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Beryllium, tungsten, and carbon are planned as wall materials for the future international tokamak. Although
beryllium is not situated in a region submitted to the most dramatic plasma-wall interaction, its reactivity
toward hydrogen atom impinging is of fundamental importance. This paper is devoted to theoretical study of
hydrogen adsorption on the beryllium �0001� surface based on the first-principles discrete Fourier transform
method. Comparison is proposed to former theoretical works and to thermal-desorption spectroscopy.
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I. INTRODUCTION

In a tokamak1 the deuterium �D�-tritium �T� plasma is
magnetically confined in order to reach energy and concen-
tration high enough to induce the thermonuclear fusion of the
two nuclei, thus releasing a very large amount of energy:

D + T → He�3.5 MeV� + n�14.1 MeV� .

International thermonuclear experimental reactor �ITER�
is an international research tokamak proposal, which is in-
tended as an experimental project of magnetic confinement
for future power generation through thermonuclear fusion.

Although the inner wall of ITER will be isolated from the
hot plasma by confinement in magnetic fields, the wall will
be still subjected to atom and ion fluxes issued from the
boundary plasma. Therefore, the wall cladding is made up of
materials of specific mechanical, magnetic, thermal, and
electric properties: the largest part �690 m2� of ITER’s first
wall will be constituted of beryllium. Its usefulness is based
on its low atomic number, its ability to remove oxygen from
the plasma through chemical reaction, and its ability to pump
hydrogen during short discharges.2 Beryllium is also consid-
ered a neutron multiplier.3

The problem of hydrogen trapping in graphite-based clad-
ding of ITER inner walls has been extensively studied ex-
perimentally as well as by quantum modeling methods.4 On
the contrary, the beryllium behavior toward hydrogen is far
from well investigated.5 Experimental simulations have been
proposed recently, notably by the Doerner6 and the Reinelt
and Linsmeier7 groups.

Curiously, in another domain, beryllium is also consid-
ered as a good candidate for hydrogen storage in fuel cells
and internal combustion engines, and in energy-conversion
devices.8 Actually, solid beryllium hydride has been used as
a rocket fuel.9 Therefore these dual and opposed properties
of the material need special attention.

A few quantum studies have been published during the
two last decades on hydrogen adsorption on beryllium.
Marino and Ermler10 proposed an ab initio Hartree-Fock cal-
culation on a rigid Be45 cluster. One of the earlier periodic
calculation made use of linearized augmented-plane-wave
�LAPW� method11 and was supplemented later by a first-
principles calculations of the same group.12 R. Stumpf13 de-
voted his contribution to hydrogen mobility and defect for-

mation. Very recently, Hector et al.14 gave a systematic
investigation of the alkaline earth hydrides: lattice param-
eters, electronic and vibrational energies, based on density-
functional theory.

The aim of this work is to contribute in understanding the
fundamental processes underlying hydrogen retention �and
also restitution� by beryllium-based materials. These pro-
cesses can only be completely elucidated through quantum
theory and periodic �boundary conditions� first-principles
density-functional theory �DFT� investigations since the
metal cannot be reduced efficiently to a simple cluster of a
few atoms. Since the first interface in a tokamak between the
deuterium plasma and Be is the crystal surface, the first task
is to study hydrogen adsorption; retention in the bulk will be
considered elsewhere. How many atoms can be trapped on
the surface? What is the cost in energy to remove them?
What are the mechanisms of restitution? Quantum calcula-
tions provide a special answer to these questions.

The paper is organized as follows: The computational de-
tails are given in the Sec. II; they are very similar to those
carried out in our former contribution.15 Besides the usual
practical parameters such as energy cutoff or Brillouin zone
sampling used in this application, the beryllium pseudopo-
tential is detailed and compared to all-electron calculations.
Section III is devoted to single hydrogen atom interaction
with beryllium surface, and then, to complete hydrogenation
of the Be�0001� basal plane. A general discussion is given in
the Sec. IV with comparison to previous experimental and
theoretical works.

