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Strong hydrogen trapping at helium in tungsten: Density functional theory calculations
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Using first-principles density functional theory calculations, we have investigated the interaction of H and
He in W, a potential plasma-facing material in fusion reactors. Strong attraction is found between He and H due
to a decreased electron density around He. In the vicinity of a substitutional He atom, the H choose to stay in
the tetrahedral-, rather than octahedral-interstitial sites. The maximum number of H atoms that one substitu-
tional He can trap is 12, despite a much smaller local open volume than a vacancy offers. The trapping energy
to He for the first H is as large as —0.96 eV. Such a strong attraction well explains the observed enhanced
retention of H and He near the surface of W under both sequential and simultaneous bombardments. At ideal
He/H ratio, He might suppress to a considerable extent the H blistering at the W surface. In a semiquantitative
analysis, we decompose the strong He-H interaction into three parts, namely, an attractive force induced by
valence electron depletion around He, repulsive forces contributed by elastic compression of the He-H sepa-

ration and a H-H repelling in high-density electron gas.
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I. INTRODUCTION

Tungsten is considered to be a promising candidate for the
first wall and divertor plate in fusion reactors because of its
high melting point, high thermal conductivity as well as low
sputtering yield for light elements.! As a plasma facing ma-
terial, tungsten is subject to irradiation of H isotopes, He, and
neutron, which leads to bubble formation, surface blistering,
and hence embrittlement. Therefore, the mechanical behavior
of H and He in W is one of the prime concerns in fusion
materials research and has been under intensive investiga-
tions since the beginning of the new century. Understanding
of He-induced embrittlement of W requires good knowledge
of all basic processes controlling microstructural evolution,
including diffusion and accumulation of He atoms in the
host.>~* By comparison, behaviors of H in both structural and
functional materials have been under analysis for a much
longer time.> Regarding He- and H-materials interactions,
the well-established essential qualitative insight deduced
from the effective-medium theory6 is that, in most metals,
the He-He and He-metal interactions are almost purely elas-
tic and similarly, H is attracted to anywhere that has a small
electron density. Detailed descriptions of an individual He
(Ref. 7) or H atom® in W have become attainable thanks to
the recent advances in first-principles theory and computing
power. A quantitative predictive understanding of He (or H)
accumulation (bubble evolution), especially its dependence
on temperature and He (or H) concentration, nonetheless, is
far from sufficient and still presents a challenge. Important
directions for future research on this issue probably involves
more precise treatment of the van der Waals forces for He
with the density functional theory (DFT) (Ref. 9) and the
non-Born-Oppenheimer quantum mechanics for H,'” which
will provide accurate inputs for the rate theory,>>!! molecu-
lar dynamics,® or kinetic Monte Carlo method®!%!3 depicting
structure evolution of reactor materials.

Since in the future deuterium-tritium reactors, He and H
will coexist in the plasma-facing materials, the interaction
between H, He, and He irradiation-induced defects is of great

1098-0121/2010/81(13)/134112(8)

