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Using first-principles methods we have studied the interactions between hydrogen impurities and vacancies
in hcp Mg and fcc Al. We find that single vacancies can, in principle, host up to 9 H atoms in Mg and 10 in
Al, not 12 as recently reported in the case of Al. The difference between our results and the results in previous
work is attributed to a more appropriate definition of the trapping energy of hydrogen impurities in vacancies.
The concentration of hydrogen-vacancy complexes depends on the amount of hydrogen dissolved in the metal,
which in turn is dictated by the hydrogen chemical potential �H. We evaluated the concentration of all relevant
hydrogen-vacancy complexes as a function of �H, corresponding to different H loading conditions—ranging
from low pressures to high pressures of H2 gas, up to hydrogen plasma conditions. Our analysis reveals
fundamental differences in the characteristics of the hydrogen-vacancy interaction between Mg and Al. In the
case of Al, up to 15% of H atoms are trapped in single vacancies in the form of H-vacancy complexes even for
very low values of �H. The trapping effect slows down the diffusion of H atoms in Al by more than an order
of magnitude. While interactions between vacancies and single hydrogen atoms are therefore clearly important,
interactions with multiple H atoms and related mechanisms �such as hydrogen-induced superabundant vacancy
formation� are predicted to occur in Al only at very high values of �H. In the case of Mg, the effects of H
trapping in single vacancies are negligible for low values of �H due to the relatively low formation energy of
isolated interstitial H. However, vacancies containing multiple H atoms and related mechanisms such as
hydrogen-induced superabundant vacancy formation are predicted to occur in Mg at much lower values of �H

than in Al. We estimate that, at room temperature, the critical pressure of an H2 gas to induce hydrogen-
enhanced �superabundant� vacancy formation is �1 GPa in Mg and �10 GPa in Al.
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I. INTRODUCTION

Al-based and Mg-based hydrides have great potential as
hydrogen storage materials due to their light weight and high
hydrogen capacities.1 Ideally, these materials would revers-
ibly release H2 upon heating, with Al and Mg being the
byproducts or reactants in the hydrogen desorption or uptake
processes. In order to be able to engineer the hydrogen de-
sorption and uptake at suitable temperatures and with ad-
equate kinetics, it is essential to understand the related ato-
mistic mechanisms. With that goal in mind, we have studied
the effects of hydrogen on the structural properties of Al and
Mg. The presence of vacancies and their interactions with
hydrogen impurities in the bulk of the metal is expected to
play an important role in the kinetics of the desorption/
uptake processes.

Aluminum has been the subject of various experimental
and theoretical investigations regarding the effects of hydro-
gen impurities.2–9 Experimental studies suggested that hydro-
gen atoms are trapped at vacancies, leading to a significant
reduction in the H diffusion rates in Al crystals.6 This trap-
ping hypothesis has been corroborated by first-principles cal-
culations which led to models for describing the observed
diffusion rates.7,9 Lu and Kaxiras8 suggested that, in prin-
ciple, up to 12 H atoms can be accommodated in a single
vacancy in Al and that the trapping of multiple H atoms in a
single vacancy can overcompensate the energy cost to form

the defect. Moreover, trapping of multiple H atoms in a
single vacancy in Al could be related to the observed
hydrogen-induced superabundant vacancy formation and va-
cancy clustering. These effects may play an important role in
hydrogen embrittlement processes as well as in hydride
formation.8 More recently, Gunaydin et al.9 reported that
trapping of multiple H atoms in a single vacancy in Al is
possible only for extreme H loading conditions, i.e., for H
concentrations many orders of magnitude above the solubil-
ity limit given by the equilibrium with H2 gas at ambient
conditions �10−9 at 300 K and 1 atm�. Instead, at the H load-
ing conditions used in most diffusion experiments, empty
vacancies would coexist with vacancies filled by one or at
most two H atoms.

These seemingly conflicting results, from Lu and Kaxiras8

on the one hand and from Gunaydin et al.9 on the other hand,
indicate that the understanding of the interactions between
hydrogen impurities and vacancies in Al is still far from
complete. For instance, it is unclear for which values of the
hydrogen chemical potential �H the H-enhanced �superabun-
dant� vacancy formation will occur; or what is the concen-
tration ratio between H in hydrogen-vacancy complexes and
H at the interstitial sites. At an even more basic level, the
energy required or released when adding an H atom to a
vacancy that already contains n H atoms has not been re-
ported. In order to address these issues, one needs to know
the absolute formation energies of vacancies, interstitial hy-
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drogen, and hydrogen-vacancy complexes, and their depen-
dence on the hydrogen chemical potential �H.

The interactions of hydrogen impurities with vacancies in
Mg has been much less explored.5,10 Mg is also a lightweight
metal and has one less valence electron than Al. Mg and Al
crystallize in different structures �hcp for Mg and fcc for Al�
with different equilibrium volumes per atom. Recent experi-
mental studies revealed that the vacancy concentration in Mg
is strongly affected by the presence of hydrogen impurities,
i.e., depending on whether the material has been prepared in
a hydrogen-rich or in a hydrogen-poor environment.11 Moti-
vated by the conflicting results in Al and the lack of infor-
mation in the case of Mg, we have performed a detailed
comparison between Al and Mg regarding the interaction of
hydrogen impurities with single vacancies. Based on state-
of-the-art first-principles calculations we have evaluated the
concentrations of interstitial hydrogen and hydrogen-vacancy
complexes as a function of �H, corresponding to different H
loading conditions—ranging from low pressures to high
pressures of H2 gas, up to hydrogen plasma conditions. This
analysis allows us to uncover fundamental differences in the
characteristics of the hydrogen-vacancy interactions between
Al and Mg.

