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Pressure-induced structural, electronic, and thermodynamic changes in «-AlH; were investigated using
synchrotron x-ray powder diffraction and density-functional theory. No first-order structural transitions were
observed up to 7 GPa. However, increasing Bragg peak asymmetry with pressure suggests a possible mono-
clinic distortion at moderate pressures (1-7 GPa). The pressure-volume relationship was fit to the Birch-
Murnaghan equation of state to give a bulk modulus of approximately 40 GPa. The reduced cell volume at high
pressure is accommodated by octahedral tilting and a decrease of the Al-H bond distance. Ab initio calculations
of the free energy indicate that hydrogenation becomes favorable at H, pressures above 0.7 GPa at 300 K.
Electronic density of states calculations reveal a slight decrease in the band gap with pressure but no evidence
of an insulator-to-metal transition predicted by previous high-pressure studies. Calculated Mulliken charges
and bond populations suggest a mixed ionic and covalent Al-H bond at 1 atm with an increase in covalent

character with pressure.
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I. INTRODUCTION

Aluminum hydride, AlHj;, is a unique binary hydride that
is a promising hydrogen source for proton exchange mem-
brane fuel cells and other applications. Despite a very low
hydrogen solubility and the fact that aluminum is one of the
most unlikely candidates to form a metal hydride, AIH5 can
be synthesized in seven different polymorphic structures (e,
a', B, v, 6, € and {) by simple organometallic methods.! On
a volumetric basis, AIH; contains more than twice the hy-
drogen of liquid H, and it is one of only a few metal hy-
drides with a gravimetric hydrogen density that exceeds
10 wt. %. Most surprisingly, AIH; forms a stable, crystalline
solid at room temperature despite an equilibrium hydrogen
pressure greater than 0.3 GPa.>’

The thermodynamics of a-AlH; have been investigated
experimentally, using calorimetric techniques,’ and compu-
tationally, using density-function theory (DFT).%” These
studies give a formation enthalpy of between —4.6 and
—8.2 kJ/mol H,. Using the more stable value for the forma-
tion enthalpy (-8.2 kJ/mol H,) and an absolute entropy of
20 J/K mol H,,* the lower bound on the H, fugacity neces-
sary for hydride formation is 26 GPa (equivalent to 0.6 GPa
H, pressure®®) at room temperature. High-pressure experi-
ments using H, as a pressure medium have demonstrated
absorption in Al at 2.8 GPa at 573 K.>!° Although these val-
ues are in reasonable agreement, the structural and thermo-
dynamic data of a-AlH; at high pressures remain incom-
plete. Pressure-induced structural and bonding changes are
known to occur in a number of other metal hydrides, such as
LiAlH, and NaAlIH,."" In this study, we investigate pressure-
induced structural changes in a-AlH3, which is comprised of
corner shared AlHg octahedra. Similar to other investigations
of distorted ReOj structures,'>!3 we use the rigid octahedral
units as a basis for understanding structural changes in this
system. Free-energy changes were calculated based on the
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experimentally determined structures (0—7 GPa) and calcu-
lated structures (15—100 GPa). Previous high-pressure struc-
tural studies of a-AlHj;, using energy dispersive x-ray pow-
der diffraction,"* and of a-AlD; using neutron powder
diffraction, !> measured unit-cell parameters and bulk moduli
for these materials. Although neither study identifies any new
powder-diffraction peaks that may be indicative of a
pressure-induced phase change, the low resolution of the dif-
fraction data limits the detection of more subtle structural
changes.

Density-functional theory was used to calculate the
change in free energy with pressure. We have calculated the
electronic structure of monoclinic a-AlH; (space group
C2/c) for the experimentally measured structures at pres-
sures of 0—7 GPa and compared our findings with the DFT
calculated values. High-pressure values quoted in this work
represent the average stress applied to the system, which can
be expressed as o,p. This stress is related to the supercell
volume (V;) and the total energy (E,,) in the following way:

1 OE

O 5= — s 1
af Vo O.)Eaﬁ ( )

where €,p is the component of the strain tensor.'®!7 This
method has shown good agreement with the experimental
values for unit-cell parameters and the bulk modulus. We
extend the calculation of the equilibrium structure to a pres-
sure range of 15—100 GPa where the experimental values
are not available. This allows us to investigate the possibility
of an insulator-to-metal transition, which is predicted to oc-
cur between 50 and 100 GPa.>!®

The Al-H bonding in AlHj is characterized in the litera-
ture as both covalent'® and ionic.'>?° Both descriptions are
reasonable since Al-H bonding in other environments, such
as the complex metal hydrides (e.g., NaAlH,), is predomi-
nately covalent, while M-H bonding in most binary metal
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FIG. 1. (Color online) X-ray powder-diffraction patterns from
a-AlH; at pressures of 0.0-6.9 GPa showing observed data (+)
and Lebail profile fits (solid line) using a monoclinic unit cell
(C2/c¢).

hydrides (e.g., NaH) is strongly ionic. However, given a
purely ionic model, AIH; would only exist in a cubic phase
where the AIP*-AI’* repulsion along all three directions
could be shielded by a H™ ion. A more accurate description is
that the Al-H bond is highly polarizable and has contribu-
tions from both covalent and ionic wave functions, which are
nonorthogonal in this system. As a result, multiple polymor-
phs of AlH; exist (the most stable of which is the « phase')
contributing to a complex potential-energy surface with mul-
tiple metastable minima. In this study, we use the Mulliken
charges combined with a bond population picture to quantify
the nature of the bonding in «a-AlH; at pressures up to
100 GPa.

II. EXPERIMENT

Samples of a-AlH; powder were synthesized by the Dow
Chemical Co. using an ethereal reaction of LiAlH, and AlCl;
as described by Brower et al.' Previous elemental analyses
of the Dow material revealed contaminants of Al,O; (2%),
LiAlH, (1%), and AICl; (1%).* The material used in this
study has a slightly lower sample purity (by about 3%),?!
which is attributed to a small amount of decomposition over
25 years. a-AlH; does not form a solid solution (e.g., AIH,
where 0 <x< 3)? and therefore a small amount of decompo-
sition may yield higher concentrations of Al and Al,O;, but
will not affect the structure of a-AlH;. Although the struc-

ture of Al,O5 is also R3c, the lattice parameters are ~10%
larger at 1 atm and thus easily distinguishable from a-AlHj;.

The large crystallites (50-100 um) of a-AlH; were
crushed with a mortar and pestle to reduce the particle size
for better powder averaging. Structural studies were per-
formed using synchrotron x-ray diffraction (XRD) on beam-
line X7A at the National Synchrotron Light Source of
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FIG. 2. (Color online) X-ray powder-diffraction patterns (+)
from a-AlH; at (I) 0.0 GPa, (II) 2.6 GPa, and (III) 6.9 GPa with
Lebail profile fits (solid line) using space groups (a) R3¢ (b) C2/c.
The respective Rwp (Rp) values were 2.8% (2.3%), 2.3% (1.7%),
and 4.7% (3.8%) using space group C2/c and 3.2% (2.5%), 3.6%
(2.3%), 6.4% (5.0%) using R3c. The diffraction peaks are indexed
according to the space group used in the profile fit.

Brookhaven National Laboratory. A monochromatic beam
was selected using a channel-cut Si(111) monochromator and
a gas-proportional position-sensitive detector (PSD), gated at
the Kr-escape peak, was used for high angular resolution
(Ad/d~1073).22

A modified Merrill-Bassett-type diamond-anvil cell
(DAC) was used for high-pressure measurements and hydro-
static pressure conditions were achieved using Fluorinert as a
pressure medium. Several small ruby chips were loaded with
the sample in the DAC. The sample pressure was measured
from the position of the ruby R1 emission line with an un-
certainty of +0.1 GPa. The high-pressure diffraction data
was acquired between 10° and 35° in 26 using an x-ray
wavelength of N=0.6541 A. A powder sample of a-AlH,
was also run at ambient pressure in a spinning glass capillary
tube (0.3 mm) sealed under Ar gas. The 1 atm diffraction
data was acquired between 10° and 60° in 26 with a wave-
length of A=0.6985 A. (The 26 scale for the 1-atm pattern
was ajusted to compensate for the small wavelength differ-
ence and match the high-pressure patterns in Figs. 1 and 2.)
Diffraction peaks from the sample holder and the pressure
gasket were removed from all patterns. Analysis of the dif-
fraction data was performed using GSAS with ExpGu1.>>2*
The refinements were made over the entire 26 range except
for the regions near 18.2° in 26, where broad diffraction
peaks from the stainless-steel gasket appeared.

