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LANTHANUM-INDUCED ELECTRONIC TRANSITION
IN HYDRIDE PEROVSKITES: A FIRST-PRINCIPLES STUDY
OF CsXH; (X =S¢, Y, La, Ac)

Abstract: We studied the structural, mechanical, thermal, and electronic properties of cubic hydride
perovskites CsXHsz (X = Sc, Y, La, Ac) using first-principles DFT within the GGA-PBE and PAW schemes.
The structural optimization and stability were studied using the third-order Birch-Murnaghan equation of
state, and trends in the lattice parameters, bulk modulus, and compressibility were observed. The elastic
constants and Voigt-Reuss-Hill approximations indicate mechanical stability. The phonon analysis shows
no imaginary frequencies, which suggests dynamical stability. The thermal behavior is also characterized
by a softening of the lattice with increasing cation size. Electronic structure results indicate metallic be-
havior of CsScHs, CsYHs3, and CsAcHs, while CsLaH;3 has a small band gap (~0.2 eV). Bonding shows
that ionic character is present for CsLaHz; with partial X—H covalency. This demonstrates the utility of
cation engineering in hydride perovskites for hydrogen storage, conductive materials, and pressure-driven

applications.

Keywords: Hydride perovskites, Density Functional Theory, Mechanical properties, Electronic structure,

Cation engineering.

Introduction

The applications of hydrogen-rich materials are
of great interest to materials scientists due to their
high energy storage capacity, superconductivity, and
efficient applications. In particular, metal hydrides
and hydride perovskites have gained significant
attention due to the combination of cheap, tunable
electron-hydrogen with highly tunable form and
mechanical properties (Chu et al., 2017; Zhang et al.,
2023). Hydrogen in a crystalline lattice significantly
influences a material's bonding and atomicity,
indicating an interaction between ionic and covalent
characteristics. Not only structural stability but also
electronic transport, and therefore the electronic
properties and lattice dynamics of these materials, are
of particular importance, particularly for hydrogen
storage technology (Almahmoud et al., 2025; Parvaiz
et al., 2025).

Cubic perovskites with ABH3 are a natural space
for studying hydrides and provide a perfect platform:
they have a very simple, stable structure. In these
systems, the A cation and B cations electrostatically
stabilize the lattice, and the B cation (X=Sc, Y, La,
Ac) forms octahedral hydrogen coordination, giving
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rise to a three-dimensional network of corner-sharing
XHg units (Kumar et al., 2026; Okumura 2024). The
behavior of these materials is closely related to the B
cation because of its ionic radius and electronic
structure, and changes in these properties, which
affect lattice expansion, bond strength, and orbital
hybridization, have been reported in the literature in
the last few years (Anaya et al., 2017; Kojima et al.,
2009).

Previous theoretical work, such as that published
in work of Masood et al. (2025), provides some
useful insights into the architecture and mechanics of
Cs-based hydrides. Yet there are some discrepancies
in the elastic constants, the bulk modulus, and the
thermal properties. This is because hydrides are
highly sensitive to computational methods involving
exchange-correlation functions, pseudopotentials,
and convergence methods (Srivastava & Pandey,
2025b; Tanabe, 2009). Furthermore, while structural
properties (e.g., structural constants or electronic
properties) have had an initial look at, the lattice
dynamics, bonding, and, in particular, electronic
properties have been considered, but no complete and
physical description of the dynamics of this family of
cations was possible from both the physical and
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theoretical perspectives on crystallization and
cooling of solid cation profiles (Touati et al., 2024;
Wang et al., 2022).

Fundamental physics is explained by hydride
perovskites, which have the opposite: hydrogen acts
as an anionic species at its sites, and transition-metal
d orbitals have electrons near the hydride sites in the
Fermi sea (Deng et al., 2025). The dual bonding gives
rise to strong metallic conductivity, lattice softness,
and strong electron-phonon coupling, which are very
interesting for hydride applications, from conductive
hydrides to potential superconductors, but with the
full possibility of cation substitution (Benaissa et al.,
2025).

In general, this paper presents the detailed first-
principles calculations for cubic CsXH3 (X = Sc, Y,
La, Ac) hydrides. It provides a simple mechanical-
electronic and mechanics-electronic discussion of
their behavior. While research on heavy cations is
well-established, this study is the first to show that
cation-induced lattice expansion allows for a single
physical interpretation of the material's elastic
stiffness, phonon, and electronic properties (Chen et
al.,, 2025; Gao et al.,, 2024). In particular, the
combined analysis of phonon dispersion, density of
states, and the electron localization function allows
us to identify the origin of the dynamical stability and
bonding behavior in cubic CsLaH3z and to explain
what occurs from the strongly metallic state to the
near-semiconducting state in CsLaH3 (Benaissa et
al., 2025; Luo et al., 2023; Momma & Izumi, 2011;
Tian et al., 2023). Moreover, we review all gaps in
the previous literature about it to a certain extent and
conclude that they were not due to the method, the
chemistry, or the behavior of the hydride because, in
view of the highly sensitive physical composition of
the materials, we should take it with a big dose of salt
and apply and make the predictions according to the
specific methodology.

This study not only solidifies the notion of
hydride perovskites but also promotes cation engine-
ering as a suitable approach to tune mechanical
robustness, thermal response, and electronic pro-
perties in hydrogen-rich materials, thereby advancing
further research and development. Several theoretical
reports have been published to date on Cs-based
hydride perovskites, but the literature is fragmented
and highly restricted to specific compounds such as
CsScH; and CsYHs, where elastic and thermal
properties show very heterogeneous data.

In addition, there is an incomplete and
inconsistent dataset for the full CsXHs; (X = Sc, Y,
La, Ac) series, particularly for CsLaH3 and CsAcH3.
The contribution of the present work is to establish a
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comprehensive and standard first-principles analysis
of this full series, covering structural, mechanical,
phonon, thermal, and electronic properties within a
single computational platform. Rather than following
earlier work, we demonstrate a clear cation-driven
tunability mechanism that links the size of the ion to
lattice expansion, bonding strength, phonon
softening, and the electronic transitions between the
ions of interest. In addition, in CsLaH;, we observed
a metal-to-semiconductor transition and, with the aid
of band structure, DOS, and ELF analysis, provided
anew perspective on the role of cation substitution in
hydride perovskites. This comprehensive design not
only fills many gaps in the general literature, but also
provides a physically consistent description of
structure—property relationships, a prerequisite for
the design of next-stage H-rich functional materials.

Computational methodology

Crystal Structure Initialization

The structure of the CsXHjz (X = Sc, Y, La, Ac)
was modeled using the ideal cubic perovskite
structure with the space group Pm3m (No. 221). This
is one of the simplest and most symmetric perovskite
structures, and Cs atoms occupy the A-site position
at the corners of the cube; in contrast, X atoms are in
the B-site at the center of the body, and hydrogen
atoms are in the face center (Wagqas et al., 2021).

This allows for the formation of XHg octahedra
from which every X atom is coupled to six hydrogen
atoms. In these octahedra, their corner shares are
made, and the lattice (in terms of orientation of atoms
is also a unit of octahedra, so that these octahedra can
be formed at either end of a three-dimensional lattice,
i.e., XS = 0 from the start and S to the end. The Cs is
present in the interstitial cavities created by these
octahedra and stabilizes the lattice through
electrostatic interaction between Cs and X atoms
(Romero et al., 2024).

Cubic symmetry ensures that all X—H bond
lengths and H-X-H bond angles are equal. This
means physical properties are isotropic. This
simplifies computations and the interpretation of the
result. However, in a non-distorted structure, the
fundamental material properties can be analyzed at
the first step of the material structure without
breaking symmetry (Srivastava et al., 2025b).

