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Hydrogen in aluminum: First-principles calculations of structure and thermodynamics

C. Wolverton
Ford Research and Advanced Engineering, MD3083/SRL, Dearborn, Michigan 48121-2053, USA

V. Ozoliņš
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Despite decades of study, several key aspects of the Al-H system remain the subject of considerable debate.
In an effort to elucidate some of these unknowns, we perform a systematic study of this system using first-
principles density-functional calculations. We show that generalized gradient approximation~GGA! calcula-
tions provide an accurate picture of energetics, phase stability and structure, diffusion, and defect binding in the
Al-H system. A series of calculations for hydrides in theM-H systems~M5Al, Ba, Ca, K, Mg, La, Li, Na, Ni,
Pd, Sc, Sr, Ti, V, and Y! also shows that the GGA calculations are a quantitatively accurate predictor of hydride
formation energies. For Al-H, we find:~i! In agreement with experiment, the observed metastable hydride,
AlH3 is found to have a small, negative formation enthalpy at ambient conditions, but a strongly positive
formation free energy.~ii ! Linear response calculations of AlH3 yield vibrational frequencies, phonon densities
of states~DOS!, and heat capacities in excellent agreement with experimental measurements, and suggest the
need for a reinterpretation of measured phonon DOS.~iii ! Atomic relaxation and anharmonic vibrational effects
both play an important role in the tetrahedral versus octahedral interstitial site preference of H in Al.~iv! The
calculated heat of solution of H in the preferred tetrahedral site is large and positive~10.71 eV!, consistent
with experimental solubility data and with Al as an endothermic hydrogen absorber.~v! Interstitial H interacts
strongly with Al vacancies (h), with a calculated H-h binding energy of 0.33 eV.~vi! In the absence of
vacancies, the calculated migration energy of H between the tetrahedral and octahedral interstitial sites is 0.18
eV, but for H migrating away from an Al vacancy, the migration energy increases to 0.54 eV. Vacancy trapping
of H can therefore provide an explanation for observed disparate H migration barriers.

DOI: 10.1103/PhysRevB.69.144109 PACS number~s!: 81.30.Bx, 66.30.2h, 61.72.Bb, 61.72.Ji
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I. INTRODUCTION

The subject of hydrogen in metals is a classic scient
problem as well as being technologically relevant due to
impact hydrogen can have on a material’s properties.1–6 The
impact can be beneficial, as in the case of hydrogen stor
but hydrogen in materials is probably more famous as a
eterious addition, e.g., hydrogen embrittlement. Hydrog
also induces porosity and hence limits fatigue life in c
aluminum alloys due to the large solubility difference of H
liquid and solid aluminum.7,8 Models of H-induced porosity
in Al and its alloys9,10 rely on quantities such as hydroge
solubility and diffusion which are still a subject of conside
able debate, even in pure Al. Thus, in addition to being
model physical system for H in metals, understanding H
Al and Al alloys is of considerable importance for a varie
of applications.

There is a wealth of experimental and previous theoret
work on H in Al ~see, e.g., work cited in Refs. 7,8,11!. How-
ever, even for many basic structural, energetic, and kin
properties of this system, consensus is lacking and o
questions still remain.

~1! Site preference: Hydrogen is well known as an inter
stitial impurity in many metals. Although the site preferen
for H in fcc metals is typically in octahedral (Oh) interstices,
one experiment on the Al-H system suggests that the te
0163-1829/2004/69~14!/144109~16!/$22.50 69 1441
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hedral (Td) site is preferred12 whereas theoretical studies o
H in Al have suggested preferredTd ,13–15Oh ,16–18and even
substitutional19,20 sites.

~2! Dilute heat of solution: Measurements of the dilute
heat of solution21–25are typically in the range10.6 to10.7
eV. However, calculations of this quantity range from11.3
eV ~Ref. 13! to 20.2 eV.15

~3! Diffusion and H-vacancy binding: The solubility of H
in solid Al is extremely low~with atomic H/Al fractions in
the range of 1026 to 1028), thus hampering accurate diffu
sion measurements. The diffusion measurements there
show a significant scatter, and although many measurem
show an activation for diffusion between 0.4 and 0.6 eV~see
Ref. 26 and references therein!, a recent study27 has pro-
posed that the activation is much lower~0.17 eV!, with the
discrepancy being due to binding or trapping sites for H.
explain various aspects of diffusion measurements, a sig
cant H-vacancy binding has been suggested by some13,27–31

but dismissed by others.26

We thus assert the need for a reexamination of the c
flicting theoretical and experimental claims concerning
structure and phase stability of H in Al within a comprehe
sive, state-of-the-art, first-principles analysis. Given the c
tradictory nature of previous calculations, it is clear that a
analysis of this type must include a critical assessment of
accuracy of the computational methods employed. In t
©2004 The American Physical Society09-1
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TABLE I. Convergence tests of VASP-GGA static~no vibrations! calculations on H in Al. All energies are
in eV: dE(Td2Oh) is the energy difference between hydrogen in tetrahedral and octahedral inter
@dE(Td2Oh),0 indicates that tetrahedral sites are favored.# DEimp is the T50 energy of the hydrogen
impurity in Al, relative to bulk Al and a H2 molecule. Only GGA results are shown here, though LD
exihibited similar convergence properties.

Convergence test Cell size Ecut ~eV! k points dE(Td2Oh) DEimp

k points 32 237 83838 20.14 10.56
32 237 16316316 20.13 10.69
32 237 24324324 20.12 10.69

Energy cutoff 32 237 16316316 20.13 10.69
32 350 16316316 20.13 10.69

Cell size 32 237 16316316 20.13 10.69
64 237 83838 20.13 10.70
108 237 83838 20.15 10.71
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paper, we investigate issues related to site preference, he
solution, diffusivity, and vacancy binding of H in Al. In orde
to test the applicability of these calculations to the Al-H sy
tem, we have also considered the phase stability of the
ported metastable AlH3 hydride, as well as Al-H in severa
commonly occuring~but unreported in the Al-H system! hy-
dride structures. Also, as a more general test of fi
principles methods to metal-hydrogen phase stability,
have performed a series of calculations for metal hydr
formation energies, and compared our results with exp
mental values. Our calculations are based on dens
functional theory, both in the local-density~LDA ! and gen-
eralized gradient approximations~GGA!. We demonstrate
that GGA calculations provide an accurate and consis
picture of the structure and energetics of the Al-H system

II. METHODOLOGY

Our electronic-structure calculations are based on den
functional theory~DFT!,32,33 with core-electron interaction
described by ultrasoft pseudopotentials,34,35 as implemented
in the highly efficientVASP code.36–39 For exchange correla
tion, we use both the LDA with the exchange-correlati
functional of Ceperley and Alder,40,41 as well as the GGA of
Perdew and Wang.42 We solve the Kohn-Sham equations
eratively, and unless otherwise mentioned, we optimize
atomic positions, cell shape, and cell volume using eithe
conjugate gradient or Newton-Raphson algorithm. We
pand the one-electron wave functions in a plane-wave b
with an energy cutoff as large as 350 eV, although conv
gence tests~described below! indicate that 237 eV~5 17.5
Ry! is a sufficient cutoff to achieve highly accurate ener
differences. Extensive tests ofk-point sampling using
Monkhorst-Pack43 k-point meshes~using from 83838 to
24324324 grids! indicate that total energies for all cells a
converged to within;0.01 eV. We employ a Fermi smea
ing of the electronic occupancy with a fictitious electron
temperature of 0.05 eV. For the ordered hydride structu
we use primitive unit cells~2–24 atoms!, whereas for the
description of H impurities, we construct supercells conta
ing 32, 64, and 108 Al-atom sites.

Table I gives convergence properties of the impurity c
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culations with respect to energy cutoff,k-point sampling, as
well as supercell size. We find that a relatively modest
ergy cutoff ~237 eV! and supercell size~32 Al atoms! pro-
duce converged energetic results, provided that an extrem
densek-point mesh (16316316) is used. Our finding of the
necessity of using a densek-point mesh in computing defec
properties in Al is consistent with similar conclusions fro
previous work.44,45

For the migration energy calculations, we exploit the ve
high symmetry of the problem. We simply place the hydr
gen between theTd andOh positions at the distance of clos
est approach to Al, and subsequently relax all atomic po
tions ~but not cell vectors! with a Newton-Raphson
algorithm. Using this approach, the system always conver
to a geometry with an energy higher than either theTd or Oh
positions, with the converged position of the hydrogen nea
midway between the high-symmetry positions.

