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ABSTRACT: We report theoretical calculations of the static ground-state
structures and pressure-induced phase transformations of three scandium
hydrides: ScH, ScH,, and ScH;. For the monohydride, ScH, we predict several
phases to be more stable at 1 atm than the previously suggested rock-salt
structure, in particular one of P4,/mmc symmetry. The NaCl-type structure for
ScH takes over at 10 GPa and dominates over a wide pressure range until it is
replaced by a Cmcm structure around 265 GPa. Under pressure, the experimental
P =1 atm CaF,-type structure of ScH, should transform to a C2/m structure
around 65 GPa, which then is likely to disproportionate to NaCl-type ScH and
face-centered cubic ScH; above 72 GPa. According to theory, as the pressure is
elevated, ScH; moves through the following sequence of phases: P6; — Fm3m —
P6;/mmc(YH;-type) — Cmcm; the corresponding transition pressures are
calculated to be 29, 360, and 483 GPa, respectively. The predicted
disproportionation tendencies of ScH, are fascinating: stable to decomposition
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to ScH and ScHj at low pressures, it should begin to disproportionate near 72 GPa. However, the process is predicted to reverse
at still higher pressures (above 300 GPa). We also find ScH to be stable to disproportionation to Sc and ScH, above ~25 GPa.
The three hydrides are metallic, except for (at low pressures) ScH;.

B INTRODUCTION

Interest in the hydrides of scandium derives from their
potential for hydrogen storage' > as well as their intriguing
and complex structural, electronic, and vibrational properties.”
In this paper we begin a thorough theoretical exploration of the
hydrides of element no. 21, at the beginning of the first
transition series, across a wide pressure range.

Similar to other group III metals, yttrium (Y), lanthanum
(La), and most rare earths, scandium (Sc) at hydrogen
pressures well below 1 atm forms a dihydride whose CaF,-
type crystal structure (Figure 1, left) has all hydrogens
occupying the tetrahedral holes of a face-centered cubic (fcc)
lattice.> Given that the normal oxidation state of Sc is 3+, one
would expect the ready formation of a trihydride. However,
experimentally the synthesis of scandium trihydride by the
reaction of Sc powder and hydrogen requires pressure greater
than 0.3 GPa,' while trihydrides of other metals form at low
hydrogen pressures. Samples of ScH; formed at elevated
pressure are thermally unstable on return to P=1atm and T =
300 K, and nonstoichiometry is common.”

Nevertheless, a solid-state structure, including hydrogen
positions, has been recently determined by neutron diffraction
on a near-stoichiometric ScH, 4 crystal." The idealized structure
assumed by the scandiums is hexagonal close packed (hcp),
space group P6i/mmc. The octahedral (O) sites of the
hydrogen atoms are split into two, positioned near the metal
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Figure 1. Experimental (P = 1 atm and room temperature) structures
of the better known scandium hydrides; see text for details. (Left)
ScH, in the Fm3m CaF, structure type. (Right) Idealized P65/mmc
structure of ScH;. Two sites are shown for each H atom, each half-
blue, half-white; only one of these is occupied. Purple balls are Sc, blue
hydrogen.

basal plane (Figure 1, right, both sites are shown by the
hydrogen atoms in blue and white color). The O-site hydrogen
atoms randomly occupy one of the two equivalent positions, in
contrast to YH;, in which the proton positions are ordered.’
Experimentally, when scandium hydrides are synthesized by
hydrogenation of a scandium foil with hydrogen under high
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pressure and at standard temperature, ScH; (slightly off
stoichiometry) starts to appear at 5.3 GPa (the 0.3 GPa cited
earlier is for a synthesis using Sc powder), then transforms
sluggishly into another phase in the 25—45.9 GPa range.” The
structure of that intermediate phase has not been clearly
identified. At pressures higher than 30 GPa, ScH; begins to
transform to an fcc structure (of the Sc atoms) (Figure 2, left).”

Figure 2. Experimental room-temperature structures of ScH; and YH,
at 25 GPa; see text for degree of certainty of these. (Left) The Fm3m
structure of ScH;. (Right) The C2/m structure of YH;. Purple balls are
Sc, green Y, blue hydrogen.

In a study of the related YH;, a structure intermediate between
hep and fec was found and classified as C2/m (Figure 2, right).6
For ScH; it was suggested that the transition from the hep to
the fcc heavy atom lattice follows a Cm symmetry continuous
path.” We will describe these two paths and the intermediate
structures in detail below.

A monohydride, ScH, appears to exist, but little information
is available on it. Machida et al.® observed the formation of a
NaCl-type monodeuteride of lanthanum, LaD, by the
disproportionation of LaD, around 11 GPa. This paper reports
briefly on similar pressure-induced reactions for YH,, ScH,, and
NdH,. Clearly the ScH monohydride, which may be considered
as an intermediate state as one proceeds in hydrogenation
toward dihydride or trihydride phases, is sensitive to pressure.
Note that the hydrogens occupy the tetrahedral sites of a Sc fcc
lattice in CaF,-type ScH, and the octahedral interstitial sites in
a proposed NaCl-type ScH. Therefore, motion involving these
sites is certainly involved in hydrogenation.”

