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Lattice dynamic stability and electronic structures
of ternary hydrides La;_,Y,Hs via first-principles

cluster expansion
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Lanthanum hydride compounds LaHz become stabilized by yttrium substitution under the influence of

moderate pressure. Novel materials with a wide range of changes in the structural properties as

a function of hydrogen are investigated by means of the first-principles cluster expansion technique.

Herein, the new compounds La;_,Y,Hs, where O < x < 1, are determined to adopt tetragonal structures

under high-pressure with the compositions Lag gYo2H3, Lag75Yo.25Hs, and LagsYo sHs. The corresponding

thermodynamic and dynamical stabilities of the predicted phases are confirmed by a series of

calculations including, for example, phonon dispersion, electronic band structure, and other electronic
characteristics. According to the band characteristics, all hydrides except that of /4;/amd symmetry are
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semiconductors. The tetragonal LagsYosHs phase is found to become semi-metallic, as confirmed by

adopting the modified Becke—Johnson exchange potential. The physical origins of the semiconductor

DOI: 10.1039/d2ra03194a

rsc.li/rsc-advances

1 Introduction

Hydrogen-rich materials have attracted considerable attention
thanks to their potential applications, especially in hydrogen
storage,’ as well as the changes in physical and chemical
properties as a function of the hydrogen concentration.*® The
electronic structures of several rare-earth hydrides have been
widely investigated,®"” for example, the metal-semiconductor
transition in lanthanum dihydride and lanthanum trihydride.’
Also, lanthanum deuterium was observed by neutron diffrac-
tion measurements*® to form NaCl-type LaD at high pressures as
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class of rare-earth ternary hydrides.

properties in these stable hydrides are discussed in detail. Our findings provide a deeper insight into this

a result of pressure-induced decomposition of LaH, ; via dis-
mutation. This phase separation® is due to the influence of H
atoms moving into the empty O-sites of the surrounding LaH, ;.
Following this, by means of first-principles calculations, LaH
was predicted to become thermodynamically and dynamically
stable at a pressure of 15 GPa. The pressure-dependent
disproportionation reaction of LaH, was also observed by
high-pressure infrared reflection and Raman scattering
measurements. Reportedly, at frequency ranging from 14 to
30 GPa, the absorption peaks found are similar to those
observed in LaH;.>°

In recent years, both experimental and theoretical studies of
rare-earth trihydrides have been reported. Face-centered cubic
ScH;, YH3, and LaHj; rare-earth trihydrides were predicted to be
dynamically stable and become superconducting at high pres-
sures.”** The fcc YH; superconducts at a relatively high
superconducting transition temperature (7.) close to 40 K at
18 GPa.** According to the aforementioned experimental find-
ings® and recent extensive studies by first-principles calcula-
tions,**** LaH; was demonstrated to have an energy gap of 0.8-
0.9 eV. Moreover, the LaH; and YH; compounds were confirmed
theoretically to be structurally stable at 11 GPa and 18 GPa,
respectively.”** At this stage, alloying these mentioned rare-
earth elements, by means of the cluster expansion (CE) tech-
nique, might give rise to new hydrides with novel physical
properties. To thoroughly investigate electronic properties in
the candidate structure of La,_,Y,Hj3, calculations should be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conducted at moderate pressures, as consistent with the reports
on LaH; being thermodynamically stable up to at least 20 GPa.*®
As a consequence, first-principles CE will be performed at
20 GPa for the new class of La;_,Y,H; substituted rare-earth
hydrides. In this regard, we attempt to (i) search for stable
compositions and favored atomic configurations of La; _,Y,Hj,
(ii) to look for signs of superconducting properties in these
stable compositions, and (iii) to better understand any changes
in the materials’ properties induced by the substitution of the Y
atom.

Herein, we make use of the first-principles CE based on
density functional theory as a starting point to first define the
stable La; ,Y,H; alloy(s). CE is conducted at 20 GPa due to the
possible chemical reaction between LaH; and YH; solid solu-
tion achievable at 15 GPa and 18 GPa, respectively.'®*' Then the
concentration x is varied from 0 to 1, while the GS structures of
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Fig.1 The formation energy at 20 GPa is shown by a convex hull. The
predicted structures refer to structures whose energies have not yet
been calculated from DFT, the known str refers to structures whose
energies have been calculated from DFT, and the known gs refers to
ground state energies that have so far been confirmed by DFT.
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the La-Y-H system as well as their formation energies are
determined correspondingly. Based on the density functional
theory (DFT), CE calculations output ground-state candidate
structures along the convex hull.>**?* Note that the CE calcu-
lation is associated with a set of lattice sites appointed as an
occupation variable in a crystal structure. Clearly, an occupation
variable in a given crystal structure leads to a decrease in the
crystal symmetry. In our case, the role of the Y atom induces the
decrease in symmetry of fcc-LaH;, which is expected to exhibit
structural phase transitions under pressure. The resulting
semiconducting properties of the La-Y-H systems are then
compared and discussed.