Zero-point effects were included in many of the resu
presented here. Vibrational properties of H interstitials w
obtained using two distinct methods:~i! calculation of a full
dynamical matrix using the frozen phonon approach, and~ii !
a more simplistic Einstein model for localized H modes. U
ing the frozen phonon approach,46 we study theq50 phonon
states of 32-atom supercells. For each cell, all symmetry
equivalent rows of theq50 dynamical matrix were deter
mined, with the remaining rows given via standa
symmetry-group transformations.47 Individual elementsDab

i j

of the q50 dynamical matrix are proportional to the forc
acting on the atomi along the Cartesian directiona if the
atom j is displaced by a small amount along the directionb,
Fa

i 52AMiM jDab
i j ub

i . For each symmetry-inequivalen
choice ofub

i , the forcesFa
i were obtained for a set of nin

evenly distributed displacements around the equilibrium
sition, fromub

i 520.04 Å toub
i 510.04 Å. The calculated

Hellman-Feynman forces were fit using third-order splin
and the linear terms were used to extractDab

i j .
In the Einstein model, vibrational frequencies are det

mined from the energy-versus-displacement curves of H
oms alone. The total energies are calculated using the
32-atom supercell, and thus include contributions from
atoms. An approximation is made for phonon eigenvect
9-2
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where one assumes that Al atoms are essentially static
cannot participate in vibrations at the frequencies of loca
modes. Due to the large disparity in atomic masses of H
Al and clear separation of high-frequency H modes from
phonons, this is usually a very good approximation. T
movement of Al atoms can be taken into account appro
mately by substituting the H atomic mass with an effect
reduced mass 1/m5(1/mH)1(1/nmAl), wheren is the num-
ber of Al atoms participating in the mode. For vibrations
theOh site, for instance, one could assume that H vibratio
are essentially those of H in a linear triplet of atoms Al-H-A
in which case n is approximately 2, resulting inm
;0.98mH . Thus, usingm instead ofmH produces only a 1%
correction to the frequency; due to uncertainties involved
determining the appropriate value ofn, we have neglected
this small correction and usedm5mH everywhere. Compari-
son of the frozen-phonon and Einstein models allows on
determine the accuracy of the latter approach, which is fo
to be very good, as discussed below in Sec. IV B.

In a few cases~particularly for octahedral interstitial po
sitions!, the calculated potential-energy wells were quite fl
and the corresponding vibrational frequencies were q
low. These observations raise the possibility of import
anharmonic contributions to the vibrational energies. Anh
monic effects were investigated within the Einstein model
considering larger displacements along the^100&, ^110&, and
^111& directions, and fitting the potential energy to a fun
tional form of Td or Oh symmetry

V~x,y,z!5
k

2
~x21y21z2!1a~x41y41z4!

1b~x2y21y2z21x2z2!1dxyz, ~1!

whered50(Þ0) for theOh (Td) site symmetry. The coef
ficientsk, a, b, andd were fit to the calculated energetics o
to 0.4 Å displacements. The three-dimensional~3D! Schrö-
dinger equation was then solved numerically for the poten
of Eq. ~1! using an expansion in the eigenfunction basis
the harmonic oscillator. A perturbative approach was a
attempted, but in several cases, the anharmonic zero-p
effects were found to be quite large and the potentials w
so strongly anharmonic that perturbation theory on the h
monic oscillator results was not meaningful~a full numerical
solution was required!.

Finally, vibrational properties of ordered compounds we
determined using the density-functional linear-respo
method. Details of this approach have been described in
vious publications.48 Here we only mention that a Troullier
Martins-type H pseudopotential was generated using a cu
radiusr cs50.4 bohr.

For each of the above computational approaches, a va
of vibrational properties~e.g., vibrational entropy, root
mean-square displacement of atoms, etc.! can be extracted
from calculated phonon wave functions, frequencies,
modes, using standard expressions.47
14410
nd

d
l
e
i-

s

n

to
d

,
te
t
r-
y

-

l
f
o
int
re
r-

e
e
e-

ff

ty

d

III. RESULTS: METAL HYDRIDES

A. Al hydride, AlH 3 : TÄ0 static energetics

Although aluminum has no stable hydrides~at low pres-
sures!, there have been several reported metastable hydr
Turley et al.49 reported five crystalline forms of nonsolvate
aluminum hydride, and found the crystal structure of the o
which they classify as ‘‘most stable,’’ AlH3. This compound
is trigonal~space groupR3̄c) with eight atoms per primitive
unit cell. A comparison of the first-principles calculated a
experimental structural parameters of AlH3 is given in Table
II. Typically, LDA calculations of crystalline compounds un
derestimate lattice parameters with respect to experimen
;1 –2% whereas GGA calculations may overestimate
similar amount. However, this compound is not typical in t
sense that it is a hydrogen-rich solid, and therefore the ty
cal errors of DFT calculations may not hold. We see fro
Table II that the LDA lattice parameters of AlH3 are under-
estimated by a few percent, as is typical. The GGA calcu
tions are significantly closer to experiment, but still slight
underestimate the lattice parameters. The level of agreem
between the calculated and experimental results indic
that first-principles methods seem to be reasonably accu
for the Al-H system, and that GGA may be more accur
than LDA for this system.

In order to test the generality of these conclusions,
also compare in Table II the LDA/GGA calculated static50

lattice constants of several fluorite- and rocksalt-based
drides with experiment. We include both present results~see
below! and also some recent calculations of hydrides us
both LDA ~Ref. 51! and GGA.52 The comparison for ScH2,
TiH2 , VH2, and NiH indicate the same trends that we

TABLE II. Comparison of first-principles calculated~LDA and
GGA! and experimental structural properties of AlH3 as well as
some fluorite and rocksalt hydrides. Lattice constants (a,c) are in

Å, andxH is the cell-internal position for H~space groupR3̄c). DE
is the formation energy@Eq. ~2!# of the AlH3 hydride in eV/atom.
Unless otherwise indicated, calculated results are from the pre
work. Note that zero-point effects are not included in the calcula
results in this table. All calculated results from the present work
this table are calculated usingEcut5350 eV.

Hydride Property LDA GGA Expt.

AlH3 a 4.25 4.42 4.449a

c 11.66 11.80 11.804a

c/a 2.74 2.67 2.653a

xH 0.663 0.634 0.628a

DE 20.134 20.039 20.030b

ScH2 a 4.69c 4.80 4.78d

TiH2 a 4.34c 4.43 4.44d

VH2 a 4.13c 4.22, 4.22e 4.27d

NiH a 3.64c 3.73 3.72d

aReference 49.
bReference 53—formation enthalpy at ambient conditions.
cReference 51.
dReference 6.
eReference 52.
9-3
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found for AlH3. LDA underestimates the lattice paramete
~sometimes significantly!, GGA is closer to experiment, ei
ther slightly underestimating or overestimating the lattice
rameter.~We note that although the energetic properties
Table I were converged with an energy cutoff of 237 e
converged structural properties require a larger cutoff,
hence, all of the results in Table II were calculated usin
cutoff of 350 eV; all other results in the present work a
calculated usingEcut5237 eV.!

In addition to the structural properties of AlH3, we have
also investigated the phase stability of this and other~hypo-
thetical! Al-H compounds. We have computed the energe
of Al-H in several commonly occuring hydride structure
AlH ~rocksalt and zincblende!, AlH2 ~fluorite and rutile!, and
AlH3 (AlH3 and YH3). The calculated formation energie
are shown in Fig. 1. All of the hydrides are quite unsta
with respect to decomposition (DE.0) except for the ob-
served AlH3 phase, which has a small, but negativeDE. DE
is the energy of the AlpHq hydride relative to pure Al and an
isolated H2 molecule:

DE~Al pHq!5
1

p1q FE~Al pHq!2pEfcc~Al !2
q

2
E~H2!G .

~2!

~Analogous expressions exist for other quantities, e.g.,
formation entropyDS, or formation free energyDG.! Al-
though both LDA and GGA show the observed AlH3 com-
pound as lower in energy than any of these other compe
structures, the quantitative energies differ: GGA givesDE
520.039 eV/atom, while LDA gives DE520.134
eV/atom.