While there is recent experimental work on ScH, under
pressure,'’ it seems to us that much remains to be learned
about the structure and interconversions of compressed
scandium hydrides. For example, the effect of pressure, via
external hydrogen pressurization and inherent compression, on
the crystal structures of ScH and ScH, is not well understood.
In addition, little is known, at P = 1 atm or elevated pressures,
about the monohydride, ScH, at any temperature.

We proceed in this paper to a theoretical exploration of the
Sc—H phase diagram, within a static approximation. The
possible structures of ScH,, (n = 1—3) over a range of pressures
up to 500 GPa, with relative compressions reaching V,/V ~ 3.0
(Vy is the volume of the most stable phase at 1 atm, and V is
the volume of the most stable phase at each stable pressure
range), are investigated. We examine in detail the evolution of
the optimum ground-state static structures of the various
hydrides as a function of pressure, as well as their phonon
spectra and zero-point energies, and the corresponding
electronic band structures of the stable phases predicted. Our
aim is to provide a systematic theoretical study of pressure-
induced phase transitions in scandium hydrides. The potential
existence of higher hydrides of Sc will be the subject of a
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subsequent study. The computational methodology we have
used is fully described in the following section.

B THEORETICAL METHODS

We searched for ScH,, (n = 1-3) static ground-state structures
using the crystal structure analysis by particle swarm
optimization methodology'" as implemented in the CALYPSO
code.'> This method has been benchmarked on a variety of
known systems and has made several successful gredictions of
high-pressure structures of, for example, Li' Mg,14 and
BiZTe3.15 Our structure searches with system sizes containing
up to 6 formula units (fu.) per simulation cell were performed
at pressures of 0—500 GPa. Each generation contains 30—40
structures (the larger the system, the larger the number of
structures). The first generation is produced randomly, and
then these structures are optimized. For the next generation,
60% of the structures are generated from the lowest-enthalpy
structures provided by the previous generation by particle
swarm optimization, the others by random choice. These are
then reoptimized, and the previous steps are repeated until
convergence. We usually explore 30—50 generations (depend-
ing on the size of the system) to achieve a converged structure.

The underlying ab initio structural relaxations were carried
out using density functional theory using the Perdew—Burke—
Ernzerhof exchange—correlation functional,'® as implemented
in the VASP code.'” The frozen-core all-electron projector-
augmented wave (PAW) method'® was adopted, with H 1s!
(cutoff radius 1.1a,; we also tried some of our calculations with
shorter cutoff radius 0.8a; which does not change our
conclusions materially) and Sc treated as 3s*3p®3d'4s® (cutoff
radii 2.5a,) outside a 10 electron core. The PAW
pseudopotential used for Sc can reproduce reasonably well
the Fermi surface for pure Sc (see Figure S1 in the Supporting
Information). An energy cutoff of 400 eV and appropriate
Monkhorst—Pack'® k meshes were chosen to ensure that
enthalpy calculations were well-converged to better than 1
meV/fu. Phonons were calculated by using density function
perturbation theory (DFPT)*® as implemented in the
PHONOPY code.”!

Calculations using a hybrid density functional (HSE06
were also carried out for some selected cases. In this method,
the exchange—correlation functionals are the mixtures of Fock
exchange, PBE exchange, and PBE correlation, i.e.

E = a B () + (1= a) B () + B () + B

)22

The parameter a is the exchange mixing ratio and is
determined by perturbation theory (the recommended value is
0.25).>® The PBE exchange term is decomposed into two parts,
short-range (SR) and long-range (LR), while the correlation
part is taken totally from PBE. The parameter u defines the
range separation. The optimum value of y is approximately
02-03 A, and it is 02 A™! for HSE06. The detailed
mathematical derivations and tests of HSE06 functionals are
given in the literature.”

Throughout this paper we will have occasion to look at Sc—
Sc, Sc—H, and H—H separations. We need a calibration for
what is a normal distance between the nuclei of these atoms.
For Sc—Sc and H—H, these can be obtained from the elemental
structures, in particular the most stable ones at every pressure.
For H, these are structures P6;/m (0—100 GPa) — C2/c
(110200 GPa) — Cmca-12 (250—350 GPa),** while for
elemental Sc we use the hcp phase to represent the comglex
high-pressure phases in the range from 1 atm to 350 GPa.*>*°
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The relevant internuclear separations are given in the figures in
section 3 of the Supporting Information.

For Sc—H, we have only the distances in the known ScH,
and ScHj structures, which we will mention. There are also a
number of known molecular compounds of Sc, which also give
us an idea of Sc—H separations. For instance, ScH, ScH,, ScH;,
and (H,)ScH, have been observed in matrix isolation
experiments,”””® with Sc—H separation values calculated as
1.76 A in ScH?® (the experimental value is 1.78 A*°) and 1.82 A
in ScH, and ScHj. There are also spectroscopic studies of
diatomic ScH in molecular beams.*

We proceed below to discuss the possible static structures for
the three hydrides over the pressure range of 1 atm to 400 GPa.
For each stoichiometry, a discussion of harmonic zero-point
energies (ZPEs) follows the description of the structures our
search reveals.

