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We report density-functional calculations that predict ten different low-energy structures for aluminum

hydride AlH; with space groups Pnma, P6/mmm, I4/mcm, P4/mbm, P4/nmm, Pm3m, P2,/m, P2,/¢c, Pbcm,
and P4/n. Phonon calculations within harmonic approximation reveal unstable modes in the P6/mmm,

14/ mem, P4/mbm, P4/nmm, Pm3m, P2,/m, and P2,/c structures, indicating that they are unstable at low
temperatures. The calculations show that the thermodynamic stabilities for AIH; with space groups Pnma,
Pbcm, and P4/n are overall close to the existing a- and y-AlH;. From x-ray powder-diffraction patterns, the
simulated main-peak positions for AIH; (P4/n) are in good agreement with experimental 5-AlH;. A full

Rietveld analysis reveals that the fitting space groups R3¢, Pbem, and Pnma to the experimental x-ray
powder-diffraction pattern of a-AlH; gives almost the same satisfactory result.

DOLI: 10.1103/PhysRevB.79.024104

I. INTRODUCTION

Recently, aluminum hydride AlH; has received consider-
able attention both in theory!~!! and experiment!>-?? since
this material has important applications as a possible hydro-
gen storage medium, an energetic component in rocket pro-
pellants, and a reducing agent in alkali batteries.”> For the
purpose of hydrogen storage, this material could be an ex-
cellent candidate if it can be cheaply produced and appropri-
ate catalysts can be found, since it has a total capacity of
10.1 wt % hydrogen, and hydrogen can be released upon
heating to slightly over 373 K.?3 The decomposition of AlH;
may take place in a single step,

3
AlH; — Al+ “H, (1)

This material (« phase) is known to be thermodynamically
unstable near ambient conditions, but it is kinetically stable
without releasing much hydrogen for years. At least seven
polymorphs of AlH; have been detected in experiments®* but
only four have been crystallographically determined, i.e., «
(in Ref. 25), ' (in Ref. 12), B (in Ref. 17), and y (in Refs.
18 and 19) phases. The crystal structures of the other poly-
morphs are still unknown and remain to be determined. We
previously predicted two different crystal structures for AIH;
using first-principles calculations, which have been con-
firmed by experiments (identified as a’ phase in Ref. 12 and
B phase in Ref. 17). In the present work, we extend our
search for different AIH; phases with a particular focus on a
wide variety of ABs-type candidates. Our extensive search
[combining ab initio molecular dynamics (MD)] has resulted
in the identification of ten different low-energy structures for
AlH;. In Secs. II-IV, we first present the computational
methods, followed by a systematic analysis of the structural
features, dynamic stability, and thermodynamic functions of
these different structures.
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II. THEORETICAL METHODS

The first-principles calculations have been performed in
the framework of the density-functional theory?®?” using the
generalized gradient approximation (GGA) (Ref. 28) as
implemented in the VASP code.?* The interaction between
the ion and electron is described by the all-electron projector
augmented wave (PAW) method.3!*> The configurations
Al 3523p' and H 1s' were treated as the valence electrons.
Brillouin-zone integrations were performed on the grid of
Monkhost-Pack procedure.’> For each supercell, a dense
k-point mesh (spacing of k point <0.1/A) and a high plane-
wave cutoff energy of 600 eV were used. The total-energy
convergence within 0.5 meV/f.u. was achieved.

To check the mechanical stability and the thermodynamic
functions for these different crystals, the harmonic phonons
were calculated by a direct ab initio force-constant approach
implemented by Parlinski et al.3*3> In this method a specific
atom 1is displaced to induce the forces on the surrounding
atoms, which are calculated via the Hellmann-Feynman
theorem (output from VASP code). The forces are collected to
construct the force-constant matrices. Harmonic phonons
were obtained from the diagonalization of the dynamical ma-
trices. The supercell sizes for current phonon calculations are
compiled in Table I. The internal energy (E (7)) was evaluated
from the integral of phonon density of state (DOS) as fol-
lows:

1 [~ hw
E(TFE’ ) fhwg(w)coth 2T dw, (2)

where r is equal to 3N (N is the number of atoms in a unit
cell), g(w) is the phonon DOS, 7 is the Planck constant, kg is
the Boltzmann constant, and 7 is temperature. Similar inte-
grals can be applied to calculate the zero-point (ZP) energy,
entropy (S(p)), and free energy (Fp).