II. METHODS

In order to evaluate the concentration of the interstitial
hydrogen and hydrogen-vacancy complexes we calculated
formation energies as described in Ref. 12. Assuming that
the defects are in the dilute limit, their concentration at a
given temperature is determined by their formation energy12

c = NsitesNconfig exp�−
Ef

kBT
� , �1�

where Nsites is the number of lattice sites on which the defect
can be incorporated and Nconfig is the number of equivalent
configurations per site. We will use the convention to express
all the concentrations as “per lattice site.” The formation
energy Ef of a defect X is defined as12

Ef�X� = Etot�X� − Etot�bulk� − �ini�i, �2�

where Etot�X� is the total energy of the supercell containing
the defect and Etot�bulk� is the total energy of the perfect
bulk in the same supercell. The quantity �i is the chemical
potential of species i and ni is the number of atoms of species
i added to �ni�0� or removed from �ni�0� the supercell to
form the defect. More details about the chemical potentials,
in particular, for hydrogen, will be given below.

The total energies required in Eq. �2� were determined by
performing first-principles calculations based on density
functional theory �DFT� in the generalized gradient
approximation13 and the projector-augmented wave �PAW�
method.14 Hence, the electronic structure of the host materi-
als is explicitly taken into account, with the wave functions
expanded in a plane-wave basis set using an energy cutoff of
270 eV. The defects were simulated using the supercell ap-
proach, with 32-atom supercells for fcc Al and 48-atom su-
percells for hcp Mg; integrations over the Brillouin zone

were performed by using a mesh of 8�8�8 or 6�6�6 k
points, respectively. Equilibrium geometries were deter-
mined by fully relaxing the atoms in the supercell. All cal-
culations were performed using the Vienna ab initio simula-
tion package.15

The migration paths were determined for a path between
two adjacent lattice sites that correspond to equivalent con-
figurations for the ground state of the defect. The energies
along the path were calculated by taking up to nine points
along a line connecting the initial and final positions, and
allowing the migrating species �as well as surrounding at-
oms� to fully relax in a plane perpendicular to the migration
direction. The saddle-point configuration is determined by
finding the maximum in the energy along this path, and the
migration barrier is the energy difference between the
ground-state and the saddle-point configurations.

In order to obtain accurate absolute values for the free
energy of formation of H impurities in the host metal, it is
necessary to include the contributions from zero-point en-
ergy �ZPE�. In the present work, when calculating concen-
trations, we use the results for ZPEs obtained in previous
first-principles studies.7 The ZPE contribution to the forma-
tion energy, which is the difference between half of the zero-
point vibration energy of the H2 molecule and the zero-point
vibration energy of the H atom in the solid, amounts to
�Ef ,ZPE=0.08 eV in the case of H in Al. Here we use this
value for Al and also use it as an approximation in the case
of interstitial H in Mg. Furthermore, we assume that the ZPE
contribution to the formation energy for H on vacancy sites
can be approximated by the ZPE of H on interstitial sites.

III. RESULTS

A. Formation of interstitial hydrogen

First we discuss the results for the formation energy of an
H atom at the interstitial site in fcc Al and hcp Mg. The
lowest-energy configuration for interstitial H in the fcc-Al
and hcp-Mg lattices was determined by placing an H atom at
all possible interstitial positions. We find that interstitial H in
fcc Al and hcp Mg is locally stable at the two high-symmetry
interstitial sites: the tetrahedral �Td� site and the octahedral
�Oh� site, schematically shown in Fig. 1. In both Al and Mg,
the tetrahedral site is lower in energy than the octahedral site.
The calculated formation energies with respect to the energy
of an H atom in the H2 molecule �at T=0 K and without
including zero-point vibration energy� are listed in Table I.

As a remarkable difference between fcc Al and hcp Mg,
we find that the formation energy for interstitial hydrogen,
Ef�Td� in Table I, is significantly lower in Mg than in Al.
This implies that, for a given hydrogen chemical potential, a
much higher concentration of interstitial hydrogen can be
dissolved in Mg than in Al. For example, using Eq. �1�, the
interstitial H concentration in Mg is more than nine orders of
magnitude higher than in Al at room temperature.

The difference in the formation energy of interstitial H in
fcc Al and hcp Mg can be understood by decomposing it in
three parts: first, the contribution from different lattice types
�fcc versus hcp�; second, the difference between the equilib-
rium volumes �Mg has a larger equilibrium volume than Al�;
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and third, the difference due to electronic structure �Mg has
one less valence electron than Al�. The difference in forma-
tion energies can then be written as

�Ef�Td� = Ef�Td,Al� − Ef�Td,Mg� �3�

=�Efcc←hcp
f �Td� + �Evol

f �Td� + �Eel
f �Td� . �4�

The three contributions have been calculated as follows.
�Efcc←hcp

f �Td� is the difference in formation energies of H �at
the tetrahedral interstitial site� in fcc Mg and hcp Mg, both at
the lattice constant corresponding to the equilibrium lattice
volume of hcp Mg. �Evol

f �Td� is the difference between for-
mation energies of interstitial H in fcc Al at the Al equilib-
rium lattice constant and fcc Al at the lattice constant corre-
sponding to the equilibrium lattice volume of hcp Mg.
�Eel

f �Td� is the difference in formation energies between fcc
Al and fcc Mg at the lattice constant corresponding to the
equilibrium lattice volume of hcp Mg. This decomposition is
arbitrary to some degree. For example, one could take the
volume term for Mg �instead of Al� or calculate the elec-
tronic term at the fcc-Al equilibrium lattice volume �instead
of the hcp-Mg equilibrium lattice volume�. However, we
found that the variations for the individual terms between the
various possible decompositions are rather small �less than
0.1 eV�.