134112-1

PACS number(s): 61.80.Az, 61.82.Bg, 61.72.Yx, 67.63.Gh

importance for it can affect the transport of H, the fuel recy-
cling, and the tritium inventory. Tremendous efforts have
been devoted to clarifying the interplay of H and He in W.
Hino et al.'* were the first to examine the effect of preirra-
diated He on the retention of H in W. Nagata and Takahiro'>
studied the effect of He irradiation on trapping and thermal
release of deuterium (D) implanted in W using ion-beam
analysis. It was found that the retention of D ions was sig-
nificantly enhanced by He preirradiation. Similar conclusion
was reached by Iwakiri et al.'® who employ the thermal de-
sorption spectrometry (TDS) technique. Their transmission-
electron micrograph of He-irradiated W at room temperature
strongly suggests that the strong trapping of H is associated
with the high density of small He bubbles. Unfortunately, the
atomic structure of the bubble-matrix interface where H at-
oms are assumed to accumulate, i.e., information of the
strain field and distribution of atomic species, remains
largely unknown due to the limitation in experimental reso-
lution. More recently, Lee et al. measured the retention of
both H and He under sequential'” and simultaneous'® irradia-
tions using TDS. Again, the appearance of He enhances H
trapping near the surface of W. Interestingly, under both 300
and 700 K conditions, He retention was found to be influ-
enced very little by the presence of H. The reason, speculated
by the authors, might be that the low-energy He implanted
into W diffuse rapidly through interstitial sites until get
trapped by vacancies, impurities, or grain boundaries to form
He clusters, the mobility of which is rather low if the tem-
perature is not high enough (e.g., 1000 K), due to the strong
He-vacancy binding, and the stress field and secondary de-
fects associated with them. The rapidity of He diffusion can
be well understood from the very small diffusion barrier
(0.06 eV) demonstrated by first-principles DFT
calculations.!” Experimentalists are now paying attention to
the blistering?” and modification?! of W surface subjecting to
mixture beam (including H and He) irradiation, trying to
elucidate how retention and trapping influence the diffusion
of He and H and, in turn, the mechanical properties of the
plasma-facing materials.
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On the theory side, an electronic level understanding of
the interaction of He and H in W demands a first-principles
quantum-mechanical treatment. There are only a very limited
number of works reporting first-principles calculations on the
energetics of He and H which form clusters in W.2>23 As
expected from the qualitative insight based on the effective-
medium theory, both studies indicate attraction between He
and H. The largest cluster treated by Lee et al. consists of six
vacancies, four He, and four H, but only one assumed atomic
configuration was calculated. By comparison, Becquart and
Domain searched the stable atomic alignments for He,H,V
(m+n=6, V stands for vacancy) clusters in W, using the
same approach. It was found that removing a He atom from
this mixed cluster is more energy consuming (3—4 e¢V) than
removing a H atom (~1 eV), suggesting that the incoming
H cannot destroy the He-vacancy combination. At this stage,
complete first-principles investigations on sizable He,H,V,
(m, n, g>1) clusters embedded in metals are still unafford-
able due to both the size of the basis sets and the extreme
complexity in atomic configurations. Since the He/H ratio in
the mixed ion flux is one of the key factors for the damage it
incurs to the plasma-facing materials in a fusion reactor, the
stability of He,,H,V, clusters or bubbles with respect to this
proportion has to be elucidated. A good starting point for
attacking such a complicated problem, in our view, is to scru-
tinize HeH,V; or HeH;V,. Since (first-principles
computations’ have already made it clear that the most stable
position for an individual He atom in W is the substitutional
site, it is advisable, for simplicity, to deal first with clusters in
which each He is combined with a distinct vacancy. In vary-
ing the parameter n in clusters HeH,V, and He H,V,, we
can answer these questions: (i) how many H can one indi-
vidual, substitutional He attract (or trap) and (ii) how many
He can one individual, interstitial H attract? The first ques-
tion is relevant to the situation where H is much more abun-
dant than He and the flux of He is very low such that the
chance for He to cluster is small. If the He/H ratio is ideal,
we might even hope for He to suppress to a considerable
extent the H blistering at the W surface if they are trapped at
disconnected He atoms. On the contrary, the second question
is pertinent to the situation that H is less abundant than He.
In fact, since, as mentioned above, the binding of He with
other He atoms are much stronger than H does, there will be
no limitation on the size of He cluster which is neighboring
a H atom and hence the second question does not make
sense.

To answer the first question, we have carried out detailed
first-principles density functional theory calculations on the
energetics of cluster He,H,V, in W, using supercells with
periodic boundary conditions. Similar to the H,V, case,”* H
is found to bind with He strongly due to a decreased electron
density around He. Unlike the vacancy case, however, the H
chooses to stay in the tetrahedral interstitial site (TIS) rather
than octahedral interstitial site (OIS) when He present
nearby. One substitutional He can, at most, trap (attract) 12
H atoms, despite a much smaller local open volume than a
vacancy offers. Such a high efficiency could explain the ob-
served enhanced retention of H and He near the surface of W
under both sequential and simultaneous bombardments. By
varying the lattice constant of W from 3.17 A down to
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2.83 A, we find that the OIS get less and less unfavorable
and finally overtake the TIS as the ground-state positions for
H when the lattice constant comes down to 2.87 A or
smaller. Since there is no real chemical bonding between He
and H, it is the lattice constant and crystal symmetry of W
that determines how many H atoms an individual He can
trap. We emphasize the fundamental difference between a
substitutional He and a vacancy with respect to H trapping is
that H, have no chance to form as there is no enough open
space associated with the former.