The structure can influence bonding,
hybridization, and lattice behavior in many different
ways. To begin with, the size of the X cation changes
the lattice parameter and, therefore, the volume in
such a way that they interfere with interatomic
interactions more or less significantly. This makes
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the chosen structure an ideal platform for studying
the effects of cation substitution on physical
properties (Belay et al., 2026).

Density Functional Theory Framework

All calculations were conducted using Density
Functional Theory (DFT), which provides a
quantum-mechanical description of the ground-state
properties of many-electron systems. In this paper,
the exchange-correlation interaction was analyzed
using the generalized gradient approximation (GGA)
within the PBE  (Perdew-Burke-Ernzerhof)
formulation. This function has been widely used for
many years and simultaneously provides excellent
functional analysis of the structural and electronic
properties of electronic systems (Perdew et al., 1996).

The interaction between valence electrons and
ionic cores was discussed by the Projector Augmented
Wave (PAW) method. It reconstructs the all-electron
wavefunction from the pseudo-wavefunction. It excels
particularly for cases involving heavy and light atoms
(La, Ac) because it accurately captures the electron
density near the atomic cores (Blochl, 1994).

We extended the electronic wavefunctions using
a plane-wave basis set. The plane wave basis set is a
desirable approach because its convergence is
systematic, and periodic boundary conditions are
more appropriate for an electronic system. Such
periodic boundary conditions can support the
accurate modeling of crystalline solids by accounting
for surface effects when applying electronic
wavefunctions in periodic systems. SCF calculations
were made iteratively until the total energy and
charge density converged. The Kohn-Sham equations
were solved with the electron density to update the
potential. This was done until all calculations
converged, ensuring that the result was the correct
ground state (Blochl et al., 2005).

Plane-Wave Cutoff Energy and Convergence
Testing

The choice of the plane-wave cutoff energy is
very important in DFT calculations. In this work, we

found a cutoff energy of 500—600 eV. This value was
chosen not arbitrarily, but by -carefully testing
convergence. The calculations were performed at
lower cutoff energies, and the system's total energy
was investigated. Increasing the cutoff energy was
gradually realized until the change in the total energy
was negligible (typically less than 1 meV per atom).
As we could not further increase the cutoff energy,
this result was not unexpected (Hasan & Majidi,
2020).

A higher cutoff energy also makes the wavefun-
ction and its representation that much cheaper and
more efficient. We have chosen the most efficient
cutoff (both in terms of details and in terms of com-
puter efficiency for calculation) thus far. Similarly,
convergence will also be possible with k points. We
measure the output energy in large Monkhorst-Pack
grids at an increasing number of k points. It is based
on converging, and the structural (and electronic)
properties are not negatively affected numerically.
These kinds of convergence tests are necessary to
give consistent results with the experimental results
and provide reliable and reproducible comparisons of
the different and similar compounds with the same
computational platform (Srivastava & Pandey,
2025a).

Equation of State (EOS)

These are determined from the equilibrium
structural parameters of CsXHz (X = Sc, Y, La, and
Ac) using the energy—volume equation of state. To
obtain total energy estimates for different unit cell
volumes, compression and expansion were applied to
the structure over the best volume range to fit the
energy—volume relationship within +5-10 percent of
equilibrium space. From our analysis, we fit the
energy—volume data for compression solids to the
third-order Birch—Murnaghan equation of state,
which is quite good at describing finite-strain
behavior (Srivastava et al., 2024; Srivastava et al.,
2025a).

The Birch—Murnaghan equation is expressed as
(Srivastava et al., 2024; Srivastava et al., 2025a):

E(V)=E, + 9’}1306% {[(u)” A K+ (0) 1] [6—4(0)”}; ()

where U =

g
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From that fit, we extracted a few parameters.
These are the equilibrium volume V,, ground state
energy Eo, bulk modulus (By), and pressure
derivative (By'). Bulk modulus is the resistance of a
material to the compression of volume. A higher
value of By indicates a stiffer lattice and more
interactions between atoms, whereas a lower value
implies the lattice is compressible. The pressure
derivative B, refers to the difference in bulk modulus
at a pressure level and, therefore, to anharmonic
behavior of the lattice.

The curvature of the energy—volume curve near
the equilibrium point is closely related to the bulk
modulus. A sharper curve indicates a stiffer material,
whereas a smaller one indicates a softer one. A
Birch—Murnaghan fit is needed to provide a reliable,
physically  meaningful description of the
compressibility behavior of such materials. This
method provides a well-investigated framework for
assessing structural stability, which can be directly
evaluated through experimental and theoretical
studies in the literature. It offers a strong basis for
comparison with the data (Srivastava et al., 2025c).

Elastic and Mechanical Properties

The elastic properties were calculated using the
stress-strain method, i.e., very light deformations to
lower the optimized structure and to judge the stress
response. The small strains, typically £1 and 2%,
were taken to various directions, and we obtained the
stress tensors in a crystallographic way. For cubic
systems, only three elastic constants (Cy4, C12, and
C.4) need to be used; the failure resistance for the
axial compression, volume change, and shear
deformation are, respectively, of interest here
(Guesmi et al., 2024).

The mechanical stability of the compounds was
verified using the Born stability criteria (Guesmi et
al., 2024):

C,>0
C,>0
¢,-C,>0
C,+2C,>0

2)

Macroscopic mechanical properties were derived
using the Voigt—Reuss—Hill averaging scheme. The
Young’s modulus (E) and Poisson’s ratio (v) were
calculated using (Srivastava et al., 2025b):
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e 9BG 3)
3B+G
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2(3B+G) ®

These parameters provide insight into stiffness,
ductility, and bonding nature. Higher Young’s
modulus indicates a stiffer material, while Poisson’s
ratio reflects the degree of lateral deformation.

Phonon and Thermal Properties

The phonon properties were constructed using a
supercell setup following the finite displacement
method. We have been considering long-range
processes and constructed a 2x2x2 supercell of small
atomic displacement (~0.01 A) and calculated the
dynamical matrix forces. The phonon frequencies
were determined by diagonalizing this matrix. The
absence of imaginary frequencies indicates that the
structure is dynamically stable. Thermal properties
were then determined based on phonon and elastic
data. The sound velocities were calculated, and the
Debye temperature was determined by the equation
(Srivastava & Pandey, 2025c; Srivastava et al.,
2025b):

1/3
0 =2ﬂh( 3n ) . 5)
k, \4nV

The Debye temperature is related to lattice
vibrations and provides insight into thermal
conductivity and heat capacity. Higher values
indicate stronger bonding and higher vibrational
frequencies.

2.7 Electronic Structure and ELF Analysis:

The electronic structure was investigated as a
function of the band structure and density of states.
The band structure was computed as a function of the
high-symmetry branches in the Brillouin zone. Also,
the total and partial density of states were determined
to capture the effect of the different atomic orbitals.
For this purpose, the Fermi level was set at 0 eV. To
determine whether the material is metallic or
semiconducting, the band gap was measured
(Srivastava et al., 2025b).

We have also calculated the electron localization
function (ELF) to understand chemical bonding. The
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ELF ranges from 0 to 1, where values close to 1
indicate strong electron localization and values close
to 0 indicate delocalized electrons. The ELF analysis
is a good way of getting a real-time understanding of
bonding. It also allows for distinguishing between
ionic and covalent interactions, but also provides an
unbiased way to understand the electronic and
structural dynamics of covalent interactions
(Srivastava & Pandey, 2025c¢).

Electronic band structures were computed along
the high-symmetry path -X—>M—->I'->R—>X—
M—R in the Brillouin zone. The band gap was

determined as (Srivastava & Pandey, 2025c;
Srivastava et al., 2025b):
Eg = Ecgy — Eypy (6)

The total density of states was calculated as:
D(E)=6(E-E,) (7

and orbital-projected DOS was obtained for Mn-3d,
Bi-6p, and Te-5p states.