2 Computational details

A substitution of an atomic type can be determined by the
cluster expansion (CE) method,?” while the energy of which is
reported as a function of substituted occupation. This is done
by using the MIT Ab initio Phase Stability (MAPS) code,*® as
implemented in the Alloy-Theoretic Automated Toolkit
(ATAT).>® These codes are available in the Quantum Espresso
(QE) package.* The technical details of the CE calculations
have been described extensively in ref. 3, 26, 31 and 32. The
plane-wave energy cutoff of 60 Ry and k-point meshes of 4000
were used. The generalized gradient approximation proposed
by Perdew, Burke, and Ernzerhof (GGA-PBE)** was used as the
exchange-correlation functional. All structures were calcu-
lated by imposing lattice dynamics, by means of a supercell
approach, as implemented in Cambridge Serial Total Energy
Package (CASTEP) code.** As for the band structure evalua-
tion, the modified Becke-Johnson (mB]) exchange potential®®
in conjunction with the GGA functional were used to deter-
mine the energy gap, as implemented in the Vienna ab initio
simulation package (VASP) code.** The nature of chemical
bonding was further demonstrated by evaluating the electron
localization function (ELF),*” as also implemented in VASP
code, together with the projected crystal orbital overlap

Table 1 The optimized structural parameters of the La—Y—H system obtained from the first-principles calculations

Space group

Pressure (GPa)

Lattice parameters (4, °)

Atomic coordinates (fractional)

I4/m

I4/mmm

I4,/amd

20

20

20

a = 8.096 b = 8.096 ¢ = 4.992
a =908 =090y =90

a=5.073 b =5.073 ¢ = 10.723
a =908 =090y =90

a=5.078 b = 5.078 ¢ = 10.749
a =908 =090y =90

© 2022 The Author(s). Published by the Royal Society of Chemistry

Y1 (0, 0, 0)

La1 (0.203, 0.6018, 0)
H1 (0.1909, 0.092, 0.5)
H2 (0.388, 0.192, 0.50)
H3 (0, 0.5, 0.25)

H4 (0, 0, 0.25)

Y1 (0, 0, 0)

La1 (0.5, 0, 0.25)

La2 (0, 0, 0.5)

H1 (0, 0, 0.730)

H2 (0.265, 0.265, 0.620)
H3 (0.5 0, 0)

Y1 (0.5, 0.5, —0.5)

La1 (0, 0.5, —0.25)

H1 (0.5, 0.5, —0.233)
H2 (0.25, 0.726, —0.625)
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population (pCOOPs),*® which is implemented in the
LOBSTER code.*

3 Results and discussion

We explored the effect of Y substitution on the face-centered
cubic LaH; at 20 GPa by means of the first-principles CE.
Structures predicted from CE have yet to be confirmed by DFT.
The stable compositions are determined in terms of minimum
free energy along the function of atomic occupation, which is
defined by eqn (1).

E(o) = ZmaJa<Ha'i>7 1)

.
lea

where the total energy (E(0)) is defined as a function of cluster
(«) from which a set of lattice sites i can be represented. o;
denotes an occupation variable or a configuration at lattice sites
i. The coefficients J,, called the effective cluster interactions,
together with the multiplicities m, being symmetrically equiv-
alent to «, are evaluated based on the DFT-obtained structures
(“Known.str”), to generate candidate structures which are
referred to as “Predicted”. Finally, the ground state structures
are the ones with relatively lowest energies along the convex
hull.

According to Fig. 1, the most relatively stable structures
along the convex hull are those of La, Yo ,H3, Lag. 75Y0.25Hs, and
Lay5Yo sHs. These candidate alloys undergo a structural relax-
ation calculated based on DFT under the pressure of 20 GPa.
The optimized structural parameters of which are reported in
Table 1. Markedly, substituting Y into the fcc-LaHj; significantly
affects its structural behaviour, that is, the fcc structure with
space group of Fm3m successively transitions from high- to low-
symmetry structures (i.e. Fm3m — I4/m, Fm3m — I4/mmm, and
Fm3m — I4,/amd), as can be seen in Fig. 2. Note that for all our
calculations regarding the La; ,Y,H; alloys, all the corre-
sponding structures are evaluated without taking into consid-
eration the entropy (S) contributions due to the fact that DFT
works at 0 K and is capable of determining compounds closely
resembling those found in experiment.***

