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The equilibrium lattice constant, the cohesive energy and the electronic properties of light metal hydrides LiXHs

and XLiHs (X =Be, B or C) with perovskite lattice structures have been investigated by using the pseudopotential

plane-wave method. Large energy gap of LiBeHs indicates that it is insulating, but other investigated hydrides are

metallic. The pressure-induced metallization of LiBeH3 is found at about 120 GPa, which is attributed to the increase

of Be-p electrons with pressure. The electronegativity of the p electrons of X atom is responsible for the metallicity of

the investigated LiXHg hydrides, but the electronegativity of the s electrons of X atom plays an important role in the

metallicity of the investigated XLiHs hydrides. In order to deeply understand the investigated hydrides, their optical

properties have also been investigated. The optical absorption of either LiBeHs or BeLiHs has a strong peak at about

5eV, showing that their optical responses are qualitatively similar. It is also found that the optical responses of other

investigated hydrides are stronger than those of LiBeHs and BeLiH3s in lower energy ranges, especially in the case of

CLiH;.
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1. Introduction

LiBeHgs, as a potential high-T, conventional su-
perconductor, was first investigated by Overhauser*2
in 1987. Since then, a large number of theoretical
studies of the electronic band structure and density
of states have been carried out by using various the-
oretical approaches and models.®=8] All of the cal-
culations reveal that LiBeHs is not metallic with a
large band gap. Nonetheless, many problems remain
unclear, such as the electronic structure, the physi-
cal mechanism of the pressure-induced metallization
of LiBeH3 and the differences among the light metal
hydrides with similar chemical composition or struc-
ture.

LiBeH3 was firstly synthesized in 1968 by Bell

and Coates.[9

By analysing their x-ray-diffraction
patterns, Overhauser concluded that they had ob-
tained a mixture of two kinds of perovskite ‘LiBeHj’
successfully.:2] The first one had a normal perovskite
structure (LiBeHjs), where the Be was located at the

centre site and Li at the corner site, and the second

one had the inverse perovskite structure (BeLiHjs),
where the positions of Be and Li were exchanged. The
hydrogen atoms resided at the face centres in both
cases. Yu and Lam!® performed first-principles total-
energy and electronic band-structure calculations on
‘LiBeH3’ in 1988. Their results indicated that the nor-
mal perovskite mode LiBeH3 was more stable and of
a semiconductor with an indirect band gap of about
1.0eV at ambient pressure, but the inverse perovskite
mode BeLiHs was metallic if its structure consisted
of units of the perovskite type. Furthermore, they
predicted that the pressure-induced metallization of
LiBeHs could occur at 70 GPa.

perimental measurements on Li-Be-H system showed

The recently ex-

that it could be type-II superconductor under applied
pressures. %]

Many theoretical studies on a LiH system have
been carried out by using ab initio calculations.['':12
Other light metal hydrides including LiBH3 and bi-
nary intermetallic hydrides such as MM’H,, M AlH,,
and M'(AlHy),, where Mand M’ denote a light al-

kali and alkaline-earth metal, respectively, have been
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also studied extensively.["8:13] Except LiBH3 behaving
as a metal, other hydrides are all insulating. Seel et
all™l investigated the electronic structures of LiBeHs
and LiBH3; with the cubic perovskite structures us-
ing the Hartree-Fock linear combination of atomic or-
bitals (LCAO) calculations in 1989. Their results in-
dicated that LiBeHs was of a semiconductor at am-
bient pressure, but LiBH3 was metallic. Then, in
1997, Khowash et al!® studied a series of light metal
hydrides (LiBeHs, LiMgHs, LiCaHs, NaMgHjs, and
LiBHj3) with the same perovskite lattice structures
by using the linear combination of muffin-tin orbital
method (LMTO), and their results showed that only
LiBH3 was metallic too. In this work, we investigate
the electronic and optical properties and the pressure
effect on the series hydrides, in order to deeply under-
stand the investigated hydrides.

2. Methods

Pseudopotential plane wave (PW) ab initio
calculations'¥ are performed within the frame-
work of density-functional theory (DFT) through
the Cambridge Sequential Total Energy Package
(CASTEP).I'"®! The generalized gradient approxima-
tion (GGA) with the Perdew—Burke-Ernzerhof (PBE)

[16] is employed. The Vanderbilt ultrasoft

functionals
pseudopotentiall!” with an energy cutoff of 400eV
and a 16x16x16 Monkhorst pack grid(!®19 are used
in the electronic Brillouin zone integration for all cal-
culations. Before any electronic structure calculation,
the cell parameters and the atomic positions within a

unit cell are optimized by using BFGS (proposed by

Broyden, Fletcher, Goldfarb, and Shannon) minimiza-
tion algorithm. 20!

