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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. Ozolips
Department of Materials Science and Engineering, University of California, Los Angeles, California 90095-1595, USA

M. Asta
Department of Materials Science, Northwestern University, Evanston, Illinois 60208, USA
(Received 23 September 2003; revised manuscript received 23 December 2003; published 12 April 2004

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 approxir@@ 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 tleH systemgM=Al, Ba, Ca, K, Mg, La, Li, Na, Ni,
Pd, Sc, Sr, Ti, V, and Yalso shows that the GGA calculations are a quantitatively accurate predictor of hydride
formation energies. For Al-H, we findi) In agreement with experiment, the observed metastable hydride,
AlH; is found to have a small, negative formation enthalpy at ambient conditions, but a strongly positive
formation free energyii) Linear response calculations of AJyield 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 D@3 Atomic relaxation and anharmonic vibrational effects
both play an important role in the tetrahedral versus octahedral interstitial site preference of Hiin Ahe
calculated heat of solution of H in the preferred tetrahedral site is large and pdsitv@l e\j, consistent
with experimental solubility data and with Al as an endothermic hydrogen absévbémterstitial H interacts
strongly with Al vacancies[(), with a calculated H=] binding energy of 0.33 eMvi) 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.
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[. INTRODUCTION hedral (T,) site is preferretf whereas theoretical studies of
H in Al have suggested preferrdg ,**1°0,,,%~*8and even
The subject of hydrogen in metals is a classic scientificsubstitutionai®? sites.
problem as well as being technologically relevant due to the (2) Dilute heat of solution Measurements of the dilute
impact hydrogen can have on a material’s propeffi€he  heat of solutioA**°are typically in the range-0.6 to +0.7
impact can be beneficial, as in the case of hydrogen storageyV. However, calculations of this quantity range freri.3
but hydrogen in materials is probably more famous as a dekeV (Ref. 13 to —0.2 eV !®
eterious addition, e.g., hydrogen embrittlement. Hydrogen (3) Diffusion and H-vacancy binding he solubility of H
also induces porosity and hence limits fatigue life in castin solid Al is extremely low(with atomic H/AI fractions in
aluminum alloys due to the large solubility difference of H in the range of 108 to 10 8), thus hampering accurate diffu-
liquid and solid aluminund:® Models of H-induced porosity sion measurements. The diffusion measurements therefore
in Al and its alloy$'*° rely on quantities such as hydrogen show a significant scatter, and although many measurements
solubility and diffusion which are still a subject of consider- show an activation for diffusion between 0.4 and 0.6(s¥e
able debate, even in pure Al. Thus, in addition to being aRef. 26 and references thergira recent studiy has pro-
model physical system for H in metals, understanding H inposed that the activation is much low@.17 e\j, with the
Al and Al alloys is of considerable importance for a variety discrepancy being due to binding or trapping sites for H. To
of applications. explain various aspects of diffusion measurements, a signifi-
There is a wealth of experimental and previous theoreticatant H-vacancy binding has been suggested by $tffie
work on H in Al (see, e.g., work cited in Refs. 7,8)1How- but dismissed by otherS.
ever, even for many basic structural, energetic, and kinetic We thus assert the need for a reexamination of the con-
properties of this system, consensus is lacking and opeflicting theoretical and experimental claims concerning the
questions still remain. structure and phase stability of H in Al within a comprehen-
(1) Site preferenceHydrogen is well known as an inter- sive, state-of-the-art, first-principles analysis. Given the con-
stitial impurity in many metals. Although the site preferencetradictory nature of previous calculations, it is clear that any
for H in fcc metals is typically in octahedraQy,) interstices, analysis of this type must include a critical assessment of the
one experiment on the Al-H system suggests that the tetraaccuracy of the computational methods employed. In this
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TABLE I. Convergence tests of VASP-GGA stafiw vibration$ calculations on H in Al. All energies are
in eV: E(T4—0Oy) is the energy difference between hydrogen in tetrahedral and octahedral interstices.
[SE(T4—Oy)<0 indicates that tetrahedral sites are favofelkE;,, is the T=0 energy of the hydrogen
impurity in Al, relative to bulk Al and a B molecule. Only GGA results are shown here, though LDA
exihibited similar convergence properties.

Convergence test Cell size  E.y (V) k points SE(T4q—Op) AEjmp
k points 32 237 &8x8 -0.14 +0.56
32 237 16<16x 16 -0.13 +0.69
32 237 24K 24X 24 -0.12 +0.69
Energy cutoff 32 237 1816X 16 —0.13 +0.69
32 350 16<16X 16 -0.13 +0.69
Cell size 32 237 18 16X 16 -0.13 +0.69
64 237 8x8x8 -0.13 +0.70
108 237 8<8x8 -0.15 +0.71

paper, we investigate issues related to site preference, heat@ilations with respect to energy cutoff;point sampling, as
solution, diffusivity, and vacancy binding of H in Al. In order well as supercell size. We find that a relatively modest en-
to test the applicability of these calculations to the Al-H sys-ergy cutoff (237 eV) and supercell siz€32 Al atoms pro-

tem, we have also considered the phase stability of the ratuce converged energetic results, provided that an extremely
ported metastable Algihydride, as well as Al-H in several densek-point mesh (16 16x 16) is used. Our finding of the
commonly occuringbut unreported in the Al-H systenhy-  necessity of using a den&epoint mesh in computing defect
dride structures. Also, as a more general test of firstproperties in Al is consistent with similar conclusions from
principles methods to metal-hydrogen phase stability, W& revious worki*45

have performed a series of calculations for metal hydride £q; the migration energy calculations, we exploit the very

formatlion (Ianergies, and Icolmp')ared our results with expgrihigh symmetry of the problem. We simply place the hydro-
fmuﬁg,:% nz;llatﬁeezg.r %l:)rthcii iﬁ:‘ﬁ'&g_ daerr?si (3852? aﬁg deenrjs'tygen between th&, andO,, positions at the distance of clos-

. ory, o 9 est approach to Al, and subsequently relax all atomic posi-
eralized gradient approximation&SGA). We demonstrate

that GGA calculati i : d ict tions (but not cell vectors with a Newton-Raphson
1a cajcuiations provide an accuraté and consis e'ﬁ'aﬁlgorithm. Using this approach, the system always converges
picture of the structure and energetics of the Al-H system.

to a geometry with an energy higher than eitherTher Oy,
positions, with the converged position of the hydrogen nearly
Il. METHODOLOGY midway between the high-symmetry positions.

Our electronic-structure calculations are based on density- Zero-point effe(_:ts were mcludeq in-many of ”.‘? results
functional theory(DFT),?2%% with core-electron interactions presented here. Vibrational properties of H interstitials were

described by ultrasoft pseudopotenti#ls® as implemented obtained using two distinct methods) calculation of a full
in the highly efficientvasp code3*~3° For exchange correla- dynamical matrix using the frozen phonon approach, @nd

tion, we use both the LDA with the exchange-correlation® MOre simplistic Einstein model for localized H modes. Us-

functional of Ceperley and AldéP**as well as the GGA of "9 the frozen phonon approathye study thej=0 phonon

Perdew and Wan## We solve the Kohn-Sham equations it- states of 32-atom supercells. For each cell, all symmetry in-

eratively, and unless otherwise mentioned, we optimize al?quwalent rows of thej=0 dynamical matrix were deter-

atomic positions, cell shape, and cell volume using either émned, with the remaining rows given via Stadeard
conjugate gradient or Newton-Raphson algorithm. We exSYMmetry-group trgnsformqtmﬁ%]ndmdugl elementd ;5
pand the one-electron wave functions in a plane-wave bas the =0 dynamical matrix are proportional to the force
with an energy cutoff as large as 350 eV, although converaCt'ng on 'the atom along the Cartesian dwecnoag if the
gence test¢described belowindicate that 237 e(= 17.5  atomj is displaced by a small amount along the directn
Ry) is a sufficient cutoff to achieve highly accurate energyFa=—VMiM;Djzu,. For each symmetry-inequivalent
differences. Extensive tests df-point sampling using Cchoice ofu'y, the forcesF!, were obtained for a set of nine
Monkhorst-Pact® k-point meshequsing from 8x8x8 to  evenly distributed displacements around the equilibrium po-
24X 24x 24 gridg indicate that total energies for all cells are sition, fromul,=—0.04 A touj;=+0.04 A. The calculated
converged to withir~0.01 eV. We employ a Fermi smear- Hellman-Feynman forces were fit using third-order splines,
ing of the electronic occupancy with a fictitious electronicand the linear terms were used to extraf; .
temperature of 0.05 eV. For the ordered hydride structures, In the Einstein model, vibrational frequencies are deter-
we use primitive unit cell§2—-24 atomgs whereas for the mined from the energy-versus-displacement curves of H at-
description of H impurities, we construct supercells contain-oms alone. The total energies are calculated using the full
ing 32, 64, and 108 Al-atom sites. 32-atom supercell, and thus include contributions from all
Table | gives convergence properties of the impurity cal-atoms. An approximation is made for phonon eigenvectors
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where one assumes that Al atoms are essentially static and TABLE Il. Comparison of first-principles calculate@ DA and
cannot participate in vibrations at the frequencies of local HSGA) and experimental structural properties of Allds well as
modes. Due to the large disparity in atomic masses of H an8°me fluorite and rocksalt hydrides. Lattice constaatg) are in
Al and clear separation of high-frequency H modes from AIA, andxy, is the cell-internal position for Kspace grouiR3c). AE
phonons, this is usually a very good approximation. TheS the formation energyEq. (2)] of the AlH; hydride in eV/atom.