To study the decomposition reaction in Eq. (1), one needs
to examine the Gibbs free energy for H, gas at elevated
temperatures. At atmospheric pressure, the Gibbs free energy
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TABLE 1. Supercell size and Monkhorst-Pack k-point mesh for phonon calculations.

Lattice constants of supercells

Structures

a-AlH; (R3¢)

v-AlH;3 (Pnnm)

Cubic AlH; (Pm3m)
Orthorhombic AlH; (P2,/m)
Orthorhombic AlH; (P2;/c¢)
Orthorhombic AIH; (Pbcm)
Orthorhombic AlH; (Pnma)
Orthorhombic AIH; (P4/n)
Hexagonal AlH; (P6/mmm)
Tetragonal AlH; (P4/mbm)

(A; deg) k-point mesh
a=b=c=9.43; a=L=y=56.84 3X3X3
a=10.88, b=7.41, ¢c=11.59; a=B=y=90 2X3X2
a=b=c=10.25 2X2X2
a=13.12, b=6.58, ¢=6.54; a=y=90, B=91.18 2X3X3
a=13.07, b=8.99, ¢=9.43; a=vy=90, B=88.09 2X3X3
a=8.99, b=9.43, c=13.06; a=L=y=90 3X3X2
a=9.43, b=13.14, ¢=9.03; a=B=y=90 3X2X3
a=9.51, b=9.51, c=13.69; a=L=y=90 3X3X2
a=b=13.14, ¢=10.27; a=B=y=90 2X2X2
a=b=10.33, ¢=9.85; a=B=y=90 2X2X2

is calculated by combining calculated and measured data,
GQ:O=1 am,7)(H2) = Egiec(Hy) + Ezp(H,) + AG(1y(H,), (3)

where E..(H,) is the electronic energy of a H, molecule
obtained from the total-energy calculations and Eyp(H,) is
the zero-point energy of a H, molecule obtained from the
phonon calculations. AG5(H,) is the temperature-dependent
Gibbs free energy with respect to that at O K, which can be
obtained from the tabulated thermochemical data.’”
Previous studies of similar hydrides indicate that thermo-
dynamic properties (reaction enthalpy and free energy) are
insensitive to the use of the quasiharmonic approximation
(QHA) or the harmonic approximation (HA), e.g., for LiBH,
in Ref. 38 and LiAlH, (Li;AlHg and LiH) in Ref. 39. Usu-
ally, the calculated free energy (for both reactant and prod-
uct) obtained from the QHA is larger than that obtained from
the HA. The reaction free energy is calculated by the energy
differences between the reactant and product, and thus the
energy differences are largely canceled out.*® To make sure
that this rule is also applicable for AlH;, we performed a test
for the reaction enthalpy (reaction free energy) of the
a-phase AlH; and found that the differences obtained using
the two approaches are negligible. We will therefore report
only the results obtained using the HA in the present paper.

III. RESULTS AND DISCUSSION

To explore the crystal structures of aluminum hydride
AlH;, we have checked a wide variety of AB;-type candi-

dates. They include LaF; [space groups P3c1,%0 I4/mmm,*

P65/mme,*' and P6scm (Ref. 42)], AsCus [space groups
143d (Ref. 43) and P3cl (Ref. 44)], UO; [space groups
14,/amd, Fddd* P21, P2,2,2,,* Amm2,* and Pm3m
(Ref. 49)], ReO; [space groups Pm3m,”® Pbcn,5' Im3,%2 and
P6522 (Ref. 53)], AlBr; [space group P2,/c (Ref. 54)], CrO;
[space group Ama2 (Ref. 55)], FeGe, [space group Fm3m
(Ref. 56)], AIF; (space groups P4/mbm and P4/nmm),>’
MoO; [space group Pnma (Ref. 58)], and WO; [space
groups P6/mmm (Ref. 59) and P4/ncc (Ref. 60)], and AB;,

(A=Al, Fe, Ce, Co, Mn, and U; B=F, Cl, etc.). For each
structure, the cell volume, shape, and the atom coordinates
are fully optimized until the forces are less than 0.0002 eV/A
per atom. After the systematic calculations, six different low-
energy structures have been identified. The space groups for
these structures are Pnma, P6/mmm, 14/mcm, P4/mbm,

P4/nmm, and Pm3m, respectively. Their geometric struc-
tures are presented in Fig. 1, and their lattice constants and
atomic coordinates are compiled in Table II.