Electron localization was analyzed using the
Electron Localization Function (ELF), defined as
(Srivastava & Pandey, 2025c¢; Srivastava et al.,
2025b):

D -2
ELF =|1+—
{JFD} ()

h
Results and discussion

Structural Properties

Crystal Structure

Figure 1 shows the crystal structure of the cubic
CsXH;z (X =Sc, Y, La, Ac) cubic lattice that belongs
to the family of perovskite. The Cs* ions are located
at the cube corners, the X** ions are at the center of
the body, and the H™ ions are in the faces. Together,
they form a very symmetrical cubic crystallographic
lattice with space group Pm3m (No. 221). In such a
case, all the directions follow one another, and its
structure and physical properties are the same.

The central X3* cation is surrounded by six H~
ions and the octahedral coordination geometry of this
coordination field (XHg). This means that the
coordination of X is 6 and therefore that the octahedra
are the basic unit of structure of the crystal. 12 H ions
coordinate the Cs* ions, and hence, in this Cs* cation,
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it creates a cuboctahedral area, as is frequently the
case with A-site cations in perovskites. The H™ ions
also interact with neighboring X** cations, forming a
continuous 3D structure of corner-connected
octahedra.

Figure 1

Crystal structure of cubic CsXHsz (X = Sc, Y, La, Ac) with Pm3m
symmetry, showing Cs * at cube corners, X** at the body center,
and H~ at face centers, forming octahedral XHg units and a 3D
perovskite framework

CsXHs (X =5c, Y, La, Ac)

@c

@ e vang QH

From a physical standpoint, the structure is kept
stable by the strong electrostatic interaction between
Cs*, X?* ions, and H™ ions, and hence the overall
charge concentration is neutral. The X—H bonding is
where the X** ion becomes very attractive and
attracts all the hydride ions to form a tight stable
octahedral structure. And, to some extent, the Cs* ion
remains in the position it must occupy, helping to
stabilize the structure and influencing the lattice
parameters.

All X—H bond lengths and bond angles are equal,
and the cubic symmetry in Figure denotes a perfect
and undistorted phase. The high symmetry of this
configuration is significant because it creates
isotropic mechanical, electronic, and thermal
properties. The size of the X cation (from Sc to Ac)
might alter the lattice constant, bonding strength, and
stability of the X cation, or change its structure in
response to pressure and temperature.

Essentially, this is a typical hydride perovskite
structure where it consists of corner-sharing XHg
octahedra, which together make up a strong 3D frame
(see Fig. 1). Cs* ions in that network can be easily
incorporated. The various octahedra at the site differ
significantly at different levels, and their electronic,
bonding, and pressure-response properties vary
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across that network. As a result, it finds applications
in fields such as energy storage, hydrogen generation,
and many other high-value technologies.

Energy-Volume Curve

The curve shown in Fig. 2 (a-d) is the energy-
volume (E-V) curve of cubic CsXHj3 (X =S¢, Y, La,

Figure 2

Ac) fitted in DFT with the Murnaghan equation of
state (EOS). Each curve is a smooth parabolic shape,
a clear indication of a stable crystalline phase. The
minimum point of each curve (black dot) represents
the equilibrium volume and ground-state energy in
the figure. This is the case when no external
gravitational forces are acting on the system.

Energy—volume curves of cubic CsXH3z (X = Sc, Y, La, Ac) showing DFT results and Birch—-Murnaghan fits, indicating equilibrium
volume, mechanical stability, and compressibility trends across the series

—— DFT
® Birch-Murnaghan fit

(a) CsScH3

—74.30

—74.31

—=74.32

Energy (eV)

—74.33

—74.34

—74.35

36 37 38 39 40 41
Volume (&%)

— DFT
—68.68 ® Birch-Murnaghan fit
(c) CsLaH3

—68.69

—68.70

Energy (eV)

—68.71

—68.72

—68.73

46 47 48 49 50 51
Volume (A%)

From a physics point of view, the curvature of the
E—V curve appears to relate to the bulk modulus By,
which measures how hard the material is to
compress. The thicker curve with a larger parabola
means better bulk modulus, stiffness, and less
compressibility. A flatter curve means a softer lattice
structure. The curvature of CsScHs; with bond size
and stiffness is stronger compared to the curvature of
CsAcHs;, which makes it easier to compress the
material because of the larger ionic size and the
weaker bonding.

The equilibrium volume shifts from CsScH; —
CsYH; — CsLaH; — CsAcHj; due to the increase in
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—— DFT
(b) CsYH; .

—71.16 Birch-Murnaghan fit

-71.17

—=71.18

Energy (eV)
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—71.20

—71.21

41 42 43 44 45 46
Volume (A%)

— DFT
—67.14 ® Birch-Murnaghan fit
(d) CsAcHa

—67.154

—67.164

Energy (eV)

—67.17 4

—67.184

—67.194

49 5‘0 5‘1 5‘2 5‘3 54 5’5
Volume (A2)

ionic radius of the X>* cation. As cations grow larger,
the unit cell volume must increase (since the lattice
does not overlap with the atoms like X—H), and the
bonding weakens. This means that the cohesive
energy becomes less negative, which, in turn, can
increase the binding strength across our range of
compounds.

The excellent agreement between the DFT data
(blue line) and the Birch-Murnaghan fit (red points)
validates the EOS fit and confirms that we can apply
standard compressibility behavior to volume
changes. This method can extract relevant
thermodynamic parameters, such as the equilibrium
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volume, bulk modulus, and its pressure derivative,
which are important for understanding the dynamics
of volume changes under pressure.

From a stability perspective, a single minimum in
each curve indicates that all the compounds are
thermodynamically stable in the cubic phase at zero
pressure. There are no small missing minima or
irregularities; none of the competing phases are
energetically favorable in this volume range. The
smoothness of the curves suggests good convergence
of DFT calculations (at least numerically) at this
moment in time with a given mean parameter.

In general, the figure shows that structural
stability, bonding strength, and compressibility
evolve systematically with the choice of X cation,
largely due to ionic size effects and changes in the X—
H interaction strength. These trends play a key role in
predicting material behavior under pressure and in
the design of hydride-based functional materials.

Structural Parameters optimized by DFT

In summary, Table 1 shows equilibrium
structural and elastic properties of CsXHz (X = Sc,
Y, La, Ac) from DFT as shown at Table 1. A clear

Table 1

trend appears from the lattice constant (a) and
equilibrium volume in the equilibrium form (V) that
is determined from Sc — Y — La — Ac. This is due
to the increasing ionic radius of the X3 cation, which
widens the lattice spacing and brings the ions closer
together. It has a large tendency to be more favorable
for ground state energy (E,) if we see it is less than
(=74.35 — —67.19 eV (i.e., larger) and increase the
coupling strength from X—H orbital overlap at the
poles is reduced. The E, decreases the strength of the
whole system, as the electrostatic interaction
decreases for all.

The bulk modulus decreases drastically from
116.18 GPa (CsScH3) to 82.03 GPa (CsAcHj3), which
indicates a softer and more compact material in the
case of growth of cations. Smaller, more compact
structures, for instance, should be more compressed
because of stronger interactions among the atoms, but
larger lattices are stronger in terms of restoring
forces. Surprisingly, the pressure derivative By
remains very close to 3.4-3.7 in all cases, and the
response and mechanical stability of all compounds
under compression are well maintained.