movement of Al atoms can be taken into account approXi_UnIess otherwise indicated, calculated results are from the present

mately by substituting the H atomic mass with an effectlvework N_ote t_hat zero-point effects are not included in the calcu at(_ed
results in this table. All calculated results from the present work in

reduced mass /= (1_/mH) + (1_/n my), wheren is t_he NUM-  his table are calculated usir,= 350 eV.
ber of Al atoms participating in the mode. For vibrations in

the Oy, site, for instance, one could assume that H vibrationgygrige Property LDA GGA Expt.
are essentially those of H in a linear triplet of atoms Al-H-Al,
in which casen is approximately 2, resulting inu  AlHs a 4.25 4.42 4.449
~0.98m, . Thus, usingu instead ofm, produces only a 1% c 11.66 11.80 11.802
correction to the frequency; due to uncertainties involved in c/a 2.74 2.67 2.658
determining the appropriate value nf we have neglected X 0.663 0.634 0-628b
this small correction and used=m,; everywhere. Compari- AE —0.134 —0.039 —0.030
son of the frozen-phonon and Einstein models allows one t&°" a 4.69° 4.80 4.7¢
determine the accuracy of the latter approach, which is foundiH2 a 4.34° 4.43 4443
to be very good, as discussed below in Sec. IV B. VH; a 413° 422,427 427
NiH a 3.64° 3.73 3.74

In a few casegparticularly for octahedral interstitial po-
sitiong, the calculated potential-energy wells were quite ﬂat’aReference 29,
and the corresponding vibrational frequencies were qUit‘*3Reference 53—formation enthalpy at ambient conditions.
low. These observations raise the possibility of importantgeterence 51.
anharmonic contributions to the vibrational energies. Anhardgeference 6.
monic effects were investigated within the Einstein model byereference 52.
considering larger displacements along ¢he0), (110), and
(111) directions, and fitting the potential energy to a func- Ill. RESULTS: METAL HYDRIDES
tional form of T4 or O}, symmetry

A. Al hydride, AlH 53: T=0 static energetics
Although aluminum has no stable hydrides low pres-

Kk sures, there have been several reported metastable hydrides.
V(X,y,z)= §(x2+y2+ 22y ta(x*+y*+ 7% Turley et al*® reported five crystalline forms of nonsolvated
aluminum hydride, and found the crystal structure of the one
+b(x2y2+ Y222+ x27%) + Xy z, (1)  Which they classify as “most stable,” Alid This compound

is trigonal(space groufR3c) with eight atoms per primitive
unit cell. A comparison of the first-principles calculated and

where 6=0(+0) for the Oy, (T4) site symmetry. The coef- experimental structural parameters of Alls given in Table
ficientsk, a, b, and§ were fit to the calculated energetics out Il. Typically, LDA calculations of crystalline compounds un-
to 0.4 A displacements. The three-dimensi¢®B) Schic  derestimate lattice parameters with respect to experiment by
dinger equation was then solved numerically for the potentia1-2% whereas GGA calculations may overestimate a
of Eq. (1) using an expansion in the eigenfunction basis ofsimilar amount. However, this compound is not typical in the
the harmonic oscillator. A perturbative approach was alssense that it is a hydrogen-rich solid, and therefore the typi-
attempted, but in several cases, the anharmonic zero-poinal errors of DFT calculations may not hold. We see from
effects were found to be quite large and the potentials wer@able Il that the LDA lattice parameters of Ajrare under-
so strongly anharmonic that perturbation theory on the harestimated by a few percent, as is typical. The GGA calcula-
monic oscillator results was not meaningfalfull numerical  tions are significantly closer to experiment, but still slightly
solution was required underestimate the lattice parameters. The level of agreement

Finally, vibrational properties of ordered compounds werebetween the calculated and experimental results indicates
determined using the density-functional linear-responsehat first-principles methods seem to be reasonably accurate
method. Details of this approach have been described in préer the Al-H system, and that GGA may be more accurate
vious publicationg® Here we only mention that a Troullier- than LDA for this system.
Martins-type H pseudopotential was generated using a cutoff In order to test the generality of these conclusions, we
radiusr .s= 0.4 bohr. also compare in Table Il the LDA/GGA calculated staftic

For each of the above computational approaches, a varietyittice constants of several fluorite- and rocksalt-based hy-
of vibrational properties(e.g., vibrational entropy, root- drides with experiment. We include both present resisks
mean-square displacement of atoms,)etan be extracted below) and also some recent calculations of hydrides using
from calculated phonon wave functions, frequencies, andboth LDA (Ref. 51 and GGA®2 The comparison for ScH
modes, using standard expressidhs. TiH,, VH,, and NiH indicate the same trends that were
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found for AlH;. LDA underestimates the lattice parameters 05
(sometimes significantly GGA is closer to experiment, ei- 04l AlH(rocksalt)' (@) GGA
ther slightly underestimating or overestimating the lattice pa- ’ AlH (zincblendc)
rameter.(We note that although the energetic properties in 03 @AlH; (fluorite)
Table | were converged with an energy cutoff of 237 eV, g Oatn, (rutite)
converged structural properties require a larger cutoff, and § 02 ¢
hence, all of the results in Table Il were calculated using a = AL (YH.-ype) ®
cutoff of 350 eV; all other results in the present work are T 0.1y e
calculated usinde =237 eV) < oe Py
In addition to the structural properties of AJHwe have fec-Al QMH o
also investigated the phase stability of this and othgpo- 0.1} i
thetica) Al-H compounds. We have computed the energetics
of Al-H in several commonly occuring hydride structures: '0-200 02 o oc o o
AlH (rocksalt and zincblendgAlH, (fluorite and rutile, and ’ ' ' ’ ’ '
AlH3; (AlH; and YH;). The calculated formation energies 0.5
are shown in Fig. 1. All of the hydrides are quite unstable (b) LDA
with respect to decompositioME>0) except for the ob- 041
served AlH; phase, which has a small, but negativVe. AE 03l .
is the energy of the AH, hydride relative to pure Al and an g A ookt 8
isolated H molecule: g 02f AN, (rutile)
1 q % ol l AIH, (fluorite)
AE(A| qu) =m E(A| qu) - pEfCC(Al ) _E E(HZ)} . [ﬁ 006 AIH, (YH,-type) mol;:eiule
2 ‘ O
(Analogous expressions exist for other quantities, e.g., the -0 fge.a Am{;.
formation entropyAS, or formation free energAG.) Al- 0o . . . .
though both LDA and GGA show the observed Aleom- “0.0 0.2 0.4 0.6 0.8 1.0
pound as lower in energy than any of these other competing
structures, the quantitative energies differ: GGA gives 0.5 N
=—0.039 eV/atom, while LDA gives AE=—0.134 ol (©) LDA
eV/atom. . . . AlH (zincblende)
The energetics of LDA vs GGA in Fig. 1 for Al-H look 03 AlH(rocksalt).
similar, except for a composition-dependent “shift.” In Fig. g @~ !H; (vutile)
1(c), we illustrate this observation by shifting the LDA en-  § 021 AlH, (@uorite)
ergy of the B molecule in Eq.2) by 0.25 eV/H. We call 2z
these shifted-LDA results LDA The value of the energy olr A, (YH,-type) @ H2
shift is chosen so as to bring the LDAvalue of AE(AIH 3) < soe molecule
into agreement with GGA. This simple shift of the LDA fec-Al Amo
results brings all of the LDA energies into much better 0.1 }
agreement with the GGA results. This comparison indicates
that the majority of the difference INE between LDA and ‘0‘200 02 04 06 08 o
GGA results from the description of the, iholecule. Below, ' ' D ' '
we quantitatively compare the values AE of AlH; with Al Composition, x, H
fhxepeGrgn:r:(tazlucI:glorlmetry results and confirm the accuracy of FIG. 1. First-principles calculated formation energieg [Eq.
) (2)] of ordered Al-H hydrides usinge) GGA, (b) LDA, and (c) a