Kohn-Sham density-functional theory within the general-
ized gradient approximation (GGA) was used to calculate the
stability of a-AlH; and the structural changes with pressure.
The starting structure was determined from the synchrotron
diffraction data and it was optimized using the quasi-
Newtonian Broyden-Fletcher-Goldfarb-Shanno (BFGS) al-
gorithm. The Brillouin-zone sampling was performed using a
Monkhorst-Pack grid of 10X 6 X7 with a total of 105 k
points. Ultrasoft plane-wave pseudopotentials as imple-
mented in the program CASTEP were used in this work to
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TABLE I. High-pressure structural parameters for a-AlHsz. The unit-cell parameters (a, b, ¢, B, and V)
were determined from Lebail fits using the space group C2/c. The experimentally measured lattice constants
were used to calculate the Al-H bond distances and the free-energy change AE from DFT. The values given
for P=15 GPa () were determined from calculated lattice constants.

Pressure Lattice constants B Vv Al-H length AE
(GPa) a, b, c (M (A3) (A) (kJ/mol AlH5)
0.00 8.2958(1), 4.4583(1) 11.8303(1) 161.96(1)  135.55(13) 1.703 0.0000
1.81 8.2550(5), 4.3792(3), 11.7893(7) 162.08(1)  131.10(13) 1.697 0.9284
2.59 8.2403(3), 4.3469(2), 11.7698(5) 162.16(1)  129.17(10) 1.697 1.573
4.62 8.1987(8), 4.2931(5), 11.7009(15)  162.57(1)  123.34(14) 1.688 4.344
5.61 8.1690(5), 4.2631(4), 11.6748(8)  162.71(1)  120.83(10) 1.687 6.230
6.92 8.1584(14), 4.2372(9), 11.6482(25) 162.84(1)  118.81(15) 1.684 7.880

15" 7.7947, 4.0056, 11.1696 162.75 103.39 1.650 29.86
25" 7.5888, 3.8630, 10.8841 162.90 93.801 1.626 58.06
50" 7.2274, 3.6598, 10.3663 162.71 80.106 1.581 132.6
100 6.7388, 3.4468, 9.6582 162.81 66.285 1.522 284.2
describe the core electrons in the periodic DFT iy factors similar to those obtained with R3¢ (Rwp=2.8%

calculations.”> The plane-wave basis set cutoff of 240 eV
was found to be adequate for well-converged total energies.
We tested PBE and RPBE exchange-correlation functionals
and most of the calculations presented here use RPBE
functionals.?®?7 Isotropic pressures of 0—100 GPa were ap-
plied to the unit cell to calculate changes in energy, volume,
and atomic positions. Band structures and density of states
(DOS) were calculated at a Fermi energy convergence toler-
ance of 0.533 X 1077 eV/atom and included 18 extra unoccu-
pied bands. A Mulliken population analysis?® was performed
to gain insight into the nature of bonding and redistribution
of charge with pressure. Mulliken charges and bond popula-
tions were obtained from the overlap and density matrices
determined from eigenstates calculated using a plane-wave
basis and projected onto Bloch functions formed from a lin-
ear combination of atomic orbitals (LCAO) basis.