Calculated equilibrium structural and mechanical parameters via DFT of cubic CsXH3z (X = Sc, Y, La, Ac), including lattice constant
(a), equilibrium volume (Vy), ground-state energy (E,), bulk modulus (B), and its pressure derivative (B'), with comparison to reported

values from reference (Masood et al., 2025)

Compound a(Ad) Vo (A3%) Eo (eV) B (GPa) B'
CsScHs; 3.376 38.478 -74.35 116.18 3.700
3.466* 41.637* -25.112% 130.82* 3.999*
CsYH; 3.525 43.8 -71.21 100.14 3.600
3.655* 48.827 -25.254% 119%* 3.987*
CsLaH; 3.652 48.707 -68.73 88.68 3.400
CsAcH; 3.736 52.146 -67.19 82.03 3.400

*(Masood et al., 2025)

Compared with reference (Masood et al., 2025),
the results for a and V, are large. In particular,
CsScH3 is at 3.466 A and B, = 130.82 GPa from this
work, with a = 3.376 A and B = 116.18 GPa in.
Another reason the E, values of CsYH5 differ is that
they are in fact (e.g., —74.35 eV vs —25.112 eV),
which is not necessarily physically relevant. The
reason is that A and B, correspond to different energy
reference schemes: the total energy is normalized
between cells, the energy is pseudopotential, and the
core electrons are included or excluded. Thus, we

Int. j. biol. chem. (Online)

should compare only relative trends in Eq, within the
same calculation perspective.

The reasons for the variances from work of
Masood et al. (2025), are not surprising. First off,
different studies tend to use different exchange—
correlation functionals (e.g., GGA-PBE), which are
directly related to lattice size and bonding strength.
The second is variations in pseudopotentials (PAW
vs. norm-conserving), which can also affect total
energy and equilibrium values. Thirdly, the range of
the equation-of-state fit and the data density also
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affect the values of By and By'. The fact that the DFT
is performed at zero temperature can affect the value
in fact — in some publications, temperature is only at
least implicitly a factor, leading to a slightly higher
lattice value for the former equation.

From an application and process standpoint, it is
really useful to know what work has been done in
these applications. With the largest bulk modulus and
the most negative E,, CsScHz is the most
mechanically stable and rigid. This is a very suitable
material for pressure-resistant and structural
applications. CsLaH3, with larger volumes and lower
bulk moduli, makes hydrogen compressible. The
various components that help operate the X-site
cation can guide the development of functional
hydride materials, energy storage systems, and
pressure-dependent devices.

Mechanical Properties

Elastic Constants

In Table 2 we report the independent elastic
constants for cubic CsXHs; (X = Sc, Y, La, Ac),
namely Cq1, C12, and Cy4, which characterize the
crystal's response towards different forms of
mechanical deformation. In a cubic system, Ci;
measures the mechanical resistance against
longitudinal compression along their main vertical
and lateral directions, and C;, corresponds to strain
along one axis/stress, and C,44 is related to shear
deformation at the same time. The independent
elastic constants are very important as they indicate
mechanical stability with rigidity, and we are
concerned with the properties of the material.

Table 2

Calculated single-crystal elastic constants C14, C12, and Cyq of
cubic CsXHz (X = Sc, Y, La, Ac), compared with available
literature values from reference (Masood et al., 2025)

Compound Ci1(GPa) Ci2 (GPa) Ca4 (GPa)
209.12 69.71 69.71
CsScH3
350.68* 78.71* 84.06*
180.25 60.08 60.08
CSYH3
448.75* 62.49* 99.55%
CsLaH3 159.62 53.21 53.21
CsAcH; 147.65 49.22 49.22

*(Masood et al., 2025)

The data show a sharp trend in both elastic
constants: the elastic constants of CsScH; decrease
from 209.12 GPa to 147.65 GPa in CsAcHs, and Cy4
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decreases from 69.71 GPa to 49.22 GPa as well. For
example, the structural data show that when an X-site
cation is shifted from Sc to Ac, not only does the
lattice length increase, but the bond lengths also
increase. The result is that the lattice becomes less
rigid and easier to deform because the ions are larger;
at the same time, the material interaction between X
and H is stronger. With a larger atomic structure, the
restoring force against compression and shear is
weakened. So CsScH3 is the stiffest part of the series,
whilst CsAcHj3; is the softest.

These values also further support the mechanical
stability of the cubic phase. The Born stability
conditions for a cubic crystal are C11 > 0, Cyq > 0,
Cy1 — C12 >0, and C44 + 2C4, > 0. The mentioned
values satisfy these conditions for each compound.
For example, in CsScH3, C1; — C12 = 139.41 GPa
(positive), and the same holds in the case of other
compounds. This means that all four hydrides remain
mechanically stable in the cubic phase and do not
undergo structural collapse under pressure or shear
stress.

Although C;4 is a much bigger number than C,
and C,4 for all compounds, this shows that the crystal
resists direct axial compression more strongly than
shear distortion. That is, it is harder to squeeze the
lattice along a crystal axis than to distort it sideways.
In most ionic and partially covalent systems, a lot of
the bonding network is responsible for the bond
length change, so the structure is more easily
disrupted due to a strong X—H interaction. In hydride
perovskites, the structure is strongly influenced by
the octahedral arrangement of atoms, as evidenced by
the observed elasticity.

As compared to literature reference (Masood et
al., 2025), the absolute values of C;; and Cy4
reported are much higher than those of the present
study, especially for CsScHz and CsYHjs. For
example, for CsScHs, it was reported that C,; =
350.68 GPa, but the present value is 209.12 GPa. As
for CsYHs, it was given in work of Masood et al.
(2025), with C;4 =448.75 GPa, and our current value
is 180.25 GPa. The deviation is larger for C;; and
Ca4. Consequently, this paper implies much stiffer
lattices, especially against axial compression and
shear.

Now we can explore how we can explain this
deviation in physically reasonable ways. We find that
the elastic constants are very sensitive to the
equilibrium lattice parameter, the exchange-
correlation functional, and the method used to
compute the stress-strain response. A calculation like
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ours will lead to a smaller equilibrium structure for
the different atoms, and therefore stronger bonding
between them, which will naturally give higher
values for C;4 and C44. Likewise, the difference in
pseudopotentials, cutoff energy, k-point mesh, strain
amplitude, fitting procedure, and convergence
threshold may lead to a severe impact on the second
derivative of the total energy from which we obtain
elastic constants. This means that deviations are
usually larger for elastic constants than for lattice
constants.

There’s also a deeper physical reason why the
literature's values may differ. Hydride systems
contain very light hydrogen atoms, and the bonding
environment is particularly sensitive to the electronic
charge distribution and local strain relaxation. If one
of our analyses allows for more complete internal
relaxation under strain while the other method uses a
different approximation, then the shear and axial
stiffness can be drastically altered. Because the
differences do not mean that one dataset is wrong, we
would say it is a telling signal that the elastic
properties are very method-dependent in hydrogen-
rich solids, and the bulk of these data is relatively
consistent, with smaller-cation compounds being
much stiffer than larger-cation ones.

The available elastic constants are therefore very
useful in the applications: CsScH3 is most suitable for
mechanical rigidity, stress resistance, and structural
durability under pressure. This material becomes
good for pressure-tolerant hydride systems and for
mechanically stable solid-state products, whereas
CsLaH; and CsAcHj3 seem softer at the macro level.
They can deform at a lesser weight, which is useful
for hydrogen systems, which are characterized by a
tighter lattice that enables more hydrogen movement
and less strain and energy at work. As a result, basic
mechanical behavior is closely linked to material
selection through elastic data.

Finally, in Table 2, we also see that the elastic
response of CsXHj is strongly dependent on the size
of the X-site cation and the strength of the X-H
bonding network. Our results show that the cubic
phases are mechanically stable for all compounds and
that there is a systematic softening from Sc to Ac. A
couple of important differences are seen in our results
compared to those in work of Masood et al. (2025),
but one cannot stop the physical progression due to
the bonding change. The physical phenomenon is
also not surprising as we consider the lattice
expansion for an atomic solution, but it is taken into
account with the theoretical approach.

Int. j. biol. chem. (Online)

Elastic Modulus

Table 3 shows the calculated elastic properties—
bulk modulus (B), shear modulus (G), Young's
modulus (E), and Poisson's ratio (v)—of cubic CsXH3
compounds (X = Sc, Y, La, Ac) and the literature
values available from work of Masood et al. (2025),
for CsScH3; and CsYH;. All elastic moduli decrease
clearly with the cation change from Sc to Ac. In
particular, the bulk modulus drops from 116.18 GPa
for CsScH3 to 82.03 GPa for CsAcHj;, the shear
modulus from 69.71 GPa to 49.22 GPa, and Young's
modulus in a way that is progressive from 174.27
GPa to 123.04 GPa.