II. METHODOLOGY

Our first-principles DFT calculations were carried out us-
ing Vienna ab initio simulation package (VASP).” The
electron-ion interaction was described using projector aug-
mented wave’®?’ potentials, the exchange-correlation be-
tween electrons using the generalized gradient approxima-
tion (GGA) in the Perdew-Burke-Ernzerhof?® form. We
expanded the one-electron wave functions in a plane-wave
basis with an energy cutoff of 480 eV. Systematic calcula-
tions presented here have been performed on 54-atom super-
cells modeling He and H doped bcc W. Such a size of super-
cell was shown to yield reliable formation energy for
impurities.” The Brillouin-zone integration was performed
within Monkhorst-Pack scheme using a (3 X 3 X 3) mesh and
the Methfessel-Paxton smearing with a width of 0.20 eV. To
obtain the total binding energy for each system, the atomic
positions were fully optimized with the volume of the super-
cell being fixed. The lattice constant of the bulk bcc W was
calculated to be 3.17 A, in good agreement with both the
experimental value (3.16 A) (Ref. 29) and previous DFT
results. The stable position for a single H or He atom in W
was determined by its solution energy in W, in reference to
an isolated He atom or H, molecule.

N s
E{iefect = Efv;tstem - 5_4EW - Edefect’ (1)

where Ei'  is the total (binding) energy of the system with
defect, N is the number of W, Ef,:,‘ is the total energy of a
perfect 3 X3 X3 supercell of bec W, and Eg, ., is the total
energy of an isolated He atom which is zero by definition, or
half of the energy for an isolated H, molecule. We consid-
ered three possible positions for He or H, namely, the sub-
stitutional sites, the TISs, and the OISs. The calculated for-
mation energies of defect for each case, together with the
results reported in literature, are summarized in Table I. No-
tice that in Ref. 22, Lee er al. took the free H atom as the
reference state for H rather than an isolated H, molecule.
Thus, we subtract one half of the energy for H,, —3.39 eV,
to their values for Hy,p,, Hyera, and Higyra- It is surprising to see
that our calculated Hg,, is very different from that given in
Ref. 22, we believe this huge discrepancy is due to their
putting H at the center of the vacancy. For hydrogen at the
substitutional site, calculation shows that if we deflect H
from the exact center of the vacancy, it will be relaxed to an
off-vacancy-center position (by ~1.26 A) which is close to
an OIS, and the energy lowering associated with this relax-
ation is over 1.3 eV. Otherwise, the agreement with the pre-

134112-2



STRONG HYDROGEN TRAPPING AT HELIUM IN...

PHYSICAL REVIEW B 81, 134112 (2010)

TABLE I. The calculated formation energies (V) of an isolated He or H atom doped in W. Note that the
energy cutoff used in Refs. 22 and 23 was 350 and 400 eV, respectively, and ours was 480 eV. Reference 23
employed a GGA functional of Perdew and Wang (Ref. 30) different from this work.

Conﬁgur ation Hsub Hoc[a Htetra Hesub Heocta Hetetm
This work 2.65 1.28 0.90 4.52 6.34 6.07
Reference 23 4.70 6.38 6.16
Reference 22 431 1.32 0.92 5.00 6.48 6.23

vious results is acceptable. We note that the energy cutoff
used in Refs. 22 and 23 was 350 and 400 eV, respectively,
and ours was 480 eV. Also, Becquart and Domain® em-
ployed a GGA functional of Perdew and Wang,3® different
from this work.