Another way to See. the eXtenF to which the descrlptlonmodified LDA in which a constant is added to the energy of the H
O,f the H ,mO|eCUIe ,'S responSIbIQ for the LDA/_GGA molecule to make the formation energy of the Alphase equal to
differences is to consider energy differences for which the,. G a_calculated value. Open circles represent the experimental
energy of H does not appear. For instance, the energetiGegyits of Ref. 53. From the similarity of results @ and (c) one
difference between the two structures at Alsame com-  can see that a large portion of the difference between LDA and
position is independent of the calculated energy oOfGGA for the Al-H system lies simply in the energy of the reference
H,:0E(AIH;— YHs-type)=—0.11 (LDA) and —0.14  molecule, H. Note that zero-point effects are not included in the
(GGA) eV/atom. These numbers are much more similar tharnergetics of this figure.
the LDA/GGA difference betweeAE(AIH ).

| hvdride. AlH < Vibrati d th d _ lated phonon density of staté®OS9) is given in Fig. 2. We
B. Al hydride, AlH 5: Vibrations and thermodynamics find that the phonon modes of AfHare grouped in three

Vibrational properties of AlH were obtained using the frequency regions(i) low-frequency vibrations of Al atoms
DFT linear-response formalism within the LDA. The calcu- below 50 meV(three acoustic and three optical branghes
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—_ Phonon DOS of AlH, TABLE Ill. LDA linear-response calculations of the zone-center
= o P )
5 i | T | | phonon frequenciesin cm™ ) in bulk AlH; at the experimental
2 041 --- Al partial DOS | structural parameters. Only infrared-active modes have distinct lon-
=0l H partial DOS gitudinal optical(LO) and transverse opticéTO) frequencies. The
g 031 — Total DOS independent components of high- and low-frequency dielectric ten-
x sors are calculated to bef=5.0, €7=4.8, )=14.3, ande’
2 o2k A i =10.0 for directions parallel and perpendicular to the trigonal axis,
X2 . respectively. Electronic bonding is predicted to be highly ionic, as
& ol indicated by the eigenvalues of Born effective chargégg(Al)
a =T ] =+2.81, Zy(Al)=+2.61+0.55, Zlﬁ(H) =—1.43, Zg(H)
o . .
g A \ =—0.62, where {” and “ L " refer to the trigonal axis.
2 (.0 e RV . g TR VAN
£ 0 50 100 150 200 250
Phonon frequency (meV) Symmetry Y10 Vo
FIG. 2. Calculated phonon density of stat&¥0$) in trigonal ~ 'R-active modes
AlH , obtained using the LDA and experimental structural param-Eu 286 293
eters. Phonon frequencies were calculated on a regut8>88 Ay, 512 77
mesh of wave vectors and their contributions to the total DOS weréds,, 583 635
represented by Gaussians of width 25¢m E, 851 1008
A,y 1650 1833

(i) rotational motions and H-Al-H bond-bending deforma-
tions of corner-sharing Algloctahedra between 50 and 125
meV (12 modeg and (iii) Al-H bond-stretching motions of

E, 1687 1836
Raman-active modes

H above 175 meMsix mode$. Comparison with inelastic —9 490
neutron scatteringiNS) data obtained from Algipowders* Asg 812
shows a good agreement for the positions of the main peal 993
for the first two groups of phonon modésp to 125 meV.  Eg 1481
The experimental data of Ref. 54 was analyzed using a fre>ilent modes

quency cutoff below 140 meV; peak structure in the INSAw 345
spectra at higher energies was attributed to two-phonon amkg 751
higher scattering processes. Our results cast doubt on thfsw 921
analysis, since we find additional phonon states above 1784 1903

meV, corresponding to Al-H stretch modes. Closer examina:
tion of the raw INS data in Ref. 54 clearly shows additional

two-peak structure at 200 and 240 meV, which matches veryje|ds AH[50K=—113 meV/iatom and AHLG 3K

well with our calculated positions of high-frequency peaks in— _ 18 meV/atom. We note in the latter case, (hBA cal-
Fig. 2. Reinterpretation of the experimental INS data using &yjated positive dynamical contributions largely cancel the

teresting. Calculated frequencies of zone-center modeg;ga.

which can be accessed by infrared and Raman scattering \we next turn to a quantitative comparison »H with
techniques, are given in Table Ill, together with the calcu-eyperimental calorimetric results. Sinlet al5® performed
lated high and low-frequency dielectric constants. These valzg1orimetric measurement of the heat of formation of AlH
ues have not yet been measured experimentally. At room temperature, the AlHphase is thermodynamically
The vibrational enthalpy and free energy were evaluategsiable with respect to decomposition into Al ang, 5

from the directly calculated phonon frequencies using &gwever, these authors found a very small but negative for-
regular 8<8x 8 grid of wave vectors. The calculated value 5400 enthalpy, AH=—0.03Q+0.002 eV/atom. One

_ . . . 0 1 ) X . . . .
of the T=0K vibrational enthalpy is Hy,(AlH3)  should note that this formation enthalpy is extremely small,

=+161 meV/atom. Using the calculated LDA linear- ang thus the agreement between these values from calorim-

response values df g (Al) = +40 meV/atom anHyp(Hz2)  etry and our GGA calculated value ofAHLLS® K

=+130 meV/atom, we find that zero-point vibrations = — 018 ev/atom is quite reasonaltfleis well within the
destabilize the Alg compound by AHJ,(AlH3)  expected accuracy for these types of calculationbus, the
=+53 meV/atom. We note that the size of this energetictormation enthalpy of AlH gives another indication that
effect is rather large, overwhelming the GGA-calculated for-GGA provides a more accurate description of Al-H than does
mation energy> At T=300 K the vibrational enthalpy is es- the LDA.

sentially unchangedAH.; 3% ¥(AlH 3) = + 56 meV/atont? Sinkeet al®® also determined the heat capacity of AlH
Subtracting the enthalpy ®f, gas,zksT per H, molecule?’  C,. For an insulator at ambient conditior, is given by

we obtain that aif=300 K dynamical(vibrational and ki- the harmonic vibrational contribution, which can be easily
netic energy contributions to the formation enthalpy of evaluated from the calculated phonon DOS of AlHhe
AlH; give AHJ % (AIH;)=+21 meV/atom. Adding result of this calculation is shown in Fig. 3, demonstrating
these dynamical contributions to the static energies abovthat the average phonon frequencies, and thus their contribu-
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T ' T T ' T T First-Principles Energetics of AIH,
40l * Experiment (Sinke er al., 1967) A
T — Present calculation 200 - AE Al AG
= _ : Static + Static +
g 30- - g 200 - SE‘UC Dynamic| |Dynamic|
= 3 T=0K T=300K| |T=300K
o %
2 201 . g 100t
. z \
8 40—": 0 /O V _
E 10F T 2 GGA &—— % Expt.
S 100 | (Sinke et al.)
0 ! 1 1 ! 1 H LDA
0 50 100 150 200 250 300

-200

Temperature (K)

FIG. 4. First-principles calculated thermodynamidss, AH,
andAG of AlH;. The calculated results &fE are given by LDA
and GGA first-principles total energies of the staflie 0 K forma-
tion energyAH at ambient conditions is given by a combination of
the values ofAE, supplemented by dynamic contributions: vibra-
ytional energies fronfLDA) linear-response calculations, and kinetic

FIG. 3. Comparison of the calculatésblid line, evaluated using
the phonon DOS in Fig.)2and measuredsymbols, calorimetry
data from Ref. 5Bheat capacitie€, of AlH .

tions to thermodynamic functions, are given accurately b
the LDA. Ilnea_lr-response method. . . nergy considerations of the,Hjas. The values oAG (ambient
To th_'s point, W? have onl_y considered the energies an@onditions are obtained by adding the entropic contributions to
enthalpies of aluminum hydrides. Of course, the actual oba yiprational entropies are calculated via first-principleBA )
served metastability of Alklis governed by free energy, in- |inear-response calculations, and the entropy gfitigiven from
cluding entropic effects. In particular, the free energy of thestandard equations of state for the gas phase. Also shown are the
H, molecule is dramatically effected by entropic effects atexperimental results of Sinket al. (Ref. 53, demonstrating the
finite temperatures. To get the more realistic free energy ohigh accuracy of the GGA calculated thermodynamics.
H,, the first-principles value of th€=0 H, molecule can be
supplemented with the standard enthalpy and entropy,of H Lattice expansion due to anharmonic zero-point effects
gas(e.g., see Ref. 58 also appears to be sizable. We have calculated the changes in
R the LDA phonon frequencies updi an isotropic expansion
G(H,) =EMPIPEYH,) + Zkg T-TS™(H;),  (3) of linear Fattice dim(gnsions by 2.2%‘;) volum%-congerving
where S%P(H,)=130.684 JJKmole of K at STP change inthe/a ratio by 1.5%, andiii) 1.7% change in the
(~15.7kg/H,). [Combining GGA-calculate@=0 molecu-  reduced coordinaté) of H atoms. The resulting changes in
lar energies with standard entropies has been used previoudfje Vibrational free energies were expressed as linear forms
to successfully describe the energetics of the dehydration ¢t these three independent structural parameters. As ex-
HAIO, into y-Al,05.%%] In addition to the entropic contribu- Pected, volume change had the largest relative effect on pho-
tions due to the bl gas, there are also vibrational entropy Non frequencies, followed by the change in H coordinate,
contributions due to the solid-state phases. The firstwhile change in thee/a ratio had hardly any effect on the
principles calculated vibrational entropy of formation of calculated free energies. The static lattice energy was calcu-

AlH; at T=300 K is lated at a series of small finite differences around the LDA
equilibrium value and fitted by a quadratic form involving

ASEYAIH 5) =3[ SO AIH 5) — SSA Al + 2S5 H,) ] three independent variables and six unknown coefficients.