B RESULTS AND DISCUSSION

ScH. Structural searches for the monohydride, ScH, were
performed at pressures of 1 atm to 300 GPa. Interestingly,
below 15 GPa we find several new structures which are
calculated to be more stable enthalpically than the suggested®
Fm3m NaCl-type of ScH (Z = 4, see Figure 3a). The most

(a) Fm-3m  at 250 GPa (b) P4>/mmc at 1 atm (c) F-43m at 1 atm

(d) P4/nmm

at | atm

(f) C222  at 1 atm.

(g) Cmcm at 250 GPa

Figure 3. Predicted ground-state static structures of ScH, all but (a)
and (g) at 1 atm. The lines indicate Sc—H separations shorter than 2.1
A

stable phase we calculate to be the tetragonal P4,/mmc
structure Z = 2, see Figure 3b, in which hydrogen atoms are
tetrahedrally coordinated by Sc, with Sc—H separations of 2.05
A at 1 atm. Other phases are metastable F43m (GaAs type, Z =
4, Figure 3c), P4/nmm (Z = 2, Figure 3d), Pnma (Z = 4, Figure
3e) and C222 (Z = 8, Figure 3f) structures; these we obtained
by replacing Nb with Sc in the structures found previously for
NbH.*" In all of these structures, except for rock-salt, H appears
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in interstitial tetrahedral coordination. All are dynamically
stable at P = 1 atm; we will discuss the relevant ZPEs and their
influence on phase transformations below.

As a reviewer suggested, the abandonment of the rock-salt
structure at P = 1 atm is surprising given that the Pauling radius
of Sc* is but a little larger than that of Na*. Shorter and stronger
Sc—H contacts are attained in the four-coordinate P4,/mmc
structure, and the crystal orbital Hamiltonian population
(COHP) plots, a measure of bond strength (see Supporting
Information), indicate some occupation of Sc—H antibonding
states just below the Fermi level in the rock-salt structure.

The predicted P4,/mmc structure at P = 1 atm is so much
more stable (~0.25 eV per ScH) in our calculations than the
previously proposed® rock-salt Fm3m structure that we think an
experimental search for this alternative phase would be
profitable.

Because of the very light mass of the hydrogen atom,
quantum effects are expected to be a priori important, and the
hydrogen zero-point energy may well be large enough to affect
the overall structural stability range of the computed phases.”*
We estimated the ZPEs for each ScH, pure H,, and Sc under
pressure using Ezpp = 1/ ZEq’jha)j(q) within the harmonic
approximation. Here, j indicates a phonon branch at wave
vector g and a)]-( q) is the frequency at wave vector g in the zone
and calculated using the PHONOPY code. The results are
summarized in Table 1.

Table 1. Calculated Zero-Point Energies, per Atom, for ScH,
Sc, and H, at 1 atm and Under Pressure

system  space group  pressure (GPa)  zero-point energies (eV/atom)

ScH P4,/mmc 1 atm 0.118
10 0.133

Pnma 1 atm 0.117

Fm3m 1 atm 0.084

10 0.102

50 0.143

250 0.223

Cmem 250 0.215

Sc P6,/mmc 1 atm 0.029
H, P6;/m 1 atm 0.129
C2/c 100 0.261

Cmca-12 200 0.282

300 0.301

Figure 4 shows the detailed enthalpy relations of the various
structures in the low-pressure regime. The phases are all
(except for rock-salt at lowest pressure) within 0.1 eV per
formula unit of each other in enthalpy. This value is actually
smaller than the zero-point energies (ZPEs) calculated in the
harmonic approximation for the individual structures. The
ZPEs are of the order of 0.24 eV per formula at 1 atm and are
very similar for all of them (this matter is taken up below). The
enthalpy difference between the various structures is also quite
close to typical thermal energies. This argues for a self-
consistent treatment of the phonons, regrettably not something
our resources permit at present.

As the pressure increases in our calculations, the above-
mentioned structures are rapidly destabilized relative to the
rock-salt Fm3m structure (Figure 4), which was also predicted
by the structural simulations by us between 20—250 GPa. In
the Fm3m structure, hydrogen atoms are octahedrally
coordinated by Sc (and vice versa) with Sc—H separations of
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Figure 4. Ground-state static enthalpy curves per formula unit as a
function of pressure for ScH, relative to that for the rock-salt Fm3m
structure in the low-pressure regime. For one structure we move
beyond the static approximation, including harmonic ZPEs. The
relative compression (V,/V) is also given for the corresponding
pressures (upper horizontal axis).

227 A at 1 atm and 1.74 A at 250 GPa. If ZPEs are included,
the P4,/mmc phase will become stable at a lower pressure, ~10
GPa, than it would be without consideration of zero-point
energies because the Fm3m structure has a lower ZPE at the
same pressure (e.g, 0.17 eV per formula at 1 atm). The
evolution of H coordination in ScH with increasing pressure,
from tetrahedral to octahedral, is consistent with previous
work® and also with the anticipated generalization that the
number of neighbors of a hydro§en—occupied site is likely to
increase with increasing pressure.