II. COMPUTATIONAL SECTION

The calculations were performed within the framework of
the spin-polarized gradient-corrected DFT. All the computa-
tion runs started with spin-up polarized hydrogen atoms �ac-
cording to the QUANTUM ESPRESSO terminology�, and ended
in zero-magnetization states, and spin-up and spin-down de-
generated eigenstates. This means that the hydrogen elec-
trons have been equally distributed on the metal energy
bands. The exchange, as well as the correlation, functionals
are Perdew-Burke-Ernzerhof �PBE�. A plane-wave basis set
was used with an energy cutoff of 32 Ry �435 eV�; the ionic
core potential was modeled using Vanderbilt ultrasoft
pseudopotentials. Integration in the first Brillouin zone was
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performed using the 6�6�1 points Monkhorst-Pack sam-
pling. In the following, the acronym PBE-PW stands for the
combination PBE functional+plane-wave basis set.

The Be�0001� basal plane is represented by a 3�3 hex-
agonal supercell and a slab of five layers �45 Be atoms�.

The interaction energy of n hydrogen atoms with a beryl-
lium slab is defined as

�E = �E�Be + nH� – E�Be� – nE�H��/n , �1�

where E�Be+nH� represents the total system energy, E�Be�
the Be slab energy in the same geometry, and E�H� the en-
ergy of a single H atom calculated in the same unit cell.

The stationary-state structures were optimized using the
Quasi-Newton Broyden-Fletcher-Goldfarb-Shanno general-
ized algorithm implemented in the QUANTUM ESPRESSO

package.16 All the atoms were included in the optimization
procedure without any constraint. The hydrogen pseudopo-
tential is taken from the package’s library. The beryllium one
is homemade; therefore we have to perform a series of tests,
above all, because this atom has a very special electronic
structure: with the two valence electrons on the 2s shell, Be
can adopt some behavior of the helium atom with a very low
dissociation energy of the dimer and long interatomic dis-
tance.

The PBE Vanderbilt ultrasoft pseudopotential we opti-
mized for the beryllium yields the same dimer energy profile
than the all-electron PBE �Fig. 1�a��. The resulting crystal
parameters �close-packed hexagonal structure� are in reason-
able agreement with experiment: a=b=2.28 Å �experimen-
tal 2.29 Å �Ref. 17� other generalized gradient approxima-
tion �GGA� 2.26 Å �Ref. 14�� and c /a=1.54 �exp: 1.57;
other GGA: 1.58�. The cohesive energy is calculated as the
difference between the total energy and the energy of a free
atom in a cubic cell of box length=5 Å, its value being 3.7
eV. Therefore, PBE slightly overestimates ��0.4 eV� the co-
hesive energy but the results are in good agreement with
previous DFT results.14,18,19 The framework of this contribu-
tion cannot be more than semiquantitative, given the method
and the sizes of the systems we are working with, and then
this approximation looks sufficient.

To end with the problem of Be pseudopotential since this
contribution deals with beryllium-hydrogen interaction, Fig.
1�b� shows clearly that, in the domain we are interested in
�0–3 Å�, the PBE-PW Vanderbilt pseudopotential method
gives results in very good agreement with high level all-
electron quantum methods, excepting that the PBE-PW curve
exhibits a small maximum ��0.2 eV� around 3.8 Å. How-
ever, due to the well-known bad behavior of DFT at long
distance, this cannot be considered as significant. The impor-
tant point remains that the bond lengths at minimum are
identical, and that the discrepancy between PBE-PW and
CCSD�T� is only 0.08 eV; therefore the following calcula-
tions are developed within this approximation.

III. HYDROGEN BERYLLIUM INTERACTION

A. Single hydrogen atom on beryllium

The crystal supercell used for H/Be interaction is shown
in Fig. 2�a�. Two models are developed in agreement with
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FIG. 1. �Color online� Quantum interatomic potentials. �a� Com-
parison of Be-Be interatomic potential Vanderbilt pseudopotential
+plane wave basis orbital �solid line� and all-electron calculation
PBE functional+aug-cc-pCVTZ basis set �broken line�. �b� Com-
parison of Be-H interatomic potential, in solid line: Vanderbilt
pseudopotential+plane wave basis orbital and in broken lines: all-
electron calculation using aug-cc-pCVTZ basis set+PBE, CCSD�t�,
and MP2 methods
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the previously published works and two potential energy sur-
faces �PES� are associated to these models. A PES is associ-
ated �in the present case� to one coordinate20 �the reaction
coordinate �RC��. In this section the most natural RC is Hz:
the hydrogen altitude above the beryllium surface. Hz is
scanned starting from an altitude high enough above the sur-
face to have negligible H-Be interaction: this is the reference
energy. All the other coordinates are fully optimized without
any constraint of symmetry. The representation of the thus
calculated energies vs Hz exhibits two kinds of stationary
points corresponding to zero derivative: the local minimums
and the transition states corresponding to the barrier the sys-
tem has to overcome in order to evolve from one minimum
to another one. In this paragraph the PESs �not represented�
are calculated in order to determine the possible adsorption
sites. Two models are selected: �1� H approaches the surface
right above a surface atom �atop position�, in which its three
coordinates Hx, Hy, and Hz are fixed for each point of the
PES; all the beryllium are able to relax. The minimum in
energy is found for a Be-H distance of 1.37 Å �Fig. 2�a��
and an interaction energy of −1.51 eV. This process has
little influence on the surface structure; the adsorption energy
is noticeably smaller to those reported on Fig. 1�b�
�−2.23 eV� while the bond length remains equivalent
�1.33 Å� at the same level of approximation. �2� H ap-