III. RESULTS

Synchrotron x-ray-diffraction spectra were acquired at
1 atm in a glass capillary and under hydrostatic pressure up
to 6.9 GPa in a DAC. A full Rietveld analysis of the 1-atm
pattern revealed a good fit for the hexagonal space group
R3¢ [a=4.4553(1) A, ¢=11.8306(1) A, and V
=203.371(4) A%] with Rwp=3.2% and Rp=2.5%. Diffrac-
tion patterns acquired at high pressures 0.8—6.9 GPa and the
corresponding Lebail fits are shown in Fig. 1. The powder-
diffraction peaks broaden and shift to higher angles with in-
creasing pressure, but there is no indication of new peak
formation resulting from a first-order structural transition.
However, a slight Bragg peak asymmetry was observed at
high pressure, possibly due to a monoclinic distortion. The
high-pressure diffraction patterns were fit with the hexagonal

space group, R3¢, and a monoclinic subgroup, C2/c. Fitting
in the monoclinic subgroup C2/c¢ gave the most satisfactory
result with regard to the agreement indices, as shown in Fig.
2. Rietveld fits to the 1-atm pattern using C2/c gave reliabil-

and Rp=2.3%).

The structural parameters for a-AlH; under pressure are
listed in Table I. The unit-cell parameters (a, b, ¢, 8, and V)
were determined from Rietveld and Lebail fits using a mono-
clinic (C2/c¢) space group. The Al-H bond distances were
calculated from experimentally measured lattice constants
using DFT (T=0 K). Actual bond distances may be slightly
larger due to thermal vibrations at finite temperature. The
free-energy change AE was calculated with respect to the 0
-GPa structure using the experimental lattice parameters for
a-AlH;. The normalized lattice constants (a, b, ¢, B, and V)
are plotted in Fig. 3. The calculated error bars, determined
from the Lebail fits, were typically larger at higher pressures
but in all cases smaller than the markers used in the figure.
The normalized cell volume (x=V/V,) was fit to the third-
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FIG. 3. (Color online) Normalized cell parameters a, b, ¢, f3,
and V (cell volume) for a-AlH; determined from Lebail fits of the
powder-diffraction data.
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FIG. 4. (Color online) AlHg4 octahedra in a-AlH3 showing the
different Al-H-Al bond angles ¢, and ¢3 (¢, describes the angle of
the A-H-Al bond going into the page and is equivalent to ¢,).

order isothermal state

(EOS):%»

Birch-Murnaghan equation of

P(V)= %BO(W’3 -1+ %(B(’) -HxB-D .

The EOS fit to the normalized experimental volume gives the
bulk modulus at zero pressure, By=49+4 GPa, and the pres-
sure derivative of the bulk modulus, B('): 1+1. In this case
(experimental volumes only) the value for B is unusually
small and likely overestimates B,. More reasonable bulk
modulus constants By=40+2 GPa and B(')=3.110.2, are ob-
tained when the EOS is fit to a data set that includes the
calculated volumes (<25 GPa). In both cases the values are
similar to those measured by Baranowski er al. (B
=47.9 GPa and B}=3.3).!4

A structural diagram showing tilted AlH4 octahedra in «

-AlH; is shown in Fig. 4. The tilting system for R3¢ is de-
noted as a~a~a~ using the notation introduced by Glazer*® for
perovskites. In this scheme, the tilt systems are defined along
the three orthogonal axes a, b, and ¢, which define the direc-
tions of the original cubic cell (denoted as a’a’a®). The su-
perscripts (+, 0, or —) indicate the sense of the tilt in suc-
cessive layers, + and — indicating in-phase (+) or out-of-
phase (—) tilts. The letters a, b, and ¢ are used to indicate the
relative sizes of the tilts in the three orthogonal directions.
Our high-pressure structural results suggest a tilting scheme
of a”b™c™ indicating that the magnitude of the out-of-phase
octahedral rotation is different along each of the three Glazer
axes. The octahedral tilting can also be defined in terms of
the characteristic AI-H-Al bond angles ¢;, ¢,, and ¢; that
correspond to the relative orientations of corner-shared AlHg
octahedral units in three perpendicular directions as shown in
Fig. 4. In a-AlH; the bond angles ¢, (¢;=¢,) and ¢4
change continuously with pressure (up to 6.9 GPa) as shown
in Fig. 5.