At 300 GPa, a new static structure for ScH emerges in our
calculations. This is an orthorhombic Cmcm structure (Z = 4,
Figure 1g). In this phase, the hydrogen atoms are also
octahedrally coordinated by Sc, though the octahedron is
distorted with one Sc—H separation of 1.97 A, 1.77 A (two),
and 1.71 A (three); the numbers quoted are for 250 GPa. The
Cmcm structure can be viewed as a distorted rock-salt structure;
indeed, there is a relatively flat enthalpy surface between it and
perfect rock-salt at 250—300 GPa (see Figure S9 in the
Supporting Information). Clearly, calculations including
dynamic displacements of hydrogens, and thus approximating
the effect of temperature, are needed to delineate structural
preferences in this pressure regime.

Above ~265 GPa, the Cmcm structure becomes thermody-
namically stable relative to the Fm3m structure,® and the
structural preference is pronounced.

We now show the phase enthalpy relationships computed for
ScH in a larger pressure window, as in Figure 5. The sequence
of phase transitions is P4,/mmc — Fm3m — Cmcm, the
transitions calculated to occur at 15 and 265 GPa, respectively.
Our predicted ground-state structures for ScH are all
enthalpically stable with respect to separation into the elements
themselves over the entire pressure range studied. The detailed
enthalpy curves are given in Figures S2 and S3 in the
Supporting Information.

ScH,. For the ground-state dihydride, at 1 atm and up to
~75 GPa, we find that the CaF, type Fm3m structure (Z = 4,
Figure 6a) is the most stable enthalpically. This is in good
agreement with the experimental results at room temper-
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Figure 5. Ground-state enthalpy curves per formula unit as a function
of pressure for ScH (static calculations), with respect to that for the
rock-salt Fm3m structure in the entire pressure range studied. The
relative compression (V,/V) is also given for the corresponding
pressures (upper horizontal axis).

(c) PA/mmm at 150 GPa  (d) P-3m1 at 200 GPa

(e) P6/mmm at 300 GPa

Figure 6. Predicted ground-state static structures of ScH, at various
pressures.

ature,'>* though it is clear that our calculations are static, as
mentioned earlier, and hence do not include the effect of
temperature. The calculated Sc—H separations of 2.07 A match
the experimental values at P = 1 atm.**

As the pressure is increased, around 75 GPa, three other
structures begin to compete in the phase diagram, as Figure 7
shows. One of these is a monoclinic C2/m structure (Z = 8,
Figure 6b). If Sc—H separations less than 2.10 A are used to
define coordination, then in this structure hydrogen atoms are
four- (tetrahedrally) and five-coordinated by Sc (see Figure S15
in the Supporting Information). The second is a tetragonal P4/
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Figure 7. Ground-state static enthalpy curves per formula unit as a
function of pressure. In several cases we move beyond the static
approximation to show the effect of including harmonic ZPEs. The
enthalpy reference is the predicted P4/mmm structure for static ScH,
in the entire pressure range studied. The relative enthalpies of ScH +
1/2H, are also presented; for these we took the most stable structures
for ScH and H, in each pressure range. The relative compression (V,/
V) is indicated at the top.

mmm structure (Figure 6¢); its hydrogen atoms are in four-,
five-, and six-coordinate Sc environments, the coordination
again defined by Sc—H separations less than 2.1 A (see also
Figure S1S5). Interestingly, we find in this structure some
protons that are surrounded by four Sc atoms in a rare
approximately square-planar geometry, which has been found in
just a few transition-metal complexes at P = 1 atm.***¢ The
third structure competing in this region is a P3ml phase
(Figure 6d); its protons are tetrahedrally and octahedrally
coordinated by Sc.

Between 75 and 225 GPa, the three structures mentioned
remain at approximately equal enthalpy, while the fluorite
structure is increasingly destabilized. Eventually, above 250
GPa, ScH, adopts an MgB,-type P6/mmm layer structure
(Figure 6e). The protons form a graphene-like honeycomb net
(H-+H 1.39 A at 300 GPa) and, judged by Sc—H separations
less than 1.78 A at 300 GPa, are six-coordinated with respect to
the Sc ions (see Figure 6e left).

Given the light hydrogens in the structure, vibrational
contributions to the relative enthalpy need to be considered, as
mentioned earlier. The ZPEs in a harmonic approximation for
the various phases are summarized in Table 2 below.

Table 2. Calculated Zero-Point Energies per Atom for
Different ScH, Structures at 1 atm and Under Pressure

systems  space group  pressure (GPa)  zero-point energies (eV/atom)

ScH, Fm3m 1 atm 0.148
50 0.199

C2/m 80 0.201

P4/mmm 150 0.229

200 0.246

P3ml 200 0.243

250 0.256

P6/mmm 250 0.241
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We show the phase enthalpy relationships in the entire
pressure range studied in Figure 7. The P3ml and P6/mmm
structures were also predicted in NbH,*' and CaH,*” at high
pressures, respectively. Also in Figure 7 are the enthalpies of
decomposition of ScH, to ScH + H,; these indicate that the
ground state of ScH, is enthalpically stable with respect to
decomposition at 1 atm and also under pressure. This
conclusion is in agreement with the experimental result that
it is 3}gn'd to detect ScH during the reaction of Sc and H, at 1
atm.