It has to be pointed out that none of the computed results
presented in Table I considered zero-point motion energy.
This is no problem for He because the substitutional site is
over one eV more stable than the interstitial sites and the
zero-point effect has no chance to overturn its site prefer-
ence, but for H, zero-point energy has to be taken into ac-
count because (i) H has a much smaller mass, (ii) the energy
difference related to its site preference is only a few tenth of
eV, and (iii) we here examine the energy state of H at very
different environment in a crystal, i.e., we are comparing the
stability of H at positions far away or near the He atom. Our
computation shows that in the absence of He, the zero-point
energy for H is about 0.263 and 0.256 eV at the TIS and OIS,
respectively, much more significant than in the case of H in
Fe:3! and with a substitutional He as the nearest neighbor, it
reduces, respectively, to 0.197 and 0.169 eV.

To determine whether the cluster HeH,,V is saturated with
H, we calculated the formation energy for the (n+1)th H and
compared it with that for an isolated (one H in a 54-atom
cell) in the TIS in bulk W (E%;iH—EW=—2.488 eV).

AE(n) = (EW53HeHn - EW53HeHn_1) +2.488. (2)

III. RESULTS AND DISCUSSION
A. A single H near He

It is known from early calculations (Refs. 22 and 23) that
H will occupy the TIS in W when there is a substitutional He
nearby but the particular energy related to this site preference
was not reported. Our calculations demonstrate that in the
immediate neighborhood of the He, the TIS is 0.04 eV is
more stable than the OIS for H. And when zero-point effect
is taken into account, the site preference of TIS over OIS is
only 0.01 eV, on the same order of the numerical error. No-
tice that (see Table I) this preference energy is 0.38 eV in the
absence of He. To understand this dramatic decrease, we turn
to the electronic-structure analysis. In Fig. 1, we plot the
valence electron density on the (100) plane containing a TIS
H in W, with (right panel) and without (left panel) the doped
He atom. It is clearly seen that the substitution of W for He
reduces the charge density around the interstitial sites nearby.
When one W atom is replaced by He, the H bonds more

strongly with the other W. We also find He pulls the TIS H
toward the OIS (0.38 A), thereby diminishing the difference
in bonding environment for these two interstitial sites. Addi-
tionally, the He experiences a downward shift (about
0.15 A) pushed by H due to the weakness of the He-W
interaction. This will further reduce the valence-electron dis-
tribution around H, leading to an extra drop of the site pref-
erence for H.

To search the maximum number of H atoms that one He
can attract in W, we added H atoms one by one into the
supercell near the He and minimize the energy to find the
optimal structures. For the first H, our calculation gives a
trapping energy of —0.96 eV, i.e., there will be an energy
lowering of 0.96 eV when a H atom is attracted from far
away to the vicinity of the He. This attraction is comparable
to the vacancy case, where it is —1.18 eV (Ref. 24). The
distance between He and H is 1.62 A after relaxation, about
9% smaller than the ideal separation, 1.77 A. We emphasize
that there is no chemical bonding between He and H. The
driving forces acting on H in these two cases have the same
physical origin. The He atom (right panel of Fig. 1), just like
a vacancy, provides a charge-depletion region on one side of
the H atom, thereby reduces the coordination number for
chemical bonding. For the same reason, H has a tendency to
segregate to the surface in most metals.

B. Sequential trapping of H near He

Since the energy difference between TIS and OIS is very
small (0.04 eV) for H, we ought to consider both of them
when adding more H atoms to the neighborhood of He. That
is, four TIS and one OIS in each face of the primary cubic
(@=3.17 A) centered at the He atom. So, to introduce the

FIG. 1. (Color online) The calculated valence-electron density
on the (100) plane in W with (right) and without (left) the doped He
atom. Contours start from 0.044 e/a.u.’ and increase successively
by a factor of 1.414.
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FIG. 2. (Color online) Schematic view of the all the tetrahedral
(circle) and octahedral (square) interstitial sites around the substitu-
tional He in bec W. The first H atom is put at Site 1. Solid symbols
denote inequivalent sites.