The total energies with and without including ZP energies
for these structures are calculated and compiled in Table III.
For comparison, the energies for a- and y-AlH; are calcu-
lated and also listed in the same table. Overall, the total
energies and the ZP energies for these structures are close to
each other. It is noted that the Ezp for AlH; with space

groups Pm§m, P6/mmm, 14/ mcm, P4/mbm, and P4/nmm
were not calculated because of unstable modes (as discussed
in Sec. IV). Results in Table III show that the energy for the
AlH; (Pnma) is close to that for y-AlH;. The total energies
for the AIH; (P6/mmm) are very close to that for a-AlHj;.
The results that the energies for these different structures are

FIG. 1. (Color online) Crystal structures for aluminum hydride
AlH; with space groups (a) Pnma, (b) I4/mcm, (c) P4/mbm,
(d) P6/mmm, (¢) P4/nmm, (f) Pm3m, (g) P4/n, and (h) Pbcm.
Big and small balls represent Al and H atoms, respectively.
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TABLE I1. Calculated lattice constants and fractional coordinates for six different structures. The prototypes for cubic (Pm3m), hexago-

nal (P6/mmm), orthorhombic (Pnma), and tetragonal (I4/mcm, P4/mbm, and P,/nmm) are ReO; (Pm3m), WO; (P6/mmm), MoO,
(Pnma), WO;3 (P4/ncc), AlF; (P4/mbm), and AlF; (P4/nmm), respectively.

Structures Lattice constants

Atomic coordinates

Cubic (Pm3m) a=3.4161 A

Hexagonal (P6/mmm)

a=b=6.568 A, c=3.422 A, a=B=90°, y=120°

H(0.5,0,0); A1(0,0,0)
H1(0.413,0.207,0.5); H2(0.5,0,0); A1(0.5,0,0.5)

Orthorhombic (Pnma) a=4.713 A, b=6.569 A, c=4.514 A, a=B=y=90° H1(0.807,0.944,0.188); H2(0.976,0.75,0.612); Al(0.5,0.5,0)

Tetragonal (14/mcm)

Tetragonal (P4/mbm)

Tetragonal (P4/nmm)

a=b=4.716 A, c=6.844 A, a=B=y=90°

a=b=10.883 A, c=3.421 A, a=p=y=90°

a=b=9.632 A, c=6.841 A, a=p=y=90°

H1(0.691,0.809,0.5); H2(0.5,0.5,0.25); A1(0.5,0.5,0)
H1(0.358,0.432,0); H2(0.505,0.156,0);
H3(0.424,0.290,0.5); H4(0.218,0.718,0); H5(0,0.5,0.5);
Al1(0.425,0.291,0); A12(0,0.5,0)
H1(0.872,0.805,0.836); H2(0.5,0.825,0.421);
H3(0.5,0,0.661); H4(0.5,0,0.159); H5(0.371,0.871,0.905);
H6(0.372,0.628,0.5); H7(0,0,0.238); Al11(0.25,0.75,0);
Al12(0.5,0.662,0.332); Al13(0.5,0,0.410); Al4(0.5,0,0.909)

very close to the existing a- or y-AlH; indicate that they
may exist in the real material. It is noted that mechanical
stability of these structures cannot be judged from the total
energy alone since they could show dynamic instabilities. To
this end, we have performed calculations within the har-
monic approximation to determine the phonon-dispersion
curves and phonon density of states for these six different
structures. The phonon-dispersion curves in Figs. 2(b)-2(f)
show that unstable modes exist in AIH; with space groups

P6/mmm, 14/ mem, P4/ mbm, P4/nmm, and Pm3_m, indicat-
ing that these structures are mechanically unstable. Mean-
while, no unstable mode is obtained for the orthorhombic
AlH; (Pnma), suggesting that synthesis of this structure is
feasible.