At this stage, it is worth mentioning once again that at the
pressure of 20 GPa, LaggYo.Hs, Lag75Yo.25Hs, and Lag 5Yo sHs
have negative energies of formation relative to those of LaH;

Lay Y, sH;
(14,/amd)

Lag Y H;
(14/m)

La,75Y,5H;
(I4/mmm)

Fig. 2 Structures of the La-Y—H system. The pink, dark green, and
light green spheres represent hydrogen, lanthanum, and yttrium
atoms, respectively.
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and YH;. Although formation energy suggests thermodynamic
stability, it does not suffice to guarantee the existence of such
compounds. Thus, it is of utmost importance to also conduct
phonon calculations to ensure dynamical stability for the
candidate compounds. Fig. 3 reports the phonon dispersions at
20 GPa of LagsYo.H; (a), Lag.75Y0.25Hs (b), and Lag5YosH; (c),
which are clearly stable due to the absence of imaginary
frequencies of any dispersion branches. As for the possibility of
such compounds to form at varying temperatures, thermal
effects on the dynamical stability must be taken into account in
phonon calculations.*”

Now, the electronic characteristics of the I14/m, 14/mmm, and
I4,/amd La-Y-H systems are thoroughly investigated to look for
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Fig. 3 Phonon dispersions of (a) LaggYooHs at 20 GPa, (b)
Lao_75Y0_25H3 at 20 GPa, and (c) Lao_5Y0_5H3 at 20 GPa.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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signs of possible superconductivity in these materials. The
corresponding electronic band structures of these compounds
are shown in Fig. 4, all of which are determined using the GGA-
PBE exchange-correlation functional. As a result, the 14/m, 14/
mmm, and I4,/amd structures become semiconductors with
indirect band gaps of 0.765, 0.382, and 0.335 eV, respectively.
Note that GGA underestimates band gaps in many semi-
conducting systems. Therefore, we additionally perform the
calculation based on the hybrid exchange-correlation func-
tional to correct the mentioned discrepancy. Despite being
considered to be one of the most effective functionals capable of
accurately determining band gaps, the Heyd-Scuseria-Ernzer-
hof (HSEO06) functional is itself computationally expensive.
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Thus, we opt for the modified Becke-Johnson (mB]J) exchange
potential® in conjunction with the GGA functional, owing to the
fact that the former determines band gaps even of strongly
correlated systems with an acceptable level of accuracy, yet with
fewer resources compared to HSE06.**~*" According to Fig. 4(b),
the band dispersion of the I4/m structure, calculated by the mB]
exchange potential, clearly indicates a semiconducting phase
with an indirect energy gap of 0.346 eV, whereas it is 0.252 eV in
the case of the I4/mmm structure (Fig. 4(d)). Markedly, the 4,/
amd La-Y-H (Fig. 4(g)) turns out to be semimetallic due to the
presence of states across the Fermi level (Eg). A plausible
explanation of which might be attributable to the strongly
correlated nature of electrons in Y atoms when substituted into

5 (b) 14/m (mBJ)

Energy (eV)

Energy (eV)

Energy (eV)

Fig. 4 Band structures calculated by the GGE-PBE of (a) the [4/m structure at 20 GPa, (c) the /14/mmm structure at 20 GPa, and (f) the /4;/amd
structure at 20 GPa. Band structures calculated by incorporating the mBJ exchange potential of (b) the /4/m structure at 20 GPa, (d) the [4/mmm
structure at 20 GPa, and (g) the /41/amd structure at 20 GPa. The dark cyan, orange, and red colors represent, respectively, La, Y, and H atoms.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the compound, as highlighted by the increased size of disper-
sion branches above Er (Fig. 4(g)).

Also we further analyze the electronic structures by means of
the charge density differences of the 14/m, I14/mmm, and I4,/amd
structures, which are illustrated in Fig. 5. The charge density
difference in the La-Y-H systems is expressed as,

Pnet = PLa, Y H, — PY — PH, (2)

where pr,, vy, denotes the calculated charge of La;_,Y.Hj,
while py and py represent the charge densities of the isolated Y
and H atoms, respectively. The charge density illustrates the
stronger interaction between Y and its neighboring atoms, i.e.
La and H.