Between 200—260 GPa, the P3ml, P4/mmm, and P6/mmm
structures are very close to each other in enthalpy, in fact within
0.01 eV per formula unit. This value is also smaller than the
ZPEs for the individual structures, which are of the order of
0.72 eV per formula and are similar for all of them. As Figure
S13 in the Supporting Information shows, after inclusion of
ZPE (by simple addition, a less than satisfactory approx-
imation), P3ml becomes more stable than P4/mmm at 200
GPa, while P6/mmm is stabilized over P3ml at 250 GPa.

ScH;. Our structural searches between 1 atm and 500 GPa
predict that the ground-state static phase transition sequence of
the trihydride is P6; (Z = 6, Figure 8a) — Fm3m (Z = 4, Figure
8d) — P6y/mmc (YH;-type,® Z = 2, Figure 8g) — Cmcm (Z =
4, Figure 8h); the corresponding transition pressures are 29,
360, and 483 GPa, respectively. As will become clear in the
discussion below, in some pressure ranges several structures
compete enthalpically. The general result is in good agreement
with the recent theoretical calculations of Kong et al,* who
used the known high-pressure structures of YH;, but replacing
Y by Sc. One thing that should be mentioned is that the P6;
structure of ScH; we found is more stable than the P6;/mmc
(GdH; type) structure reported by Kong et al. (see Supporting
Information).

Of every three hydrogen atoms in the GdH;-type ScHj, two
are found close to the tetrahedral sites; we shall denote these
atoms by H(T). The third hydrogen atom, which we shall
denote H(M), is located in, or close to, the heavy atom plane.
Similar to the case of YH,,® the predicted low-pressure P6,
structure can be obtained from the GdHj structure by tripling it
in the basal ab plane, such that there are three hydrogen atoms
in each metal plane. The tripled hexagonal unit cell contains 24
atoms with a stoichiometry ScgH,q. All the H(M) atoms move
out of the metal plane, one-third of them by about 0.06 ¢, one-
third by about —0.06 ¢, and the rest by about 0.01 c¢. Comparing
this resulting structure to the GdH;-type we observe that there
is a screw axis through the H(M) atoms that are displaced by
—0.06 c. The H(T) atoms are also slightly displaced as
compared to their positions in the GdHj; structure. This is a
reasonable approximation of the supposed experimental
structure of ScH,o, in which the protons atoms randomly
occupy one of the two equivalent positions in the Sc atom basal
plane (Figure 8c). In Figure 9 we show the calculated and
observed powder diffraction patterns for our new structural
suggestion, and the agreement is excellent. We are unable to
model the ScH,, nonstoichiometry in detail.

The zero-point energies of the various ScHj structures,
potentially significant in phase relationships, are summarized in
Table 3.

Interestingly, even at 1 atm, ScHj is still stable relative to
decomposition into ScH, and H,, as seen in Figure 10, which
shows the enthalpy relations of the various structures in the
low-pressure regime. However, the enthalpy difference is not
large, about 0.14 eV per formula unit at 1 atm, not including
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Figure 8. Predicted static ground-state high-pressure P65, C2/m, Fm3m, P6;/mmc(YH; type), and Cmcm structures of ScH; (purple, Sc; blue, H).
Panel b is the reported structure of ScHy at 1 atm,*® while panel c is the supposed experimental structure. In panel ¢, note the half-occupied sites are

marked by half-blue, half-white spheres.

ZPEs, but 0.10 eV when including ZPEs. As a reviewer has
pointed out, considering that the entropy term in the free
energy for H, at 300 K equals 0.2 eV, it is evident that ScH;
loses some H, and becomes H-deficient, nonstoichiometric.

Actually, ScH,o can be stored in liquid nitrogen and was
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experimentally observed to decompose to ScH, + H, at
elevated temperatures at 1 atm.'

In our calculations, above 29 GPa the P6; structure of the
trihydride is no longer the most stable choice. Three structures
of approximately equal enthalpy compete at this approximate
pressure: the P6; (Z = 6) structure we predict, Fm3m (Z = 4),
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Figure 9. Neutron diffraction patterns of the structure of ScHj at
standard conditions: (a) calculated powder diffraction pattern of the
P6;/mmc (GdHj-type) structure, (b) the experimental diffraction
pattern, and (c) the calculated powder diffraction pattern of the P6;,
structure.

Table 3. Calculated Zero-Point Energies per Atom for ScH;
at 1 atm and Under Pressure

Ppressure zero-point energies (eV/
systems space group (GPa) atom)
ScH;  P6; 1 atm 0.153
C2/m 25 0.175
Fm3m 25 0.168
NY 0.191
350 0.301
P6,/mmc (YH, 400 0.310
type)
Cmem 550 0.322

V,/V=1.00 1.05 1.09 114 1.17 1.21 1.33 136 139
T T T T

0.1 T T T
Fm-3m
0.0 ! & 4
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@ -0.1- »
; \
L SCHz+ 1/ 2HZ
>
= 024
<
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Figure 10. Ground-state static enthalpy curves per formula unit as a
function of pressure (with respect to the Fm3m structure) for static
ScH; in the low-pressure regime. The relative enthalpies of ScH, + H,
are also shown; here we used the most stable structures for ScH, and
H, in each pressure range.

and a family of structures that is C2/m (Z = 6) or Cm (Z = 6).
The enthalpic similarity of the three structures reflects an
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unde;lz)ing structural similarity that merits further discus-
sion.”

