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A metallic perovskite-type hydride LiNiH; was synthesized based on first-principles prediction. We
theoretically examined its electronic structure and found that half of the Ni-H derived antibonding states are
occupied and that the modest thermodynamic stability depends on a delicate balance between (i) destabilization
and (ii) alleviation of compression frustration in corner-sharing octahedra, both of which arise from occupation
of antibonding states. Through density-functional analyses of the electronic structure and lattice instability
extending over LiT Hj; series (T = Fe, Co, Ni, and Cu), we showed that the balance is in fact reflected in their

thermodynamic stability.
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I. INTRODUCTION

Perovskites ABX3 have attracted considerable interest
for many years owing to a variety of physical properties
mostly related to a specific structural motif and resulting
electronic structure. One remarkable example of this is the
family of perovskite oxides, of which an enormous number
of compounds have been synthesized to date. They typically
have a structure distorted from that of an ideal perovskite
and often show a ferroelectricity that depends on a delicate
balance between covalent interaction, long-range Coulomb
forces, and short-range ionic repulsions.! More generally,
instabilities in perovskites can often be understood in terms
of a so-called tolerance factor that describes the competition
between preferred A-X and B-X bond lengths. In addition
to ferroelectricity, their solid solutions frequently exhibit an
electromechanical response related to polarization rotation
near morphotropic phase boundaries.> Furthermore, most
high-temperature superconducting oxides, such as Ba-La-Cu-
0 and Hg-Ba-Ca-Cu-O systems,>* have a structure associated
with perovskite.

In contrast, only a few perovskites are known in the
hydrides, reflecting the fact that there are only two possible
combinations within a ternary perovskite-type hydride (i.e.,
ATB*"H; and A*"B*HJ). In fact, many of the perovskite-
type hydrides consist of monovalent alkali and divalent
alkaline earth metal elements, such as NaMgHj3;, KMgH3,
SrLiH3, and BaLiH3,>"'° and are insulators with a substantial
band gap.'"!> These hydrides are of importance in terms of
hydrogen storage due to their high density of hydrogen.

Aside from these ionic compounds, another group of the
perovskite-type hydrides exists, which does not show a band
gap at the Fermi level: this group includes CaCoHj3, CaNiH3,
SrPdH;, EuPdH3, and YbPdH;.-!-13-16 In addition to the
specific structure, the metallic electronic structure implies that
they are the potential candidates for superconducting mate-
rials, and some have been studied from this viewpoint,'’~2°
although no superconducting perovskites have been found
to date. It can be readily seen, then, that the many varieties
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PACS number(s): 71.20.Be, 71.20.Dg, 63.20.D—, 61.05.cp

and compositions of materials in this group deserve further
exploration. Related to this, the metallic electronic structure
strongly suggests a certain degree of chemical flexibility in
contrast to the ionic perovskite-type hydrides, while all the
compounds found consist of only an alkaline earth or a
rare-earth metal element on the A site and a transition-metal
element on the B site.

In this context, the possible synthesis of a metallic
perovskite-type hydride LiNiHj3, which contains an alkali
metal element on the A site and a transition metal element on
the B site, was theoretically and experimentally examined. We
investigated the electronic structure and elucidated the mech-
anism for the formation of metallic perovskite-type hydride.
In addition, through the density-functional investigation for
the series of perovskite-type hydrides LiTHj (T = Fe, Co, Ni,
and Cu), we found a way to synthesize metallic perovskite-type
hydrides.

II. APPROACH

A. First-principles calculations

The possible synthesis of perovskite-type hydride LiNiH3,
and the electronic structure, lattice instability, and energetics
for the series of perovskite-type hydrides LiTH; (T = Fe,
Co, Ni, and Cu) were investigated using first-principles
calculations based on density-functional theory (DFT). We
performed the structural optimization of LiNiHz using a
2 x 2 x 2 supercell (40 atoms), which has an even number of
NiHg octahedra along the [001], [011], and [111] directions [cf.
Fig. 4(a)] and therefore can accommodate the various Glazer
tilt patterns of the corner-sharing octahedra®' in the same
manner as the perovskite oxides.””~>* The five-atom primitive
cells of the ideal cubic perovskite structure were used for the
calculation of the series of Li7T Hj to see the lattice instability,
where only the lattice constants were optimized within the
cubic lattice and with fixed internal coordinates of constituents.