The results presented in Table I indicate a ~51% reduc-
tion in the cell volume between O and 100 GPa. This de-
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FIG. 5. (Color online) Change in Al-H-Al bond angles (¢; and
¢3) with pressure. The inset shows the three different octahedral
angles (¢;=¢,) in AlH;.

crease in volume under applied pressure is achieved by in-
creasing the tilting (changes in ¢, , and ¢3) and compression
of the AlH4 octahedra. The Al-H bond distance is reduced
from 1.703 A at 0 GPa to 1.522 A at 100 GPa. The expected
Al-H bond distance based on ionic radii (AI** and H") is
2.08 A (Refs. 31 and 32) and 1.56 A based on covalent
radii,3? suggesting a trend towards increasing covalent char-
acter with pressure. The equilibrium bond length, and the
AlHg octahedra as a whole, undergo significant compression.
It is important to note that at a given pressure the calculated
equilibrium bond distances are the same for all Al-H bonds
(£0.004 A). Therefore although there is a difference in bond
angles (Fig. 5) there is no pronounced distortion of the AIHg
octahedra at high pressure (up to 100 GPa).

The change in free energy with decreasing cell volume
(increasing pressure) is plotted in Fig. 6. The inset shows
how the room-temperature equilibrium H, fugacity sz is
affected by the applied pressure. In, is the minimum H,
fugacity necessary for hydrogenation of Al metal to form
AlH;. fy, was calculated from the change in free energy AE
listed in Table I and the Gibbs free energy at 1 atm, AG,:

AG,+ AE(V))

RT ®)

fHZ(V) = exp(

where R is the universal gas constant. The equilibrium fugac-
ity curve was calculated form the Gibbs free energy mea-
sured calorimetrically AGy=31.0 kJ/mol H,,* and the fugac-
ity versus pressure relationship for H, was determined from
pressure-volume-temperature (PVT) data.®?

The electronic DOS calculated from DFT at pressures of
0, 50, and 100 GPa are shown in Fig. 7. The occupied states
below the Fermi level (Eg) are dominated by Al 3p, 3s and H
Ls states. The DOS widens considerably (Fig. 7) both below
and above Ep with increasing pressure. The initial valence-
band width of 10.5 eV increases to approximately 13.0 and
15.0 eV at 50 and 100 GPa, respectively. As a result, there is
a net increase in the overlap between the Al 3p and H 1s
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FIG. 6. (Color online) Calculated free-energy change based on
experimental lattice parameters for pressures 0.0-6.9 GPa (solid
line). The dashed line connects the experimental values with the
calculated values at 15 GPa. The inset shows how the equilibrium
H, fugacity (the minimum H, fugacity necessary for hydride for-
mation [Eq. (3)] at 300 K changes with applied pressure based on
the calculated AE and the Gibbs free energy from calorimetric stud-
ies (Ref. 4). The thick line represents the fugacity versus pressure
relationship for gaseous H, (Refs. 8 and 9) and denotes an AlHj
stability boundary.

states, although the bonding is still predominately ionic. The
greater octahedral tilting increases the repulsion between the
Al 3p states belonging to adjacent AlHg octahedra and
broadens the bands with decreasing Al-H-Al bond angles.
Although an insulator-to-metal transition is a reasonable pos-
sibility with increasing repulsion, the widening of the DOS is
nearly isotropic around Ef resulting in a band gap that is
essentially invariant with pressure. The Mulliken charges and
overlap populations calculated at 0, 7, and 100 GPa are
shown in supplementary Tables 1-3.33
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FIG. 7. (Color online) Electronic density of states for a-AlH; at
0, 50, and 100 GPa showing an overall widening of the bands with
increasing pressure. The band gap increases slightly from 2.2 eV at
0 to 2.5 GPa at 50 GPa and then decreases to 1.9 eV at 100 GPa.
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IV. DISCUSSION