Concerning the unstable modes for the identified Pm3m,
14/mem, P6/mmm, P4/mbm, and P4/nmm structures, it is
interesting to search their alternative stable structures along
the negative frequencies by applying ab initio MD technique.
To do that, we applied the procedure similar to Siegel et al.
in Ref. 61. The enlarged supercells and applied temperature
in our MD simulations are compiled in Table IV. At ~2 ps
intervals the possible different structures generated from MD
simulations are stored, and then these candidates are fully
optimized including volume, shape, and atomic coordinates
until the Hellmann-Feynman forces are less than 0.0002 eV/
A/atom. The symmetry was determined after the optimiza-
tion, and as a result four different structures were identified.
The space groups for the four structures are Pbcm, P2;/m,

TABLE III. Calculated total-energy (E,,) and zero-point energy (Ep) for ten different structures. Space
groups for these structures are Pnma, P6/mmm, 14/ mcm, P4/mbm, and P4/nmm. For contrast, the energies
for a- and y-AlHj; are also presented in this table. The AE is the energy (E,+ Ep) for these structures with

respect to the a-AlH;. Note that the E,p for space groups Pm3m, P2,/m, P2,/c, P6/mmm, I4/mcm,
P4/mbm, and P4/nmm were not calculated because of unstable modes. Space groups P2/m, Pbcm, and

P4/n were obtained from searches along negative frequencies of Pm3m (or I4/mcm), I4/mcm, and

P4/nmm, respectively.

Eio Ezp Eyo+Ezp AE
Structures Space group (eV/f.u.) (meV/f.u.) (eV/f.u.) (meV/f.u.)
« phase R3¢ —14.056 660 —13.396 0
7y phase Pnnm —14.033 659 —13.374 22
Orthorhombic Pnma —14.048 665 —13.383 13
Orthorhombic Pbcm —14.052 663 —13.389 7
Tetragonal P4/n —14.022 647 —13.375 21
Cubic Pm3m —-13.992
Orthorhombic P2,/m —14.032
Orthorhombic P2,/c —14.052
Hexagonal P6/mmm —14.054
Tetragonal 14/ mem —14.012
Tetragonal P4/mbm —14.029
Tetragonal P4/nmm —14.018
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FIG. 2. Calculated phonon-dispersion curves and phonon DOS for the six predicted structures of AlH;. Panels (a), (b), (c), (d), (e), and

() represent the phonons for AIH; with space groups Pnma, P6/mmm, 14/ mcm, P4/ mbm, P4/nmm, and Pm3m, respectively. In each panel,
the phonon dispersion relation is presented on the left side and the phonon DOS is shown on the right side.

P2,/c, and P4/n. The lattice constants and atomic coordi-
nates for these structures are compiled in Table V, and the
total energies are shown in Table III. Energetically, Table III
shows that these structures were found to be 4—40 meV/f.u.
lower than the original structures. Concerning AlH; with
space groups P6/mmm and P4/mbm, Table IV demonstrates
that no alternative structure was found from the MD simula-
tions (even larger supercells were used). The reason is un-

known. Probably, the supercell sizes we used are still not big
enough. But a large supercell (e.g., 960 atoms, double super-
cell of P4/mbm) for 30 ps MD simulations is beyond our
computational capability.

To check the mechanical stability for these different crys-
tals (Pbcm, P2,/m, P2,/c, and P4/n), the phonons were
calculated based on the harmonic approximation. The calcu-
lations show that AIH; with space groups of P2;/m and
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TABLE IV. Supercell size and applied temperature in ab initio MD for AIH; with space groups Pm3m,
I4/mcm, P6/mmm, P4/mbm, and P4/nmm. The simulations were performed on the basis of canonical
ensemble by using the algorithm of Nose at temperature 500 K, and typical time step was set to 2 fs. The last
column contains different structures obtained from the MD simulations and structural optimization.