These calculations were performed using a plane-wave
basis and projector augmented wave method?-2° within the
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generalized gradient approximation with the exchange and
correlation functional of Perdew, Burke, and Ernzerhof,?’
as implemented in the Vienna Ab-Initio Simulation Package
(VASP).?82 Well-converged plane-wave basis sets with cutoff
energies of 800 and 7200 eV for wave function and charge
density, respectively, were employed. The Brillouin-zone
sampling was performed using the special k-points method*
with an 8 x 8 x 8 mesh, and the results were also converged
with respect to the sampling. The phonon calculations were
performed using the PHONOPY code,?' based on a supercell
approach,®? with force constants obtained from VASP calcu-
lations in a 3 x 3 x 3 supercell (135 atoms) with the cutoff
energies of 400 and 3600 eV for wave fuction and charge
density, respectively, and with a 4 x 4 x 4 k-point mesh.

B. Experiment

High-purity Ni powder (99.5%, CERAC) was mixed with
LiH (99.4%, Alfa Aesar) at a molar ratio of 1:2 by mechanical
milling at 400 rpm for 2 h under 0.1 MPa Ar atmosphere
(note that the excess of LiH was supplied to compensate for
LiH dissolution within the high-pressure cell). Following
this, hydrogenation was conducted using a multianvil
high-pressure apparatus under 6 GPa at 873 K for 3 h. A
sample, recovered at ambient pressure and temperature, was
characterized by white synchrotron-radiation x-ray-diffraction
(SR-XRD) measurement at beamline BL14B1 in SPring-8.%
We employed the energy-dispersive x-ray-diffraction method.
Details of our experimental apparatus and technique are
described elsewhere.3*-38

III. RESULTS
A. LiNiH;
1. First-principles prediction and synthesis

The structural optimization provided a cubic lattice with
a lattice parameter of 6.50 A (i.e., 3.25 A for the five-atom
primitive unit cell). We did not find any atomic displacements
from the ideal perovskite structure.

We then estimated the thermodynamic stability of this
perovskite-type hydride. The standard heats of formation
of LiNiH; and its related decomposed product, LiH, were
calculated by comparing their total energies with those of
the elements Li and Ni in bulk metallic form and of the
H, molecule. The finite-temperature effect was taken into
account within the harmonic approximation, and the zero-point
energy (ZPE) contributions were included. The results are
listed in Table 1. Here, the value of —81 kJ/mol for LiH is in
reasonable agreement with the experimentally reported value
of —91 kJ/mol.*® We obtained a standard heat of formation
of —118 kJ/mol for the perovskite-type hydride LiNiHj3.

TABLE 1. DFT based standard heat of formation AH}’(DFT)
expressed in kJ/mol. Experimental values are given as AH 7‘2(Exp).39

Compound AH}’ (DFT) AH]‘Z(Exp)
LiH —81 -91
LiNiH; —119 -
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FIG. 1. Experimentally and theoretically obtained XRD profiles
for LiNiH;. The top panel shows the white SR-XRD profile of a
hydrogenated sample, taken at ambient pressure and temperature, and
the bottom shows a simulated pattern of optimized LiNiH;3 obtained
from the DFT calculation (note that the simulated energy-dispersive
profile was converted from the simulated angle-dispersive data, taking
into account the energy spectrum of the incident x-ray and x-ray
absorption). LiNiH; is denoted by closed diamonds, BN by crosses,
NaCl by open circles, and the unidentified phase by closed circles.