The energetics of LDA vs GGA in Fig. 1 for Al-H look
similar, except for a composition-dependent ‘‘shift.’’ In Fig
1~c!, we illustrate this observation by shifting the LDA en
ergy of the H2 molecule in Eq.~2! by 0.25 eV/H2. We call
these shifted-LDA results LDA* . The value of the energy
shift is chosen so as to bring the LDA* value ofDE(AlH3)
into agreement with GGA. This simple shift of the LD
results brings all of the LDA* energies into much bette
agreement with the GGA results. This comparison indica
that the majority of the difference inDE between LDA and
GGA results from the description of the H2 molecule. Below,
we quantitatively compare the values ofDE of AlH3 with
experimental calorimetry results and confirm the accurac
the GGA results.

Another way to see the extent to which the descript
of the H2 molecule is responsible for the LDA/GGA
differences is to consider energy differences for which
energy of H2 does not appear. For instance, the energ
difference between the two structures at AlH3 same com-
position is independent of the calculated energy
H2:dE(AlH32YH3-type)520.11 ~LDA ! and 20.14
~GGA! eV/atom. These numbers are much more similar th
the LDA/GGA difference betweenDE(AlH3).

B. Al hydride, AlH 3: Vibrations and thermodynamics

Vibrational properties of AlH3 were obtained using the
DFT linear-response formalism within the LDA. The calc
14410
-
n
,
d
a

s

e

g

s

f

n

e
ic

f

n

lated phonon density of states~DOS! is given in Fig. 2. We
find that the phonon modes of AlH3 are grouped in three
frequency regions:~i! low-frequency vibrations of Al atoms
below 50 meV~three acoustic and three optical branche!,

FIG. 1. First-principles calculated formation energiesDE @Eq.
~2!# of ordered Al-H hydrides using~a! GGA, ~b! LDA, and ~c! a
modified LDA in which a constant is added to the energy of the2

molecule to make the formation energy of the AlH3 phase equal to
the GGA-calculated value. Open circles represent the experime
results of Ref. 53. From the similarity of results in~a! and ~c! one
can see that a large portion of the difference between LDA
GGA for the Al-H system lies simply in the energy of the referen
molecule, H2. Note that zero-point effects are not included in t
energetics of this figure.
9-4
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~ii ! rotational motions and H-Al-H bond-bending deform
tions of corner-sharing AlH6 octahedra between 50 and 12
meV ~12 modes!, and ~iii ! Al-H bond-stretching motions o
H above 175 meV~six modes!. Comparison with inelastic
neutron scattering~INS! data obtained from AlH3 powders54

shows a good agreement for the positions of the main pe
for the first two groups of phonon modes~up to 125 meV!.
The experimental data of Ref. 54 was analyzed using a
quency cutoff below 140 meV; peak structure in the IN
spectra at higher energies was attributed to two-phonon
higher scattering processes. Our results cast doubt on
analysis, since we find additional phonon states above
meV, corresponding to Al-H stretch modes. Closer exami
tion of the raw INS data in Ref. 54 clearly shows addition
two-peak structure at 200 and 240 meV, which matches v
well with our calculated positions of high-frequency peaks
Fig. 2. Reinterpretation of the experimental INS data usin
more accurate model of lattice dynamics would be very
teresting. Calculated frequencies of zone-center mo
which can be accessed by infrared and Raman scatte
techniques, are given in Table III, together with the calc
lated high and low-frequency dielectric constants. These
ues have not yet been measured experimentally.

The vibrational enthalpy and free energy were evalua
from the directly calculated phonon frequencies using
regular 83838 grid of wave vectors. The calculated valu
of the T50 K vibrational enthalpy is Hvib

0 (AlH3)
51161 meV/atom. Using the calculated LDA linea
response values ofHvib

0 (Al) 5140 meV/atom andHvib
0 (H2)

51130 meV/atom, we find that zero-point vibration
destabilize the AlH3 compound by DHvib

0 (AlH3)
5153 meV/atom. We note that the size of this energe
effect is rather large, overwhelming the GGA-calculated f
mation energy.55 At T5300 K the vibrational enthalpy is es
sentially unchanged:DHvib

T5300 K(AlH3)5156 meV/atom.56

Subtracting the enthalpy ofH2 gas,7
2 kBT per H2 molecule,57

we obtain that atT5300 K dynamical~vibrational and ki-
netic energy! contributions to the formation enthalpy o
AlH3 give DHdyn

T5300 K(AlH3)5121 meV/atom. Adding
these dynamical contributions to the static energies ab

FIG. 2. Calculated phonon density of states~DOS! in trigonal
AlH3, obtained using the LDA and experimental structural para
eters. Phonon frequencies were calculated on a regular 83838
mesh of wave vectors and their contributions to the total DOS w
represented by Gaussians of width 25 cm21.
14410
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yields DHLDA
T5300 K52113 meV/atom and DHGGA

T5300 K

5218 meV/atom. We note in the latter case, the~LDA cal-
culated! positive dynamical contributions largely cancel th
slightly negative static formation energy predicted by t
GGA.

We next turn to a quantitative comparison ofDH with
experimental calorimetric results. Sinkeet al.53 performed
calorimetric measurement of the heat of formation of AlH3.
At room temperature, the AlH3 phase is thermodynamicall
unstable with respect to decomposition into Al and H2,53

however, these authors found a very small but negative
mation enthalpy, DH520.03060.002 eV/atom. One
should note that this formation enthalpy is extremely sm
and thus the agreement between these values from calo
etry and our GGA calculated value ofDHGGA

T5300 K

520.018 eV/atom is quite reasonable~it is well within the
expected accuracy for these types of calculations!. Thus, the
formation enthalpy of AlH3 gives another indication tha
GGA provides a more accurate description of Al-H than do
the LDA.

Sinkeet al.53 also determined the heat capacity of AlH3 ,
Cv . For an insulator at ambient conditions,Cv is given by
the harmonic vibrational contribution, which can be eas
evaluated from the calculated phonon DOS of AlH3. The
result of this calculation is shown in Fig. 3, demonstrati
that the average phonon frequencies, and thus their contr

-

re

TABLE III. LDA linear-response calculations of the zone-cent
phonon frequencies~in cm21) in bulk AlH3 at the experimental
structural parameters. Only infrared-active modes have distinct
gitudinal optical~LO! and transverse optical~TO! frequencies. The
independent components of high- and low-frequency dielectric
sors are calculated to bee i

`55.0, e'
`54.8, e i

0514.3, ande'
0

510.0 for directions parallel and perpendicular to the trigonal a
respectively. Electronic bonding is predicted to be highly ionic,
indicated by the eigenvalues of Born effective charges:Zeff

i (Al)
512.81, Zeff

' (Al) 512.6160.55i , Zeff
i (H)521.43, Zeff

' (H)
520.62, where ‘‘i ’’ and ‘‘' ’’ refer to the trigonal axis.

Symmetry nTO nLO

IR-active modes
Eu 286 293
A2u 512 777
Eu 583 635
Eu 851 1008
A2u 1650 1833
Eu 1687 1836
Raman-active modes
Eg 490
A1g 812
Eg 993
Eg 1481
Silent modes
A1u 345
A2g 751
A1u 921
A2g 1903
9-5
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tions to thermodynamic functions, are given accurately
the LDA linear-response method.

To this point, we have only considered the energies
enthalpies of aluminum hydrides. Of course, the actual
served metastability of AlH3 is governed by free energy, in
cluding entropic effects. In particular, the free energy of
H2 molecule is dramatically effected by entropic effects
finite temperatures. To get the more realistic free energy
H2, the first-principles value of theT50 H2 molecule can be
supplemented with the standard enthalpy and entropy of2
gas~e.g., see Ref. 58!

G~H2!5Efirst-principles~H2!1 7
2 kBT2TSexpt~H2!, ~3!

where Sexpt(H2)5130.684 J/K mole of H2 at STP
(;15.7kB /H2). @Combining GGA-calculatedT50 molecu-
lar energies with standard entropies has been used previo
to successfully describe the energetics of the dehydratio
HAlO2 into g-Al2O3.59# In addition to the entropic contribu
tions due to the H2 gas, there are also vibrational entrop
contributions due to the solid-state phases. The fi
principles calculated vibrational entropy of formation
AlH3 at T5300 K is

DSvib
300~AlH3!5 1

4 @Svib
300~AlH3!2Svib

300~Al !1 3
2 Svib

300~H2!#

50.2 kB /atom.