3. Results and discussion

Our theoretical lattice constants, cohesive energy,
bulk modulus, and band gaps of various light metal
hydrides at zero pressure, together with the LMTO
results!® and other calculations,® are listed in Table
1. Our PW results in the equilibrium lattice constants
and bulk modulus are in good agreement with the pre-
viously available results. The previous research shows
that the hydrogen-related bands in a more electroneg-
ative host matrix should lie closer to the Fermi levels
in the series of XLiH3 and LiXHj3 hydrides, which
makes the hydrides become metallic.®] So we investi-
gate the electronic structures of LiBH3, LiCHs with
the same structure as LiBeHs, and their inverse per-
ovskite structures BLiHs and CLiH3z with the same
structure as BeLLiH3. Table 1 show that other hydrides
are metallic except LiBeHs, which are consistent with
the results of Khowash et al. Our calculated band
gap of LiBeHgs is about 1.3eV, which is in a range
of the earlier theoretical results, 0.8-1.6eV. The lat-
tice parameter decreases with the increase of atomic
number X in the two perovskite modes hydrides, sepa-
rately. The lattice parameter of LiBeHj is larger than
of its inverse perovskite structure BeLiH3, but in the
cases of LiBHsand LiCHs, the lattice parameter of the
normal perovskite structures is smaller than those of
the inverse perovskite structures BLiHs and CLiHj,
respectively. The bond overlap population (BOP) be-
tween Li and X atoms is also listed in Table 1. It is
found that the BOP increases from LiBeHs to BeLiHs,

Table 1. The calculated equilibrium lattice constant, cohesive energy, bulk modulus, band gap, and bond

overlap population between Li and X atoms of the different lightweight metal hydrides under 0 GPa.

Cohesive energy

System a/nm /(eV /atom) Bo/GPa band gap/eV BOP/|e|
Ref.[8] Ref.[6] Ours Ref.[6] Ours Ref.[6] Ours Ref.[8] Ref.[6] Ours Ours
LiBeH3s 0.336 0.319 0.316 2.84 2.53 69.0 63.8 1.5 0.8 1.3 0.73
LiBH3 0.311 0.306 2.81 81.9 0.36
LiCH3s 0.293 3.06 118.6 0.25
BeLiH3 0.318 0.313 2.07 1.82 60.0 63.8 1.08
BLiH3 0.295 0.311 1.81 53.8 0.13
CLiH3 0.310 1.81 122.6 0.14
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but decreases from LiBH3 and LiCHjs to their corre-
sponding inverse structures. This fact in BOP may
contribute to the anomalous behaviours in the lattice
parameter of these hydrides. Although our calculated
cohesive energy is smaller than the result in Ref.[6]
due to the using of different pseudopotentials, the rel-
ative value among these hydrides is more meaningful.
A comparison of cohesive energy between LiXHjz and
XLiHj3 shows that LiXHjs is more stable than XLiHs.
The difference in cohesive energy between LiBeHs and
BeLiHj3 is 0.71eV/atom, which is very close to the
value of 0.77eV/atom in Ref.[6].
stand the properties and the pressure effect on these

In order to under-

hydrides, we investigate the band structure, density of
states, electronic population, and optical properties at
ambient pressure and high pressures.

The band structures of LiBeHs at 0GPa and
a metallization pressure of 120 GPa are shown in
Figs.1(a) and 1(b), and the electronic band structures
of BeliH3, LiBHj3, LiCH3, and CLiH3z at 0 GPa are
shown in Figs.1(c)—(f), respectively. The bands are
labelled according to the notations in Refs.[6, 21].
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From Figs.1(a) and 1(b), it is found that the con-
duction band Rj; drops towards the Fermi level and
the valence band X5 steps up with the increase of
pressure. But the valence band X5 crosses the Fermi
level firstly. Except for a small and nearly spherical
part around Xs, the third band is almost completely
filled. The partial density of states (PDOS) shown
in Figs.2(a)-2(b) illuminates that the triple Rjy is
mainly contributed by the p state of Li atoms and
X5 is mainly contributed by the s states of H atoms.
The metallic behaviour from LiBeHs to BeLiHs in-
duced by the inverse between Li and Be atoms comes
from the lowering of the conduction bands M5 and

b5, and the increasing of the valence band X, which
is mainly dominated by the moving of Ms. From
Figs.2(a) and 2(c), it is known that the M3 state is
mainly contributed by the s states of the atoms lo-
cated at the corner site, namely Li in LiBeH3 and Be
in BeLiH3, and the X5 state is mainly contributed by
the s states of H atoms. Another obvious difference
between LiBeHs
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Fig.1. Calculated band structures of LiBeHs at 0 and 120 GPa, and of BeLiH3, LiBH3, LiCHs, and CLiHs at
0 GPa, separately. The dashed line indicates the Fermi level.

and BeLiHj3 is the energy splittings of X; and X,
which are also found in Ref.[6]. In BeLiHs, the valence
band at X is raised in energy due to the antibonding
between Li-p and Be-s orbitals, and the hybridization
among Li-p, Be-p and H-s states turns stronger.