From the values listed in Table II we note that the contri-
bution due to volume dominates and that the effect due to
different lattice structures is smallest: ��Evol

f �� ��Eel
f �

� ��Efcc←hcp
f �. Hence, the lower formation energy for inter-

stitial H in hcp Mg compared to fcc Al is largely due to the
volume effect, i.e., the fact that Mg provides a larger inter-
stitial embedding volume for the hydrogen atoms. The dif-
ferences in the electronic structure and those in the lattice
types �hcp versus fcc� between Mg and Al play a much
smaller role.

B. Migration of interstitial hydrogen

We also investigated the migration of an interstitial H
atom in the fcc-Al and hcp-Mg lattices. The lowest-energy
migration paths in the fcc-Al lattice are schematically shown
in Fig. 1�a�. In principle, the symmetry of the fcc lattice
allows for two different migration paths. In the first, labeled
as path I in Fig. 1�a�, interstitial H migrates to an adjacent
�nearest-neighbor� tetrahedral interstitial site passing through
a “bond-center” site �point in the middle of two nearest-
neighbor Al sites�. In path II the interstitial H migrates to a

FIG. 1. Interstitial lattice sites and lowest-energy diffusion paths
for H in �a� fcc Al and �b� hcp Mg. The balls denote the lattice
atoms, whereas the dots and crosses denote the tetrahedral and oc-
tahedral interstitial lattice sites, respectively. The diffusion paths for
interstitial H are indicated and the corresponding energy barriers are
listed in Table I.

TABLE I. Formation energies and diffusion energy barriers of
interstitial hydrogen in fcc Al and hcp Mg. Ef�Td� and Ef�Oh� de-
note the formation energies �see Eq. �2�� at the tetrahedral and oc-
tahedral interstitial lattice sites, respectively. The formation energies
are referenced to H2 and bulk metal at T=0 K and do not include
zero-point vibration energies. Eb�I� and Eb�II� denote the diffusion
energy barriers associated with the diffusion paths I and II illus-
trated in Fig. 1. Results from previous theoretical and experimental
studies are also listed for comparison. All energies in eV.

Property Observable Al Mg

H solution Ef�Oh� 0.77 0.26

Ef�Td� 0.68 0.12

Ecalc
f �Td� 0.69a

Eexp
f 0.60–0.71b

H diffusion Eb�I� 0.33 0.08

Eb�II� 0.17 0.22

Ecalc
b �II� 0.18a 0.19d

Eexp
b 0.16c 0.24e

aReference 7 �DFT GGA�.
bReferences 16–20.
cReference 6.
dReference 21 �DFT GGA�.
eReference 22.

TABLE II. Decomposition of the difference between the forma-
tion energy of interstitial hydrogen in Mg and Al �see Eq. �4��. All
energies in eV.

�Ef�Td� 0.56

�Efcc←hcp
f �Td� −0.09

�Evol
f �Td� 0.45

�Eel
f �Td� 0.20
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second-nearest-neighbor tetrahedral interstitial site, passing
through an octahedral interstitial site. We find that the energy
barrier for path II is significantly lower than that for path I, in
agreement with the results reported in Ref. 7.

The lowest-energy migration paths for interstitial H in hcp
Mg are schematically shown in Fig. 1�b�. In path I an inter-
stitial H atom moves to a nearest-neighbor tetrahedral inter-
stitial site. However, in the hcp lattice the tetrahedral inter-
stitial sites are arranged in pairs. Long-range migration of an
interstitial H in an hcp lattice requires the H atom to jump
between sites that belong to different pairs of tetrahedral in-
terstitial sites. That is, long-range migration necessarily in-
volves migration through path II, which passes through an
intermediate octahedral interstitial site �Fig. 1�b��. The bar-
rier associated with path II is therefore the relevant barrier
for migration of an interstitial H in hcp Mg.

The calculated migration energy barriers Eb for interstitial
H in fcc Al and hcp Mg, for both paths I and II, are listed in
Table I. Note that the energy barrier for path I in hcp Mg is
very low but as noted above this path does not allow for
long-range migration but only for hopping within a pair of
neighboring tetrahedral sites.

The results presented in Table I for the formation energy
and migration energy barriers of interstitial H in Al and Mg
are in good agreement with available experimental
results6,16–20,22 as well as with previous theoretical studies,
where available.7,21

C. Vacancy formation and migration

For completeness, we also investigated the stability and
migration of vacancies in fcc Al and hcp Mg; the results are
listed in Table III. We find that the formation energy of single
vacancies is slightly higher in hcp Mg than in fcc Al and that
the vacancy migration energy barrier is slightly lower in Mg
than in Al. Note that these differences are relatively small. It
is interesting to note that the sum of formation and migration
energy, which is the activation energy of vacancy-mediated
self-diffusion, is approximately equal in Mg and Al. Hence

we expect the rates of self-diffusion via vacancy mechanisms
to be the same in the two metals.