This is a small contribution in comparison with the entro
of the gas of H2 molecules. Using this vibrational contribu
tion along with Eq.~3! as the energetic reference of H2 ~with
the very small vibrational entropy contribution of H2 re-
moved, so as to avoid double counting this term!, our GGA
calculated value ofDHGGA

T5300 K520.018 eV/atom at room
temperature becomesDGGGA

T5300 K510.129 eV/atom, indi-
cating that the AlH3 phase, while possessing a slightly neg
tive DH, is unstable with respect to decomposition at roo
temperature. This positive formation free energy is in exc
lent agreement with both the observed metastability of
compound, and with the free energy of formation at roo
temperature and pressure measured by Sinkeet al., DG(T
5300 K)510.12060.025 eV/atom. We summarize all o
the calculated thermodynamics of AlH3 in Fig. 4.

FIG. 3. Comparison of the calculated~solid line, evaluated using
the phonon DOS in Fig. 2! and measured~symbols, calorimetry
data from Ref. 53! heat capacitiesCv of AlH3.
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Lattice expansion due to anharmonic zero-point effe
also appears to be sizable. We have calculated the chang
the LDA phonon frequencies upon~i! an isotropic expansion
of linear lattice dimensions by 1.2%,~ii ! volume-conserving
change in thec/a ratio by 1.5%, and~iii ! 1.7% change in the
reduced coordinate~x! of H atoms. The resulting changes
the vibrational free energies were expressed as linear fo
of these three independent structural parameters. As
pected, volume change had the largest relative effect on p
non frequencies, followed by the change in H coordina
while change in thec/a ratio had hardly any effect on th
calculated free energies. The static lattice energy was ca
lated at a series of small finite differences around the L
equilibrium value and fitted by a quadratic form involvin
three independent variables and six unknown coefficie
The total free energy was minimized as a function of te
perature, yielding the equilibrium structural parameters
cluding quasiharmonic vibrational effects. We found that t
lattice parameter changes byda(T50 K)/a51.3% and
da(T5300 K)/a51.4% at T50 and 300 K, respectively
Almost all of the increase in the lattice parameter is due
large zero-point energy effects, raising an interesting po
bility that lattice parameters of metal hydrides may be s
stantially affected by zero-point effects. We note that add
these~LDA calculated! lattice expansion effects to the GG
calculated structural properties of AlH3 ~Table II! yields lat-
tice parameters that are slightly larger than experiment,
uncommon in GGA calculations.

C. Structure and stability of other metal hydrides

In the condensed-matter physics community, previo
studies using DFT-based methods have shown that forma

FIG. 4. First-principles calculated thermodynamics,DE, DH,
andDG of AlH3. The calculated results ofDE are given by LDA
and GGA first-principles total energies of the staticT50 K forma-
tion energy.DH at ambient conditions is given by a combination
the values ofDE, supplemented by dynamic contributions: vibr
tional energies from~LDA ! linear-response calculations, and kinet
energy considerations of the H2 gas. The values ofDG ~ambient
conditions! are obtained by adding the entropic contributions
DH, vibrational entropies are calculated via first-principles~LDA !
linear-response calculations, and the entropy of H2 is given from
standard equations of state for the gas phase. Also shown ar
experimental results of Sinkeet al. ~Ref. 53!, demonstrating the
high accuracy of the GGA calculated thermodynamics.
9-6
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TABLE IV. Comparison of present first-principles~VASP-GGA! energies and measured enthalpies
formation for several metal hydridesMHq . The energy of formation is defined asDE(MHq)5E(MHq)
2@E(M )1(q/2)E(H2)#. All energies given in kJ/0.5 mol H2 . (1 kJ/mole[10.36 meV.) All experimental
values are enthalpies and are referenced and discussed in more detail in Ref. 5, except where indica
that zero-point effects are not included in the calculated results in this table.@All calculated results were
performed using a cutoff energy of 237 eV, and are fully relaxed with respect to all cell-externa
cell-internal degrees of freedom. As a test of convergence of these energies, a few hydride formation e
are also shown, in parentheses, with a larger cutoff of 350 eV, yielding only small differe
(&1 kJ/0.5 mol H2) with the lower cutoff calculations.#

Compound Structure GGA (DE) Expt. (DH)

AlH3 AlH3 24.2 (25.0) 23.9 a, 215.3b

BaH2 CoSi2 271 288.5b

CaH2 CoSi2 286 291.8b, 292.0c,285.1c

KH NaCl 241 257.7b, 257.3, 259.1, 263.4, 257.8
MgH2 TiO2 232 237.6b, 233.5, 237.2, 232.9
LaH2

f CaF2 295 295.6
LaH3

f BiF3 278
LiH NaCl 287 290.5b, 290.4, 289.3, 290.6
NaH NaCl 243 256.3b, 256.9, 256.4
NaAlH4

g NaAlH4 216 218.5d

Na3AlH6
g a-Na3AlH6 225 223.5d

NaH NaCl 243 256.3b, 256.9, 256.4
NiHx NaCl 27.5 (27.5) 25.0, 24.4, 28.2, 24.5
PdHx NaCl/A2B2 218 219.2
ScH2 CaF2 2100 (2100) 2129, 2100.5
SrH2 Co2Si 284 290.2b, 299.6c

TiH2 CaF2 276 (275) 262.6, 272.2, 266.5, 265.2
V2H b1-V2H 242 240.6
VH2 CaF2 233 (232) 219.1
YH3 YH3 279 279.8e

YH2 CaF2 2105 2105.0e

aReference 53.
bReference 62.
cReference 6.
dReference 63.
eExtrapolated to zero temperature.
fPAW ~GGA! potentials used for La-H calculations.
gFor sodium alanates, the reactions considered are 3NaAlH4→Na3AlH612Al13H2 and Na3AlH6→3NaH
1Al1 3

2 H2.
r
e

ow
s

e
e

w
d
.
o

s

t-
av

r
-

,

tinct

e

ture
fer-
re

all

-

energies betweensolid-state constituentsare often quantita-
tively accurate. For instance, see Fig. 1 of Ref. 60 fo
comparison between DFT and experimental formation en
gies for a series of Al-based intermetallic compounds, sh
ing a typical agreement to within 1 or 2 kJ/mol of atom
However, it is well known in the chemistry literature~see,
e.g., Ref. 61! that DFT methods typically do not provid
quantitatively reliable heats of formation for reactions b
tween atomic and molecular constituents. In the present
work, we have a situation somewhat intermediate in that
are concerned in Eq.~2! with a reaction between one soli
and one molecular constituent, producing a solid hydride

Hence, one would like to understand whether the go
agreement between first-principles and calorimetric value
formation energies/enthalpies for the AlH3 compound is ac-
cidental, or an indication of a more general validity of firs
principles methods for hydride systems. To that end, we h
14410
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computed the static,T50 formation energies of several othe
metal hydrides. In addition to AlH3, we have computed val
ues of DE @Eq. ~2!# for hydrides in theM-H systems,M
5 Al, Ba, Ca, K, Mg, La, Li, Na, Ni, Pd, Sc, Sr, Ti, V, and Y
as well as the sodium alanates, NaAlH4 and Na3AlH6. The
crystal structures of these hydrides encompass ten dis
crystal structures: rutile, rocksalt, fluorite, YH3-type,
AlH3-type, Co2Si-type, b1-V2H, BiF3-type, NaAlH4, and
a-Na3AlH6. ~Additionally for the Pd-H system, we hav
considered a PdH0.5 rocksalt-basedA2B2 ordered vacancy
compound, which has been observed in low-tempera
neutron diffraction experiments—see discussion and re
ences in Ref. 5.! These first-principles calculated energies a
compared with measured values ofDH in Table IV and Fig.
5. The first-principles formation energies are almost
within 10–15 kJ/mol of H (0.1–0.15 eV/H atom! of the ex-
perimentally determined enthalpies.~Whenever possible, ex
9-7
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C. WOLVERTON, V. OZOLIŅŠ, AND M. ASTA PHYSICAL REVIEW B 69, 144109 ~2004!
perimental numbers were taken from low or room
temperature experiments so as to minimize the distinc
between theory and experiment due to thePV andCV terms
in the enthalpy. However, some of these experimental n
bers are from as high as 1000 °C which is approximat
kBT;10 kJ/mol.! Given that zero-point and finite temper
ture effects are not considered in the calculated results,
agreement between first-principles calculated and exp
mental hydride energetics seems quite good across a
variety of structural types and local hydrogen coordinatio
This comparison gives us confidence in the applicability
our methods to these hydrogen/metal systems.