The total free energy was minimized as a function of tem-

=0.2 kg/atom. perature, yielding the equilibrium structural parameters in-

cluding quasiharmonic vibrational effects. We found that the
lattice parameter changes b§a(T=0 K)/a=1.3% and
6a(T=300 K)/a=1.4% atT=0 and 300 K, respectively.
Almost all of the increase in the lattice parameter is due to
large zero-point energy effects, raising an interesting possi-

This is a small contribution in comparison with the entropy
of the gas of H molecules. Using this vibrational contribu-
tion along with Eq.(3) as the energetic reference of Hvith
the very small vibrational entropy contribution of, He-
moved, so as to avoid double counting this tgrour GGA

e v D018 vt at o Ol e et of e s may o
temperature becomed GLo3° = +0.129 eV/atom, indi- y y P ' g

cating that the Al phase. while possessing a slightly nega-these(LDA calculated lattice expansion effects to the GGA
tive AH, is unstable with respect to decomposition at roo calculated structural properties of AjHTable Il yields lat-

; . . o ice parameters that are slightly larger than experiment, not
temperature. This positive formation free energy is in excel- b ghtly farg P

. - ncommon in A calculations.
lent agreement with both the observed metastability of théJ commo GGA calculations

compound, and with the free energy of formation at room
temperature and pressure measured by Setka., AG(T

=300 K)=+0.120+0.025 eV/atom. We summarize all of  In the condensed-matter physics community, previous
the calculated thermodynamics of Ajkh Fig. 4. studies using DFT-based methods have shown that formation

C. Structure and stability of other metal hydrides

144109-6



HYDROGEN IN ALUMINUM: FIRST-PRINCIPLES . .. PHYSICAL REVIEW B 69, 144109 (2004

TABLE V. Comparison of present first-principle¥ASP-GGA) energies and measured enthalpies of
formation for several metal hydridedH,. The energy of formation is defined aE(MHy)=E(MH,)
—[E(M)+(q/2)E(H,)]. All energies given in kJ/0.5 mol H (1 kJ/mole=10.36 meV.) All experimental
values are enthalpies and are referenced and discussed in more detail in Ref. 5, except where indicated. Note
that zero-point effects are not included in the calculated results in this {alecalculated results were
performed using a cutoff energy of 237 eV, and are fully relaxed with respect to all cell-external and
cell-internal degrees of freedom. As a test of convergence of these energies, a few hydride formation energies
are also shown, in parentheses, with a larger cutoff of 350 eV, yielding only small differences
(=1 kJ/0.5 mol B) with the lower cutoff calculation.

Compound Structure GGANE) Expt. (AH)

AlH, AlH,4 —-4.2 (-5.0) -3.92 —15.3°

BaH, CoSh, -71 —-88.5°

CaH, CoSi, -86 -91.8°, —92.0¢-85.1¢
KH NaCl —-41 —57.7° —57.3,-59.1, —63.4, —57.8
MgH, TiO, -32 —~37.6° —33.5,-37.2,-329
LaH, Cak -95 —95.6

LaH, f BiF, —-78

LiH NaCl - 87 —90.5°, —90.4, —89.3, —90.6
NaH NaCl —43 —56.3°, —56.9, —56.4
NaAlH, 9 NaAlH, -16 -18.5¢

NagAlH 4 9 a-NagAlH 4 -25 -23.5¢

NaH NaCl —43 —56.3", —56.9, —56.4
NiH, NaCl ~75(-7.5) —-5.0,—4.4,—-82, —45
PdH, NaCl/A,B, -18 -19.2

ScH, Cah —100 (- 100) —129, —100.5

SrH, Co,Si -84 —-90.2°, —99.6°¢

TiH, Cak, —76 (—75) —62.6,—72.2,—66.5, —65.2
V,H B1-V,H —42 —40.6

VH, Cah —-33(-32) -19.1

YH, YH, -79 —79.8°

YH, Cah -105 —105.0°

®Reference 53.

bReference 62.

‘Reference 6.

YReference 63.

®Extrapolated to zero temperature.

PAW (GGA) potentials used for La-H calculations.

9For soglium alanates, the reactions considered are 3NaAMBAIH g+ 2Al+3H, and NaAIH g— 3NaH
+Al+ 5H,.

energies betweesolid-state constituentare often quantita- computed the statid, =0 formation energies of several other
tively accurate. For instance, see Fig. 1 of Ref. 60 for ametal hydrides. In addition to Al we have computed val-
comparison between DFT and experimental formation enemres of AE [Eq. (2)] for hydrides in theM-H systems,M
gies for a series of Al-based intermetallic compounds, show= Al, Ba, Ca, K, Mg, La, Li, Na, Ni, Pd, Sc, Sr, Ti, V, and Y,
ing a typical agreement to within 1 or 2 kJ/mol of atoms.as well as the sodium alanates, Nagleind NaAlHg. The
However, it is well known in the chemistry literatufeee, crystal structures of these hydrides encompass ten distinct
e.g., Ref. 61 that DFT methods typically do not provide crystal structures: rutile, rocksalt, fluorite, “Hype,
quantitatively reliable heats of formation for reactions be-AlHs-type, CgSi-type, 8,-V,H, BiFs-type, NaAlH,;, and
tween atomic and molecular constituent$n the present «-NagAlHg. (Additionally for the Pd-H system, we have
work, we have a situation somewhat intermediate in that weonsidered a Pdft rocksalt-basedA,B, ordered vacancy
are concerned in Eq2) with a reaction between one solid compound, which has been observed in low-temperature
and one molecular constituent, producing a solid hydride. neutron diffraction experiments—see discussion and refer-
Hence, one would like to understand whether the goodtnces in Ref. §.These first-principles calculated energies are
agreement between first-principles and calorimetric values afompared with measured values®ffl in Table 1V and Fig.
formation energies/enthalpies for the Alldompound is ac- 5. The first-principles formation energies are almost all
cidental, or an indication of a more general validity of first- within 10—15 kJ/mol of H (0.1-0.15 eV/H atgrof the ex-
principles methods for hydride systems. To that end, we havperimentally determined enthalpig8Vhenever possible, ex-

144109-7



C. WOLVERTON, V. OZOLI[\é, AND M. ASTA PHYSICAL REVIEW B 69, 144109 (2004

First-Principles vs. Experimental made in B that we deduced in the preceding section to
Hydride Formation Energies reconcile LDA and GGA energies of Al
§ 20
© //
E o o IV. RESULTS: HYDROGEN IN ALUMINUM
s NS
e Now that we have gained some confidence in the applica-
< 0 Vi H4 . ' L
8 a3Al bility of our first-principles methods to metal-hydrogen sys-
a & . . A
T 40 Vg2 tems, we return to the subject of H in Al. We have applied
g s our first-principles methods to studying the site preference,
§ 601 g N vibrational states, dilute heat of solution, vacancy binding,
g 3 and diffusion of H in Al.
S -804 wAs
T BaH2
2 La_H,?SﬂtZ A. Site preference
g -100 A M
3 o The site preference of H has been the subject of many
a 120 ' ' - ' ' ; previous investigations. Bugeat al'? implanted hydrogen
-120 -100 -80 -60 -40 -20 0 20

and deuterium in Al, and used channeling and nuclear analy-
sis experiments at 33 K to deduce an interstifigisite pref-