proaches the surface according to an optimized trajectory: Hz
is fixed but the other two coordinates are optimized. The
deepest minimum occurs when H is only 0.85 Å above the
original surface level, at equal distance �1.42 Å� from three
superficial atoms �Fig. 2�b��. The associated �E is equivalent
to the dimer’s one: −2.35 eV. Comparison between this
value and the former one evidences that, although atomic
beryllium is almost “spherical,” its configuration is different
when embedded in the crystal. The electronic density is no-
ticeably lower in the direction normal to the surface than in
the surface plane, and the hydrogen atom is more bonded to
three equivalent Be and almost in the surface plane than right
above a Be.

B. Hydrogenation of the Be(0001) surface

The hydrogen adsorption energy is calculated using Eq.
�1� and without modifying the unit-cell parameters given in
Sec. II. Surface coverage completion is reached when 12 H
are adsorbed on the surface that includes nine Be atoms;
adding an extra H would give molecular hydrogen since the
next point in the PES would reach the domain of desorption
barrier ��1 eV�. This structure is referred to as the mono-
layer �ML� in the following.

On Fig. 3�a�, the adsorption energy follows a quasipara-
bolic law at low coverage �H and the values are comparable

(a) (b)

FIG. 2. �Color online� Single hydrogen adsorption on Be�0001� surface. �a� Beryllium working supercell studying interaction of a single
hydrogen atom with the �0001� surface and atop H adsorption site. �b� Structure corresponding to the minimum energy bridge position.
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to the BeH dimer as shown in Fig. 1�b�. In this domain, each
H is linked to two beryllium atoms at distances of about
1.5 Å.

For �H larger than 0.6 ML, the adsorption energy grows
almost linearly up to −1.7 eV. This signifies that the lateral
H-H interactions are negligible in the first domain whereas
the vertical interactions have the best efficiency around 0.21
ML where the adsorption energy is −2.37 eV. At coverage
larger than 0.6 ML, the lateral repulsions become predomi-
nant since the adsorption is less energetic than for a single
adatom. In a first approximation, these repulsive contribu-
tions can be considered as mainly due to electrostatic inter-
action. Hydrogen atom adsorption implicates a charge trans-

fer from the adatom to the substrate. In atop position, the H
net charge �Löwdin definition� is 0.20 electron; it is slightly
smaller in the bridge position �0.16 electron�. This value
does not change significantly for the higher hydrogen atom
concentration on the surface; it goes from 0.10–0.16 electron
at coverage corresponding to the angular point in Fig. 4�a� to
0.11–0.17 electron in the monolayer. In the same time, the
average distance between first neighboring hydrogens de-
creases from 2.29 to 1.844 Å since the electrostatic repul-
sion grows as the inverse of the square of the internuclear
distance; the repulsive part of the H-H interaction increases
considerably.
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FIG. 3. �Color online� Hydrogen adsorption on Be�0001� vs surface coverage. �a� Adsorption energy �per H atom� and the ML
corresponds to the ratio 12H/9Be. �b� Structure of adsorbed layers of special interest in space filling representation: 1H, 2H, 5H �0.42 ML�,
and 9H �0.75 ML� on the nine Be surface; no chemical bond is visible since all the Be-H distances are larger than 1.5 Å. �c� Structure of
the H complete monolayer �12H/9Be� in ball and sticks representation; the Be surface atoms are in lighter color and the Be-H distances
shorter than 1.5 Å are materialized.