Although many previous reports of first-principles stud
of metal hydrides exist, only a few report formation energi
Consistent with the present work, these previous papers h
also generally found good agreement between first-princi
and experiment for alkali hydrides,64 NbH,65 Mg2NiH4,66

TiH2 and VH2,52 LaNi5H7,67 sodium alanates,68 as well as a
series of group I, II, and transition-metal hydrides.51 Miwa
and Fukumoto52 used GGA, but founda;10 kJ/0.5 mol H2
underestimate of the formation energies of TiH2 and VH2
with respect to experiment. These results are consistent
our calculated results for TiH2 and VH2. However, these
authors also calculated zero-point energies of the hydride
the order of 10 kJ and assert that the bulk of the discrepa
between experiment and GGA can be accounted for w
zero-point effects. Recently, Smithsonet al.51 have used
VASP within the LDA to study as series of metal hydrid
energetics. Many of the hydride energies in this paper se
to be ;0.25 eV/H2 lower than experiment. Interestingly,
appears as though these results are shifted with respe
experiment by a very similar amount to the ‘‘LDA shift

FIG. 5. Comparison of present first-principles~VASP-GGA! en-
ergies and measured enthalpies of formation for several meta
drides MHq . The energy of formation is defined asDE(MHq)
5E(MHq)2@E(M )1(q/2)E(H2)#. All energies given in kJ/0.5
mol H2 . (1 kJ/mole[10.36 meV.) For each hydride, experiment
enthalpy values in Table IV are averaged. Note that zero-point
fects are not included in the energetics of this figure.
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made in H2 that we deduced in the preceding section
reconcile LDA and GGA energies of AlH3.

IV. RESULTS: HYDROGEN IN ALUMINUM

Now that we have gained some confidence in the appl
bility of our first-principles methods to metal-hydrogen sy
tems, we return to the subject of H in Al. We have appli
our first-principles methods to studying the site preferen
vibrational states, dilute heat of solution, vacancy bindin
and diffusion of H in Al.

A. Site preference

The site preference of H has been the subject of m
previous investigations. Bugeatet al.12 implanted hydrogen
and deuterium in Al, and used channeling and nuclear an
sis experiments at 33 K to deduce an interstitialTd site pref-
erence. Aside from this one experimental determinati
most of the indication of site preference have come fr
computational studies. Unfortunately, these studies have
helped to clarify the situation. H in Al was a benchma
system for early studies for calculations of the electron d
sity ~both non-self-consistent and self-consistent! employing
approximate schemes for treating the metal lattice. Th
approaches include treating the metal lattice as jellium, i
perturbative manner, or by a spherical average of host
potentials. Some of these approaches found a preferredOh
occupancy,17,18 although others foundTd site preference,13,14

and some have even indicated a preference for the subs
tional position.19,20 Using an effective medium theory ap
proach, Puska and Niemenen69 found anOh site preference.
More recent work includes an embedded atom meth
study16 ~showing anOh preference! as well as first-principles
DFT-based studies.15,70 Reference 15 uses the LDA and in
dicates aTd preference of H, but does not consider the effe
of zero-point energies on the site preference. In sum,
theoretical studies of site occupancy of H in Al are cont
versial, and the only available experimental report seem
indicate aTd preference.

For our Td and Oh impurity calculations, both the cell
internal and cell-external degrees of freedom are relax
The energetics of H in interstitialTd vs Oh sites are given in
Table I. dE(Td2Oh) is the energy difference between h
drogen in tetrahedral and octahedral interstices.dE(Td
2Oh),0 indicates a tetrahedral site preference. Tetrahe
sites are clearly favored qualitatively in all calculations~both
LDA and GGA! based on static,T50 energetics only. We
consider vibrational effects on the site preference below.

The fact that theTd vs Oh energy difference is quite sma
is consistent with reports of size-based site preference
hydrogen in metals. In a study of transition-metal hydrid
Irodova et al. ~see Ref. 71 and references therein! found a
correlation between the type of interstices occupied by
drogen atoms and the size of the metal atoms. For la
metal atoms,Td sites are preferred, withOh sites preferred
for small metal atoms. The change in the coordination occ
at some critical atomic radius of the metal;r
51.34–1.40 Å~with the range depending on the row of th
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HYDROGEN IN ALUMINUM: FIRST-PRINCIPLES . . . PHYSICAL REVIEW B 69, 144109 ~2004!
transition metal host!. The nearest-neighbor distance of f
Al is 2.86 Å, leading tor Al51.43 Å. It is interesting that ou
results are consistent with this idea of a size-mediated
preference~although it should be remembered that the stu
of Irodova et al. is for hydrogen in transition-metal alloys!
The atomic radius of Al is larger than, but close to the critic
radius predicted by Irodova, thus indicating a slight pref
ence forTd sites overOh .

Motivated by this indication of a size-mediated site pr
erence, we have examined the physical contributions of s
atomic relaxation and H vibrational frequencies on the s
preference~Fig. 6!.

Static atomic relaxation. In Table V, we also show result
of ‘‘unrelaxed’’ supercell calculations in which the Al atom
positions are constrained to that of ideal pure Al. The diff
ence between the unrelaxed and relaxed calculations g
the energy gained by relaxation of Al atoms upon the ins
tion of a H atom. The energy gain upon relaxation for H
an Oh interstice is minimal (20.04 eV), but a large relax
ation accompanies H inTd sites (20.29 eV). The distinction
between atomic relaxation for the two sites is so large t
the site preference is reversed when the artificial unrela
geometry is considered~i.e., Oh sites are preferred!. Thus,
from this comparison, we conclude that atomic relaxatio
are a dominant physical effect controlling the site prefere
of H in Al. These results also could explain some of the ea
calculations that both reportedOh site preferences and di
not allow for atomic relaxation.

B. Vibrational states of H in Al

We next consider vibrational states of H in Al, and the
impact on site preference.

Zero-point vibrations. Harmonic vibrational frequencie
of H in Td and Oh sites in Al were calculated using th

FIG. 6. Physical contributions to theTd /Oh site preference of H
in Al. Note that in static, unrelaxed calculations, H energetica
prefers the largerOh site. However, atomic relaxation is larger
the Td site, qualitatively reversing the static site preference. Vib
tional frequencies of H in theTd site are larger than in theOh site,
thus giving a larger zero-point energy in theTd site. When all con-
tributions are considered, the calculations predict a small prefer
for H in Td sites atT50, consistent with the experimental report
Bugeatet al. ~Ref. 12!.
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frozen-phonon dynamical matrix approach. The calcula
zero-point frequencies and energetics are given in Table
Hydrogen in the smallerTd site has higher vibrational fre
quencies than in the largerOh site. Thus, theOh site has a
significantly lower zero-point energy thanTd . Although the
difference between the zero-point energies in theTd andOh

sites is large, it is not sufficient to reverse theTd site prefer-
ence found in the static, nonvibrating calculations abo
When both atomic relaxation and zero-point vibrations a
included, H in Al is slightly energetically preferred in the Td

site (at T50 K), in agreement with the low-temperature e
perimental results of Bugeat et al.12 The physical contribu-
tions to site preference of H in Al are summarized in Fig.
The above results do not consider the presence of defec
the Al matrix to which the hydrogen might bind. We descri
below calculations that demonstrate theTd site preference of
H, even when strongly interacting with Al vacancies.

In Table VI we report the vibrational frequencies dete
mined both harmonically and anharmonically, and using
frozen phonon approach compared with the Einstein mo
First, we note that the frequencies calculated using the E
stein model are in good agreement with those obtained f
the full frozen phonon dynamical matrix. While not surpri
ing for the Td site, where the H vibration is roughly
500 cm21 above the highest Al frequency, this is notewort
for the Oh site for which the calculated H frequency lie
right near the top of the Al spectrum, forming a sharp peak
the phonon density of states centered atnOh

5354 cm21. In-

spection of vibrational eigenvectorsej ( i ), wherej is phonon
mode andi is atom index, reveals that this peak has on
70% H character according to weights calculated asej

2( i ).
The remaining 30% are distributed over all Al atoms, whi
show a displacement pattern of the longitudinal acou
~LA ! X-point @100# zone-boundary mode. Furthermore, som
hydrogen character is observed in the vibrations of the s
rounding Al neighbors at frequencies near 250 cm21, which
also correspond to the LA-phonon modes of Al. Since
intermixing between H and zone-boundary Al vibrations
not negligible, it is somewhat surprising that the agreem
between a simple Einstein model and the full dynamical m
trix calculation is so good.