A. Crystallographic structure

The powder-diffraction peaks of a-AlH; exhibit a slight
anisotropy with increasing pressure (Fig. 2). There are a
number of possible origins for the Bragg peak asymmetry
and anisotropy, including instrumentation artifacts, aniso-
tropic strain broadening, accumulation of stacking faults, or
a monoclinic distortion of the unit cell. An instrumentation
problem, such as axial divergence asymmetry, would occur
exclusively on the low angle side of the powder-diffraction
peaks and is therefore unlikely since the new shoulder often
appears on the high-angle side (e.g., ~16.5°). Stacking fault
accumulation is also unlikely due to the polymeric nature of
the structure, which consists of a network of corner con-
nected octahedra. Therefore the progressive Bragg peak
broadening and splitting is most likely attributed to some sort
of crystal deformation either on the atomic or macroscopic
scale. This is also supported by the divergence of the Al-
H-Al bonding angles (¢, and ¢;) shown in Fig. 5. This
anisotropy could be attributed to the Flourinert pressure me-
dium, which transforms to a glass under pressure and may
exhort increasing anisotropic strain as the pressure is in-
creased. However, there were no such indications based on
the ruby fluorescence signal and anisotropy terms introduced
in the refinements did not lead to any meaningful improve-
ment in the fit quality. Therefore unit-cell refinements used a
monoclinic subgroup (C2/c) to accommodate all possible
structural deformations and give the most realistic phase
compressibility. Although a monoclinic distortion was not
identified by previous high-pressure experiments, this may
be due to limited 26 resolution in these studies.'*!> Our re-
finements suggest the possibility of a slight monoclinic dis-
tortion at moderate pressures (1-7 GPa). However, it is un-

likely that the unit cell deviates significantly from the R3c
space group at higher pressure, since no new powder-
diffraction peaks were observed by Baranowski ef al. at pres-
sures up to 35 GPa,'* and Jephcoat et al. up to 54 GPa.'®

B. Thermodynamics

Despite numerous thermodynamic measurements on «
-AlHj;, little is know about the structural and thermodynamic
properties of this material under high pressure. Recent DFT
calculations have identified two structures of AIH; (cubic
and orthorhombic) that are predicted to be more stable than
the known hexagonal structure (a-AlH;).” A more stable
AlH; phase, one that could be formed from the elements
under moderate hydrogenation pressures, would have signifi-
cant implications for energy storage. However, the possibil-
ity of a more stable high-pressure phase can easily be dis-
missed from the powder-diffraction data of Fig. 1, which
clearly shows that no pressure-driven structural transitions
occur at pressures up to approximately 7 GPa. The calcu-
lated free energies of a-AlH; under high pressure (Fig. 6)
suggest an overall destabilization of the hydride due to the
lattice distortion. The inset of Fig. 6 reveals that the fugacity
necessary for hydride formation (equilibrium fugacity) in-
creases rapidly with applied pressure. If H, is treated strictly
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as an ideal gas, these results suggest that a-AlH; is thermo-
dynamically unstable at all H, pressures and high-pressure
hydrogenation of Al should be impossible. However, H, de-
viates from the ideal gas behavior at high pressures and the
thermodynamic activity of H, is considerably higher than
expected from an ideal gas as shown in the inset of Fig. 6
(H, fugacity).®? The ratio of fugacity to pressure for H, gas
is 1 at 0.1 MPa (1 atm), ~2 at 0.1 GPa, and ~300 at 1 GPa.
Therefore hydrogenation occurs at much lower pressures
than predicted from the ideal gas state equation. The mini-
mum H, pressure necessary for hydride formation («
-AlHj;) at 300 K is 0.7 GPa (fHZQSO GPa), which is in rea-
sonable agreement with high-pressure hydrogenation
experiments.>!”

C. Electronic structure

Pressure-induced insulator-to-metal transitions are known
to occur in a number of metal hydrides.>* An insulator-to-
metal transition is expected in a-AlH; when the effective
volume of the H atom in AlHj; is reduced to the volume of H
in the transition-metal hydrides (~3 A?%). This crossover is
predicted to occur between 50 and 100 GPa.'*!® Such a tran-
sition would be characterized by an enhanced electrical con-
ductivity, a change in the optical properties [loss of transpar-
ency is observed between 43 and 47 GPa (Ref. 18)] and an
increase in H mobility from the breakup of Al-H-Al bridging
bonds.'* The effective H volume Vi determined from our
high-pressure x-ray data and DFT results (up to 100 GPa)
suggest that Vi;=3 A3 at approximately 45 GPa (Fig. 8).
This value is in agreement with Baranowski et al.,'* but is
approximately 45 GPa less than the crossover pressure pre-
dicted by Jephcoat and Besedin based on extrapolated high-
pressure data.'® Therefore we have calculated the total elec-
tronic density of states up to 100 GPa with 18 empty bands
above the Fermi level. The DOS calculated for the 1-atm
experimental structure is similar to the results for the hex-
agonal AIH; phase calculated by Ke er al.” and Aguayo
et al.”® With increasing pressure, the bands above and below
the Fermi edge widen, resulting in a slight decrease in the
band gap at 100 GPa (Fig. 7). There is no evidence of an
insulator-to-metal transition at Viy=3 A3. The possibility of
forming a high-pressure phase where mobile H atoms exist
in a solid solution within the Al matrix (as proposed by Bara-
nowski et al.'#) is unlikely.

