cell containing a tetrahedral He
atom, EðHeNVÞ is the energy of a cell containing N He atoms in a va-
cancy, and Eref is the energy of a cell without any defects. The clus-
ter binding energies are plotted in Fig. 3. From the figure it can be
seen that the clusters He5V and He7V are particularly strongly
bound with respect to emission of a He atom into a tetrahedral po-
sition far away from the cluster.

The general trend of the present results for small values of N
agree with those for He in Fe, which show an initially decreasing
trend, with binding energies between 2 and 3 eV [5,7]. A similar
oscillatory behavior is also observed by Seletskaia et al. [27] in a
molecular dynamics study of multiple He in a Fe monovacancy.

Not only the vacancy-related defects show a binding nature.
Also some of the purely interstitial defects mentioned on the last
four lines in Table 2 constitute strongly bound complexes. Two
octahedral helium atoms, initially placed either as first (1NN) or
second (2NN) nearest neighbors, end up in the same configuration,
namely as a h210i He–He interstitial. The He–He interatomic dis-
tance is 0.155 nm, a little more than half the lattice parameter
a ¼ 0:2835 nm of perfect AFM bcc Cr at zero Kelvin. The 1NN
and 2NN distances correspond to a=2 and

ffiffiffi
2
p

a=2, respectively.
For two helium atoms on tetrahedral sites there are no similar

geometric changes. In these cases the He atoms have not moved
much after relaxation. Two tetrahedral He atoms placed at a dis-
tance corresponding to fourth nearest neighbors (4NN), are not
bound to each other at all. In this case the 1NN, 2NN, and 4NN dis-
tances correspond to

ffiffiffi
2
p

a=4, a=2, and a, respectively. For a pair of
tetrahedral He atoms placed as 2NN, the binding energy is rela-
tively high, 0.53 eV, as shown in Table 2. The corresponding result
for He in Fe is 0.3 eV [6], i.e. almost a factor two smaller.

The surprising result by Seletskaia et al. [4] that helium atoms
in iron acquire a magnetic moment carries only partly over to
the case of helium in chromium. For He in Fe, magnetic moment
values of 0:015lB, 0:012lB, and 0:000lB were obtained for (re-
laxed) octahedral, tetrahedral, and substitutional He, respectively
[4]. Here lB is the Bohr magneton. The present calculations for



Table 3
As in Table 2, but with Fe as a foreign species. See Section 3.2 for an explanation of the
abbreviations.

System Ef ðeVÞ Eb ðeVÞ

Subst. Fe ðFe1VÞ 0.48
Subst. Fe2 ðFe2V2Þ, 1NN 0.81 0.14
Subst. Fe2 ðFe2V2Þ, 2NN 0.99 �0.04
Subst. Fe2 ðFe2V2Þ, 1 0.95 0.00

Table 4
Formation energies Ef and binding energies Eb for simple defects in Cr involving He
and Fe. See Fig. 4 for the initial configurations of the defects. See Section 3.2 for an
explanation of the abbreviations.

System Ef (eV) Eb (eV)

(a) h11 1i Fe–He 5.86 �0.26
Fe–oct. He, 1NN 5.45 0.15
Fe–tetr. He, 1NN 5.43 0.17
Fe–oct. He, 2NN 5.56 0.04
Fe–tetr. He, 2NN 5.52 0.08

(b) Fe—He1V, 1NN 5.11 0.30
Fe—He1V, 2NN 5.17 0.24

(c) Fe—He2V, 1NN 8.21 2.33, 0.04a

(d) Fe–oct. He2 (He–He: 2NN) 9.73 1.00
(e) Fe–tetr. He2 (He–He: 2NN) (ground state) 9.73 1.00
(f) Fe–tetr. He2 (He–He: 4NN) 9.73 1.00
(g) Fe2 (1NN)–oct. He 5.71 0.36
(h) Fe2 (1NN)–tetr. He 5.74 0.34
(i) Fe2 (2NN)–oct. He 5.75 0.32
(j) Fe2 (2NN)–tetr. He 5.82 0.26

a With respect to a He2V cluster.
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antiferromagnetic Cr give 0:007lB, 0:000lB, and 0:01lB, for the
same cases. In other words, the present values are one order of
magnitude smaller than for He in Fe, except for the substitutional
helium atom, where it is of the same order as for interstitial He in
Fe. The four first nearest neighbors of the substitutional He atom
(in Cr) have 1:051lB, and the six second nearest neighbors have
�0:936lB. In comparison, in pure antiferromagnetic Cr the average
magnitude of the magnetic moment is 0:874lB. Olsson et al. [22]
report a lower value of 0:92lB, which might however be due to
the lower cutoff energy of 300 eV. These results indicate that He
behaves as a paramagnetic ion in both iron and chromium, with
(a)

host atom

(b) (

(e)