In the Fm3m structure, protons occupy all the T and O sites
of an fec lattice with Sc—H separation of 1.95 and 2.25 A at 25
GPa, respectively (Figure 8d). The C2/m structure was
suggested as a periodically distorted form of the fcc structure
(a possible Peierls distortion), thought to be a candidate model
for the intermediate phase.40 In this structure, H atoms are also
tetrahedrally and octahedrally coordinated by Sc, but now
unsymmetrically, with Sc—H separations of 1.96 and 1.97 A in
the tetrahedron and 2.13, 2.22, and 2.46 A in the octahedron at
25 GPa (Figure 8e).

For the transition from the hcp to the fcc heavy atom lattice
in ScHj, it was suggested that the pathway conserves the hcp
basal planes and also the (110), planes,” but in such a way that
the ABABAB sequence of the hcp form is altered to the
ABCABC sequence of the fcc form. After the phase transition,
the (110), planes become the equivalent (220); planes in the
fcc phase.2 The movement of the atoms, both Sc and H, during
the hep-to-fec transition can be separated conceptually into six
sliding steps, throughout which Cm symmetry is maintained.*!
The assumption here is that this is also the symmetry of the
intermediate phase(s) in ScHs.

More recently, Pakornchote et al.” investigated the hcp-to-fec
transformation path of ScH; under high pressure, proposing
that the intermediate phase was of Cm (Z = 6) symmetry. As
Figure 8e,f shows, the C2/m and Cm structures suggested are
very similar. Depending on the tolerance used in automated
symmetry assignment (CASTEP* with tolerance larger than
0.01), the program assigns to the structure either Cm or C2/m
symmetry. Recognizing how close to each other these
structures are, we will refer to them as a single C2/m-Cm
family. Above 30 GPa, the C2/m structure transforms to the
Fm3m structure during the VASP optimization process. To
obtain a reliable picture of phase stabilities in this region,
accurate dynamic calculations beyond our means will be
needed.

Figure 11 shows enthalpy relations of the various structures
in the entire pressure regime studied, a 10-fold greater pressure

VU/V=1.00 1.67 1.99 2.25 2.54 2.78 2.88
T T T T T
024 /
o 9w
/ Fm-3m
~, 00L& 1
i *
@ ] ? 360 GPa
c *
%024/
B
s |
= * —e— Ps,
5 —O— C2/m-Cm family 483 GPa
04 _i P6 /mme (YH, type)
: - Cmcm
—O— ScH,+ 1/2H,
-0.6 —
0 100 200 300 400 500

Pressure (GPa)

Figure 11. Ground-state static enthalpy curves per formula unit as a
function of pressure with respect to the predicted Fm3m structure for
static ScH; in the entire pressure range studied. The relative
compression (V,/V) is indicated on upper horizontal axis.
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range than that of Figure 10. The Fm3m structure has a wide
range of stability between 30—360 GPa. Above 360 GPa, it is
finally overtaken by a P6,/mmc structure (YH; type, Z = 2) in
which H atoms are also tetrahedrally and octahedrally
coordinated by Sc (Figure 8g). Above 483 GPa, a still more
stable structure enters, an orthorhombic Cmcm structure (Z =
4), in which H atoms are S-fold coordinated (Figure 8h). The
shortest separation of two H atoms in the Cmcm structure is
1.20 A at 500 GPa (V,/V = 2.78), which is longer than the
shortest separation of 0.85—0.88 A in pure solid hydrogen
(monatomic) at the same pressure43 (see also Figure S4 in the
Supporting Information). It appears that there are no
semimolecular paired hydrogens in the high-pressure structure
of ScH,.**

Dynamical Stability for Different Stoichiometries. We
have also studied the dynamical stability of the predicted ScH,
(n = 1-3) structures by calculating their phonon dispersion
curves. We find that all of the predicted structures of each
hydride are dynamically stable (see Figures S6, S12, and S17 in
the Supporting Information). The calculated phonon frequen-
cies of different structures in scandium hydrides separate
naturally into two groups: low-frequency modes (mostly
associated with Sc motions) and high-frequency modes, those
dominated by light H atoms. The gap between the low- and
high-frequency modes gradually decreases as the content of
hydrogen increases, and as expected, the highest frequencies
also increase with increasing pressure.

The calculated ZPEs for the various structures have been
given in Tables 1—3.

Let us discuss now in more detail the structure for ScH;. The
symmetric P6;/mmc structure formerly suggested,®” shown in
Figure 8b, is not dynamically stable from 1 atm to 25 GPa (see
Figure S17 in the Supporting Information). We will get the P6,
structure when we follow the phonon of imaginary frequency to
a more stable minimum. The P6; structure is dynamically stable
and, as expected, is more stable than the P6;/mmc structure
(see also Figure S16 in the Supporting Information). Recall that
the experimentally observed lower-symmetry structure is for a
nonstoichiometric ScH,, phase. The fractional occupation is
consistent with motion away from a more symmetrical
structure, but the details remain to be worked out.