Table 3

Calculated bulk modulus (B), shear modulus (G), Young’s
modulus (E), and Poisson’s ratio (v) of cubic CsXHz (X= Sc, Y,
La, Ac), with comparison to literature values from reference
(Masood et al., 2025)

Compound B (GPa) G (GPa) E (GPa) v

116.18 69.71 174.27 0.26

CsScH3
130.82%* 100.55* 252.68* 0.27*
100.14 60.08 150.21 0.26

CSYH3
119* 107.33*  276.23* 0.29*
CsLaH;3 88.68 53.21 133.02 0.24
CsAcHj3 82.03 49.22 123.04 0.23

*(Masood et al., 2025)

This means that the materials are becoming
softer, more compressible, and less resistant to shear
and tensile deformation over the course of the series.
The main reason for this is the increase in ionic radius
of the X** cation (Sc — Y — La — Ac), which results
in lattice expansion and an increase in interatomic
separation, which weakens X—H bonding strength.
As aresult, the resistance to volume compression and
shear deformation decreases, thereby reducing the
material's overall stiffness.

Compared with literature values, the results for
CsScHj3 and CsYH; are lower, but the trend remains
in good agreement. As an example, the bulk modulus
of CsScH; is 116.18 GPa in this study compared to
130.82 GPa found in work of Masood et al., 2025,
while for CsYH; it is 100.14 GPa in this study
compared to 119 GPa found in work of Masood et al.
(2025). Similarly, the shear modulus and Young's
modulus differ significantly, with higher values
reported in work of Masood et al. (2025). These
differences can be attributed to different methods
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used to compute these values, such as the exchange—
correlation  functional, pseudopotentials, and
convergence parameters, as well as to the limitations
of standard DFT for particle interactions.

The Poisson's ratio is slightly lower, from 0.26 to
0.23 across the entire series, suggesting a gradual
decrease in ductility and a more directional bonding.
From a practical point of view, compounds like
CsScHz and CsYHs, which have higher elastic
moduli, are more suitable for mechanically strong
and high-pressure environments, while CsLaH; and
CsAcH3;, with lower stiffness, may be advantageous
for compressibility and structural flexibility. In
general, the results show that cation size, bonding
strength, and mechanical properties are well-related
in Cs-based hydride perovskites.

Figure 3

Thermal Properties

Phonon Dispersion Curve

Figure 3 (a—d) is the phonon dispersion curves of
cubic CsXHsz (X = Sc, Y, La, Ac) along high-
symmetry directions (I'-X—M—-I'-R—X-M-R) in the
Brillouin zone. These are phonons that propagate
through the crystal, moving outward, and play a very
useful role in the dynamics of crystal molecules. The
main observation of this region is that all those
phonon frequencies are positive in the Brillouin zone
for every compound. There are no imaginary
(negative) frequencies in this region, and that is
precisely the assurance that, in this cubic area, all
structures are dynamically stable. To put it another
way, the lattice will not move up or down for small
atomic displacements and does not suddenly distort.

Phonon dispersion curves of cubic CsXHz (X = Sc, Y, La, Ac) showing absence of imaginary frequencies, confirming dynamical
stability and revealing systematic phonon softening with increasing cation size
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Every phonon spectrum has different acoustic
and optical branches. Since the three acoustic modes
start at zero frequency at the I'-point and are
collective  vibrations (long-wavelength  sound
waves), the higher frequencies correspond to optical
phonons, which primarily involve the motion of the
lighter H™ ions relative to the heavier Cs*/X?* ions.
Since hydrogen is very light, it plays a major role at
high frequencies (the I'-point) in the upper part of the
spectrum (~10-14 THz). This is a common feature
of metal hydrides.

From CsScHsz to CsAcHjz, one can find very
readily that the phonon frequencies are decreasing in
the optical region. On CsScHjz, the maximum
frequencies occur around 14 THz, and for CsAcHs,
lower values are observed (10-11 THz on the other
hand). This process can also be explained via the
main formula (Zhang et al., 2023) we use, where © is
the phonon frequency, k is the constant of the
effective force, and m is the mass of the X cation.
From Sc to Ac, there are two effects (the mass of the
X cation increases and the X-H bond becomes
weaker as the lattice expands).

Also, the phonon band does not reach negative
regions close to high symmetry points (I, M, R).
Imaginary modes are also prevalent in unstable
perovskites and may also be used for structural
instability (i.e., tilting in octahedral, phase changes).
But the XHg octahedral framework survives, and
there are no soft modes. This means the exact cubic
structure is not just physically stable in one case but
vibrationally stable as well without loss.

The dispersion (spread) of phonon branches also
provides some bonding information. CsScHz has
relatively wide dispersion, indicating stronger
interatomic  interactions and better phonon
propagation. CsLaH3z and CsAcHj3 both tend to have
flatter branches, reflecting weaker interactions and
more localized vibrations. This is consistent with
elastic and EOS data, which show that stiffness
decreases with increasing cation size.

In the thermodynamic sense, these materials have
coherent phonon spectra that can predict strongly
vibrational free energy, heat capacity, and entropy.
The absence of imaginary modes gives very
thermodynamic values on Debye temperature and
thermal expansion to the materials, so that we could
easily observe them. Moreover, our high-frequency
hydrogen spectra indicate that these materials have
high Debye temperatures, at least in CsScH3z, and this
might mean they have easier structural stability and
better conductivity.

Int. j. biol. chem. (Online)

For different applications, these results are very
important. Dynamically stable hydrides like CsXHs
should be considered for hydrogen storage, solid-
state energy systems, and pressure-dependent
functional materials for high-temperature and high-
pressure applications. The higher frequencies of the
phonons in CsScH3 imply more robust bonding and
temperature stability, and these materials are
therefore ideal candidates for energy storage and
transport in high-temperature as well as high-
pressure situations. A less flexible structure is
observed in the cases of CsLaH3; and CsAcHj; this
can reduce the atomic lattice flexibility, which also
reduces hydrogen diffusion and transport of ions.

Overall, Figure 3 confirms that all CsXH;
compounds are dynamically stable cubic hydrides,
with lattice dynamics strongly influenced by the mass
and size of the X cation. The systematic softening of
phonon modes from Sc to Ac can be clearly described
in terms of structural expansion, weakened bonding,
and reduced elastic stiffness, providing a complete
and coherent physical picture of these materials.

Thermal Parameters optimized by DFT

Table 4 summarizes the acoustic properties and
thermal response of CsXHz (X = Sc, Y, La, Ac) as
well as the anisotropy factor (A), transverse (Vy),
longitudinal (V)), and average (Vi) sound velocities,
together with the Debye temperature (6p). We see
that they can also be calculated based directly on the
elastic moduli and density, and reflect how elastic
waves propagate and how this lattice stores the
vibrational energy. So Vi, Vi, Vi, and 0D decrease
systematically from CsScHjz to CsAcHs (Vm is from
3317.59 m/s (CsScHs) to 2291.09 m/s (CsAcH3), or
from 500.29 K to 312.2 K). The lattice is softer and
thus less connected with X cations as we go up in size
of CsAcHs.