The unusually low value ofnOh
is a consequence of wea

interactions between the host lattice and H in theOh site. It
is consistent with our finding of only a small amount
lattice relaxation around this impurity. However, it also su
gests that anharmonic effects may be important. Indeed,
root-mean-square displacements of H atoms atT50 are on
the order of 0.2 Å, i.e., approximately 10% of the Al-H di
tance and considerably larger than the maximum displa
ment ~0.04 Å! used in obtaining the harmonic dynamic
matrix. For such large changes in the Al-H bond length a
harmonic hard-core repulsion becomes important. To qu
tify the magnitude of anharmonic effects, we have calcula
energy curves as functions of H displacements while keep
all Al atoms fixed at their equilibrium positions. Thes
curves were obtained for displacements out to 0.4 Å alo
three principle symmetry directions:@100#, @111#, and
@110#. The three-dimensional Schro¨dinger equation was then

-
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C. WOLVERTON, V. OZOLIŅŠ, AND M. ASTA PHYSICAL REVIEW B 69, 144109 ~2004!
TABLE V. Comparison of first-principles and experimentally observed energetics of H in Al. All ene
are in eV:dE(Td2Oh) is the energy difference between hydrogen in tetrahedral and octahedral inter
@dE(Td2Oh),0 indicates that tetrahedral sites are favored.# DEtrans is the energy difference between hy
drogen in the tetrahedral site and hydrogen in the transition state between tetrahedral and octahed
DEimp is theT50 energy of the a hydrogen impurity in Al, relative to bulk Al and a H2 molecule. Calculated
results are for 32-atom cells, 16316316 k points, and 237 eV cutoff. Calculations including zero-po
effects indicated by an asterisk~* ! are for a ‘‘reduced mass’’ model with a potential of the form of Eq.~1!;
otherwise, zero-point calculations employ a frozen phonon approach using supercells with 32 Al si
described in the text.

Site
preference DEimp(Td) DEimp(Oh) dE(Td2Oh) DEtrans

Expt. Td
a 10.67b 10.5260.07g

10.60c 10.1760.02h

10.65d 10.57i

10.71d

10.65e

10.66f

GGA ~relaxed1ZP-anharm*! Td 10.71 10.76 20.05
GGA ~relaxed1ZP-harm! Td 10.71 10.75 20.04 10.15
GGA ~relaxed! Td 10.69 10.82 20.13 10.18
GGA ~unrelaxed! Oh 10.98 10.86 10.12 10.19
LDA ~relaxed! Td 10.47 10.52 20.05 10.16

aReference 12. fReference 24.
bReference 21. gReference 30.
cReference 22. hReference 27.
dReference 23. iReference 26.
eReference 25.
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solved in the basis of harmonic oscillator eigenstates. Fo
in the Oh site, where some intermixing of H and Al vibra
tions was found in the harmonic case, this Einstein-l
model is justifieda posteriori by our findings that anhar
monic corrections increase the H frequency to approxima
100 cm21 above the highest Al phonons; this effect shou
lead to a dramatic decrease in the intermixing of Al and
modes in comparison with the harmonic case. The resul
14410
H
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energy levels are sketched in Fig. 7, which also shows
energy curve along the@111# direction, through theTd and
Oh sites.

We find that anharmonic effects increase the ground-s
energy in theOh site by 30 meV, while theTd site energy is
almost unchanged~see Table VI!. It is interesting that the
calculated ground-state energy in theOh site lies above the
saddle-point energy of the transition state between theOh
ions
lations
TABLE VI. First-principles calculated vibrations for H in Al. Unless otherwise indicated, all calculat
are for supercells with 32 Al sites, using the frozen phonon approach as described in the text. Calcu
using the Einstein model and a potential of the form of Eq.~1! are indicated by an asterisk~* !. For
comparison, calculated and experimental frequencies of the H2 molecule are also shown.

Configuration Harmonic Anharmonic
n Ezero-point n Ezero-point

(cm21) ~eV/H atom! (cm21) ~eV/H atom!

H in Al
H (Td) 851, 851, 851 0.158
H (Td)* 819, 819, 819 0.153 831, 831, 831 0.155
H (Oh) 354, 354, 354 0.066
H (Oh)* 277, 277, 277 0.051 435, 435, 435 0.081
H (Td)1h 754, 888, 888 0.157
H migration 1046, 1046, (284i ) 0.130
H2 molecule
H2 4390 0.136
H2 ~expt.! 4401 0.136
9-10
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HYDROGEN IN ALUMINUM: FIRST-PRINCIPLES . . . PHYSICAL REVIEW B 69, 144109 ~2004!
andTd sites. One may even wonder if any bound states e
for H in the Oh site? Indeed, the true crystal states of H a
delocalized. Localized Wannier-like states may be obtai
from the crystal orbitals, and should have lifetimes that
ceed the the characteristic vibrational periods by many ord
of magnitude. Can such states be constructed for H on b
Oh andTd sites? We argue that they exist as the ground-s
energy is higher than the confining potential only in a ve
small region around the saddle point. The width of this
gion is inversely proportional to the curvature of the pote
tial surface in the direction perpendicular to@111#. This cur-
vature is, of course, proportional to the vibration
frequenciesnM of H in the saddle point~Table VI!. To
‘‘squeeze’’ a H wave packet through the saddle point o
must pay the price of localization energy, which is appro
mately given byhnM . This energy level is shown in Fig. 7
We see that the effective height of the barrier is raised c
siderably. In fact, only states withn52 and higher are un
stable in this simple picture. Further support for the meta
bility of the H atom in theOh site comes from inspecting th
calculated anharmonic wave functions in the bottom pane
Fig. 7. It is seen that there is essentially no overlap betw
the Td andOh states. Since the transition probability is pr

FIG. 7. Top panel: Potential energy for H displacements alo
the @111# diagonal throughTd and Oh sites. Anharmonic energy
levels are shown as horizontal lines. Points are directly calcula
values, while the solid line is a 12th-order polynomial fit. Dash
line shows the energy for H displacements along@100#. hnM is the
zero-point energy at the saddle point for phonon displacements
pendicular to@111#. Bottom panel: Hydrogen density distribution
in the lowest energy states onTd and Oh sites. Solid lines given
50 states, dotted lines given51 states, and dashed line gives t
Oh state withn52.
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portional to the square of the Hamiltonian matrix eleme
taken between the initial and the final states,72 it suggests
that both theTd andOh states are sufficiently long lived a
low temperatures. A direct numerical solution of the on
dimensional Schro¨dinger equation for the potential of Fig.
also gives very little overlap between theOh- and
Td-localized H states. Since in one dimension the ‘‘perpe
dicular phase space’’ is infinitely large~i.e.,nm50), and thus
the ‘‘localization barrier’’hnm does not exist, the 1D wave
functions should be less localized than those in three dim
sions.

Vibrational entropy.As seen from Fig. 7, only one excite
state lies below the saddle point energy plushnM . There-
fore, only the lowest excited state is available for therm
excitations contributing to the vibrational entropy of ea
type of site. We obtain that atT5300 K the entropy of H in
the Oh site is 0.4kB higher than the entropy of H in theTd
site. This results in a relatively small 10 meV lowering of th
dE(Oh2Td) free-energy difference. At high temperatur
the Boltzmann factors for the highern>2 excited states be
come appreciable; as discussed above, these states m
delocalized, invalidating the concept of an entropy asso
ated with a given site.

C. Dilute heat of solution

The dilute heat of solution is one of the few examples
the Al-H system where the majority of experimental repo
are reasonably consistent. Many authors21–25 have extracted
the dilute heat of solution from solubility studies and fou
values in the range10.6 to10.7 eV. Some of these reporte
values are given in Table V.

We have calculated the dilute heat using supercells oN
(N 5 32, 64, 108! Al atoms:

DEimp~H!5E~AlNH1!2@NE~Al !1 1
2 E~H2!#. ~4!

The calculated dilute heats of solution are given in Ta
V, and compared with experimental reports. Our res
~GGA! for the dilute heat of a static H impurity in aTd site
is 0.69 eV, in good agreement with the experimental repo
Calculation of the vibrational contributions to Eq.~4! shows
that their effect on the dilute heat is quite small, due to
fact that the zero-point energies of theTd impurity and H2
molecule~first and third terms in Eq.~4!, respectively! are
quite similar~see Table VI!, differing by only ;0.02 eV/H
atom. Thus, including vibrational energies raises the dil
heat to 0.71 eV, still in good agreement with experimen
reports.73

The LDA ~static! result, 0.47 eV, is somewhat lower tha
both GGA and experiment, but as noted above, if the ene
of the H2 molecule is adjusted to bring the hydride formatio
energy into agreement with GGA, the dilute heat number
LDA becomes 0.60 eV. Thus, again we see that much of
difference between the LDA and GGA calculations can
traced to the energy of the H2 molecule in Eq.~4!.