Based on these results, the enthalpy change of the reaction,
LiH + Ni + H, — LiNiH3, was estimated to be —38 kJ/mol
H,, which is comparable to that of LaNis hydrogenation
(=32 kJ/mol H,)* and indicates a possible synthesis of
LiNiHj3 via this reaction. Using a calculated entropy change
of —112 J/mol H; K, the equilibrium pressure at 873 K was
estimated to be 382 MPa and the decomposition temperature
at ambient pressure was 338 K.

In order to verify our first-principles prediction, a high-
pressure and high-temperature technique was used to synthe-
size LiNiHj3. The obtained sample has a dark gray color with a
slight metallic lusting, implying the electronic conduction. The
energy-dispersive SR-XRD profile for a hydrogenated sample
taken at ambient pressure and temperature is depicted in Fig. 1.
Here, the Bragg peaks are well indexed to a simple-cubic lattice
with a lattice parameter of 3.266 + 0.001 A, although the
sample contains a small amount of impurities (BN and NaCl)
from the high-pressure cell. Figure 1 also shows a DFT-derived
simulated pattern of a perovskite-type hydride LiNiH3. As can
be seen, the two profiles are practically identical, indicating a
successful synthesis of the perovskite-type hydride LiNiH3.

2. Electronic structure

We examined the electronic structure of perovskite-type
hydride LiNiH; to understand the underlying physics. The
electronic band structure and corresponding density of states
(DOS) with H 1s, Ni 4s, and Ni 3d projections are depicted
in Figs. 2 and 3, respectively. We took into account the
spin polarization and found that a non-spin-polarized state
is energetically the most stable.

In an octahedral ligand field, the three H 1s states form
a linear combination of irreducible representations, a, + g,
while the Ni 3d and 4s states compose a linear combination,
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FIG. 2. Electronic band structure for the five-atom primitive
cell of fully relaxed perovskite-type hydride LiNiH; along the
high-symmetry line in the Brillouin zone. The energy zero is set
at the valence-band maximum.

aig + eg + trg. They form three formally bonding (a;, + €,),
three formally antibonding (aj, + €;), and three formally
nonbonding (#,,) states, as can be clearly seen in the electronic
structure described below.

The three lowest branches, extending from —10to —3.5 eV,
are the formally bonding a;, and e, manifolds, as may be seen
from the H 1s, Ni 4s, and Ni 3d characters in the corresponding
DOS. The formally nonbonding 7, states provide a sharp DOS
from —2.9to —1.7 eV separated from the formally antibonding
e, states between —1.7 and 5 eV by a very narrow ligand-field
gap at —1.7 eV. The narrowness of this gap is a consequence
of the corner-sharing structure of NiHg octahedra, which
restricts the Ni-H bond length to 1.63 A (cf. 1.54-1.57 A
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FIG. 3. (Color online) Total electronic DOS and H 1s, Ni 4s,
and Ni 3d projections for the five-atom primitive cell of fully relaxed
perovskite-type hydride LiNiH;. The energy zero is set at the valence-
band maximum.
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FIG. 4. (Color online) (a) Structure of the 40-atom LiNiH;
supercell and (b) schematic depiction of compression frustration
in corner-sharing octahedra. Hydrogen atoms are shown by small
(blue), lithium by large (light green), and nickel by medium (silver)
spheres, respectively. The Ni-H bonds and NiHg octahedra are shown.
Owing to the corner-sharing structure, each H atom participates in the
formation of two Ni-H bonds pointing in opposite directions, giving
rise to compression frustration in the octahedra.

in each separate NiHy unit of complex hydride Mg,NiH,),*!
thereby suppressing the ligand-field splitting. As the Fermi
level falls within the antibonding eg states, the valence bands
are composed of a4 (two electron), e, (four electron), 15, (six
electron), and half filled antibonding e; states (two electron).