We can easily learn why there is this trend. Sound
velocity is proportional to (elastic
modulus/density). Increasing the density of X atoms
increases the density of the sample and is clearly
related to the reduction in elastic stiffness in the
lattice by decreasing the B and G. Increasing the
density leads to a loss of restoring force against the
displacement of atoms and phonon velocities. Since
the Debye temperature is related to the maximum
frequency of the phonons, when the sound velocity is
less than it is, its characteristic vibrational energy is
lower, and its acoustic spectrum is smaller. It is
consistent with the phonon dispersion results,
such as the downward frequency shift from
Sc to Ac.
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Table 4

Calculated elastic anisotropy factor (A), transverse (Vy), longitudinal (V1), and average (V) sound velocities, and Debye temperature
(0p) of cubic CsXHs3 (X = Sc, Y, La, Ac), with comparison to literature values from reference (Masood et al., 2025)

Compound A Vi (m/s) Vian/s) Vi (m/s) on(K)
1.2 2988.31 5175.86 3317.59 500.29
CsScH3
0.34%* 3765.881* 6641.094* 4187.289* 604.9*
CsYH, 1.25 2654.74 4598.5 2947.44 425.68
1.38* 3349.403* 6345.873%* 3744.507* 541*
CsLaH; 1.35 2383.67 4127.52 2645.63 368.81
CsAcH; 1.45 2064.01 3574.39 2291.09 312.2
*(Masood et al., 2025)
The anisotropy factor (A) increases from 1.2 to  velocity and Debye temperature) has good
1.45, which means that the material becomes slightly  interatomic bonding potential; high thermal
more elastically anisotropic as it grows in size. As  conductivity, and better resistance to lattice

CsScH3 is more isotropic, a small deviation in
CsAcH; indicates a direction-dependent elastic
response. This may reflect better structural flexibility
and weaker directional bonding in larger cation
systems.

The sound velocities and Debye temperature
have always been higher in the literature, while the
other results are more favorable or not, for CsScH3,
to the value 0f 4187.289 m/s and 0p = 604.9 K in the
literature, while in our work, it is 3317.59 m/s and
500.29 K. The same for CsYHj; in the literature also.
These higher values in work of Masood et al. (2025),
mean a stiffer material and stronger bonds in their
calculation. However, the general trend is still the
same for all compounds, so that both are really quite
similar.

In fact, there are multiple reasons that may
explain the differences. First, the sound velocities
and the Debye temperature are highly sensitive to
elastic constants and minor differences in C11, Cq2
and C44 can potentially result in enormous changes
in values for Vm and 0p. Second, the correct choice
of exchange-correlation functional, pseudopotential,
and structural design can yield different elastic
moduli and densities. Third, in addition to the
vibrational properties of atoms and molecules,
electronic structures that consist of hydrogen are very
sensitive to the experimental results in this article.
Finally, the value of the anisotropy factor (A) for
CsScH;z (0.34) is very different from the present
value (1.2), and this may be due to the way the values
can be estimated.

From a practical point of view, the results
obtained could be extremely useful in any
application. CsScHj (the one with the highest sound
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vibrations, making it suitable for applications at high
temperature or mechanically stable. CsLaHz; and
CsAcH; (low 0p and sound velocity) have a milder
phonon behavior, which could therefore be helpful in
hydrogen diffusion, thermal insulation, and energy
storage work for materials with lattice stiffness that
can lead to motion by atoms in hydrogen.

In contrast, a lower Debye temperature implies
higher phonon scattering from the molecule (e.g., soft
noise) and lower thermal conductivity. Low Debye
also implies that CsLaH; can be helpful for
thermoelectric or thermal barrier materials in
applications for building or systems for storage of
energy supply, in which CsLaH3 is used along with
different materials, so that high Debye temperature is
not only the dominant temperature parameter in the
construction process, but also the least sound
velocity.

Overall, Table 4 clearly shows that lattice
dynamics and thermal behavior are strongly
governed by cation size and bonding strength. The
systematic decrease in sound velocity and Debye
temperature from Sc to Ac confirms a transition from
a stiff, strongly bonded lattice to a softer, more
flexible structure, with direct implications for both
mechanical and thermal applications.

Electronic Properties

Energy-Band Structure Diagram

In Figure 4 (a-d), we plot the electronic band
structure of the cubic CsXHs (X = Sc, Y, La, Ac)
along the high symmetry directions for the Brillouin
zone. The horizontal dashed line is the Fermi level
with electrons at absolute zero eV. For CsScHs,
CsYHj3, and CsAcHs3, many energy bands exist when
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there is a lack of band gap to zero eV (e.g., 0). This
shows that, in fact, these compounds are metallic in
that they can flow with no energy barrier between the
electrons and the atoms, since one can move to or

Figure 4

from these atoms and to them. For CsLaHs3, there is
really only a very small band gap at such a small
distance of 0.2 eV because there are electrons, so we
have to travel from one atom to the next.

Electronic band structures of cubic CsXHz (X = Sc, Y, La, Ac) showing metallic behavior with bands crossing the Fermi level and a
small band gap in CsLaH3, indicating tunable electronic properties
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From the physics point of view, metallic states
are produced because of the very strong hybridization
of the X-d orbitals and the H-s orbitals near the Fermi
level. The overlap gives rise to delocalized electronic
states with very strong energy bands throughout Er in
CsScH3z and CsYH3. The hybridization is so strong
that every band is crossed over by the electrons.
Despite weaker bonding in CsAcHjz and CsLaH3, the
electronic states overlap so much that the metallicity
remains.

Another important property of band dispersion is
the curvature: we can see that the bands near the
Fermi level are fairly dispersive, indicating that
charge carriers can only carry a finite amount of
mass. The more dispersive the band, CsScHs, the
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greater the carrier mobility, and, of course, the more
dispersive the band, the higher the electronic energy
and the better the carrier mobility. CsLaHs is less flat
near the gap.

The way the series changes from Sc - Y — La
— Ac can be understood in terms of both lattice
expansion and changes in electronic structure.
Increasing the lattice parameter reduces orbital
overlap and the bandwidth, thereby shifting energy
levels. Still, hydrogen can contribute substantially to
hybridization to prevent the opening of a large band
gap in most cases.

The absence of such a strong band gap in most
compounds (as demonstrated by past dynamical and
mechanical stability) further indicates the existence
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of stable metallic hydrides. It is of key relevance for
applications. Metallic behavior means that these are
very conductive, and the proposed -electrode
materials that can be used for hydrogen electronics
and energy systems are very suitable for
optoelectronics if the band gap is also found to be
very small, so that electronic properties should be
tunable in the case of this semiconducting or
optoelectronic device, as it is shown there.

The other consequence of superconductivity and
electron-phonon interaction is related. In metallic
hydrides, light hydrogen atoms and high-frequency
phonons (as shown in Figure 3) can enhance electron-
phonon interaction, which is fundamental to
superconductivity. This suggests that CsScHz and
CsYHj3; are good candidates for testing hydrogen-rich
superconductors under pressure.

To summarize, Fig. 4 shows that the electronic
properties of CsXHjz are strongly influenced by
orbital hybridization, lattice size, and bonding
strength. The fact that the electronic properties

Figure 5

shifted from clear metallic behavior to a near-
semiconducting state (as in CsLaH3) highlights the
possibility of tuning electronic properties through
cation substitution, which would be particularly
helpful for the development of advanced functional
materials.

Total and Partial Density of States

Figure 5(a-d) shows the total density of states
(TDOS) and partial density of states (PDOS) of cubic
CsXH;s (X = Sc, Y, La, Ac). These plots offer a
broader view of the electronic structure from our
band-structure data, showing how atoms contribute
to the electronic states at each energy. The vertical
dashed line represents the Fermi level in Er = 0 eV.
First of all, we found that CsScH;, CsYH;, and
CsAcHj; for each of the electron density of atoms at
the Fermi level show a finite DOS and a metallic
structure, and the same for CsLaH3, which shows a
small depletion in the band around Er, but this is the
same as seen in our data where the density of atoms
dropped by only 0.2 eV.