Two Disproportionations. With the phase transition
sequences of ScH, ScH,, and ScHj; in hand, we can approach
the pressure dependence of the ScH, disproportionation
reaction. Figure 12 compares the enthalpy of the reaction

1 1
ScH, - —ScH + —ScH;,
2 2

with and without ZPEs. Positive enthalpies mark a region of
stability of ScH,, negative ones of ScH + ScH,.

Figure 12 shows that ScH, is enthalpically stable below 80
GPa but becomes unstable compared to ScH and ScH; at
higher pressure. This is in agreement with the experimental
observations,” though the transition pressure was not given in
the work cited. To obtain a calibration, we also computed with
similar methodology the relative formation enthalpy of LaH,
disproportionation to LaH and LaHj;. The results, shown in
Figure S18 in the Supporting Information, give a transition
pressure for LaH, of 10 GPa, which is in good agreement with
both experimental and theoretical results.

At 80 GPa, ScH, adopts the C2/m structure while ScH and
ScHj; have the fcc structures at this pressure. This implies that
the rock-salt-type monohydride (ScH) may be formed by the
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Figure 12. Static ground-state enthalpy curves per formula unit (black
curves) as a function of pressure with respect to ScH,. We also move
beyond the static approximation by estimating the contribution of
ZPEs (red dashed lines). We have considered the most stable
structures for ScH, ScH,, and ScH; found in this work at the specified
pressure ranges. The ZPE differences are taken to be approximately
pressure-independent. The vertical dotted lines separate the different
stable regions.

pressure-induced disproportionation of rock-salt-like C2/m
ScH,, not fcc ScH,. This is a little different from the case of
LaH,, in which LaH, adopts the fcc structure near the
transition pressure.

Most interesting is a prediction that our studies make at
higher pressure: we find, as Figure 12 shows, that ScH, is
stabilized again around 325 GPa, now in a pressure-induced
comproportionation reaction of ScH and ScH;. When ZPEs are
included, both the disproportionation and comproportionation
reactions may occur at a somewhat lower pressure, ~72 GPa
and ~308 GPa, respectively. This prediction remains to be
tested experimentally.

The effects of ZPE on ground-state phase transition

1 1
ScH, - —ScH + —ScH;
2 2

are best shown graphically, which is also done in Figure 12. The
assumption is made that the total enthalpy is the sum of that of
the static system and the contribution of the phonons
determined in a harmonic approximation (eventually a self-
consistent approach to this may be required). ScH, has a larger
ZPE of 0.597 eV per formula unit at 50 GPa when compared
with the corresponding sum of ZPEs for ScH; and ScH at 50
GPa [0.525 eV/(ScH;+ScH)/2], indicating that after inclusion
of ZPE, ScH; + ScH may become stable at a slightly lower
pressure, ~ 72 GPa (see Figure 12).

If no ScH is present, ScHj is enthalpically stable in the
studied pressure range of 0—500 GPa. This is especially true for
the fcc-ScH; structure, which has a wide range of stability
between 30—360 GPa. We doubt whether any higher hydrides
exist in this pressure range. However, the consistency of the
geometries we find for ScH, ScH,, and ScHj, and the good
agreement of the enthalpies of the disproportionation reaction
of ScH, with experimental results, encourages us to examine
other, higher hydrides. These will be discussed in detail in a
further paper.
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We now turn to the other disproportionation, that of
monohydride. Figure 13 shows the enthalpy of ScH relative to

0.3

ScH /

02d  —m—1/2(Sc+scH)
--©-- Enthalpy of 1/2 (Sc+ScH ) with ZPE
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Figure 13. Ground-state enthalpy curves per formula unit as a function
of pressure with respect to ScH. We have considered the most stable
structures for ScH and ScH, at each stable pressure range and the P6;/
mmc structure for Sc. The ZPE differences are taken to be
approximately pressure-independent.

1/2(ScH, + Sc). Interestingly, we find pure ScH can be also
obtained by squeezing ScH, and Sc around 24 GPa. When
ZPEs are added, ScH is stabilized at a greater pressure, around
27 GPa, because ScH has a larger ZPE than the corresponding
sum of ScH, and Sc ZPEs.

Theoretical Scandium—Hydrogen Phase Diagram. Let
us now assemble the enthalpy relationships for the ScH,, (n = 1,
2, 3) series in the form of a convex hull of comparative stability
(see Figure 14). The reference levels are scandium and pure

X

0.0 0.2 0.4 0.6 0.8 1.0

0.0
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. -0.6
g
=}
<
; -0.9
e’
& 124
§ ——1am
;f] -1.5 - —@—10GPa
—¥—50GPa
184 —p—100 GPa
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-2.14 )
} } 4
100% Sc n=1 2 3 100% H,

Figure 14. Ground-state static enthalpy of formation per atom of the
ScH, (n = 1, 2, 3) phases with respect to their separated counterparts;
hydrogen molar content (x = 0 corresponds to pure scandium, x = 1 to
pure hydrogen) for the ground state and P = 1 atm, 10, 50, 100, and
400 GPa. The stoichiometric index n (in ScH,) is indicated at the
bottom. The symbols on the solid line indicate that the hydride is
stable at the corresponding pressure, while those on the dashed line
are metastable, unstable with respect to decomposition or
disproportionation into other hydrides or hydrogen.
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hydrogen, each in its most stable form at the pressure specified
(there is an approximation for Sc as mentioned before). More
information on stability at other pressures (30, 80, and 250
GPa) is given in the Supporting Information (Figure S22).