The results presented in Table III for the formation energy
and migration energy barriers of vacancies in Al and Mg are
in good agreement with available experimental results.11,23

Our results also agree with previous theoretical studies;7,24

the small differences are within the expected error bar of the
DFT approach and may be attributed to the use of different
exchange-correlation functionals �local-density approxima-
tion �LDA� is used in Ref. 24 instead of generalized gradient
approximation �GGA� used in the present work� or different
pseudopotentials �ultrasoft pseudopotentials are used in Ref.
7 while PAW potentials are used in the present work�.

D. Hydrogen-vacancy complexes

We start the discussion of hydrogen-vacancy interactions
in Al and Mg with the most basic process, i.e., the trapping
of one H atom in a single vacancy. This process can be
described by a “trapping energy,” which is related to the
energy gained by the system when one interstitial H atom is
added to a single vacancy. For the first hydrogen added to an
initially “empty” vacancy, the trapping energy is given by

Etrap�1� = Ef�V + H� − �Ef�V� + Ef�Td�� , �5�

where Ef�V+H� is the formation energy of a hydrogen-
vacancy complex in the host �fcc-Al lattice or hcp-Mg lat-
tice�, Ef�V� is the formation energy of an isolated vacancy,
and Ef�Td� is the formation energy of an isolated interstitial
hydrogen. In both fcc Al and hcp Mg we find that Etrap�1�
�0, hence trapping one H in an initially empty vacancy is an
exothermic process. We note, however, that �Etrap�1�� in Al is
larger than in Mg. In both cases, the H atom does not occupy
the vacant substitutional metal site but prefers to sit very
close �with a displacement of only 0.1 Å� to a tetrahedral
interstitial site next to the vacant Al or Mg lattice site, as
schematically shown in Fig. 3 for the fcc lattice.

We have also investigated the possibility of a single va-
cancy trapping more than one H atom. In this case, we define
the trapping energy �Eq. �6�� as the energy difference be-
tween a vacancy containing n H atoms and a vacancy with
n−1 H atoms plus an isolated H interstitial,

Etrap�n� = Ef�V + nH� − 	Ef�V + �n − 1�H� + Ef�Td�
 , �6�

where Ef�V+nH� is the formation energy of a vacancy con-
taining n H atoms. A negative value of Etrap�n� therefore
indicates that taking an interstitial H atom and adding it to a
vacancy that already contains n−1 atoms is energetically fa-
vorable, with �Etrap� being the energy gained in that process.

We calculated the formation energies for a number of
�fully relaxed� configurations as candidates for the V+nH
complex. In order to sufficiently sample the configurational
space, we started from several different possible initial con-
figurations for the V+nH complex, based on the structure of
the lowest-energy V+ �n−1�H complex plus an additional H
atom placed at different positions in the vacancy. Using this
procedure we find, in the case of Al, that Etrap�n��0 for n
�8, as shown in Fig. 2 and Table IV.

Examining the local structure of the V+nH complexes,
we find that in the relaxed geometric configurations of the

TABLE III. Formation energies and diffusion barriers of vacan-
cies in fcc Al and hcp Mg. Ef and Eb denote the formation energies
and energy barriers �see Eq. �2�� at T=0 K, not including zero-
point vibration energies. Results from previous theoretical and ex-
perimental studies are also included. All energies in eV.

Property Observable Al Mg

V formation Ef 0.62 0.74

Ecalc
f 0.54a, 0.78b 0.80b

Eexp
f 0.66c 0.56–0.90d

V diffusion Eb 0.52 0.41

Ecalc
b 0.66b 0.43b

Eexp
b 0.51–0.62d

aReference 7 �DFT GGA�.
bReference 24 �DFT LDA�.
cReference 23.
dReference 11 and references therein.
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complexes with n�8 all the H atoms occupy tetrahedral
interstitial sites inside the vacancy, which we label “TV”
sites. For the V+nH complexes with Etrap�n��0 �i.e., n�8�
all the TV tetrahedral sites are occupied and the additional H
atoms occupy octahedral interstitial sites �labeled OV sites�
inside the vacancy, which are less energetically favorable.

We have also investigated the possibility that hydrogen
might be stored in molecular form �H2� in the vacancy. In-
deed we found locally stable configurations with one H2

molecule located at the center of the Al vacancy, for all pos-
sible occupation numbers �i.e., n=1–8� of the TV sites.
However, for n�8 these complexes are thermodynamically
unstable since their formation energy is �for n�6� larger
than that of the corresponding V+ �n+2�H complex �with all
H at TV sites� or �for n=7� larger than that of the V+7H
complex plus two H atoms at interstitial lattice sites. Only
for n=8, did we achieve a stable configuration, i.e., the for-
mation energy of the V+8H+H2 complex is lower than that
of the V+10H complex �with 8 H at TV and 2 H at OV sites�
and also lower than that of the V+8H complex plus 2 H
atoms at interstitial lattice sites �i.e, V+8H+2Td�. This im-
plies that in order for H2 at the center of the vacancy to be
stable, first all of the TV sites need to be occupied.