Temperature  Time Supercell size

Original structures (K) (ps) (AxXAXA) Total atoms Different structures
Cubic cell (Pm3m) 500 30 13.7X13.7X13.7 256 Orthorhombic (P2;/m)
Tetragonal 500 10 9.4X9.4X13.7 128 Orthorhombic (P2,/m)
(I4/mcm) 500 16 9.4X9.4X13.7 128 Orthorhombic (P2,/c)

500 30 9.4X9.4X13.7 128 Orthorhombic (Pbcm)
Hexagonal 500 30 13.1X11.4X10.3 144 Unchanged
(P6/mmm) 500 15 19.7X11.4X%X10.3 216 Unchanged
Tetragonal 500 30 10.9X10.9X10.3 120 Unchanged
(P4/mbm) 500 15 20.7X20.7X9.8 480 Unchanged
Tetragonal (P4/nmm) 500 30 9.6X9.6X13.7 128 Tetragonal (P4/n)

P2,/ c have unstable modes (not plotted here), indicating that
they are mechanically unstable. This may be understood
from the process of the MD simulations, e.g., Table IV
shows that these two structures appear at 10-16 ps from the
original AlH; (I4/mcm) at 500 K, and then they disappear
one after the other at ~30 ps, indicating that the two struc-
tures may be intermediate states. The phonon-dispersion

curves for the Pbcm and P4/n are presented in Figs. 3(a) and
3(b), respectively. It can be seen from the figures that no
unstable mode is observed for these two structures, suggest-
ing that the synthesis of the two structures may be feasible.

Because of unstable modes, thermodynamic functions for

AlH; with space groups Pm3m, P6/mmm, I4/mcm,
P4/mbm, PA/nmm, P2,/c, and P2,/m cannot be accurately

TABLE V. Calculated lattice constants and fractional coordinates for four different structures which are

obtained from ab initio molecular dynamics.

Structures Lattice constants Atomic coordinates
Orthorhombic a=4499 A, b=4.714 A, H1(0.4390.533,0.846); H2(0.063,0.919,0.5949);
(Pbcm) c=13.063 A H3(0.631,0.75,0.5); H4(0.132,0.203,0.75);
a=B=y=90° Al1(0.75,0.727,0.875).
Tetragonal a=b=9.509 A, H1(0.86,0.174,0.658); H2(0.617,0.715,0.331);
(P4/n) c=6.847 A H3(0.951,0.328,0.914); H4(0.887,0.354,0.405);
a=B=y=90° H5(0.885,0.855,0.007); H6(0.5,0.5,0.257);
H7(0,0.5,0.158); H8(0,0.5,0.658);
Al11(0.512,0.336,0.168);
Al12(0.5,0,0.093); Al3(0.5,0,0.592);
Al4(0.75,0.25,0.5)
Monoclinic a=13.118 A, b=6.581 A, H1(0.779,0.055,0.761); H2(0.278,0.055,0.741);
(P2,/m) c=6.544 A; a=y=90°, H3(0.528,0.946,0.251); H4(0.029,0.055,0.251);
B=91.18° H5(0.375,0.048,0.430); H6(0.874,0.053,0.447);
H7(0.374,0.556,0.041); H8(0.877,0.556,0.063);
H9(0.529,0.25,0.457); H10(0.021,0.25,0.566);
H11(0.782,0.75,0.555); H12(0.28,0.75,0.533);
H13(0.523,0.75,0.937); H14(0.034,0.75,0.042);
H15(0.773,0.25,0.076); H16(0.271,0.25,0.054);
Al11(0.75,0,0.51); Al2(0.751,0.5,0.01); A13(0.5,0,0);
Al14(0,0,0); A15(0.5,0.5,0.5); A16(0,0.5,0.5).
Monoclinic a=13.064 A, b=4.497 A H1(0.971,0.187,0.695); H2(0.470,0.312,0.809);
(P2,/c) c=4.713 A; a=y=90°, H3(0.719,0.813,0.334); H4(0.222,0.812,0.285);

3=88.07°

H5(0.624,0.121,0.012); H6(0.126,0.116,0.964)
Al1(0.749,0,0.024); A12(0,0,0); A13(0.5,0,0).
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FIG. 3. Calculated phonon-dispersion curves and phonon DOS
for AIH; with space groups (a) Pbcm and (b) P4/n.