Total and partial density of states of cubic CsXHz (X = Sc, Y, La, Ac), showing dominant X—H hybridization
near the Fermi level, metallic behavior in CsScHs, CsYH3, and CsAcH3s, and a small gap in CsLaH3z

TDOS and PDOS of CsXH3 (X=Sc, Y, La, Ac)
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The states deep in the valence region are most
likely H-based, with some mixing of X-site metal and
a smaller contribution from Cs. This is not surprising
because hydrogen in hydrides is bonded to heavy H
atoms and is an important component of the
compounds' bonding networks. Hence, the wide
distribution of H states in the valence region indicates
that hydrogen is not electronically isolated but rather
actively involved in forming bonds with the X-site
cation. In these materials, there is a strong X—H
bonding, which is the main driving force behind the
cohesion structures.

However, near the Fermi level, the dominant
contribution comes from the X-site cation states, and
even some hybridized H. This is the largest physics
in the figure. When X = Sc, Y, or Ac, these different
hybridized states cross or touch the Fermi level,
forming an unknown DOS to Er. That directly leads
to metallic conductivity — electrons can be excited
almost to zero energy, so it is a simple theory that
there are electronic states in the material where
transport occurs, with transport exactly associated
with the corresponding electronic state. Such a
structure is, in essence, a band-gap barrier that cannot
obstruct charge carriers, allowing them to move
through the crystal without crossing the band gap.
Thus, the metallic feature seen in the DOS is due only
to orbital overlap and hybridization between X
orbitals and H orbitals of X, as well as between Cs
itself, and not to Cs alone.

The Cs contribution is relatively small, very near
the Fermi level in all panels, so that Cs appears
primarily as a charge-balancing ionic species (as
opposed to being the source of states needed for
transport) in particular. In other words, it helps
stabilize the lattice electrostatically, except that in
most perovskite-like hydrides. In this case, the
structure is controlled mainly by the Cs that have the
Cs position at the C sites (and a) C-site cation and B-
site anion cation network (1) and on the B site the B-
site cationization is at the A-site cation position has a
very good effect (1) (and a large number of inorganic
atoms), but in other words, the real and real terms the
electrons in the crystal system.

For CsScHs;, the DOS at the Fermi level is clearly
finite, and the overlapping of Sc with H states around
Er demonstrates some Sc—H hybridization. This type
of hybridization leads to itinerant ion states in
CsScH3, which helps explain why the system is so
metallically stable and even coherent. Moreover, the
broad valence-band character indicates that bonding

Int. j. biol. chem. (Online)

is more than ionic. In this sense, there is mixed
behavior: ionic transfer comes about, but there is not
much interaction of covalent atoms (around Ep).

For CsYHs, the shape of the overall DOS is
similar to that for CsScHj3, and the Fermi-level DOS
is again non-zero. This indicates that the metallic
behavior is retained. Still, slight shifts in peak and
intensity suggest that the Y—H interaction is no longer
entirely the same as the Sc—H interaction. The energy
distribution of the hybridized states is very different
from that in the Sc—H interaction because Y is a
different size than the Sc—H interaction. But there are
sufficient states in Er to support metallic conduction.
This agrees with our results for CsYHs: it remains
dynamically and mechanically stable, but is slightly
softer than CsScHs.

In the case of CsLaHj3, the DOS is very thin near
the Fermi level, with a gap in the DOS associated
with this, as expected given Eg = 0.2 eV. This means
that the hybridized La-H states don’t overlap
strongly at Er yet, but the valence and the conduction
properties still get somewhat separated. At first
glance, this may be because of the particular
formation of La and La state and because there is
more lattice expansion and hence less of an effective
orbital overlap, and the corresponding bands become
thinner (i.e., not wider). CsLaH3z will have a strong
connection to metallicity and thus be closer to a very
narrow gap in semiconducting behavior. A very
convincing outcome in this research, since it shows
that only changing the X-site cations can cause it to
change from a metal to a semiconductor. For
example, the electronic design aspect of this type of
system could be very useful.

However, for CsAcH;, the DOS at the Fermi
level is finite again, and we may observe metallic
character again. The Ac-based states contribute much
to the result around Er Furthermore, the spectral
pattern does not differ at all between the metallic
compounds from CsLaHjz. Even with a thicker lattice
and a softer structure, the current of electronic
molecules is still too mixed to create a real gap. So,
we are losing metallicity in the series: we must still
find that a proper balance is achieved between the
lattice size, the orientation of orbital energies,
hybridized states, and even the ratio.

As one can see, the DOS peak shape shows both
the localization and bandwidth. Sharp peaks are signs
of localized states, and much broader features reflect
much more delocalized states. The more metallic
compounds tend to have broader hybridized regions
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around the Er and hence have more delocalized
carriers. However, if we see the lower DOS around
Er in CsLaH;, fewer available electrons are found,
and less conductivity is expected. This is where our
DOS analysis should have its impact: to assess
whether the material is metallic or semiconducting in
nature and why. Hybridity and low conductivity are
directly related to the high metallicity of the
materials.

Moreover, it also connects to the earlier picture
of phonon and elastic structures. A finite DOS at the
Fermi level means that there are mobile electrons in
this material that can couple up to the lattice
vibration. In hydride-based metal systems where
hydrogen is responsible for generating high-lying
phonon states, this can lead to additional electron—
phonon coupling. As a result, in the transport and
superconductivity investigation environment, the
metals CsScH3, CsYH3, and CsAcH; should be more
relevant than the other metals for this research.

From a computer application perspective, the
DOS results indicate that CsScHiz;, CsYHj3, and
CsAcH; are better suited as electrically conductive
hydride materials for electrodes, conductive layers,
and so on in pressure-driven electronic devices. Their
metallicity is also good for studying hydrogen-rich
conductive systems. On the other hand, having a
narrow band gap and the lowest DOS at the Fermi
level could be better suited for switchable electronic
devices based on a low-gap semiconductor, and
possibly for a sensor system in which a small change,
such as pressure, strain, or doping, can greatly impact
reactivity.

In general, Fig. 5 shows the microscopic
electronic source for the band structures in this case.
Only X—H hybridized states control that region near
the Fermi level, and the less they affect the
conduction, the more Cs. The weak DOS at Er in
CsScH3, CsYH3, and CsAcHjz confirms their metallic
character, whereas CsLaHz; is a narrow-gap
semiconductor. This picture clearly shows that the
electronic properties of CsXHsz can be readily
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changed via cation substitution, which is very
important for functional hydride materials.

Electron Localized Function

Figure 6 (a-d) in cubic CsXH; (X = Sc, Y, La,
Ac) gives the electron localization function (ELF)
map. The ELF is a very important quantity because it
says which electrons prefer to be located in real
space. It varies from 0 to 1, and a value near 1
indicates strong localization (also called lone-pair-
like localization or the bonded charge of anions).
Values close to 0 mean that the electrons are almost
free (or moderately delocalized). Such maps indicate
the bonding nature of the crystal, charge
accumulation, and ionic or covalent interactions.

A first important point is that these bright yellow
regions are mostly centered around the hydrogen
sites. Therefore, the density of electrons surrounding
H atoms in all four compounds is highly localized.
This is to be expected in the case of hydride
compounds because hydrogen behaves as H,
attracting and holding the bulk of the valence charge.
We can see that an ionic component of the bonding
involves electrons transferred from metal cations to
hydride anions. In other words, the cations donate
charge, and hydrogen can still be the nucleus of the
electron-rich structure.