The metallic behaviours from LiBeHs to LiBHj
induced by increasing the electronegativity of the host
matrix come mainly from the lowering of the conduc-
tion bands R; and Gi5. As shown in Figs.2(a) and
2(d), the Ry state is mainly contributed by the s states
of Be or B atom. In LiBHj, the conduction band at
R, is lowered in energy because here B-s states bond
with hydrogen states. In LiCH3 and CLiH3, shown in
Figs.1(e) and 1(f), there is an isolated band in a lower
energy range, which is possessed of ionic character due
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to the increasing of the hybridization among Li-p, C-s,
p and H-s states. Especially in CLiHg, C-s states and
hydrogen states form electrovalent bonds. In LiCHg
and CLiHj3, the metallic behaviours mainly come from
the lowering of the conduction bands Gy and R, re-
spectively. From Figs.2(e) and 2(f), it is known that
the Fermi level of LiCHj is mainly dominated by C-p
electrons, and that of CLiH3 is mainly dominated by
C-p and H-s electrons. Above all, from the PDOS, it
is found that X-p electrons play an important role in
the Fermi level of LiXHjs hydrides having metallicity
at 0 GPa, and H-s electrons play an important role in
the Fermi level of XLiH3 hydrides at 0 GPa. As for
the Fermi level of LiBeHs at a metallization pressure
of 120 GPa, it is dominated mainly by H-s electrons.
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Fig.2. The calculated partial densities of states of LiBeHs
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CLiHs at 0 GPa, respectively.

For understanding the difference in PDOS at
Fermi level between LiXHjz and XLiHs, we analyse

the redistribution of electronic configurations of all
the investigated hydrides at 0 GPa shown in Fig.3(a).
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at 0 and 120 GPa, and of BeLiHs, LiBH3, LiCHs, and

The results of LiXH3 and XLiHj3 are plotted by using
open symbols and a line with solid symbols, respec-
tively. The negative value represents electropositivity,
indicating the decrease of electrons due to the for-
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mation of hydrides, and the positive one represents
electronegativity, indicating the increase of electrons.
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Fig.3. The redistribution of electronic configurations of all
the investigated hydrides at 0 GPa (a) and the pressure effect
on LiBeHs (b), with open symbols and line with solid symbol
denoting. LiXHs and XLiH3 represented, and squares, up-
triangles, down-triangles, circles, and pentacles representing
the Li-s, Li-p, X-s, X-p, and H-1s, respectively.

From Fig.3(a), it is clearly seen that the elec-
tronegativities of X-s and X-p in the series of LiXHg
hydrides increase with the increase of atomic num-
ber X, especially the electronegativity of X-p elec-
trons, but only the electronegativity of X-s in the
series of XLiH3 hydrides increases. The electroneg-
ativities of H-s in LiXHs and XLiH3 hydrides de-
crease with the increase of atomic number X. Both
X-p and Li-p electrons show different behaviours due
to the exchange between Li and X atoms, e.g. X-
p electrons have an electronegativity and Li-p has a
large electropositivity in LiXHjs hydrides, but X-p
electrons have an electropositivity in XLiH3 hydrides
which does not change merely with the increase of X
atomic number. The Li-p in BeLiH3 has an electroneg-
ativity, but those in BLiH3 and CLiH3 have a slight
electropositivity. From Fig.3(a), it is found that the
electronegativity of X-p electrons is responsible for
the metallicity of the investigated LiXHj hydrides,
but the electronegativity of X-s electrons plays an
important role in the metallicity of the investigated
XLiHg hydrides. Furthermore, there occurs an elec-
tron transfer from X-p to X-s due to the formation
of hydrides in XLiH3z, which lowers the host Fermi
level and makes the hydrogen-related bands lie close
to the Fermi level. It is clear that the metallization
from LiBeHj3 to BeLiHjs is induced by the increase of
the electronegativity of Be-s electrons.

The pressure effect on the redistribution of elec-
tronic configurations in LiBeHjs is shown in Fig.3(b).

At 0GPa, the electronegativity of H-s electrons is
the largest one in the host matrix of LiBeHgs, so the
hydrogen-related levels lie closest to the Fermi level.
There appear electron transfers from Li-s to Li-p, Be-
p and H-s orbitals, and from Be-s to Be-p orbitals in
LiBeH3 with the increase of pressure. Such an elec-
tron transfer increases the electronegativities of Be-p
and H-s, but decreases the electronegativity of Be-s.
Owing to the decrease of the electronegativity of Be-s,
the total electronegativity of Be atom increases slowly
with pressure. But the electronegativity of the host
atom Be is more significant under higher pressures,
which makes the hydrogen-related bands lie closer to
the Fermi level. Above all, we believe that the increase
of Be-p electrons with pressure plays an important role
in the pressure-induced metallization in LiBeHs.