second H, we have in principle 29 (=5 X 6—1) sites to try. In
Fig, 2, we show schematically a whole set of the 30 intersti-
tial sites (24 TIS and six OIS) in the six faces of that primary
cubic. The first H is put at Site 1 (denoted as S1). It imme-
diately follows that the S16-S20 are equivalent to S6-S10 so
the former five sites will not be considered in trying to find
the best position for the second H. Moreover, S4, S14, S21,
and S26 are equivalent to S2, S12, S23, and S28, respec-
tively; S29 and S23 are equivalent to S22 and S9. So, lattice
symmetry helps to reduce the number of sites we need to try
to 18, still a daunting task.

Obviously, knowledge about the H-H interaction in W can
help us to narrow the search of the stable position for the
incoming H. According to Henriksson ef al.’s (Ref. 8) DFT
calculations, the equilibrium H-H distance in W is about
2.2 A. Since the He-H interaction is attractive, the H-H
separation near the He is presumably no larger than 2.2 A. If
we leave a margin of 0.2 A for relaxation, then we need
consider only the sites within 2.4 A from the first H (located
at S1) for the second H. They are S5, S2, S3, S25, S9, and
S6, away from_SI by $(=0.79 A), Za(=1.12 A),
=158 A),  Fa(=177 A),  La(=1.94 A),  and

%a(:2.24 A). Since S2 and S5 are too close to S1, there
must be a strong repulsion if another H is put in those posi-
tions. Finally, we have four sites to check, namely, S3, S25,
S9, and S6. Our total energy calculations demonstrate that S6
is the most stable site for the second H if there is already a H
located at S1. The trapping energy is —0.91 eV, slightly
weaker than that for the first H. These two H, paired up along
(110) direction, are attracted to He and slightly away from
the (100) or (010) plane. The optimized H-H distance is
2.01 A, about 10% smaller than the ideal value, 2.24 A.
With this knowledge of H-H interaction in the vicinity of
He and the equality of S11 and S16, we are sure that the
optimal position for the third H should be either one of the
two. The trapping energy further decreased very slightly to
—0.89 eV. With much confidence, we put the fourth H at the
other of the two, which has a trapping energy of —0.88 eV.
Figure 3 is a schematic view of the sequential trapping of H
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FIG. 3. (Color online) Atomic configurations for H atoms
trapped one by one to a substitutional He in W. Large, mediate, and
small spheres represent the W, He, and H atoms. Note that the small
cubic is not the unit cell used in calculation; rather, it displays the
local structure of around the defect.

atom to the vicinity of a substitutional He in W. Positioning
of the fifth H is not straight forward. There are three sets of
candidates. S3, S8, S13, and S18 all have a distance of
1.58 A to the nearest H and are equivalent for the fifth H;
S26, S27, S28, and S29 all have a distance of 2.51 A to the
nearest H and also are equivalent for the fifth H. Our calcu-
lations prove that the fifth H at S3 will experience repulsion
and S29 is energetically a better choice. Since there is no
optimal site for HS5, this trapping is further weakened to
-0.75 eV.

The candidates for the fifth H are also reasonable guess
for the sixth H, except for S3, S26, and S28 which are too
close to S29 designated for H5. Now we have S8 (distance
from S29, d=§a= 1.94 A, equivalent to S18), S13
(d="'a=2.51 A), and S27 (d=%=1.58 A) for H6. Note
that all of the three have one of the pre-existing H atoms as
their nearest neighbor at a distance of 1.58 A, which is no-
ticeably shorter than the optimal value, 2.0-2.2 A. Of these
three sites, S13 has the lowest energy for H6. Since all the
three have neither optimal separation with H1-H4, nor with
HS, we were forced to explore the possibility to break up the
optimal H1-H4 group in order to find the most stable for H6.
Note that the seemingly only repulsion inside the H1-H6
cluster comes from S11-S13 pair, which has a separation of
1.58 A. To reduce this repulsion, our approach is to shift the
H at S11 to S22, in view of the fact that the distance between
S6 to S22 is fa=1.94 A, quite close to the optimal H-H
separation. It turned out such a perturbation results in a much
reduced S11-S13 repulsion, whereas not introducing repul-
sion between S22 and S6. As a consequence, the total energy
is further lowered. Finally, the trapping energy for H6 is
evaluated to be —0.59 eV.