At the same time, the ELF is not just confined
to isolated regions around hydrogen. In all panels,
one can see a green-to-cyan bridge-like
distribution from the X atom to H (especially along
the cross-shaped X-H line). One aspect is that,
from a chemical standpoint, the bonding is not
purely ionic. The charge would be strongly
confined to the vicinity of the ions and therefore
have no spatial connectivity between the ions'
atoms. At the X—H region, the finite ELF can be
interpreted to indicate some orbital overlap and
partial covalent character, so our bonding for
CsXHj3 is more accurately described as an iono-
covalent hybridization with charge transfer
dominating and not directional hybridization.
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Figure 6

Electron localization function maps of cubic CsXHz (X = Sc, Y, La, Ac), showing strong charge localization around H atoms and
finite X—H charge connectivity, indicating predominantly ionic bonding with partial covalent character

(a) ELF-CsScHs

Y (fractional)

0.0 0.2 0.4 0.6 0.8 1.0
X (fractional}
(c) ELF-CslLaHs

Y (fractional)

0.0 0.2 0.4 0.6 0.8 1.
X (fractional)

The central region around the X-site cation does
not show a strongly isolated maximum, as hydrogen
does. It exhibits a rather moderate ELF distribution.
Consequently, it can be concluded that the X cation
is not holding a very strong localized valence charge
by itself but is also bonding efficiently with the
surrounding hydrogen atoms. This is quite consistent
with the DOS and band-structure results, which
indicate that the states near the Fermi level are mainly
determined by X—H hybridization. Thus, Figure 6
provides a real-space proof of the same electronic
picture shown by the DOS in energy space.

Our evidence for this is the absence of a strong
ionic activity on the atomic layer located off its center
on the atom. Cs atoms are located farther from the
center and are at a lower concentration, with lower
localization than hydrogen; hence, their ELF
distribution is much more diffuse and less intense.
The relation between Cs and hydrogen is so clear that
all its ions and Cs are present here as a very strongly
electropositive but not a very strong ionic species. Cs
also contributes to charge balance and crystal
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stabilization. The structure and electronic aspect of
such materials are based on the X—H configuration,
but Cs fills the lattice cavity, so you can make a
perovskite-like structure that is always more stable.

For CsScHs, the ELF map provides very good
localization at H and a very strong interaction
between Sc and H, which is in agreement with earlier
structural, elastic, and phonon data that confirm it as
the most compact and stiffest of the series and
dynamically robust. Because of the high
hybridization, we have also observed strong metallic
behavior in the band structure and the DOS. Hence,
the real-space charge picture for CsScH; gives a
strong hydride framework with mixed ionic and
weakly covalent group bonding.

For CsScHs;, the ELF map provides good
localization of H and a strong interaction with Sc and
H, confirming earlier structural, elastic, and phonon
data, making it the most compact and stiffest in the
whole series and highly dynamic. Also, for the
metallic substance, due to its high hybridization, we
have observed strong and broad bands in the group
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matrix and the DOS. Consequently, the real-space
charge picture of CsScH; is a very strong hydride
with mixed ionic and weakly covalent group
bonding.

For CsLaHs;, the hydrogen-centered localization
is still good, but the distribution of ELF in the
interstitial La and H zones appears to be smoother
and more spread out in contrast. This also suggests
that bonding is more ionic and less covalent than in
Sc and Y. With the expansion of the lattice in
CsLaH3, the presence of electronic gap overlaps
starts to decrease closer to the Fermi level. In other
words, in Fig. 6 we can see why CsLaHs; moves to a
narrow-gap semiconducting state, but the whole
framework of H is not missing.

For CsAcH3, we see that the map is even more
strongly H localized and has an obvious connection
in the X—H layer. The bonding is still ionic-covalent
but with a more diffuse, even softer charge mix due
to lattice length and heavier cation. We can see that
this has many of the same characteristics as our
previous measurements when we used this structure
of a weaker elastic constant, much faster sound
velocity, lower Debye temperature, and slightly
weaker phonon modes. Even though the bonding is
weak in a mechanical sense, the ELF still shows an
equilibrium in its charge in the X—H structure that
supports a stronger metallic structure and structural
characteristics.

From all four panels, there is no strong charge
concentration at the midpoint of the X—H bonds as in
a strongly covalent bond, but the maxima are much
closer to hydrogen. The strong charge concentration
is clearly polarized toward H, which is typical of
hydride chemistry. In this regard, the electron
localization maps are also quite similar for these
types of materials. We can say that the charge
concentration in the chemical systems is mainly in an
anion-centered space, but only a tiny sharing of
charge between X and H. This is why they could be
both mechanically stable and electronically active:
The ionic structure stabilizes the lattice, and the
partial hybridization allows the transport-related
states to be produced in the intermediate plane area
of the Fermi level.

These ELF maps also tie nicely with dynamical
stability. A stable X-H bonding system ensures that
restoring forces on atomic motion are positive, and
that this is also the case for phonon spectra. If the
bonding network was weak or electronically
frustrated, soft or unstable phonon modes are
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expected. But this results because the ELF shows that
it is all in charge and supported.

From a physical perspective, these ELF results
are very important. Our strong H-static charge
localization is sufficient to make the hydride
materials strong hydrogen-functional materials. They
can be mechanically stable and conductive with
CsScHs, CsYH3, and CsAcH;. This makes them
promising for hydrogen-related energy materials,
conductive hydrides, and possibly pressure-tunable
functional solids. The different ionic-covalent X—H
bond configuration of CsLaH; makes it attractive
when a small band gap and soft bonding are needed,
as in tunable electronic or sensing applications.

In summary, as shown in Figure 6, the electronic
charge of CsXHj; is very strongly localized around
hydrogen and thus hydride materials. At the same
time, although the finite ELF coupling between X
and H does imply that in many cases all of the ions
are covalent in the ensemble-of-ties for the whole
interaction of ionic materials, which we see as well
from the structure that existed and was established
already in part in the elasticity, phonons, and
electronic properties of the system, in many cases the
X-H system contributes to solid and covalent
bonding.

Conclusion

In this study, the first principles of cubic CsXHj3
(X = Sc, Y, La, and Ac) hydride perovskites were
systematically explored, and the quantitative effects
of cation substitution on their structural, mechanical,
thermal, and electronic properties were determined,
as shown in the table. It can be seen directly that as
the ionic radius increases from Sc to Ac, so do the
lattice constant (3.376 A — 3.736 A) and the
equilibrium volume (38.478 A3 — 52.146 A3),
weakening the structure composed of the X-H
bonding network. This weakening of the bulk
modulus is observed from 116.18 GPa for CsScHj; to
82.03 GPa for CsAcHj;, demonstrating a transition
from a stiff, highly bonded material (CsScH3) to a
softer one (CsAcH3).

The elastic constants (C11, Cq2, C44) and derived
moduli (E: 174.27 — 123.04 GPa) confirm the
predicted behavior and concomitantly confirm the
Born stability parameter for the series. At the same
time, the very low sound velocity (Vi 3317.59—
2291.09 m/s) and the decrease in temperature
(500.29 — 312.2 K) indicate phonon softening and
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reduced lattice rigidity, which is fully consistent with
the phonon dispersion study, which yields stable but
softened modes.

A key finding of this study is the tunability of the
electronic properties: CsScH3z, CsYH3, and CsAcHs
are metallic owing to strong X—H hybridization. At
the same time, CsLaH3 has a narrow band gap (0.2
eV), clearly indicating a transition to semiconducting
behavior. Thus, it is interesting to find that changes
in cation size help moderate electronic properties.
Our ELF shows that bonding is ionic and has partial
covalent character, indicating that structural stability
is not the only factor; electronic stability is also
important.

CsScH; is more attractive in high-pressure
environments, hydride systems, and thermally stable,
conductive materials (see the comparison of CsLaH3
and CsAcHjs, and their corresponding surface
properties). CsLaH; and CsAcHj3, with lower bulk
moduli and softer phonon characteristics, offer better
hydrogen storage, diffusion energy systems, and
thermoelectric/thermal barrier applications, for
which flexible lattice properties are crucial. They are
also metallic materials and could be used in
hydrogen-rich conductive electrodes and for
superconducting hydrides, and at the same time,
potentially in a pressure-tuned electronic or heat-
sensitive device.

Overall, this study demonstrates an intuitive link
between structure and application and underscores
the role of cation engineering as a potent method for
developing next-generation hydride perovskites with
a wide range of multifunctional properties for energy
and electronic systems.
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