A. ALLOUCHE PHYSICAL REVIEW B 78, 085429 �2008�

085429-4



In Fig. 3�b�, the hydrogen atoms organization is detailed
for the most noteworthy undercompletion coverage struc-
tures. It can be observed at first sight that hydrogen never
adopts the atop structure. It must be also remarked that, in
the two H structure, the two atoms are not occupying vicinal
positions because of the repulsive lateral interaction.

The monolayer corresponds to the ratio of 12H/
9Be�surface�. Each beryllium atom on the surface is sur-
rounded by three hydrogens at distances ranging from 1.34
to 1.50 Å �Fig. 3�c��. It can also be observed that at high
coverage all the adsorption sites are bridge-type sites. Of
course, this is only valid in the conditions of this DFT cal-
culation: temperature is 0 K and no zero point energy cor-
rection. Taking account of the thermodynamics, the atoplike
positions could have a nonzero probability.

Also from thermodynamics considerations, Stumpf and
Feibelman12 affirmed that the high coverage phases should
be unstable against adsorption compared to molecular hydro-
gen formation. According to these authors, the thermody-
namic saturation coverage is reached when the differential
adsorption energy,

Ead = �E���� + �H
���E��H��

��H
, �2�

is smaller than half the H2 binding energy. If the function in
Fig. 3�a� is numerically derived and if we select the value for
H2 �4.56 eV� calculated using PBE-PW at the same level of
theory, Eq. �2� indicates that the adsorbed phase should be

thermodynamically stable up to a coverage value of 0.49. It
happens that this corresponds almost exactly to intersection
point of the linear and parabolic regimes in Fig. 3�a�. This
should not be fortuitous: in this configuration, the H-H re-
pulsion are so strong that formation of the molecule should
be more energetic.

In order to compare our adsorption energies to thermal
desorption spectroscopy �TDS� results, we have performed
nudged elastic band �NEB� calculation21–23 of the quantum
barrier of activation of molecular hydrogen desorption from
two of our model structures. For that we have selected five
image configurations starting from two H adsorbed in neigh-
boring sites and then their altitudes above the surface have
been increased. Meanwhile the H-H distance was decreasing
to reach the molecular atomic distance �0.7525 Å� 5 Å
above the surface.

When two hydrogen atoms are adsorbed alone on two
neighboring sites, the barrier is 1.11 eV and of course no
diffusion process is to be considered; this value is slightly
larger than the given experimental one. However, the barrier
for two neighboring adatoms desorption from the structure at
coverage around 0.4 ML �Fig. 3�b�� is only 0.90 eV. Since, at
this coverage rate, the activation barrier to diffusion from
one adsorption site to its equivalent one is only 0.51 eV,
there is no competition with diffusion, i.e., molecular recom-
bination is the dominant process, and it determines the bar-
rier of activation to desorption. These results exhibit also the
catalytic action of the substrate since the atomic desorption
of two hydrogen would cost 2�2.37 eV=4.74 eV.
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FIG. 4. �Color online� Be�0001� surface per-
turbation vs hydrogen coverage. In displacement
of the surface atom compared to the bare surface
level, the first underlayer is taken as the origin.
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During hydrogenation, the metal surface undergoes some
relaxation. Since the working system dimension is so small
�for obvious technical reasons�, only the two upper layers are
described in this paragraph. On Fig. 4 are shown the super-
ficial atom displacement with respect to the first underlayer.
The average interlayer distance remains almost insensitive to
hydrogen adsorption, the averaged values of the surface and
first underlayer altitudes being shifted down with almost the
same amplitude �0.07 and 0.04 Å�. The larger upward �to-
ward the vacuum� shift of the surface beryllium atoms is
0.39 Å, the larger downward �toward the bulk� displacement
if only 0.07, and these evolutions are almost linear with sur-
face coverage increasing. At monolayer completion, the hy-
drogen layer distance to the average metal surface level is
included between 0.75 and 1.05 Å. Because the optimization
of the various structures presented here has been done with-
out any symmetry imposition, it is hardly possible to draw
any general conclusion on this point.

IV. DISCUSSION AND CONCLUSION

One of the first attempts of quantum study on hydrogen
adsorption on beryllium surface was given by Yu and Lam24

within the framework of first-principles DFT, plane waves,
and Hedin-Lunqvist functional. Our results are in excellent
agreement with theirs since they give adsorption energies of
−2.39 eV on bridge position �our work: −2.35 eV� and
−1.67 eV atop �our work: −1.5 eV�. Their adsorption site
structures are also very similar to ours.