Having decorated the He with six H atoms one by one, let
us have an overview of the He;HyV cluster (second row,
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FIG. 4. The calculated trapping energy when one H atom is
attracted from a perfect W bulk environment to the vicinity of a
substitutional He. The trapping process is in a sequential manner.
One He is capable of trapping 12 H in total. All the H atoms are in
the first shell of interstitial sites centered by the He.

third column, Fig. 3). Exactly, there is one H in each face of
the small cubic centered at He. To locate H7, at least one
face will have to accommodate two H. We now have two
options. One is to put H7 at S8 (or, equivalently S18); the
other is shift the H at S29 to S26 and put H7 at S28. It turns
out that these two configurations give nearly the same trap-
ping energy for H7, i.e., —0.40 eV. It is more or less straight
forward to add more H atoms to this cluster until the number
of H raises to 12 (Fig. 3). Each time the new H-H pair (d
=1.58 A) formed in one face try to stay further away other
pairs. In cases of adding H9 and H10, one other unpaired H
shift to the neighboring TIS upon structural optimization. A
further addition of H13 to one of the faces from far way will
cost 0.14 eV, as a result of strong repelling between the three
H in that face. Thus it is conclusive that He can attract 12 H
in the first shell of interstitial sites.

In Fig. 4, we display the calculated trapping energy for
each H introduced sequentially to the vicinity of the substi-
tutional He in W. Note that all the H atoms, including H13,
are in the first shell of interstitial sites centered by the He.
Apparently, H13 did not find its stable position at this
distance from He.

To make a thorough search for the H-trapping capability
of He, we have also investigated the energy state of H in the
second (dyey="7a=2.86 A) and third (dyep="7a
=3.63 A) shell of interstitial sites, with the first shell full
with 12 H atoms. The calculated trapping energy for the 13th
H is 0.14 and 0.02 eV, respectively. This means that the
HeH,V, is indeed saturated in the sense of trapping H.

C. Electronic structure around H and He

To give a physical picture to understand the trapping of H
by He, we now turn to the electronic-structure analyses of
this serial of system. In Fig. 5, we draw the calculated isos-
urfaces of charge density at the He,;H,,V, cluster with various
number H atoms. The atomic structures are replots of part of
Fig. 2. Again, the large, medium, and small spheres represent
the W, He, and H atoms. Yellow curved isosurfaces stand for
the charge density of 0.02 a.u.™>. We note again that the
small cubic is not the unit cell used in calculations, rather, it
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FIG. 5. (Color online) The calculated isosurfaces of charge den-
sity at the He;H,,V; cluster with various number H atoms. Large,
medium, and small spheres represent the W, He and H atoms. Yel-
low curved isosurfaces stand for the charge density of 0.02 a.u.>.
Note that the small cubic is not the unit cell used in calculations,
rather, it displays the local structure of around the defect.

displays the local structure of around the defect. The vivid
three-dimensional isosurfaces show that when a He atom is
put into a W vacancy, it cannot fill up the electron density
hole in the interstitial region. There is an electron-depleted
region around He, which is favorable for the H by reducing
its bonding coordination number. As more H atoms were
introduced, the surface of optimal electron-density shrunk
and finally reduced to a small chicken wire frame surround-
ing the He atom.

D. Quantification of the H-trapping mechanism

Having done the first-principles calculations and obtained
the numerical data on this specific system, we now want to
quantify the H-trapping mechanism for He in W. The under-
lying motivation is that a quantitative understanding of H
interactions at an individual He should provide a solid start-
ing point for the treatment of He-vacancy complexes and
even He bubbles which is more relevant from a technological
perspective. Further more, such an understanding, if attain-
able, would also shed much light on other point defects,
dislocations, grain boundaries, and solute clusters.