The energy gain of the of the V+8H+H2 complex with
respect to V+8H+2Td amounts to 0.09 eV. Figure 2 does not
include a value for the complex with 10 H because our defi-
nition of the trapping energy is not appropriate for this situ-
ation �with the complex with 9H being unstable�. However,
the formation energies of all stable complexes have been
included in the thermodynamic analysis of concentrations
that will be presented in Sec. III E.

The energetics of the trapping of hydrogen in single va-
cancies in Al can therefore be described as follows. Hydro-
gen is preferentially located in atomic form at TV sites. Due
to a repulsive interaction of the H atoms inside the vacancy,
which is reflected in a roughly linear increase in the trapping
energy by �20 meV per H atom �see Fig. 2�, trapping of
additional H atoms becomes increasingly less energetically
favorable as the number of H atoms in the vacancy increases.
Once all eight TV sites are occupied �n=8�, any additional
hydrogen in atomic form is forced to occupy the less favor-
able OV sites. As a result, adding a ninth H atom becomes
energetically unfavorable. However, the vacancy is able to
host one additional H2 molecule, resulting in a V+8H+H2
complex.

Our results therefore show that, in principle, a single va-
cancy in Al can trap up to 10 H atoms. We note that this
result differs from the conclusions reported by Lu and
Kaxiras,8 who suggested that up to 12 H atoms can be
trapped in a single vacancy. We attribute the difference to the
way in which the trapping energy is defined. Lu and Kaxiras
used a different definition for the trapping energy,

ELK
trap�n� =

1

n
�Ef�nH + V� − nEf�Td� − Ef�V�� . �7�

This quantity compares the energy of the V+nH complex to
the energy of an isolated vacancy plus n H atoms at intersti-
tial sites and expresses the result per H atom. We feel this
quantity is more appropriately called a “binding energy” and
it is not an appropriate measure of the stability of a complex
with n H atoms in the vacancy. Indeed, a V+nH complex
will only be stable if its energy is lower than the energy of a
V+ �n−1�H complex plus an isolated interstitial H; a quantity
appropriately described by our definition of trapping energy
in Eq. �6�. We note that the trapping energy defined in Eq. �6�
is equal to the negative of the “removal energy” defined in
previous work.25 The latter reflects how much energy is
needed to remove one H atom from a complex initially con-
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FIG. 2. �Color online� Calculated trapping energies of H atoms
in vacancies in Al and Mg according to Eq. �6�.

TABLE IV. Formation energies �Eq. �2� at T=0 K, not includ-
ing zero-point vibration energies� and trapping energies �Eq. �6�� for
all relevant hydrogen-vacancy complexes in Al and Mg. All ener-
gies in eV.

Host metal Complex Ef Etrap

Al V 0.62

V+H 0.94 −0.36

V+2H 1.30 −0.32

V+3H 1.66 −0.32

V+4H 2.03 −0.31

V+5H 2.43 −0.28

V+6H 2.81 −0.30

V+7H 3.25 −0.24

V+8H 3.72 −0.21

V+7H+H2 4.49 0.09

V+8H+H2 4.99

Mg V 0.74

V+H 0.74 −0.12

V+2H 0.73 −0.13

V+3H 0.72 −0.13

V+4H 0.69 −0.15

V+5H 0.69 −0.12

V+6H 0.67 −0.14

V+7H 0.73 −0.06

V+8H 0.76 −0.09

V+9H 0.78 −0.10

V+10H 1.07 0.17

INTERACTIONS BETWEEN HYDROGEN IMPURITIES AND… PHYSICAL REVIEW B 80, 184110 �2009�

184110-5



taining n H atoms, leaving n−1 H atoms behind and placing
the H atom at an interstitial site.

In the case of Mg, we find that the trapping of multiple H
atoms in single vacancies involves much smaller energies
than in Al. A single vacancy in Mg can accommodate up to
nine H atoms in a stable manner, as shown in Fig. 2. The
reason for the difference with Al is that the increase in the
trapping energy with the number of H atoms is less pro-
nounced in Mg than in Al. A further difference to Al is that
the OV sites are occupied in Mg for V+nH complexes al-
ready for n�4. This is due to the geometry of the hcp crystal
structure in which the tetrahedral interstitial sites occur in
pairs. Inside a vacancy, the four second-nearest-neighbor TV
sites are occupied first, and then four OV sites and one TV
site are occupied next. Hydrogen in molecular form is found
to be unstable in single Mg vacancies.

E. Concentrations of hydrogen-vacancy complexes as a
function of hydrogen chemical potential

So far we have discussed the trapping of H atoms in
single vacancies. However, the overall likelihood of forming
V+nH complexes depends on their formation energy and,
therefore, on the hydrogen chemical potential �H. It also
depends on the ratio of the hydrogen concentration to the
vacancy concentration. For example, it is clear that it will be
unlikely to find vacancies containing multiple H atoms if the
hydrogen concentration in the metal is lower than the va-
cancy concentration. In this case it is entropically more fa-
vorable to distribute the hydrogen atoms over the vacancies
with at most one H atom in each vacancy. We therefore ex-
pect that trapping of multiple H atoms will only occur if the
H concentration is significantly higher than the vacancy con-
centration.