FIG. 5. Comparison of present first-principl®ASP-GGA) en-  €rence. Aside from this one experimental determination,
ergies and measured enthalpies of formation for several metal hynost of t_he indicat'ion of site preference have come from
drides MH,. The energy of formation is defined a@sE(MH,) computational studies. Unfortunately, these studies have not
=E(MHg) —[E(M)+(a/2)E(H,)]. All energies given in kJ/0.5 helped to clarify the situation. H in Al was a benchmark
mol H,. (1 kJ/mole=10.36 meV.) For each hydride, experimental System for early studies for calculations of the electron den-
enthalpy values in Table IV are averaged. Note that zero-point efsity (both non-self-consistent and self-consisterploying
fects are not included in the energetics of this figure. approximate schemes for treating the metal lattice. These

approaches include treating the metal lattice as jellium, in a
perimental numbers were taken from low or room- perturbative manner, or by a spherical average of host-ion

temperature experiments so as to minimize the distinctiorﬁmem'als' Some of these approaches found a preféted

7,18 ; 3,14
between theory and experiment due to Bhé andC,, terms occupancy,”*although others found site preference;

in the enthalpy. However. some of these experimental num:_and some have even indicated a preference for the substitu-
PY- ’ P _ tional position:®?° Using an effective medium theory ap-

y . .
: . - pbroach, Puska and Niemerféiound anO,, site preference.
kgT~10 kJ/mol) Given that zero-point and finite tempera- \yore recent work includes an ember(]llded atom method

ture effects are not co'nsidered. in the calculated results, tr'@udyus (showing arO,, preferenceas well as first-principles
agreement between first-principles calculated and experprr.pased studie®’° Reference 15 uses the LDA and in-
mental hydride energetics seems quite good across a Wid§cates a4 preference of H, but does not consider the effect
variety of structural types and local hydrogen coordinationsof zero-point energies on the site preference. In sum, the
This comparison gives us confidence in the applicability oftheoretical studies of site occupancy of H in Al are contro-
our methods to these hydrogen/metal systems. versial, and the only available experimental report seems to
Although many previous reports of first-principles studiesindicate aT,4 preference.
of metal hydrides exist, only a few report formation energies. For our T4 and O, impurity calculations, both the cell-
Consistent with the present work, these previous papers haweternal and cell-external degrees of freedom are relaxed.
also generally found good agreement between first-principle$he energetics of H in interstitidly vs Oy, sites are given in
and experiment for alkali hydridé4, NbH.®® Mg,NiH,,%®  Table I. SE(Ty—Oy,) is the energy difference between hy-
TiH, and VH,,%? LaNigH-,®” sodium alanate® as well as a  drogen in tetrahedral and octahedral interstic6&(T
series of group |, Il, and transition-metal hydridésMiwa  —0,,)<0 indicates a tetrahedral site preference. Tetrahedral
and Fukumot®’ used GGA, but founé~ 10 kJ/0.5 mol H  sites are clearly favored qualitatively in all calculatidghsth
underestimate of the formation energies of Jiehd VH,  LDA and GGA) based on staticT=0 energetics only. We
with respect to experiment. These results are consistent witbonsider vibrational effects on the site preference below.
our calculated results for TiHand VH,. However, these The fact that th@ 4 vs Oy, energy difference is quite small
authors also calculated zero-point energies of the hydrides @$ consistent with reports of size-based site preferences of
the order of 10 kJ and assert that the bulk of the discrepandgydrogen in metals. In a study of transition-metal hydrides,
between experiment and GGA can be accounted for withrodovaet al. (see Ref. 71 and references theydiound a
zero-point effects. Recently, Smithsaet al>* have used correlation between the type of interstices occupied by hy-
VASP within the LDA to study as series of metal hydride drogen atoms and the size of the metal atoms. For large
energetics. Many of the hydride energies in this paper seemmetal atoms;T4 sites are preferred, wit®,, sites preferred
to be ~0.25 eV/H lower than experiment. Interestingly, it for small metal atoms. The change in the coordination occurs
appears as though these results are shifted with respect & some critical atomic radius of the metat-r
experiment by a very similar amount to the “LDA shift” =1.34—1.40 A(with the range depending on the row of the

First-Principles Formation Energies (kJ/0.5 mol H2)

144109-8



HYDROGEN IN ALUMINUM: FIRST-PRINCIPLES . .. PHYSICAL REVIEW B 69, 144109 (2004

Site Preference of H in Al frozen-phonon dynamical matrix approach. The calculated

zero-point frequencies and energetics are given in Table VI.

04 | Static Static Zero-Point Hydrogen in the smallelly site has higher vibrational fre-

Unrelaxed Relaxed Relaxed quencies than in the larg@,, site. Thus, theD,, site has a

o | i si_gnificantly lower zero-point energy thél'_r;j. Although the
— difference between the zero-point energies inTheand Oy,

\ sites is large, it is not sufficient to reverse fhgsite prefer-

o2 L G \ o, ence found in the static, nonvibrating calculations above.

When both atomic relaxation and zero-point vibrations are

o B 5 7 T included, H in Al is slightly energetically preferred in thg T

0.1 | X / site (at T=0 K), in agreement with the low-temperature ex-

Y P4 perimental results of Bugeat et ¥.The physical contribu-

I tions to site preference of H in Al are summarized in Fig. 6.
The above results do not consider the presence of defects in
X — X the Al matrix to which the hydrogen might bind. We describe

FIG. 6. Physical contributions to the /Oy, site preference of H  pa 6,y calculations that demonstrate thesite preference of
in Al. Note that in stgtic, unrelaxed calc.ulations,.H gnergeticglIyH, even when strongly interacting with Al vacancies.
prefers the largeO, site. However, atomic relaxation is larger in . rap1e v/ we report the vibrational frequencies deter-
t_he Ta site, qua_lltatlvely_reversmg the static site prz_aference._ V'bra'mined both harmonically and anharmonically, and using our
tional fr?quenc'es of H in th.@d site are_larger .than in they, site, frozen phonon approach compared with the Einstein model
thus giving a larger zero-point energy in tig site. When all con- ) . . T
tributions are considered, the calculations predict a small preferenc'cze'rs.t’ we note th.at the frequencies cqlculated usmg the Ein-
for Hin T sites afT=0, consistent with the experimental report of stein model are in good agregment W't,h thoge obtained f_rom
Bugeatet al. (Ref. 12. f[he full frozen phqnon dynamical matn_x. Wh|le _not surpris-

ing for the T4 site, where the H vibration is roughly

transition metal host The nearest-neighbor distance of fcc 500 cni * above the highest Al frequency, this is noteworthy
Alis 2.86 A, leading ta 5 =1.43 A. Itis interesting that our for the O, site for which the calculated H frequency lies
results are consistent with this idea of a size-mediated siteight near the top of the Al spectrum, forming a sharp peak in
preferencealthough it should be remembered that the studythe phonon density of states centered@ht= 354 cm L. In-
of Irodovaet al. is for hydrogen in transition-metal alloys spection of vibrational eigenvectoeg(i), wherej is phonon
The atomic radius of Al is larger than, but close to the criticalmode andi is atom index, reveals that this peak has only
radius predicted by Irodova, thus indicating a slight prefer-709 H character according to weights calculatece(s).
ence forTy sites overOy,. ) ) ) The remaining 30% are distributed over all Al atoms, which

Motivated by this indication of a size-mediated site pref-show a displacement pattern of the longitudinal acoustic
erence, we have examined the physical contributions of statig A) x-point[100] zone-boundary mode. Furthermore, some
atomic relaxation and H vibrational frequencies on the siteyydrogen character is observed in the vibrations of the sur-
preferenceFig. 6). rounding Al neighbors at frequencies near 250 ¢which

Static atomic relaxationin Table V, we also show results ziso correspond to the LA-phonon modes of Al. Since the
of “unrelaxed” supercell calculations in which the Al atomic ntermixing between H and zone-boundary Al vibrations is
positions are constrained to that of ideal pure Al. The differ-not negligible, it is somewhat surprising that the agreement
ence between the unrelaxed and relaxed calculations givgsstween a simple Einstein model and the full dynamical ma-
the energy gained by relaxation of Al atoms upon the inseryix calculation is so good.
tion of a H atom. The energy gain upon relaxation for Hin e unusually low value Ofoh is a consequence of weak

Zgoahalcnég:ig;iiless n}:'"r%msailte(_scz‘_og ;g/ L’V?u;ﬁ;%rgznﬁliiﬁ' interactions between the host lattice and H in @yesite. It

between atomic relaxat(ion for thé two sifes is so large th S (.;on3|stent.W|th our fmdmg of (_)nly a small amount of

the site preference is reversed when the artificial unrelaxegttlce relaxation aroqnd this impurity. I-_lowever, it also sug-

geometry is considerefle., O, sites are preferrdd Thus ests that anharmor_uc effects may be important. Indeed, the
. . = ~h . _root-mean-square displacements of H atom$-a0 are on

X ) : . Ihe order of 0.2 A, i.e., approximately 10% of the Al-H dis-
are a dominant physical effect controlling the site pre]‘erenc¢1—?ance and considerably larger than the maximum displace-

2;:3 ullnaltbi\(lnln-ghtehsaet rgs:jr:t?e(’:)lz(r)tégu'gitee legfr]ef:rzggs()fat:j Z%rlymem (0.04 A) used in obtamlng the harmonic dynamical
not allow for atomic relaxation h matrix. For such large cha_nges in the AI_—H bond length an-
' harmonic hard-core repulsion becomes important. To quan-
tify the magnitude of anharmonic effects, we have calculated
energy curves as functions of H displacements while keeping
We next consider vibrational states of H in Al, and theirall Al atoms fixed at their equilibrium positions. These
impact on site preference. curves were obtained for displacements out to 0.4 A along
Zero-point vibrations Harmonic vibrational frequencies three principle symmetry directiond:100], [111], and
of H in T4 and Oy, sites in Al were calculated using the [110]. The three-dimensional Schtinger equation was then

E (eV)
\

0.0 -

B. Vibrational states of H in Al
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TABLE V. Comparison of first-principles and experimentally observed energetics of H in Al. All energies

are in eV: SE(T4—Oy,) is the energy difference between hydrogen in tetrahedral and octahedral interstices.