The interaction of H with He in W can be generally de-
composed into two parts for convenience of analyses. One
contribution comes from the distortion of the lattice structure
induced by He; the other comes from the chemical bonding.
Our density functional theory calculations demonstrate that
the lattice distortion caused by substitution of He for W is
negligible. Compared with the perfect W crystal, the side
length of the primary cubic (shown in Fig. 2) shrinks
0.001 A when the center W is replaced by He, in a (3 X3
X 3) 54-atom supercell. Such a small contraction will exert
no noticeable effect on the energetics of incoming H atoms.

Regarding H-He interaction, we still have two parts to
consider. The major part, which accounts for the strong at-
traction, comes from the reduced valence-electron density
induced by the substitution of He. A minor contribution,
which is always repulsive, however, should also be taken
into account. As a first-order approximation, we assume the
H-He (as nearest-neighbors) repulsion in W is the same as in
the vacuum. In Fig. 6, we display the calculated binding
energy of a H-He pair in vacuum as a function of their in-
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FIG. 6. The calculated binding energy (eV) of a H-He pair in
vacuum as a function of their special separation (A). Positive values
mean repulsion.

teratomic distance. As expected from the fact that He has a
close shell of electrons, the H-He interaction is monoto-
nously repulsive, up to the limitation inherent in the density
functional theory.3?> With this curve, the repulsion between H
and He can be readily estimated once the H-He distance is
determined. It must be pointed out that when the first H is
attracted to the neighborhood of He, the repulsive part of the
H-He interaction should be neglected, because He, which is
soft compared with the W atoms sitting around, has the free-
dom to adjust itself. This is the case for the first four H, as all
of them choose a position on the same side (upper side in
Fig. 3) of the He. And we think it is for this reason, HI-H4
all have similar trapping energies. But the situation changes
for H5. Upon arrival of HS5, He experiences a compression
for it can no longer adjust itself downward. It is seen in Fig.
6 that when separated by 1.7 A H-He, the repulsion energy
is about 0.17 eV. This value agrees very well with the trap-
ping energy decrease from H5 to H4 (Fig. 4). The same
argument applies for H6.

Since one of our main interests in the present work is
figuring out how many H atoms one substitutional He can
trap, we have to deal with the H-H interaction as well. The
equilibrium H-H distance in W is 2.01 A, as reported above.
However, the binding energy for such a H-H pair is only as
small as —0.02 eV, demonstrated by early ab initio
calculations.®** As a consequence, only at distances smaller
than 2 A, does H-H repulsion appear. Our calculations show
that when 12 H are trapped around the He, two in each faces
of the primary cubic (see Figs. 2 and 3), the distance between
neighboring H atoms reduces to 1.74 A.

The interaction between H atoms embedded in metals has
long been a subject under extensive studies. Advances in a
predictive theory are mainly focused on the electron gas
approximation®3 because the H-metal bonding presents a
challenge to formulation. Fortunately, electrons in the inter-
stitial region of a metal can be more or less adequately ap-
proximated by a jellium of electron gas. Both
nonself-consistent>* and self-consistent® first-principles in-
vestigations have been devoted to the formulation to this
interaction. It is conclusive that at an electron density of r;
=2.07 a.u. (Corresponding to valence electron density in Al
r, is defined as 4T”rf:n with n denoting the electron density),
the H-H interaction is monotonously repulsive.333* Our den-
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sity functional theory calculations show that the valence
electron densities at the TIS and OIS in W are 0.041 and
0.038 e/a.u.’. The corresponding r, in this region is about
1.82 a.u. Thus it is safe to predict that if there are two or
more H atoms in the same face of the primary cubic centered
at the He (see Fig. 2 and 3), the interaction between one
another must be repulsive. This theoretical rationale is in
exact qualitative accordance with our DFT results that when
two H are trapped, the S1-S6 configuration is 0.42 eV more
stable than the S1-S3 alignment. If the accumulation of H at
the He does not lead to lattice expansion around He, one
would expect each time one more H (from H7 to H12) is
positioned in one face of the primary cubic, there arises a
repulsive energy of about 0.42 eV. They are additive because
the repulsion between H atoms in different faces are negli-
gible. But in fact, however, there is a remarkable expansion
of the W lattice around He upon arrival of multiple H atoms.
Our calculations demonstrate that after trapping 12 H, the
side length of the primary W cubic enlarged from 3.17 A
(without defect or with only substitutional He) to 3.35 A.
Such a volume expansion accounts mainly for the variation
in the trapping energy for H7-H12.