determined from the integral of phonon DOS, and thus their
thermodynamic stabilities are not discussed in the current
study. Nevertheless, as pointed out in a recent work,% un-
stable modes may be permitted in one component of a com-
posite material when the overall stability of the composite
material is still maintained. This scenario may help stabilize
these AlH; phases that are unstable in their pure phases at
low temperatures. We carried out an analysis of the thermo-
dynamic stability of the three different AlH; phases (Pnma,
Pbcm, and P4/n) by calculating the reaction enthalpy and
reaction Gibbs free energy. The reaction enthalpy (or reac-
tion Gibbs free energy) is calculated by the energy difference
between the reactant and product in Eq. (1) (reactant minus
product). A positive Gibbs free-energy change means that the
product is more stable than the reactant, and a negative en-
thalpy change means that the reaction is endothermic. Figure
4 shows the calculated reaction enthalpy and reaction Gibbs
free-energy changes as a function of temperature at atmo-
spheric pressure. For comparison, the calculated energies for
a- and y-AlH; are also shown in Fig. 4. The results show
that both the reaction enthalpy and free energy for the three
different crystals are close to the existing a- and y-AlHj3, in
which the orthorhombic AIH; (Pbcm) is closer to the
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FIG. 4. (Color online) Calculated (a) enthalpy changes and (b)
Gibbs free-energy changes for Eq. (1) as a function of temperature
at atmospheric pressure. Solid line, dashed line, solid line with @,
solid line with P>, and solid line with + represent the data for a-,
v-, orthorhombic (Pnma), tetragonal (P4/n), and orthorhombic
(Pbcm) AlHj, respectively.

a-AlH; and the tetragonal AlH; (P4/n) is closer to the
y-AlHj;. Overall, the thermodynamic properties among these
structures are similar; thus the conclusions are similar to
those drawn for the a-AlH; by Wolverton et al.,” i.e., the
enthalpy changes indicate that the reactions are endothermic,
and the free-energy changes indicate that the decompositions
may take place spontaneously.

Finally, we present simulated x-ray powder-diffraction
patterns for several different structures of AlHj; that may
offer further insights into the structural characterization of
these different phases. Comparing results in Fig. 5(a) with
those in Figs. 5(b) and 5(c), one can see that they are very
similar (there are some differences in peaks at 2 6= ~40°),
indicating that the orthorhombic AIH; (Pbcm and Pnma)
could be easily identified by mistake as the a-AlHj; in struc-
tural refinements. It can be seen from the figure that the
main-peak positions for the simulated AlH; (P4/n) are in
good agreement with the experimental 5-AlH;, indicating
that the space group for the 5-AlH; may be P4/n. For the
tetragonal AlH; (P4/mbm), its pattern partially agrees with
the experimental data at some peaks. These results show that
careful analysis and further structural characterization are
needed to distinguish these different AIH; phases that exhibit
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FIG. 5. (Color online) Simulated x-ray powder-diffraction pat-
terns for six different AIH5. Solid lines in Figs. 4(b)—4(f) represent
simulated patterns for AIH3 with space groups Pbcm, Pnma, P4/n,
P6/mmm, and P4/mbm, respectively. The experimental data from
Ref. 24 are denoted as red +. For comparison, calculated and ex-
perimental patterns for a-AlH; are shown in Fig. 5(a).

different atomic bonding environments but share consider-
able similarities in x-ray diffraction patterns.
Since the above x-ray patterns among AlH; with space

groups R3c, Pbcm, and Pnma are quite similar, it is neces-
sary to further investigate these patterns by using a full
Rietveld refinement method. The advantage of Rietveld re-
finement over the usual method is the use of full-pattern
fitting, e.g., all lines for each phase are explicitly taken into
account and even overlapped lines are also not problematic,
which is a major problem with the usual fitting method.%>4

() Pnma, R =2.75%
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A

_m

(I) Pbcm, R =3.26%
wp
N
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(I) o —phase, pr=3.29%
Y
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FIG. 6. (Color online) X-ray powder-diffraction patterns for
AlH; with Rietveld profile fits (solid lines) using space groups (I)
R3¢, (II) Pbem, and (1) Prnma. Experimental data are denoted as
+, in which x-ray wavelength of A=0.6541 A was used. Experi-
mental data were taken point by point from Ref. 13 by using the
WINFIG software (Ref. 65). The short green bars (bottom) are ob-
served reflections for simulated patterns.
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Figure 6 shows the simulated x-ray powder-diffraction pat-
terns for AlH; with Rietveld profile fits by using space
groups R3c, Pbcm, and Pnma. The experimental data for
a-AlH; are from Ref. 13, in which Lebail profile fits®®%7
were performed by Graetz et al.'? The value of R, is used to
measure the similarity between the simulated and experimen-
tal diffraction patterns. The smaller the value, the better the