Note that the artificial AlH rocksalt and zincblende com
pounds in Fig. 1 both possess an fcc sublattice of Al ato
one Al atom per unit cell, with H inOh and Td positions,
respectively. Our first-principles calculations give formati
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energies of 0.40 and 0.38 eV/atom, respectively, or 0
eV/H atom for H inOh coordination and 0.76 eV/H atom fo
Td . These numbers are quite close to the supercells resu
Table V of 0.82 (Oh) and 0.69 (Td), thus demonstrating tha
even a ‘‘one-atom-supercell’’@i.e., N51 in Eq. ~4!# is rea-
sonably converged. Therefore, one must conclude that th
atoms do not appreciably interact with other H atoms in
presence of Al.

We should also comment on the recent paper of
et al.,15 who used the same method as the present w
~VASP-LDA!, but found a dilute heat of20.22 eV, com-
pared with our LDA result of10.47 eV. We believe that the
source of this;0.7 eV discrepancy can be traced to the fa
that Lu et al. use different energy cutoffs in the three term
of Eq. ~4!, Ecut5350 eV for the H impurity and the H2 mol-
ecule, butEcut5130 eV for the calculation of pure Al. We
have found that this low cutoff for pure Al gives a tot
energy that differs from a 350 eV calculation by 0.022 e
atom. While this error may seem small, it is multiplied in E
~4! by the number of atoms in the supercell~32 in the case of
Lu et al.!, thus leading to an error of 0.70 eV in the dilu
heat, and explaining the discrepancy. However, this erro
Ref. 15 only pertains to their results that compare energe
of H-containing with non-H-containing systems. Resu
~such as the H migration barrier! that only involve
H-containing cells, agree well with our calculations.

D. Diffusion and H-vacancy binding in Al

Measuring the diffusion coefficient of hydrogen in sol
aluminum is hampered by the limited solubility of hydroge
Existing measurements vary by orders of magnitude. Du
the low solubility, diffusion measurements are often p
formed at high temperatures near the melting point of
where there are an appreciable number of vacancies. T
the influence of vacancies~denoted byh) on the diffusion of
hydrogen is significant, and the H-h binding energy as wel
as the migration energy are important quantities in a stud
hydrogen diffusion in Al.

Many measurements of the activation energy for diffus
of H in Al have been made. Most of the energies fall in t
range between 0.4 and 0.6 eV~e.g., see Refs. 26 and 1 an
references therein!. For example: Linderoth30 examined mea-
sured diffusivity data, and extracted the migration energy
H in Al as 0.5260.07 eV. Using a real-time dynamic tech
nique under ultrahigh vacuum conditions in large grain a
minum ~to avoid complications of porosity, surface contam
nation, oxide thickness, and grain size!, Outlaw et al.74

found an activation energy 0.49 eV.
Although it may initially appear as though there is co

sensus on an activation for H diffusion near 0.5 eV, the s
ation is complicated by considerations of H-defect bindin
Hashimoto and Kino28 measured the diffusivity of H in Al at
high temperature and found an activation of 0.61 eV, clos
the activation energy of self-diffusion in Al. However,
lower temperature, these authors found a much larger d
sivity than that extrapolated from high temperatures. Th
concluded that because there are more vacancies in eq
rium at high temperature, their diffusivity results could
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explained by a large H-h binding. However, to test thes
assertions, Ishikawa and McLellan26 used an electrolytic
method to measure diffusion near room temperature. Th
authors found good agreement between their measured
vation energy and previous high-temperature measureme
In other words, they found no such discrepancy as in
results of Hashimoto and Kino. Therefore, since there
essentially no vacancies in Al at ambient temperature, th
authors suggested no particular mechanism for H diffus
that is keyed to migration of vacancies.

However, in addition to the work of Hashimoto an
Kino,28 many other measurements have pointed to a sign
cant H-h interaction: Linderoth30 analyzed measured diffu
sivity data from the literature, and ‘‘corrected’’ for the influ
ence of H-h binding. From this analysis, the extracted H-h

binding energy is 0.4360.07 eV. MonitoringD distributions
in Al by an ion-induced nuclear reaction, Myers31 analyzed
the results using diffusion theory and found H-h binding of
10.5260.10 eV. Positron annihilation experiments ha
yielded75,76 a binding energy of 0.5360.03 eV. By measur-
ing length change and lattice parameters of H introduced
high purity Al, Birnbaumet al.29 showed the hydrogen wa
trapped at vacancies and that the composition of H and
cancies were roughly comparable. From these meas
ments, they estimated a H-h binding of 0.48 eV.

Recently, this problem has been reexamined by You
and Scully.27 By isothermal and constant heating rate deso
tion techniques, they measured diffusion and trapping of H
Al. Somewhat surprisingly, these authors found a very sm
activation energy compared with all previous results: 0
eV.78 However, they observed two H trapping sites wi
binding energies 0.2860.18 and 0.7160.33 eV, which they
assigned to dislocations and vacancies, respectively. T
authors suggested that many previous diffusivities may a
ally be trap affected, thus providing a possible explanation
the widely varying values.

Several theoretical papers have also addressed the iss
H-h binding in Al: Popovicet al.19,20 used a nonlinear re
sponse theory to obtain approximately self-consistent e
tron densities surrounding a proton and found that the s
stitutional site is considerably lower in energy~1.23 eV! than
either anOh or Td interstitial sites. From a self-consisten
LDA jellium calculation Larsen and Norskov13 found theTd
site to be most stable with a heat of solution of11.3 eV and
found a H-h binding of approximately 1 eV. Effective me
dium theory calculations of this binding31 have yielded a
value of 0.52 eV, in good agreement with the experimen
results.

From our (N atom! supercell calculations, we have calc
lated the H-h binding energy:

dE~H2h !5E~AlN21H1h1!1N3E~Al !2E~AlN21h1!

2E~AlNH1!. ~5!

From Eq.~5!, it is apparent that calculation of the vacan
formation energy in Al,DEvac, is a necessary byproduct o
the H-h binding calculation.DEvac has been calculated pre
viously from first-principles approaches by many autho
9-12
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TABLE VII. Comparison of first-principles and experimentally observed energetics of H-h ~denoted byh) interactions in Al. All
energies are in eV:DEvac is the vacancy formation energy in Al.DEimp(Td1h) andDEimp(Oh1h) are the formation energies of H-h

pairs.DEimp(sub) is the formation energy for H in a substitutional site.dE(H2h) is the H-h binding energy between H inTd sites and
vacancies. Calculated results are for 32-atom cells, 16316316 or higherk-points, and 237 eV cutoff. Note that zero-point effects are
included in the calculated results in this table.

DEvac DEimp(Td1h) DEimp(Oh1h)NN DEimp(Oh1h)2NN DEimp(sub) dE(H2h)

Expt. 10.67a 10.4360.07c

10.5360.03d

10.5260.10e

GGA ~relaxed! 10.54b 10.90 11.14 11.40 11.76 10.33
GGA ~unrelaxed! 10.63 11.06 11.28 11.54 11.87 10.55

aReferences 82 and 83.
bCarlinget al. ~Ref. 81! have recently shown that the discrepancy between the experimental and GGA-calculated vacancy formatio
in Al may be resolved via a ‘‘surface’’ correction to the electron correlation effects.

cReference 30.
dReference 75.
eReference 31.
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~See, e.g., Refs. 44, 45, 79–81 and references therein.! Our
GGA result of DEvac50.54 eV agrees well with the resu
~0.54 eV! of Carling et al.81, who have recently shown tha
the discrepancy between the GGA-calculated and experim
tal vacancy formation energy in Al (0.6760.03 eV82! may
be resolved via a ‘‘surface’’ correction to the electron cor
lation effects. However, these authors also suggest that
correction cancels when consideringbinding between de-
fects, such as the H-h interaction considered here.