The formation energy of hydrogen-related defects accord-
ing to Eq. �2� depends on the hydrogen chemical potential
�H, which in turn depends on the type of hydrogen reservoir
the solid is exposed to. For example, if the hydrogen is in-
troduced in the metal through annealing in H2 gas at a given
temperature T and pressure p, the �H is a well-established
function of p and T. High concentrations of hydrogen in the
solid can also be obtained by annealing the metal under hot
moist air,26 via electrolytic charging,27 or by exposure to a
hydrogen plasma.28 The values of �H in the latter experi-
ments are much more difficult to assess and we will make no
attempt to do so. Instead, we first simply plot our results as a
function of �H to describe the general situation, detached
from a specific hydrogen charging method. In addition, we
look in more detail at one specific charging method, namely,
the familiar situation of annealing in an H2 gas at tempera-
ture T and pressure p, and plot our results as a function of
pressure, for different fixed temperatures.

The chemical potential of the H2 gas may be written as

�H =
1

2
�H

0 �H2� + �H
gas�T,p� , �8�

where �H
0 is the hydrogen chemical potential in an H2 mol-

ecule at T=0 K, i.e., the sum of the total energy and the
zero-point vibration energy of the H2 molecule. The tempera-

ture and pressure dependence of the chemical potential is
described by the term �H

gas�T , p�. For moderate temperatures
and pressures �close to T=300 K and p=1 atm� this term is
accurately described by an analytical expression arising from
the ideal-gas approximation �see, e.g., Ref. 29�. However,
since we also wish to describe the chemical potential in the
high-pressure regime p	1 atm in which the ideal-gas ap-
proximation cannot be applied, we use tabulated experimen-
tal data.20 In the following we neglect effects of vacancy
clusters and extended defects such as dislocations and grain
boundaries. Furthermore, we assume that the hydrogen con-
centration cH and the vacancy concentration cV in the host
metal are small, i.e., 
1 �dilute limit�.

The total vacancy concentration cVtot
is then given by the

sum of the concentration of isolated vacancies cV and the
concentration of vacancies participating in hydrogen-
vacancy complexes V+nH, which we denote by cVH

. Note
that while the formation energy of isolated vacancies does
not depend on �H, the total vacancy concentration cVtot

does,
due to the hydrogen-vacancy interaction. Therefore, we have

cVtot
= cV + cVH

, �9�

where

cV = exp�−
Ef�V�
kBT

 �10�

and

cVH
= �

n=1¯nmax

S�n�exp�−
Ef�V + nH,�H�

kBT
 . �11�

Here, nmax is the maximum number of H atoms that can be
trapped in the vacancies and �nmax=10 for Al and nmax=9 for
Mg�. S�n� counts the number of possible configurations of
the V+nH complex �i.e., the number of ways n indistinguish-
able H atoms can be distributed over the TV sites in a va-
cancy�. We approximate S�n� as S�n�= nmax!

n!�nmax−n�! ; the only ex-
ception is for the V+8H+H2 complex in Al �n=10�, for
which we set S�n�=1.

Similarly, the total hydrogen concentration cHtot
is given

by the isolated hydrogen concentration cH and the concentra-
tion of H in V+nH complexes cHV

�n=1, . . . ,nmax�,

cHtot
= cH + cHV

, �12�

where

cH = 2 exp�−
Ef�Td,�H�

kBT
 �13�

and

cHV
= �

n=1¯nmax

nS�n�exp�−
Ef�V + nH,�H�

kBT
 . �14�

The concentrations of hydrogen and vacancies as a func-
tion of the chemical potential �H in fcc Al and hcp Mg are
shown in Figs. 4 and 5, respectively. We note that the hydro-
gen concentration at low hydrogen chemical potentials ��H
�0� is much higher in hcp Mg than in fcc Al, whereas the
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vacancy concentrations only differ by about an order of mag-
nitude, consistent with the calculated formation energies
listed in Table I.

An analysis of the dependence of the hydrogen and va-
cancy concentrations on the chemical potential �H shows
that we can identify two regimes: for low values of �H,
hydrogen exists mostly as isolated interstitial H atoms, i.e,
cHtot

�cH, whereas the vacancy concentration is constant and
independent of �H, i.e., cVtot

�cV. For high values of �H, a
significant fraction of H atoms is trapped in vacancies. In this
regime, cHtot

increases more rapidly with �H than cH and cVtot
is not constant but also rapidly increases with �H. If we
define a critical value �H

c for which the transition between

these two regimes occurs, we find that �H
c is significantly

lower in hcp Mg than in hcp Al; values for �H
c will be de-

rived below. This result is attributed to the lower absolute
formation energies of H-related defects in hcp Mg.

In Fig. 6 we plot the average number of H atoms that are
trapped in vacancies in Al and Mg. We find that the concen-
tration of V+nH complexes with n�1 becomes relevant
only for values of �H��H

c for both Al and Mg. We note that
differing from the previous work of Gunaydin et al.9 who
found a maximum of nH=6, we find that nH=10 for high
values of �H in Al.

We observe that the trapping of multiple hydrogen atoms
�nH�1� occurs at the values of �H for which the vacancy
concentration starts to rapidly increase. In other words, a
rapid increase in the vacancy concentration will occur as
soon as

Ef�V + H,�H� � Ef�V� . �15�

Substituting Eq. �6� into Eq. �15� and using the expressions
for formation energies, we obtain the following relation for
�H

c above which H-enhanced vacancy formation occurs

�H
c = Ef�Td,�H = 0� + Etrap�1� , �16�

where Ef�Td ,�H=0� is the formation energy of hydrogen at
the tetrahedral lattice site at T=0 K and Etrap�1� is the trap-
ping energy for one H in a vacancy. Substituting the respec-
tive numbers for Mg and Al into Eq. �16� we obtain �H

c

�0.4 eV for Al and �H
c �0.1 eV for Mg.