At ambient pressure the molar volume of a-AlHj is twice
that of Al metal and therefore, the Al-H bonds are expected
to be of a mixed ionic and covalent character.'*3> This is
supported by the calculated Mulliken charges at O GPa,
which are +1.32 and —0.44 for aluminum and hydrogen, re-
spectively. The bond population analysis in the rhombohe-
dral space group shows that the six bonds in the AlHg4 octa-
hedra do not have equivalent electronic structure. Although
the octahedron as a whole is not distorted, the population of
one pair of Al-H bonds, 0.53, is significantly different from
the population of the other two pairs, 0.42 and 0.43 (see
supplementary Table 1).33 The populations along the direc-
tion of the shared corner of the octahedra, i.e., along any
Al-H-Al zigzag chain, are equivalent. Based on volumetric
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20 e experiment

= theory

—— EoS fit (exp + theory)
+ exp (Baranowski et al.)

V (cm®mol)

Pressure (GPa)

FIG. 8. (Color online) Molar volume of AlH; determined from
high-pressure diffraction (@), DFT calculations (M), and the high-
pressure study of Baranowski et al. (#) (Ref. 14). Also shown is
the Birch-Murnaghan EOS fit (0—100 GPa) and the pressure and
volume curve for the sum of the volumes from Al metal (Ref. 36)
and 3-H atoms (V=3 A3=1.8 cm*/mol H). The H volume is as-
sumed invariant with pressure.

considerations, the character of the Al-H bond is expected to
become progressively more ionic (similar to the transition
metal hydrides) with increasing pressure. However, the cal-
culated Mulliken charges and bond populations at 7 GPa
suggest a trend toward increasing covalent overlap in this
predominantly ionic solid. At this pressure the magnitude of
the charges on the Al and H ions are reduced (+1.28 and
—0.41), while the bond populations along the three unique
directions increases to 0.57, 0.46, and 0.44, respectively (see
supplementary Table 2).33 The trend of decreasing charge
and increasing bond population was observed up to 100 GPa,
where the bond populations are 0.77, 0.66, and 0.51 and the
charges on the Al and H ions are 1.15 and —0.38, respec-
tively (see supplementary Table 3).33 As the atoms are con-
fined to a progressively smaller space the overlap between
the Al 3p and H 1s bands increases, resulting in a small, but
noteworthy covalent contribution to the Al-H bond.

V. CONCLUSION

A high-pressure investigation of a-AlH; revealed no in-
dication of a first-order structural transition up to 7 GPa and
up to 100 GPa based on calculated structures. A slight Bragg
peak asymmetry observed at moderate pressures (1-7 GPa)
suggests a possible monoclinic distortion of the unit cell. The
cell volume decreases by ~13% between 0 and 7 GPa (ex-
perimental) and by ~51% between 0 and 100 GPa (calcu-
lated). This change is compensated by AlHg octahedral tilt-
ing and a shrinking of the AI-H bond distance. The
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calculated free-energy change suggests that the hydride be-
comes stabilized at H, pressures greater than 0.7 GPa at
300 K. The effective H volume in a-AlHj; is equivalent to
that of the transition-metal hydrides (~3 A°) at a pressure of
45 GPa. However, analysis of the electronic DOS up to
100 GPa reveals no evidence of an insulator-to-metal transi-
tion. Electronic structure calculations also reveal a mixed
ionic and covalent Al-H bond at ambient pressure with in-
creasing covalent character with pressure.
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