We have performed calculations for the H/h in several
different positions:~1! Td H, nearest neighbor toh, ~2! Oh
H, nearest neighbor toh, ~3! Oh H, next-nearest neighbor t
h, and~4! substitutional H~H on theh site!. The calculated
results are given in Table VII. We note several points:~a!
Even in the presence of vacancies, the interstitialTd position
is still favored overOh and substitutional positions. Th
equilibrium position of H in the H1h pair is off-center,
displaced from the nominal tetrahedral site by approxima
0.15 Å. ~b! The first-principles results show a substantial
h binding ~with Td H! of 0.33 eV. This value is qualitatively
consistent with the large binding energy inferred from a
riety of diffusion data. However, the value is somewh
smaller than the estimates inferred from experiment.~c! Al-
though smaller, there is a binding of vacancies with NNOh
H of 0.22 eV. For NNNOh H-h pairs, the defects do no
interact strongly, with a binding near zero (20.04 eV). ~d!
The substitutional site is quite high in energy~0.86 higher
than theTd H-h pair!. Thus, even for a NN H-h pair, the H
atom will not ‘‘fall into’’ the vacant site. This result is in
qualitative contrast with the early jellium results
Popovic.19 ~e! Vibrational calculations of H in theTd sites
show that one of the three H vibrations is slightly softened
the presence of vacancies, while the other two are stiffe
somewhat~Table VI!. These effects nearly balance, givin
very similar zero-point energies of H in the presence~0.157
eV! and absence~0.158 eV! vacancies. Thus, the effect o
zero-point energy on the H-h binding is very small.

We have also performed calculations of the migration
ergy for diffusion both with and without an Al vacancy.
14410
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schematic figure of the migration paths and barriers is a
given in Fig. 8.

Diffusion of H with no vacancies.When there are no va
cancies present, there is a small energy barrier~0.18 eV!
separating theTd and Oh positions. This small migration
energy is in excellent agreement with the recent results
Young and Scully27 and also is consistent with the rece
first-principles calculations of Luet al.15

Diffusion of H in the presence of vacancies.For H in aTd
position with a nearest-neighbor Al vacancy, there are t
possible pathways for the H atom to diffuse from its positi
to a neighboringOh site. One of these paths leads to anOh
site that is a nearest neighbor to the vacancy, and the o
leads to anOh site that is second-nearest neighbor to theh.
We call these ‘‘Path 1’’ and ‘‘Path 2,’’ respectively, and the
are shown in Fig. 8~a!. ‘‘Path 2’’ takes the H atom on a direc
pathway away from the vacancy. For each of these two pa
we also consider the subsequent migration from theOh site
to a Td site, second-nearest neighbor to theh.

Although in the absence of vacancies, the migration
ergy was relatively low~0.18 eV without zero-point correc
tions!, in the presence of vacancies, moving the H from
Td site to theOh position involves breaking the H-h binding
energy~0.33 eV!, and so the calculated barrier, 0.54 eV,
roughly equal to the migration energy without vacanc
~0.18 eV! plus the H-h binding~0.33 eV!. Figure 8~b! shows
the calculated energetics for both paths considered. The
step in ‘‘Path 1’’~to theOh1h NN position! has an energy
barrier of only 0.28 eV, because there is still significant bin
ing ~0.22 eV, see Table VII! between the H andh in this
position. In this case, the second step~to the Td1h 2NN
position! that involves breaking theOh1h NN binding en-
ergy, resulting in a barrier of 0.30 eV. However, the over
barrier for this migration path is shown in Fig. 8 and is 0.
eV. For ‘‘Path 2,’’ the first step involves migration to a si
(Oh1h 2NN) with no significant binding, and thus the m
gration energy is large, with theOh1h 2NN site even be-
coming an unstable saddle point on the energy surface. In
second step in ‘‘Path 2,’’ the binding with the vacancy
9-13
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essentially broken already, and so this energetic path
looks very similar to that of the case with no vacanci
Thus, these calculations are consistent with the assertio
Young and Scully,27 and the strong H-h binding can recon-
cile their diffusion results~with a small activation energy!
with previous results finding a larger activation of;0.5 eV.

The reader should note that our discussion of diffus
has implicitly been couched within the framework of clas
cal transition-state theory. However, as we have seen, H d
not always behave classically, and much work has gone
developing a quantum theory of diffusion.72,84,85At low tem-
peratures, quantum tunneling occurs whereas classical ‘‘h
ping’’ occurs at high temperatures. There are intermed
crossover and quantum correction regimes as well. A

FIG. 8. First-principles calculated migration energies of H in A
~a! The considered pathway connecting a tetrahedral posi

( 1
4

1
4

1
4 ) in units of the lattice parameter of Al to an octahed

position (12
1
2

1
2 ). ~b! Energetics along the pathway in the absen

and presence of vacancies. When there are no vacancies pr
there is a small energy barrier~0.18 eV! separating theTd andOh

positions. However, when a vacancy is present at~000!, moving the
H from the Td site to theOh position involves breaking the H-h

binding energy~0.33 eV!, thus resulting in a much larger barrier t
diffusion. Calculated points are shown, and curves are drawn s
matically merely as a guide to the eye. Note that zero-point effe
are not included in the energetics of this figure.
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connection between our results and the quantum theor
diffusion is beyond the scope of this work; however, w
suggest that future work in this area could be fruitful.

Finally, in a series of papers, McLellanet al. ~see e.g.,
Refs. 86,87 and references therein! have modeled hydrogen
diffusion, accounting for the substantial H-h interaction.
However, to get numerical values out of these diffusion mo
els, parameters such as the H-h binding energy, site prefer
ence, etc., must be input. Since some of the quantities use
previous models~particularly those from early jellium-type
calculations! have been somewhat suspect, it would be int
esting to repeat these types of analyses using as input
first-principles derived quantities.

V. SUMMARY

Using a combination of density functional total energ
linear response, and frozen phonon calculations, we h
performed a systematic investigation of the energetics
stability of the Al-H system.

Aluminum hydride. By comparing energetics and stru
tural properties, we have determined that the majority of
difference between LDA and GGA descriptions lies not
the solid-state compounds, but rather in the description of
H2 molecule. As GGA provides a more accurate picture
H2, it also provide quantitatively more accurate energetics
the AlH3 hydride as well as a more accurate heat of solut
for H in Al. The GGA predicted structural properties of AlH3
also agree well with experiment. Linear response calcu
tions ~within the LDA! of AlH3 yield important insights into
the vibrational and thermodynamic properties of this co
pound. By combining the staticT50 formation energy of
AlH3, calculated zero-point energies, as well as experime
equation of state data for H2, we have demonstrated tha
consistent with experimental calorimetry data, the metasta
AlH3 compound has a weak, negative formation enthalpy
ambient conditions, but a more strongly positive formati
free energy.

Metal hydrides. To ascertain more about the applicabili
of density functional calculations to the energetics of me
hydride systems, we have performed a series of calculat
for M-H hydrides:M 5 Al, Ba, Ca, K, Mg, La, Li, Na, Ni,
Pd, Sc, Sr, Ti, V, and Y. The formation energies of the
hydrides spans a range between;0 and2100 kJ/0.5 mol
H2, and the agreement between calculatedT50 static ener-
gies and measured enthalpies is within 10–15 kJ/0.5 mol2.
Inclusion of zero-point energies and other dynamic contri
tions in the calculations would likely increase the agreem
with experiment. The GGA calculations are therefore sho
to provide a good predictor for a formation energies for
wide range of metal hydrides.

Site preference of H in Al. For Al-H, we find that both
atomic relaxation and anharmonic vibrational effects play
important role in the tetrahedral versus octahedral interst
site preference of H in Al. In static, unrelaxed calculations
energetically prefers the largerOh site. However, atomic re-
laxation is larger in theTd site, and the energetic effect o
these relaxations overwhelms the static site preference, y
ing a Td favored site. However, vibrational frequencies of
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in the Td site are larger than in theOh site, thus giving a
larger zero-point energy in theTd site. When all contribu-
tions are considered, the calculations predict a small pre
ence for H inTd sites andT50, consistent with the one
experimental report of site preference. We have also sh
that the calculated heat of solution of H in Al is large a
positive ~10.71 eV!, consistent with experimental solubilit
data and with Al as an endothermic hydrogen absorber.

Diffusion and defect binding of H in Al. In an ideal bulk
Al, a calculation of the migration energy of H between t
Td and Oh sites give 0.18 eV. However, based on previo
reports, we have also investigated the interaction betwee
and Al vacancies, finding a large binding energy of 0.33
For calculations of H migrating away from an Al vacanc
the migration energy increases to 0.54 eV. Therefore, con
tent with the recent study of Young and Scully,27 we find that
vacancy trapping of H can provide at least part of the exp
d

y

s.

y

14410
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nation for the disparity between observed H migration ba
ers reported in the literature.
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