[SE(T4—0O;) <0 indicates that tetrahedral sites are favofeXk, s is the energy difference between hy-

drogen in the tetrahedral site and hydrogen in the transition state between tetrahedral and octahedral sites.

AEjyp is theT=0 energy of the a hydrogen impurity in Al, relative to bulk Al and arHdolecule. Calculated

results are for 32-atom cells, ¥8.6X 16 k points, and 237 eV cutoff. Calculations including zero-point

effects indicated by an asteri¢k) are for a “reduced mass” model with a potential of the form of ED;

otherwise, zero-point calculations employ a frozen phonon approach using supercells with 32 Al sites, as

described in the text.

Site
preference AEjn(Tg) AEimnp(On)  SE(T4—Op) AEans

Expt. Tq? +0.67° +0.52+0.079

+0.60° +0.17+0.02"

+0.65¢ +0.57

+0.71¢

+0.65°¢

+0.66
GGA (relaxedt+ZP-anharm¥ Tq +0.71 +0.76 -0.05
GGA (relaxed-ZP-harm Tq +0.71 +0.75 —0.04 +0.15
GGA (relaxed Tq +0.69 +0.82 -0.13 +0.18
GGA (unrelaxedl Oy +0.98 +0.86 +0.12 +0.19
LDA (relaxed Tq +0.47 +0.52 —-0.05 +0.16

8Reference 12.
bReference 21.
‘Reference 22.
dReference 23.

Reference 24.
9Reference 30.
PReference 27.
'Reference 26.

®Reference 25.

solved in the basis of harmonic oscillator eigenstates. For lenergy levels are sketched in Fig. 7, which also shows the
in the O, site, where some intermixing of H and Al vibra- energy curve along thgl11] direction, through th& 4 and
tions was found in the harmonic case, this Einstein-likeO,, sites.

model is justifieda posteriori by our findings that anhar- We find that anharmonic effects increase the ground-state
monic corrections increase the H frequency to approximatelgnergy in theOy, site by 30 meV, while thd 4 site energy is
100 cm ! above the highest Al phonons; this effect shouldalmost unchangedsee Table V). It is interesting that the
lead to a dramatic decrease in the intermixing of Al and Hcalculated ground-state energy in g site lies above the
modes in comparison with the harmonic case. The resultingaddle-point energy of the transition state betweenQhe

TABLE VI. First-principles calculated vibrations for H in Al. Unless otherwise indicated, all calculations
are for supercells with 32 Al sites, using the frozen phonon approach as described in the text. Calculations
using the Einstein model and a potential of the form of EL. are indicated by an asterisk). For
comparison, calculated and experimental frequencies of thexdlecule are also shown.

Configuration Harmonic Anharmonic
v Ezero—point v Ezero»point
(cm™Y) (eV/H atom (cm™1) (eV/H atom
H in Al
H(Ty) 851, 851, 851 0.158
H (Ty)* 819, 819, 819 0.153 831, 831, 831 0.155
H (Oy) 354, 354, 354 0.066
H (Op)* 277, 277, 277 0.051 435, 435, 435 0.081
H(Ty)+0O 754, 888, 888 0.157
H migration 1046, 1046, (28% 0.130
H, molecule
H, 4390 0.136
H, (expt) 4401 0.136
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Vibrational Energy Levels for H in Al portional to the square of the Hamiltonian matrix element
’ taken between the initial and the final stafés, suggests
that both theTy and O,, states are sufficiently long lived at
low temperatures. A direct numerical solution of the one-
dimensional Schiinger equation for the potential of Fig. 7
also gives very little overlap between th®,- and
T4-localized H states. Since in one dimension the “perpen-
dicular phase space” is infinitely lardee., v,,=0), and thus
the “localization barrier’hv,,, does not exist, the 1D wave
functions should be less localized than those in three dimen-
sions.

Vibrational entropyAs seen from Fig. 7, only one excited
Hydrogen density distribution state lies below the saddle point energy plus,. There-
fore, only the lowest excited state is available for thermal
excitations contributing to the vibrational entropy of each
type of site. We obtain that 8ti=300 K the entropy of H in
the Oy, site is 0.4kg higher than the entropy of H in thgy
site. This results in a relatively small 10 meV lowering of the
OE(O,—T,) free-energy difference. At high temperatures
the Boltzmann factors for the highae=2 excited states be-
come appreciable; as discussed above, these states may be
delocalized, invalidating the concept of an entropy associ-
ated with a given site.

Energy (eV)

—_
<

o

'S

Density (in el/A%)
(=)}

[\]

-2 -1 0 1 2
Distance along [111] (in A)

C. Dilute heat of solution
FIG. 7. Top panel: Potential energy forH displacements along The dilute heat of solution is one of the few examples in
the [111] diagonal througfiry and O, sites. Anharmonic energy the Al-H system where the majority of experimental reports
levels are shown as horizontal lines. Points are directly calculateare reasonably consistent. Manv autR5r& have extracted
values, while the solid line is a 12th-order polynomial fit. Dashed y : ) y au

line shows the energy for H displacements alpdga]. hry, is the the dilute heat of solution from solubility studies and found
zero-point energy at the saddle point for phonon displacements pe¥2/U€s in the range-0.6 to+0.7 eV. Some of these reported
pendicular to 111]. Bottom panel: Hydrogen density distributions Values are given in Table V. _

in the lowest energy states dry and O, sites. Solid lines give We have calculated the dilute heat using supercellsl of

=0 states, dotted lines give=1 states, and dashed line gives the (N = 32, 64, 108 Al atoms:

On state withn =2, AEm(H)=E(AlyHy) —[NE(AD+2E(Hy)]. (@)

andT, sites. One may even wonder if any bound states exist The calculated dilute heats of solution are given in Table
for H in the Oy, site? Indeed, the true crystal states of H areV, and compared with experimental reports. Our result
delocalized. Localized Wannier-like states may be obtainedGGA) for the dilute heat of a static H impurity in By site
from the crystal orbitals, and should have lifetimes that exdis 0.69 eV, in good agreement with the experimental reports.
ceed the the characteristic vibrational periods by many order€alculation of the vibrational contributions to E¢) shows

of magnitude. Can such states be constructed for H on botthat their effect on the dilute heat is quite small, due to the
O, andT, sites? We argue that they exist as the ground-statact that the zero-point energies of tfig impurity and B
energy is higher than the confining potential only in a verymolecule(first and third terms in Eq(4), respectively are
small region around the saddle point. The width of this re-quite similar(see Table V), differing by only ~0.02 eV/H
gion is inversely proportional to the curvature of the poten-atom. Thus, including vibrational energies raises the dilute
tial surface in the direction perpendicular[tbl1]. This cur-  heat to 0.71 eV, still in good agreement with experimental
vature is, of course, proportional to the vibrational reports™

frequenciesvy, of H in the saddle poin{Table VI). To The LDA (statig result, 0.47 eV, is somewhat lower than
“squeeze” a H wave packet through the saddle point onéboth GGA and experiment, but as noted above, if the energy
must pay the price of localization energy, which is approxi-of the H, molecule is adjusted to bring the hydride formation
mately given byhvy, . This energy level is shown in Fig. 7. energy into agreement with GGA, the dilute heat number for
We see that the effective height of the barrier is raised contDA becomes 0.60 eV. Thus, again we see that much of the
siderably. In fact, only states with=2 and higher are un- difference between the LDA and GGA calculations can be
stable in this simple picture. Further support for the metastatraced to the energy of the,Hnolecule in Eq.(4).