agreement. It is shown from Fig. 6 that the R,,, for the R3c,
Pbem, and Pnma are 3.29%, 3.26%, and 2.75%, respec-
tively. These values are close to each other, indicating that
fitting these space groups to the experimental a-AlH; data
gives almost the same satisfactory result. This is an interest-
ing result. The result indicates that the space group for the
a-AlH; phase cannot be judged from Rietveld refinement.
According to the energetic ordering of free energy in Fig. 4,

the AIH; (R3c¢) is more stable than the AlH; (Pbcm), which
in turn is more stable than the AIH; (Pnma). Thus the AlH;

(R??c) is the most stable among the three phases, indicating

that the space group for the a-AlH; phase is likely R3c. It is
noted that the stability of a material also depends on reaction
kinetics, but the kinetics cannot be judged from these free
energies.

Since the x-ray diffraction patterns for the orthorhombic

AIH; (Pbem and Pnma) is quite similar to the a-AlH; (R3c¢),
one may suspect that these two different structures may be-

come a-AlH; (R3c) if one determines their symmetries by
using different tolerances. To check this, the space groups for
the two structures were carefully determined by using differ-
ent criteria (tolerance range from 0.0001 to 0.5 A), and the
results found that these two symmetries always remain un-

i 0 ~26 (deg)

g

P’

* layer
p

* « -AIH, (R30)

AlH; (Pbcm) AlH,; (Pnma)

FIG. 7. (Color online) Structural comparison among AlH; with
space groups R3¢ (middle), Pbem (left side), and Pnma (right side).
On top-right (and left) side, solid and dashed squares represent
octahedra in the first and second layers, respectively. On top-left
side, dashed-dotted and dotted squares represent the octahedra in
the third and fourth layers, respectively. The crystal stacking planes

for a~-AlH; (R3¢) and AlH; (Pnma) are in ABA arrangements, but
for AIH; (Pnma) the second layer is invisible since it overlaps with
the first layer. The stacking planes for AIH; (Pbcm) is in ABCD
arrangement (it is noted that the third and fourth layers are invisible
since they overlap with the second and first layers, respectively).
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changed. To check geometrical differences, a structural com-

parison among the three phases (R3c, Pbcm, and Pnma) is
shown in Fig. 7. It can be seen from the figure that the
orientations of octahedra among the three phases are differ-

ent to some extent. Roughly, a-AlH; (R3c) can be obtained
from the AIH; (Pnma) through the following two ways, i.e.,
either all octahedra in the second layer rotate at an angle of
~26° or the octahedra shift at a distance of ~3.3 A (see the

top-right side of Fig. 7). Alternatively, a-AlH; (R3c) can be
obtained from another A1H; (Pbcm) through rotating the oc-
tahedra in the second and fourth layers by ~26° (see the
top-left side of Fig. 7).

IV. SUMMARY

In summary, we have identified ten different low-energy
structures for aluminum hydride AlH; from first-principles
calculations. Energetically, these structures are close to the
existing a- and y-AlH;. The space groups for these struc-
tures are Pnma, P6/mmm, 14/mcm, P4/mbm, P4/nmm,

Pm3m, P2,;/m, P2,/c, Pbcm, and P4/n. The calculated
phonon-dispersion curves reveal unstable modes in struc-
tures with space groups P6/mmm, I14/mcm, P4/mbm,

PHYSICAL REVIEW B 79, 024104 (2009)

P4/nmm, Pm3_m, P2,/m, and P2,/c, indicating that these
seven structures are unstable at low temperatures. Still, they
may exist as minority phases in real samples at appropriate
temperatures. Meanwhile, no unstable modes were found in
the AIH; with space groups Pnma, Pbcm, and P4/n. Over-
all, the calculated results show that both the reaction en-
thalpy and free energy for the three different crystals are
close to the existing a- and y-AlH;. According to x-ray
powder-diffraction patterns, the simulated main-peak posi-
tions for the AlH; (P4/n) are in good agreement with the
experimental 5-AlH;. A full Rietveld analysis reveals that

fitting the space groups R3¢, Pbcm, and Pnma to the experi-
mental x-ray powder-diffraction pattern of a-AlH; gives al-
most the same satisfactory result.
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