In order to further understand the investigated
hydrides, we investigate the optical properties. The
imaginary parts of directionally averaged dielectric
function e2(w) of LiBeHs at 0 and 120 GPa and those
of BeLiHj3, LiBH3, LiCH3, and CLiH3 at 0 GPa are
shown in Figs.4(a)—4(f), respectively. In our calcula-
tions, the intraband excitation contribution to the op-
tical properties is not included, which affects mainly
the low energy infrared part of the spectra.
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Fig.4. The calculated imaginary parts of the directionally av-
eraged dielectric functions of LiBeH3 at 0 and 120 GPa, and
of BeLiH3, LiBHg3, LiCH3, and CLiH3 at 0 GPa, respectively.

From Fig.4(a), one observes that the dielectric
function of LiBeHj increases steeply above 2.5eV and
the peak is just located at about 4.7eV. The spectrum
of LiBeHs has three shoulders in a range from 5.0 to
10.0eV. These features in dielectric function can be
directly linked to the transitions from X5 to X{, from
Ry5 to Ry, and from Riy5 to Rjs, respectively. With
pressure increasing, there is a clean-cut structure in
the e5(w) of LiBeH3 above 8.0 €V as shown in Fig.4(b),
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which makes the spectrum have two main peaks at
about 5.0 and 10.0eV, and two shoulders just above
the two peaks, respectively. The spectrum of BeLiHj
shown in Fig.4(c) is qualitatively different as it rises
at 0eV and has a strong peak at about 4.0eV with a
broad shoulder above it. Furthermore, there is a mi-
nor peak at a photon energy of 12.0eV. Figure 4(d)
shows that the substitution of B atom for Be atom re-
sults in a large shift of the dielectric response to lower
energies, which can be related to the disappearance
of the peak at the bottom of the conduction band R,
with s characters of B atom. The transitions at X
that become allowed result in a peak in the dielec-
tric function at about 2.4eV. There are two clean-cut
structures in the ea(w) of LiBH3 at 5.0 and 7.8¢eV,
respectively, as shown by those in LiBeH3 under high
pressures. Since the bands of H in LiBH3 have a larger
dispersion than those in LiBeHjs, its optical response
spreads out over a larger energy range. In the case of
LiCHj shown in Fig.4(e), there are two main peaks at
about 4.0 and 10.0eV, separately, and the first peak
has a left-shoulder at about 2.2 eV. In the spectrum of
CLiHj3 shown in Fig.4(f), the dielectric function has a
sharper peak at about 1.5eV than those of the other
investigated hydrides.

From Fig. 4, it is clear that the optical responses
of LiBeH3 and BeLiHj3 are qualitatively similar despite
considerable differences between their electronic struc-
tures and between band gaps. However, the optical
absorption of other investigated hydrides has a much
stronger and steeper peak in a lower energy range than
those of LiBeH3 and BeLiHjs, especially in the case
of CLiH3. These optical results are useful for under-

standing synthesizing and measuring these hydrides.

4. Conclusions

The equilibrium lattice constant, the cohesive en-
ergy and the electron properties of light metal hy-
drides with perovskite lattice structures have been
investigated by using the pseudopotential plane-wave
method. Large gap of LiBeHjs indicates that it is insu-
lating, but other investigated hydrides are all metal-
lic. In particular, our results show that the pressure-
induced metallization of LiBeH3 could occur at about
120 GPa, which is induced mainly by the increase of
Be-p electrons with the increase of pressure. We also
find that the electronegativity of X-p electrons is re-
sponsible for the metallicity of the investigated LiXHjg
hydrides, but the electronegativity of X-s electrons
plays an important role in the metallicity of the in-
vestigated XLiH3 hydrides. Furthermore, in a series
of XLiHg hydrides, there is an electron transfer from
X-p to X-s due to the formation of hydrides, which
lowers the host Fermi level and makes the hydrogen-
related levels lie close to it. Therefore, the metal-
lization from LiBeHg3 to BeLiHj is induced by the in-
crease of the electronegativity of Be-s electrons. We
have studied the dielectric functions of the series of hy-
drides. The optical absorptions of both LiBeH3 and
BeLiH3 have a strong peak at about 5eV and their
optical responses are qualitatively similar. However,
the optical absorptions of other investigated hydrides
are much stronger than those of LiBeHs and BeLiHj3
in lower energy ranges, especially in the case of CLiHg.
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