As can be seen in Figure 14, from the lowest pressures, ScH,
ScH,, and ScHj are very stable with respect to decomposition
into the elements. Indeed, all are known experimentally. ScH, is
the global thermodynamic minimum between 1 atm and 50
GPa. Interestingly, in this pressure range, ScH can be obtained
by the compression of a mixture of ScH, and Sc (see also
Figure 13), while ScH; can be obtained by the compression of a
mixture of ScH, and H,. Both ScH and ScH; can actually be
obtained simultaneously if ScH, is compressed up to 80 GPa.
These results are in agreement with the experimental
observations.

Above 80 GPa, ScHj; achieves a global thermodynamic
minimum. As we saw in Figure 12, at still higher pressures,
ScH, regains stability and can be obtained again by the
compression of a mixture of ScH and ScH; to 325 GPa.

Electronic Structure of the Scandium Hydrides. The
band structures and total densities of states (DOS) of ScH,
ScH,, and ScHj, all at P = 1 atm, are displayed in Figures 15,

ScH, I’Jz/mmc, 1 atm

Energy (eV)

R X G

A M G Z

. T . T v
0.0 0.1 0.2 0.3
DOS (states/eV/electron)

Figure 15. Electronic band structure and DOS for the P4,/mmc
structure of ScH at 1 atm.

16, and 17, respectively, along with the projected DOS of Sc 3d
and 4s and H 1s. Assuming that hydrogen becomes hydridic
(tending toward H™) in its interaction with scandium, one
would expect metallic ScH and ScH, and semiconducting ScHj.

The general expectation is met. The calculated gap is 0.8 eV
for ScH;, while the observed optical gap is 1.7 eV.** An
improvement is likely if we move in our treatment of
correlation beyond LDA band-structure calculations (as was
observed for YH,,* which experimentally has a gap of 2.6 eV,
but comes out metallic in LDA calculations). HSE06
calculations were initiated for this purpose, and it was found
that the band gap of ScH; calculated by HSE06 method is 1.5
eV, which is in reasonable agreement with the experimental
value (see Figure S19 in the Supporting Information).

Let us discuss these densities of states in a little more detail.
First, the H electron density of states is concentrated into a
peak around —6 eV that is spread out broadly but remains
mainly below the Fermi level. If the hydrogen states were fully
occupied with two electrons per H, we would have entirely
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Figure 16. Electronic band structure and DOS for the Fm3m structure
of ScH, at 1 atm.
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Figure 17. Electronic band structures and DOS for the P6; structure
of ScH; at 1 atm.

hydridic hydrogens. But there clearly is some interaction
between Sc 3d states and the hydride 1s. This is found in
energy regions where there is density in both Sc and H states,
from —8 to —3 eV, indicating their likely mixing. The covalence
we see (also probed in the Supporting Information, section 9,
Figures $25—S27, through an analysis of crystal orbital
Hamiltonian populations) is in qualitative agreement with the
conclusions drawn from the studies of ScH, both exper-
imentally*® and theoretically.*”

In the Supporting Information, the reader will find two
further sections. The first discusses in detail the interatomic
separations and coordination numbers as n varies in ScH,,. The
Sc—Sc separation actually expands in response to hydrogen
insertion, relative to the pure element, in this pressure range.
The Sc—H separations decrease with pressure, and as expected,
the Sc coordination in H increases.

In a second section we relate a comparison of scandium
hydrides to the hydrides of Y and La, which are below Sc in the
periodic table, and of Ca, to the left of Sc. There are many
similarities in Y and La hydride chemistry, but there are few for
Ca, except for CaH,.
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B CONCLUSIONS

The scandium hydride system is certainly rich in structural
possibilities, as we have seen. All three compositions, ScH,
ScH,, and ScHj; go through a range of structures as the
pressure is raised, in which the coordination of the Sc in
hydrogens increases, while the Sc—Sc separations remain
relatively constant. Most interesting among the individual
structures is our prediction of several stable P = 1 atm ScH
phases which are calculated to be a lower enthalpy than the
previously suggested rock-salt structure. We also point to a
possible modification of the assigned P = 1 atm ScHj structure.
In their electronic structures one sees the hydridic nature of the
H in these compounds. ScH and ScH, are definitely metallic
and remain so as the pressure is elevated. ScHj is, as expected,
semiconducting.

Equilibria with H, are the most direct fact of life for these
materials, important to their synthesis as well as to their
potential for hydrogen storage. All the hydrides have negative
heats of formation from the elements throughout the pressure
range studied (1 atm to 400 GPa). Remarkably, ScH, is stable
with respect to disproportionation to ScH and ScH; at both
low and high pressures; in the range of ~75—310 GPa it should
spontaneously decompose to ScH and ScHj;. In addition, ScH
should be stable with respect to disproportionation to Sc and
ScH, only above ~25 GPa. As expected, ScH and ScH, are
found in our calculations to be metallic at P = 1 atm, and ScHj
is foudn to be semiconducting. At higher pressures, all there
hydrides metallize.
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