The trapping of multiple H atoms in turn is of fundamen-
tal importance for the occurrence of various mechanisms re-
lated to the H-vacancy interaction. As an example, we have
already mentioned H-enhanced �superabundant� vacancy for-
mation. The clustering of H-vacancy complexes, a process
that is regarded as an initial step in the formation of hydro-

FIG. 3. Illustration of the lowest-energy structure for a single H
atom trapped in a vacancy in fcc Al. The dark balls denote the
positions of the atoms of the host lattice, whereas the white ball
denotes the position of the H atom. Further shown are TV and OV
trapping sites, and the center of the vacancy �labeled V�. The dashed
black lines show the conventional cubic unit cell of the fcc lattice,
whereas the solid black lines outline the volume associated with the
vacancy.
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FIG. 4. �Color online� Hydrogen concentrations �in units per lattice site� in �a� Al and �b� Mg as a function of the hydrogen chemical
potential �upper plots� and as a function of the pressure of H2 gas �lower plots� for temperatures T=300, 600, and 900 K �blue, green, and
red lines, respectively�. The solid lines show the total hydrogen concentration cHtot

, taking hydrogen-vacancy interactions into account �see
Eq. �12��. The dashed lines show the interstitial hydrogen concentration cH, i.e., the hydrogen concentration in the absence of hydrogen-
vacancy interactions. For convenience the horizontal axis showing the chemical potential in the upper plots has been shifted so that �H

=0 corresponds to half of the chemical potential of a H2 molecule at T=0 K.
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gen bubbles28 or of extended hydride platelets,28 may well be
driven by the trapping of multiple H atoms in vacancies.8

Our results indicate that these phenomena will be observed at
much more “moderate” hydrogen chemical-potential values
in Mg than in Al. Expressed in terms of a hydrogen gas
reservoir, these effects become relevant in Mg already at
pressures of 1 GPa while in Al pressures as high as 10 GPa
�or different hydrogen charging methods such as electrolytic
charging or hydrogen plasmas� are required.

We note that the critical pressure for the occurrence of
H-enhanced vacancy formation �and the trapping of multiple

H atoms in vacancies� in Al is of the same order as the
critical pressure required for AlH3 hydride formation �8.9
GPa at room temperature30�. This close correlation suggests
that the processes of multiple trapping of H atoms and
H-enhanced vacancy formation are probably involved in the
process of hydride formation. A more detailed examination
of this possibility requires going beyond the dilute limit
which has been implicitly used in the present work and is
beyond the scope of this study.

In Mg the critical pressure to induce hydride formation is
much lower �about 0.1 MPa at T=600 K �Ref. 31��, i.e.,
below the critical pressure for H-enhanced vacancy forma-
tion derived here. Still, the processes that have been de-
scribed here may be relevant under nonequilibrium condi-
tions where hydride formation is suppressed or delayed.

F. Effects of hydrogen-vacancy interactions on
the hydrogen diffusivity

We have shown that the trapping of H atoms occurs at
significantly lower hydrogen chemical potential in Mg than
in Al. It is thus tempting to conclude that the H-vacancy
interaction is, in general, more relevant in Mg than in Al.
However a closer look at the fraction of hydrogen stored in
vacancies cHV

/cHtot
reveals an interesting feature of the

H-vacancy interaction that has not yet been discussed so far.
Figure 7 shows that in Al �but not in Mg�, even at low hy-
drogen chemical potentials ��H�0� a significant fraction of
the total hydrogen concentration �up to 15% at T=900 K� is
located in the vacancies. Although this fraction is small in
terms of the solubility of hydrogen in Al and plays no role in
the enhanced vacancy formation mentioned above, it has dis-
tinct consequences for the diffusion of hydrogen impurities
through the Al crystal.

An approximate expression to describe the impact of trap-
ping on hydrogen diffusivity was derived by Oriani.32 Re-
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FIG. 5. �Color online� Vacancy concentration �in units per lattice site� in �a� Al and �b� Mg as a function of the hydrogen chemical
potential �upper plots� and as a function of the pressure of H2 gas �lower plots� for temperatures T=300, 600, and 900 K �blue, green, and
red lines, respectively�. The solid lines show the total vacancy concentration cVtot

, taking hydrogen-vacancy interactions into account �see Eq.
�9��. The dashed lines show the vacancy concentration in the absence of hydrogen-vacancy interactions. For convenience the horizontal axis
showing the chemical potential has been shifted so that �H=0 corresponds to half of the chemical potential of a H2 molecule at T=0 K.
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FIG. 6. �Color online� Average number of hydrogen atoms, nH,
trapped in the vacancies of �a� Al and �b� Mg. The plots show nH as
a function of the hydrogen chemical potential for temperatures T
=300, 600, and 900 K �blue, green, and red lines, respectively�. For
convenience the horizontal axis showing the chemical potential has
been shifted so that �H=0 corresponds to half of the chemical po-
tential of a H2 molecule at T=0 K.
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writing the expressions from Ref. 32 in terms of hydrogen
concentrations and trapping energies leads to

Dtrap =
Dlat

1 +
cHV

cHtot

exp�Etrap

kBT
� . �17�

Here Dtrap is the diffusivity considering the presence of traps
and Dlat is the bulk diffusivity in the absence of traps. Sub-
stituting the trapping energy and the hydrogen concentration
ratios for Al we find, in agreement with the previous theo-
retical work of Ref. 9, that the diffusivity of H in Al is
reduced by more than one order of magnitude at tempera-
tures as high as 900 K, for any hydrogen chemical potential,
i.e., at any hydrogen charging conditions. For Mg, in con-
trast, the vacancy trapping effect is negligible for low hydro-
gen chemical potentials since the fraction of hydrogen
trapped in vacancies is less than 1% at these charging con-
ditions.