T T

(f)

T T

(

(i)

O

(

Fig. 4. Initial defect configurations for He (open thin circles) and substitutional metal im
energies. ‘T’ means tetrahedral site, and ‘O’ octahedral site.
the magnetic moment pointing in the same direction as the closest
metallic neighbors.
3.3. Iron in chromium

The formation and binding energies of Fe-related defects in Cr
are shown in Table 3. These are used when calculating the binding
energies of Fe–He defects. The binding energy of the Fe pair is with
respect to two non-interacting substitutional Fe atoms.

As a side note, these results indicate that substitutional Fe
atoms placed close to each other form a complex that is stable even
at room temperature, assuming that the contribution from entropy
stays small (room temperature corresponds to a kinetic energy of
about 0.026 eV, according to the equipartition theorem). Increasing
their mutual initial distance to one lattice parameter changes the
attraction into a repulsion. At infinite separation the binding
energy of the Fe atom pair is naturally zero (last row of Table 3).
3.4. Helium in chromium–iron alloys

The formation and binding energies of He- and Fe-related
defects in Cr are shown in Table 4. Some of the defects are illus-
trated in Fig. 4.

The binding energies are always with respect to substitutional
Fe atoms, infinitely separated if there is more than one of these.
Binding energies for defects containing single He atoms and no
vacancies are with respect to tetrahedral He atoms. If a vacancy
is involved, then the binding energies are with respect to one
substitutional He atom and N � 1 tetrahedral atoms, where N is
the total number of He atoms in the defect system.

From the table it is seen that the defect system consisting of a
substitutional Fe, a Cr, and an interstitial He, all sitting on a line
in the h111i direction, is unbound. If the Fe atom would be re-
placed by a Cr atom, the He atom would relax to the closest tetra-
hedral site (see Table 2). On the other hand, if the He atom were to
be brought closer to the Fe atom – into a tetrahedral or octahedral
site – the defect system would again be bound, with binding ener-
gies 6 0:17 eV, as can be seen in Table 4.

Single substitutional Fe atoms bind single interstitial He atoms,
with energies varying between 0.04 eV and 0.17 eV. Upon
introduction of a monovacancy the binding energies grow larger.
A substitutional He is bound to a substitutional Fe with an energy
c) (d)

O O

g)
O

(h)
T

j)

T

purities (black filled circles) in a metal host. See Table 4 for formation and binding
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of 0:24—0:30 eV. If a single substitutional Fe atom is accompanied
by two interstitial He atoms the binding energy is 1.00 eV, with a
quite high formation energy of 9.73 eV. In all of the three investi-
gated cases the final relaxed state is the same, namely case (e) in
Table 4. Introducing an extra substitutional Fe atom and removing
one of the two interstitial He atoms the binding energy goes down
to 0:26—0:36 eV.
4. Conclusions

Ab initio density-functional theory calculations of He defects in
antiferromagnetic Cr show that many of the considered defects
form bound systems. According to the results individual interstitial
He atoms occupy the tetrahedral site in pure antiferromagnetic bcc
Cr. A pair of interstitial He atoms form a bound system with bind-
ing energies of about 0:3—0:6 eV when they are first or second
nearest neighbors. When they are close to a substitutional Fe atom
the binding energy goes up to 1 eV. The formation energy of a
substitutional He atom is somewhat higher (about 0.2 eV) when
a substitutional Fe atom is close by. The same holds for two He
atoms sitting in a vacancy, but then the energy difference is
roughly twice as large. A substitutional He atom is relatively
strongly bound to a substitutional Fe atom, with a binding energy
of about 0.3 eV. These results indicate that He atoms inserted into
Cr with Fe impurities will form bound defect systems even if the
insertion is not accompanied with the creation of vacancies.
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