Another aspect that needs to be considered is the nature of
chemical bonding, which can be observed in theory via the
electron localization function (ELF)*” and the projected crystal
orbital overlap population (pCOOPs), both of which play
a crucial role in describing the electron accumulation and
determining anti-bonding and bonding characteristics.* As
a consequence, the calculations of ELF for all the 14/m, I4/mmm,
and I4,/amd ternary hydrides are made and reported in Fig. 6. In
the case of 14/m (Fig. 6(a)), it is noticeable that electrons tend to
accumulate around H atoms which also display some electronic
distribution in the vicinity of both La and Y atoms, indicating
the possibility of weak bonding between the first nearest-

14,/amd

Fig.5 The charge density differences of (a) the /4/m structure, (b) the
14/mmm structure, and (c) the /4;/amd structure. The yellow and cyan
colors represent the charge accumulation and depletion regions,
respectively. The iso-values of (a) the /4/m structure, (b) the I4/mmm
structure, and (c) the /4,/amd structure are setto be 0.04 e A, 0.02 e A,
and 0.02 e A, respectively.
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(a) 4/m (b) [4/mmm

(c) I14,/amd

Fig. 6 The localization function (ELF) of (a) the /4/m structure at
20 GPa, as plotted in the (001) plane, (b) the [4/mmm structure at
20 GPa, as plotted in the (010) plane, and (c) the /4;/amd structure at
20 GPa, as plotted in the (010) plane.

anti-bonding bonding
(a) -
>
2
— N
&
o
=
m 4
_lO 1 L 1 1
-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12
pCOOP
anti-bonding bonding
(b) 2

(=]

'
S}
T
L

Energy (eV)
IS

'
o\
L

8L Y o

-10 ! L | 1
-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12
pCOOP

anti-bonding bonding

(©) 2

0

ol \ ]

Energy (eV)
i

'
=N

-8

-10 | | | |
-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12
pCOOP

Fig. 7 Projected crystal orbital overlap populations (pCOOPs) of (a)
the /4/m structure at 20 GPa, (b) the 14/mmm structure at 20 GPa, and
(c) the 141/amd structure at 20 GPa, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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neighbor (NN) La-H (2.2584 A) and the second NN Y-H (2.0980
A). On the other hand, electrons tend to localize around each
metal in the cases of I4/mmm and I4,/amd, as can be seen in the
Fig. 6(b) and (c).

It is clear that, according to the ELF in all cases, H atoms are
unlikely to chemically bond with La and Y atoms. Thus, we
further investigate the bond characteristics by performing the
pCOOP calculations®~ for all materials in question. As a result,
the pCOOP calculations for all La-Y-H hydrides are reported in
Fig. 7. Shown in Fig. 7(a), I4/m largely consists of anti-bonding
between La-H pairs at energies ranging from —0.65 eV to
—0.05 eV, while the La-Y pairs dominate at energies ranging
from —0.65 eV and all the way up to Ep. A lesser contribution
from the Y-H pairs and the H-H pairs can be found from
—0.64 eV to the Fermi level and —0.54 eV to —0.05 eV, respec-
tively, both of which are anti-bonding states. As for the I14/mmm
structure, the La-Y pairs displayed a higher degree of the anti-
bonding states starting from —2.20 eV to the Fermi level and
so do the Y-H pairs. On the contrary, the La-H and the H-H
pairs characterized by ionic states are noticeable from —2.25 eV
to —0.05 eV and —2.15 eV to —0.05 eV, respectively (Fig. 7(b)).
Lastly, a larger amount of the anti-bonding states attributed
from the La-Y pairs dwell at energies ranging from —2.34 eV to
the Fermi level. Similar bond characteristics are observable for
those of La-H and La-Y pairs, whereas the Y-H and H-H pairs
tend to have a lesser degree of ionic states from 2.34 eV to
—0.1 eV, as can be seen in Fig. 7(c).

4 Conclusion

In summary, we report novel rare-earth substituted La;_,Y,H;
alloys under the influence of moderate pressure by adopting the
first-principles cluster expansion technique. The relatively
lowest energy structures along the convex hull are Lag Y, .Hs3,
Lay-5Yo0.5Hs, and LagsYesHs, all of which are confirmed
dynamically stable at 20 GPa. By adopting the modified Becke—
Johnson (mBJ) exchange potential, band characteristics of such
materials are determined. Also, charge density difference,
localization function, and projected crystal orbital overlap
population are evaluated to further investigate the corre-
sponding electronic behaviors. However, the stable structures
of LaggYo,Hs, Lag75Yo25H;, and LagsYesHs have yet to be
observed experimentally. We believe that our findings will urge
further first-principles calculations as well as experiments for
the exploration of this class of rare-earth substituted hydride
superconductors.
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