The ratio cHV
/cHtot

may in this context be understood as
the probability for an individual H atom, from a reservoir of
H atoms dissolved in the host metal, to be trapped in a
vacancy. To understand the differences between Mg and Al
in this respect we have derived a simple, approximate ex-
pression for the trapping probability at low hydrogen chemi-
cal potentials �H
�H

c . For the derivation we have intro-
duced two approximations. First, we assume that the total
concentration of hydrogen trapped in vacancies, cHV

, is given
by the concentration of hydrogen-vacancy complexes con-
taining one hydrogen, cV+H. This approximation is well

justified since for �H
�H
c we have Ef�V+ �n+1�H,�H�

�Ef�V+nH,�H�. Thus,

cHV
� cV+H = S�1�exp�−

Ef�V� + Ef�Td,�H� − �Etrap�1��
kBT

� .

�18�

Second, we exploit the fact that although up to 15% of the
hydrogen is trapped in vacancies in Al for low �H at T
=900 K, still at least 85% of the hydrogen is located at
interstitial sites for �H
�H

c �Fig. 7�. In the case of Mg, the
fraction of interstitial H at low �H is even larger. Using the
fact that cH /cHV

	1, we approximate cH /cHV
+1�cH /cHV

.
Using the two approximations we can rewrite the trapping
probability as

cHV

cHtot

= �1 +
cH

cHV

�−1

�
cHV

cH
�

cV+H

cH
. �19�

Substituting Eqs. �13� and �18� into Eq. �19� yields

cHV

cHtot

�
S�1�

2
exp�−

Ef�V�
kBT

exp� �Etrap�1��
kBT

 . �20�

According to Eq. �20�, at low �H the trapping probability
of an individual H atom is independent of the formation
energy of interstitial hydrogen in the metal and thus indepen-
dent of the hydrogen chemical potential. Equation �20� fur-
ther reveals that the trapping probability is proportional to
the vacancy concentration and to a Boltzmann factor involv-
ing the absolute value of the trapping energy. The fact that
the trapping probability is significantly higher in Al than in
Mg can thus be explained by the higher �absolute� value of
the trapping energy and the �slightly� lower formation energy
of vacancies in Al.

IV. SUMMARY

We have shown that single vacancies in the host metal can
host up to nine H atoms in Mg and ten in Al, not 12 as
recently reported in the case of Al.8 This difference can be
attributed to a more appropriate definition of the trapping
energy, at variance with the previous work.8 In principle
multiple H atoms can therefore be trapped in a vacancy;
however, in practice incorporating more than one hydrogen
atom into a vacancy requires extremely high hydrogen con-
centrations, which in turn can only be achieved at very high
values of the hydrogen chemical potential.

Indeed, we find that the character of the hydrogen-
vacancy interaction and the likelihood of trapping multiple H
atoms strongly depends on the amount of hydrogen dissolved
in the metal �which is dictated by the hydrogen chemical
potential� and on the ratio of the concentration of hydrogen
to the concentration of naturally occurring vacancies in the
host metal.

Our analysis reveals fundamental differences for the char-
acteristics of the H-vacancy interaction between Al and Mg.
In Al, trapping of multiple H atoms in vacancies and the
various processes related to it �such as H-enhanced vacancy
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FIG. 7. �Color online� Fraction of hydrogen trapped in vacan-
cies for �a� Al and �b� Mg. The plots show the ratio cHV

/cHtot
as a

function of the hydrogen chemical potential, for temperatures T
=300, 600, and 900 K �blue, green, and red lines, respectively�. cHV
is the concentration of H trapped in vacancies �Eq. �14�� and cHtot

is
the total hydrogen concentration �Eq. �12��. For convenience the
horizontal axis showing the chemical potential has been shifted so
that �H=0 corresponds to half of the chemical potential of a H2

molecule at T=0 K.
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formation and possible vacancy clustering� occur only for
relatively high hydrogen chemical potentials ��H��H

c

�0.4 eV�, which would require H2 gas at a pressure of 10
GPa or a hydrogen plasma. In Mg more moderate conditions
are sufficient, corresponding to a hydrogen chemical poten-
tial �H��H

c �0.1 eV, which corresponds to an H2 gas pres-
sure of 1 GPa. The difference is attributed to the fact that
more hydrogen is dissolved in Mg than in Al at a given
chemical potential and thus the hydrogen concentration in
Mg exceeds the vacancy concentration by several orders of
magnitude.

Nonetheless, in Al a small fraction �up to 15%� of H
atoms is trapped in single-H-vacancy complexes already at
low hydrogen chemical potentials. This trapping effect slows
down the diffusion of H atoms through the Al lattice by more

than an order of magnitude. This effect is not found for Mg,
mainly because in Mg the �absolute� value of the trapping
energy is smaller than in Al.
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