Our values are comforted by Stumpf and Feibelman’s12

results, giving the growing adsorption energies versus cover-
age as −2.3 eV �1/12 ML�, −1.9 eV �1/3 ML�, and −1.7 eV
�1 ML�; no minimum is reported by these authors. This order
of magnitude is corroborated in Ref. 11 where it also is in-
dicated that the atop geometry is disfavored by 0.72 eV com-
pared to bridge �0.65 eV here�.

The papers by Feibelman and Stumpf discuss the structure
of the ��3� �3�R30 hydrogen monolayer structure, derived
in Ref. 25 from low-energy electron diffraction �LEED� I-V
spectra. In this structure, three hydrogen atoms, exactly as in
Fig. 3�c�, surround all the superficial beryllium atoms. How-
ever, due to our optimization procedure, which does not pre-
serve symmetry, and the small size of our system, it is not
possible here to compare the organization of the vacancies
on the surface. At monolayer completion, they indicate a
relaxation of the first interlayer of 3% of the ideal spacing.
The value corresponding to completion is 4% of the bare
surface; it is comparable to Feibelman’s LAPW value of
4.5%.25

Marino and Ermler10 proposed multiconfiguration self-
consistent-field �MCSCF� calculation on a Be45 cluster. The
equilibrium H surface distance of 0.86 Å is similar to ours.
Nevertheless, they found a barrier of 0.53 eV before H ad-
sorbs on a Be cluster of symmetry D3h, which we did not;
this can be explained by the nonoptimization of their surface.
Then, the same authors propose various values for the ad-
sorption energy: −0.42 eV �pure spin triplet�, −3.05 eV
�pure singlet�, and −2.2 eV �average�. They conclude to a
barrier for recombination desorption of −0.86 eV in select-

ing the lower states of Be45H2�R�� and Be45H2�Req�, which is
in good agreement with the experimental TDS values by Ray
et al.26 that range from 0.7 to 1.2 eV.

Another TDS experiment was proposed afterward by
Lossev and Küppers27 on clean and oxygen-covered
Be�0001� surface. Molecular H2 desorption is observed to
follow a second-order rate on clean surface and occurs at
450K, which corresponds to a desorption activation barrier
of 0.87 eV, very close to our calculated value �0.90 eV�.

However, beryllium, and the beryllium-hydrogen interac-
tion, nowadays finds an interest because of its application
planned in tokamaks. This work is intended to take part in
the general discussion of beryllium implementation in the
future tokamak ITER; therefore the major motivation is to
compare beryllium and graphite in this context with the sub-
jacent question: can quantum theory provide information on
the crucial problem of hydrogen retention in the fusion de-
vice first wall cladding?

The first result of the former sections is that the H adsorp-
tion energy on Be is noticeably higher than on graphite �2.35
eV compared to 0.7 eV �Ref. 28��; nonetheless this last value
increases significantly at higher graphite surface coverage29

to reach the same order of magnitude at completion. This
data correlated with the special structure of the beryllium
surface ensure coverage that is three times larger �1.33 H /Be
at� compared to graphite �0.4 H /Be at�. Actually, experi-
ments in JET �Joint European Torus� tokamak �Ref. 30�
show that the amount of deuterium required to fuel the toka-
mak during the beryllium phase was higher than for the car-
bon phase and it was suggested that surface effects drove the
retention.

The better point is that the metal surface seems less sen-
sitive to hydrogen adsorption in opposition with graphite,
which is dramatically perturbed by these kinds of processes.4

This must be correlated with the low desorption barrier and
very easy diffusion on beryllium that ensure a better restitu-
tion of trapped hydrogen.

In conclusion, the first-principles calculation proposed in
this paper has been able to explain without any empirical
approximation the main features of hydrogen �deuterium�
trapping in beryllium, as far as the surface is involved. The
various interaction energies we calculated proved to be in
good agreement both with experiment and other quantum
works. We show that the hydrogen diffusion in this material
is very easy and, from the models we proposed for adsorp-
tion processes, it can be concluded that hydrogen retention in
beryllium could be significantly larger than in graphite but
restitution is much more easy
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