bility of the H atom in theOy, site comes from inspecting the Note that the artificial AIH rocksalt and zincblende com-
calculated anharmonic wave functions in the bottom panel opounds in Fig. 1 both possess an fcc sublattice of Al atoms,
Fig. 7. It is seen that there is essentially no overlap betweeone Al atom per unit cell, with H irD,, and T4 positions,

the T4 and Oy, states. Since the transition probability is pro- respectively. Our first-principles calculations give formation
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energies of 0.40 and 0.38 eV/atom, respectively, or 0.8@xplained by a large H3 binding. However, to test these
eV/H atom for H inO;, coordination and 0.76 eV/H atom for assertions, Ishikawa and McLelf&hused an electrolytic
T4. These numbers are quite close to the supercells results method to measure diffusion near room temperature. These
Table V of 0.82 O;,) and 0.69 Ty), thus demonstrating that authors found good agreement between their measured acti-
even a “one-atom-supercelli.e., N=1 in Eq. (4)] is rea- vation energy and previous high-temperature measurements.
sonably converged. Therefore, one must conclude that the kh other words, they found no such discrepancy as in the
atoms do not appreciably interact with other H atoms in thegesults of Hashimoto and Kino. Therefore, since there are
presence of Al. essentially no vacancies in Al at ambient temperature, these
We should also comment on the recent paper of Luauthors suggested no particular mechanism for H diffusion
et al,’®> who used the same method as the present workhat is keyed to migration of vacancies.
(VASP-LDA), but found a dilute heat of-0.22 eV, com- However, in addition to the work of Hashimoto and
pared with our LDA result of+0.47 eV. We believe that the Kino,?® many other measurements have pointed to a signifi-
source of this~0.7 eV discrepancy can be traced to the factcant HE1 interaction: Linderotff analyzed measured diffu-
that Lu et al. use different energy cutoffs in the three termssivity data from the literature, and “corrected” for the influ-
of Eq. (4), E¢,=350 eV for the H impurity and the #Hmol-  ence of HEI binding. From this analysis, the extracted H-
ecule, butE.,~= 130 eV for the calculation of pure Al. We binding energy is 0.480.07 eV. MonitoringD distributions
have found that this low cutoff for pure Al gives a total in Al by an ion-induced nuclear reaction, My&rsanalyzed
energy that differs from a 350 eV calculation by 0.022 eV/the results using diffusion theory and foundHbinding of
atom. While this error may seem small, it is multiplied in Eq. +0.52+0.10 eV. Positron annihilation experiments have
(4) by the number of atoms in the superd@? in the case of yielded>®a binding energy of 0.580.03 eV. By measur-
Lu et al), thus leading to an error of 0.70 eV in the dilute ing length change and lattice parameters of H introduced into
heat, and explaining the discrepancy. However, this error imigh purity Al, Birnbaumet al?° showed the hydrogen was
Ref. 15 only pertains to their results that compare energetickapped at vacancies and that the composition of H and va-
of H-containing with non-H-containing systems. Resultscancies were roughly comparable. From these measure-
(such as the H migration barrjerthat only involve ments, they estimated a H-binding of 0.48 eV.
H-containing cells, agree well with our calculations. Recently, this problem has been reexamined by Young
and Scully’” By isothermal and constant heating rate desorp-
- o tion techniques, they measured diffusion and trapping of H in
D. Diffusion and H-vacancy binding in Al Al. Somewhat surprisingly, these authors found a very small
Measuring the diffusion coefficient of hydrogen in solid activation energy compared with all previous results: 0.17
aluminum is hampered by the limited solubility of hydrogen. €V."> However, they observed two H trapping sites with
Existing measurements vary by orders of magnitude. Due t§inding energies 0.280.18 and 0.710.33 eV, which they
the low solubility, diffusion measurements are often per-assigned to dislocations and vacancies, respectively. These
formed at high temperatures near the melting point of Al,authors suggested that many previous diffusivities may actu-
where there are an appreciable number of vacancies. Thuglly be trap affected, thus providing a possible explanation of
the influence of vacancidgenoted by 1) on the diffusion of ~ the widely varying values.
hydrogen is significant, and the B-binding energy as well Several theoretical papers have also addressed the issue of
as the migration energy are important quantities in a study of-0 binding in Al: Popovicet al**?° used a nonlinear re-
hydrogen diffusion in Al. sponse theory to obtain approximately self-consistent elec-
Many measurements of the activation energy for diffusiontron densities surrounding a proton and found that the sub-
of H in Al have been made. Most of the energies fall in thestitutional site is considerably lower in energly23 e\) than
range between 0.4 and 0.6 €¥.g., see Refs. 26 and 1 and €ither anOy, or Ty interstitial sites. From a self-consistent
references thereinFor example: Linderofl} examined mea-  LDA jellium calculation Larsen and Norskd¥found theT,
sured diffusivity data, and extracted the migration energy ofite to be most stable with a heat of solutiondef.3 eV and
H in Al as 0.52+0.07 eV. Using a real-time dynamic tech- found a HEJ binding of approximately 1 eV. Effective me-
nique under ultrahigh vacuum conditions in large grain alu-dium theory calculations of this bindiftyhave yielded a
minum (to avoid complications of porosity, surface contami- value of 0.52 eV, in good agreement with the experimental
nation, oxide thickness, and grain Sizéutlaw et al/*  results.
found an activation energy 0.49 eV. From our (N atom supercell calculations, we have calcu-
Although it may initially appear as though there is con-lated the HEJ binding energy:
sensus on an activation for H diffusion near 0.5 eV, the situ-
ation is complicated by considerations of H-defect binding: SE(H—)=E(Aly_,;H;0;) +NXE(Al)—E(Aly_;,)
Hashimoto and Kin® measured the diffusivity of H in Al at
high temperature and found an activation of 0.61 eV, close to —E(AlNHY). ®)
the activation energy of self-diffusion in Al. However, at
lower temperature, these authors found a much larger diffu- From Eq.(5), it is apparent that calculation of the vacancy
sivity than that extrapolated from high temperatures. Theyormation energy in AIAE, ., is a necessary byproduct of
concluded that because there are more vacancies in equilithe H{] binding calculationAE, .. has been calculated pre-
rium at high temperature, their diffusivity results could beviously from first-principles approaches by many authors.
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TABLE VII. Comparison of first-principles and experimentally observed energetics bf Hlenoted by(]) interactions in Al. All
energies are in eVAE,, is the vacancy formation energy in AAE;(Tq+0) and AEjm,(O,+0) are the formation energies of H-
pairs. AEjnp(sub) is the formation energy for H in a substitutional si#&(H—[J) is the HE] binding energy between H i sites and
vacancies. Calculated results are for 32-atom cell 1< 16 or higherk-points, and 237 eV cutoff. Note that zero-point effects are not
included in the calculated results in this table.

AE, ¢ AEimp(Tg+0) AEjmp(Op+)NN AEimy(Op+0)2NN AEjmp(sub) SE(H-0O)

Expt. +0.672 +0.43+0.07¢
+0.53+0.03¢
+0.52+0.10°

GGA (relaxed +0.54° +0.90 +1.14 +1.40 +1.76 +0.33

GGA (unrelaxed +0.63 +1.06 +1.28 +1.54 +1.87 +0.55

®References 82 and 83.

bCarling et al. (Ref. 81) have recently shown that the discrepancy between the experimental and GGA-calculated vacancy formation energy
in Al may be resolved via a “surface” correction to the electron correlation effects.

‘Reference 30.

YReference 75.

*Reference 31.