It is significant that, unlike in ionic perovskite-type
hydrides, half of the Ni-H derived antibonding states are
occupied by two electrons; this is the key to understanding
the mechanism of formation of metallic perovskite, and we
now discuss the effect of antibonding occupation on the
thermodynamic stability.

Such antibonding occupations normally lead to destabi-
lization, which competes with the formation of hydride. At
the same time, antibonding occupations weaken the Ni-H
chemical bonding, which in turn contributes to a stabilization
in the formation of hydride, as the weakened bonding alleviates
the compression frustration in the corner-sharing octahedra
[cf. Fig. 4(b)]. Thus, the modest thermodynamic stability
in the metallic perovskite-type hydride LiNiH; most likely
depends on the delicate balance of two competing effects: (i)
destabilization and (ii) alleviation of frustration, both of which
arise from the occupation of antibonding e states. The very
narrow ligand-field gap also helps reduce the destabilization,
as additional occupations above the nonbonding #,, states will
lead to only slight destabilization.

To better understand these mechanisms, it would be
beneficial to investigate the perovskite-type hydride series
LiTH; (T = Fe, Co, Ni, and Cu). The motivation for this
choice is that the series has increasing electron count with
increasing atomic number of the transition-metal element 7',
which is expected to provide increasing occupation number
of antibonding e states. It therefore is helpful to look at
the effects of destabilization and frustration alleviation on the
thermodynamic stability.

With this in mind, we first calculated the electronic struc-
tures for the LiT Hj series in order to evaluate the occupation
numbers of the antibonding ¢; states, .., associated directly
with destabilization, after which we calculated the phonon
dispersion curves of LiT Hj3 with the ideal perovskite structure
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FIG. 5. (Color online) Electronic DOS of LiTH; (T = Fe, Co,
Ni, and Cu) with the ideal perovskite structure. The (red) solid lines
and (blue) dashed lines denote the majority- (total) and minority-spin
DOS, respectively. The valence-band maxima are taken as the energy
Zeros.

in order to examine the lattice instability associated with
frustration alleviation.

B. LiTH; (T = Fe, Co, Ni, and Cu)
1. Occupation number of antibonding e, state

Figure 5 shows the electronic densities of states of Li7T Hj3.
The ferromagnetic state is the most stable for LiFeH3; and
LiCoHj3, while the ground states for LiNiH3; and LiCuHj; are
nonmagnetic. The calculated magnetic moments for LiFeH3
and LiCoHj are 2.0 and 0.2 ug per formula unit, respectively.

We evaluated the occupation numbers of the antibonding
states 7. from these densities of states, and the results are
listed in Table II and plotted in Fig. 7. As expected from
the increase in electron count, the occupation number ne:
increases when going from Co to Cu, as can be seen in Fig. 7,
but is nearly identical in LiFeH; and LiCoHj; this leads to

TABLE 1II. Occupation number of antibonding e states n.x,
imaginary phonon frequency at R point Im(w(R)) in cm™', and
formation energy AE in kJ/mol. The finite-temperature effect and
ZPE contributions are not taken into account.

Compound Nt Im(w(R)) AE;
LiFeH; 1.0 210 -34
LiCoH; 1.0 28 -92
LiNiH; 2.0 0 —119
LiCuH; 3.0 0 —28
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FIG. 6. Phonon dispersion curves for LiTH; (T = Fe, Co, Ni,
and Cu) with the ideal perovskite structure along the high-symmetry
line in the Brillouin zone.

the largest destabilization occurring in LiCuHs, followed by
LiNiH3, LiCoHs3, and LiFeH3.