E. Comparison of He and vacancy

Finally, we want to compare the He atom with a monova-
cancy for their capability in trapping H in W. As mentioned
above, Liu et al.>* have investigated the interaction of H with
an individual vacancy, using the same method and nearly the
same parameters as in the present work. Their calculations
showed that the trapping energy for the first H was
—1.18 eV, 0.20 eV larger than what we obtained in the He
case; if attracts all at once, a vacancy can trap at least ten H,
until a H, molecule is formed inside the vacancy given that
the H concentration is high enough. The fundamental differ-
ence between He and vacancy is that the H may reside at the
center of the vacancy, providing the flexibility to form Hj;
whereas, they can only surround the He as nearest neighbors,
thereby hindering the formation of hydrogen molecules.
Since, according to our results, the He H,V, clusters are
quite stable for n up to 12, we are very curious to inspect the
stability of clusters H,V;, simply by removing the He atom
and reoptimize the atomic structure of the computation cell.
Our calculations demonstrate that for both n=11 and 12, the
energy state of H is lower than in a TIS site in perfect W,
indicating that a vacancy, like a substitutional He, probably
can also trap 12 H. Such a discrepancy with the results re-
ported in Ref. 24 is puzzling to us because the only differ-
ence in computation methods is that they used a generalized
gradient approximation in Perdew and Wang form Ref. 30
and we employed the Perdew-Burke-Ernzerhof form.”® Ap-
parently, a more complete scrutiny of the effect of exchange-
correlation functional on the calculated activity of He and H
is desirable.

IV. SUMMARY

To summarize, we have performed density functional
theory computations to examine the He-H interaction in the
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form of He,H,V, (n=1,12) cluster in tungsten. It is found
that a substitutional He behaves like a strong trap for the
interstitial H due to a decreased electron density around it.
Near the He, H will stay in the tetrahedral interstitial site as
in the perfect bulk W. In total, one He can attract as many as
12 H atoms. The trapping energy for the first H is —0.96 eV,
only slightly weaker than in the vacancy case, and that for
the 12th H is —0.4 eV. To make the search complete, we
have also_studied the energy state of H in the second
(dgen=aV13/4=2.86 A) and third (dy.y=a\21/4
=3.63 A) shell of interstitial sites with the first shell fully
filled. The calculated trapping energy for the 13th H is 0.14
and 0.02 eV, respectively. This means that the He;H;,V; is
saturated in the sense of trapping H. The strong He-H inter-
action are analyzed by a decomposition into three parts,
namely, attractive force induced by valence-electron deple-
tion around He, repulsive forces contributed by elastic com-
pression of the He-H separation and H-H repelling in high-
density electron gas. This predicted high trapping capability
of He offers an explanation of the observations that a small
quantity of He ions make a great impact on H irradiation
behavior.”

PHYSICAL REVIEW B 81, 134112 (2010)

The numerical study presented here make a good starting
point to elucidate the stability of He,H,V, clusters or
bubbles with respect to the He/H ratio in the mixed ion flux,
which is one of the key factors for the damage it incurs to the
plasma-facing materials in a fusion reactor. For instance, if a
He bubble has a sharp (100) interface with the W matrix, we
would expect, based on Fig. 3, that each He at the interface
will trap three H on average. And if the size of the bubble
can be determined then the H-retention capability of such a
He bubble can be readily estimated. First-principles calcula-
tions on this subject are underway.
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