(See, e.g., Refs. 44, 45, 79-81 and references the@ur.  schematic figure of the migration paths and barriers is also
GGA result of AE,,c=0.54 eV agrees well with the result given in Fig. 8.
(0.54 eV of Carling et al®!, who have recently shown that Diffusion of H with no vacancied¥hen there are no va-
the discrepancy between the GGA-calculated and experimerancies present, there is a small energy bari@et8 e\)
tal vacancy formation energy in Al (0.670.03 e\*) may  separating thely and O,, positions. This small migration
be resolved via a “surface” correction to the electron corre-energy is in excellent agreement with the recent results of
lation effects. However, these authors also suggest that thiéoung and Scull§’ and also is consistent with the recent
correction cancels when consideriminding between de- first-principles calculations of Let alX®
fects, such as the H} interaction considered here. Diffusion of H in the presence of vacanci€ar H in aTy
We have performed calculations for the[H/in several position with a nearest-neighbor Al vacancy, there are two
different positions{1) T4 H, nearest neighbor tol, (2) O,,  possible pathways for the H atom to diffuse from its position
H, nearest neighbor tial, (3) O}, H, next-nearest neighbor to to a neighboring)y, site. One of these paths leads to@p
[, and(4) substitutional HH on the[d site). The calculated site that is a nearest neighbor to the vacancy, and the other
results are given in Table VII. We note several poir®: leads to arD,, site that is second-nearest neighbor tofhe
Even in the presence of vacancies, the intersfitjgbosition ~ We call these “Path 1" and “Path 2,” respectively, and they
is still favored overO,, and substitutional positions. The are shown in Fig. &). “Path 2" takes the H atom on a direct
equilibrium position of H in the H-O pair is off-center, pathway away from the vacancy. For each of these two paths,
displaced from the nominal tetrahedral site by approximatelyve also consider the subsequent migration fromG@hesite
0.15 A. (b) The first-principles results show a substantial H-to a T site, second-nearest neighbor to fie
O binding (with T4 H) of 0.33 eV. This value is qualitatively Although in the absence of vacancies, the migration en-
consistent with the large binding energy inferred from a va-ergy was relatively low(0.18 eV without zero-point correc-
riety of diffusion data. However, the value is somewhattions), in the presence of vacancies, moving the H from the
smaller than the estimates inferred from experimétAl- T4 site to theOy, position involves breaking the H} binding
though smaller, there is a binding of vacancies with BN  energy(0.33 eV}, and so the calculated barrier, 0.54 eV, is
H of 0.22 eV. For NNNO,, H-OI pairs, the defects do not roughly equal to the migration energy without vacancies
interact strongly, with a binding near zere-0.04 eV).(d)  (0.18 e} plus the HE] binding(0.33 eVj. Figure &b) shows
The substitutional site is quite high in ener¢§.86 higher the calculated energetics for both paths considered. The first
than theT 4 H-0J pair). Thus, even for a NN H3 pair, the H  step in “Path 1”(to the O+ NN position) has an energy
atom will not “fall into” the vacant site. This result is in barrier of only 0.28 eV, because there is still significant bind-
qualitative contrast with the early jellium results of ing (0.22 eV, see Table Vilbetween the H and] in this
Popovic® (e) Vibrational calculations of H in thd sites  position. In this case, the second stgp the T4+ 2NN
show that one of the three H vibrations is slightly softened inposition) that involves breaking th®,+ [ NN binding en-
the presence of vacancies, while the other two are stiffenedrgy, resulting in a barrier of 0.30 eV. However, the overall
somewhat(Table VI). These effects nearly balance, giving barrier for this migration path is shown in Fig. 8 and is 0.54
very similar zero-point energies of H in the presef@d57 eV. For “Path 2,” the first step involves migration to a site
eV) and absenc€0.158 eVj vacancies. Thus, the effect of (Op+ 2NN) with no significant binding, and thus the mi-
zero-point energy on the H} binding is very small. gration energy is large, with th@,+ 2NN site even be-
We have also performed calculations of the migration encoming an unstable saddle point on the energy surface. In the
ergy for diffusion both with and without an Al vacancy. A second step in “Path 2,” the binding with the vacancy is
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connection between our results and the quantum theory of
diffusion is beyond the scope of this work; however, we
suggest that future work in this area could be fruitful.
Finally, in a series of papers, McLellagt al. (see e.g.,
Refs. 86,87 and references thepeirmve modeled hydrogen
(a) diffusion, accounting for the substantial [H- interaction.
However, to get numerical values out of these diffusion mod-
els, parameters such as thelHbinding energy, site prefer-
ence, etc., must be input. Since some of the quantities used in
previous modelgparticularly those from early jellium-type
calculation$ have been somewhat suspect, it would be inter-
esting to repeat these types of analyses using as input our
first-principles derived quantities.

Vacancy

First-Principles Migration Energies of H in Al
V. SUMMARY

1.6

Path 2
(O, 2NN)

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

(b) Aluminum hydride By comparing energetics and struc-
tural properties, we have determined that the majority of the
difference between LDA and GGA descriptions lies not in
the solid-state compounds, but rather in the description of the
H, molecule. As GGA provides a more accurate picture of
H,, it also provide quantitatively more accurate energetics of

0.6 : — the AlH; hydride as well as a more accurate heat of solution

025 0.30 0j35 040 045 030 055 0.60 065 0.70 075 for H in Al. The GGA predicted structural properties of AlH

A it ——— e senlstep —— also agree well with experiment. Linear response calcula-

T o, T, tions (within the LDA) of AlH 5 yield important insights into

Positi the vibrational and thermodynamic properties of this com-
os1tion L . .
pound. By combining the statit=0 formation energy of

FIG. 8. First-principles calculated migration energies of H in Al. AlH 3, calculated zero-point energies, as well as experimental
(@ The considered pathway connecting a tetrahedral positioequation of state data for 1 we have demonstrated that,

1 2 1y in units of the lattice parameter of Al to an octahedral consistent with experimental calorimetry data, the metastable

position & 3 1). (b) Energetics along the pathway in the absenceAlHs compound has a weak, negative formation enthalpy at

and presence of vacancies. When there are no vacancies presédibient conditions, but a more strongly positive formation
there is a small energy barriéd.18 e\ separating thdy andO,,  free energy.

positions. However, when a vacancy is presero@6), moving the Metal hydrides To ascertain more about the applicability

H from the T, site to theOy, position involves breaking the B+ Of density functional calculations to the energetics of metal

binding energy(0.33 eV}, thus resulting in a much larger barrier to hydride systems, we have performed a series of calculations

diffusion. Calculated points are shown, and curves are drawn schder M-H hydrides:M = Al, Ba, Ca, K, Mg, La, Li, Na, Ni,

matically merely as a guide to the eye. Note that zero-point effect®d, Sc, Sr, Ti, V, and Y. The formation energies of these

are not included in the energetics of this figure. hydrides spans a range betweet® and —100 kJ/0.5 mol
H,, and the agreement between calculated0 static ener-

essentially broken already, and so this energetic pathwagies and measured enthalpies is within 10—15 kJ/0.5 mol H

looks very similar to that of the case with no vacancies.Inclusion of zero-point energies and other dynamic contribu-

Thus, these calculations are consistent with the assertion &bns in the calculations would likely increase the agreement

Young and Scully’ and the strong HZ binding can recon- with experiment. The GGA calculations are therefore shown

cile their diffusion resultqwith a small activation energy to provide a good predictor for a formation energies for a

with previous results finding a larger activation-e0.5 eV.  wide range of metal hydrides.

The reader should note that our discussion of diffusion Site preference of H in AlFor Al-H, we find that both
has implicitly been couched within the framework of classi-atomic relaxation and anharmonic vibrational effects play an
cal transition-state theory. However, as we have seen, H doésmportant role in the tetrahedral versus octahedral interstitial
not always behave classically, and much work has gone inteite preference of H in Al. In static, unrelaxed calculations, H
developing a quantum theory of diffusiéh®*8At low tem-  energetically prefers the largé, site. However, atomic re-
peratures, quantum tunneling occurs whereas classical “hopgaxation is larger in theT site, and the energetic effect of
ping” occurs at high temperatures. There are intermediat¢hese relaxations overwhelms the static site preference, yield-
crossover and quantum correction regimes as well. A fuling aT, favored site. However, vibrational frequencies of H

1.4

Path 1
(O, NN)

—
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T

With
vacancy

0.54eV

—
(=]
T
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in the T4 site are larger than in th®,, site, thus giving a nation for the disparity between observed H migration barri-
larger zero-point energy in th€y site. When all contribu- ers reported in the literature.
tions are considered, the calculations predict a small prefer-
ence for H inT, sites andT=0, consistent with the one
experimental report of site preference. We have also shown
that the calculated heat of solution of H in Al is large and
positive (+0.71 eV}, consistent with experimental solubility
data and with Al as an endothermic hydrogen absorber.  about various aspects of metal-hydrogen systems with the
Diffusion and defect binding of H in Aln an ideal bulk  following: John Allison, Alex Bogicevic, Gerd Ceder, Ali
Al, a calculation of the migration energy of H between theChirazi, Steve Harris, Ken Hass, Jeff Hoyt, Bill Schneider,
T4 and Oy, sites give 0.18 eV. However, based on previousEllen Stechel, and Jake Zindel. Research at Northwestern
reports, we have also investigated the interaction between Was sponsored by the U.S. Department of Energy, Office of
and Al vacancies, finding a large binding energy of 0.33 eVBasic Energy Sciences, Materials Science Division, under
For calculations of H migrating away from an Al vacancy, Contract No. DE-FG02-01ER45910. Work at UCLA was
the migration energy increases to 0.54 eV. Therefore, consigunded by the U.S. Department of Energy, Office of Power
tent with the recent study of Young and Scfifywe find that  Technologies, Hydrogen Program Office under Contract No.
vacancy trapping of H can provide at least part of the explaDE-AC36-83CH10093.
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