2. Lattice instability

The phonon dispersion curves are shown in Fig. 6 . It can
be seen that, while LiNiH3 and LiCuHj3 have no imaginary
frequency, LiFeHs and LiCoHj3 show lattice instabilities at the
zone boundary, particularly at the R point. This is reminiscent
of octahedral tilt instabilities found in low tolerance factor
perovskites, such as NaMgH3'? (note that, in such perovskites,
the A-site ion has more room than the B-site ion, which leads
to octahedral tilting), and can probably be understood in terms
of the 7-H bond strength; i.e., if a strong 7'-H bond is present,
the T on the B site will be strongly bound to the center of
the H cage and behave as if it does not have room to be
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FIG. 7. Occupation number of antibonding states n,; and imagi-
nary phonon frequency at R-point Im(w(R)) for LiTH; (T" = Fe, Co,
Ni, and Cu). ne: is denoted by open squares and Im(w(R)) by closed
squares. The solid and dashed lines serve as visual guides.
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off-center, yielding the lattice instability seen in low tolerance
factor perovskites. This is the case for LiFeHs, which has
a small occupation number of antibonding e’ states relative
to both LiNiH3 and LiCuHj3 and, therefore, has a stronger
T-H bond. LiCoH; also shows similar instabilities, but its
imaginary frequencies are smaller than those of LiFeHs. The
imaginary phonon frequencies at the R point are summarized
in Table II and plotted in Fig. 7. It can be seen from these that
frustration is the strongest in LiFeHs, followed by LiCoHj,
LiNiH3, and LiCuHj3.

3. Thermodynamic stability

The trends seen in Fig. 7 are clearly reflected in the
formation energies listed in Table II. While the formation
energies for LiFeH; and LiCuHj3 are rather small, reflecting,
respectively, a large imaginary frequency w(R) and occupation
number nes, LiCoHj; and LiNiH3; have modest thermodynamic
stability. It should be noted that the atomic relaxations in order
to freeze the soft modes do not make a significant contribution
to the trends seen here. The fully relaxed structures and
their resulting standard heats of formations are given as
supplemental material.*?

IV. SUMMARY AND DISCUSSION

Based on first-principles prediction, we synthesized a
metallic perovskite-type hydride LiNiH3. In examining the
electronic structure of this compound, we found that half
of the Ni-H derived antibonding states are occupied, form-
ing the metallic electronic structure. We also found that a
delicate balance of (i) destabilization and (ii) alleviation of
compression frustration in corner-sharing octahedra, both of
which arise from the antibonding occupation, dominates the
thermodynamic stability. Based on the investigation of the
LiTH; series (T = Fe, Co, Ni, and Cu), we demonstrated
that competition between (i) destabilization and (ii) frustration
alleviation is in fact reflected in their thermodynamic stability.

With the exception of LiNiHj3, it may be difficult to
synthesize the metallic perovskite-type hydrides studied here,

PHYSICAL REVIEW B 87, 125134 (2013)

owing to their low thermodynamic stability relative to LiH
(cf. Tables I and IT). One way to overcome this difficulty would
be to expand the perovskite lattice by Li-substituting elements
with larger ion sizes, such as Na, K, and Rb, which weakens
the T-H chemical bonding without additional antibonding
occupation, thereby suppressing any lattice instability related
to compression frustration of the corner-sharing octahedra.
From a geometric point of view, such a substitution would
correspond to a reduction in the competition between preferred
A-H and B-H bond length, in other words, adjustment of the
low tolerance factor toward unity. This idea is supported by
experimental results obtained for the synthesis of CaCoHj3
and CaNiH; under mild conditions'"!? (note that Ca>* has
a much larger ionic radius than Li*).** Additionally, the two
hydrides occur in the ideal cubic perovskite structure,” which
would be understood in terms of less competition between
preferred A-H and B-H bond length. Furthermore, the fact that
all the metallic perovskite-type hydrides reported have ideal
perovskite-related structure, at least cubic lattice,” would also
support the present discussion. In this regard, it may be of
interest to see if ATH; (A = Na, K, Rb, T = Fe, Co, Ni) can
be synthesized. All these are dense metallic hydrogen-rich
compounds, which have been regarded as candidates for
superconductors.*** Thus the proposed mechanism would
be helpful in finding compositions with superconductivity
amenable to synthesis.
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