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Abstract

The fundamental research project aims to develop accurate first-principles
models for yttrium oxide (YO) and yttrium oxyhydride (YHO), essential rare
earth materials with promising applications in spintronics, superconductivity,
and smart windows. In this study, ab initio have been performed using
CRYSTAL23 computer code to investigate the structural and electronic
properties of YO and YOH. A NaCl-type cubic structure was employed as the
base model for YO, and hydrogen atoms have been systematically introduced
into tetrahedral interstitial sites to simulate YOH with a hydrogen
concentration up to 33.33%. The lattice parameter of YO was calculated to be
4.78A, in good agreement with previous theoretical data, and increased to
5.61A with the increase of hydrogen concentration. Density of States (DOS)
analyses reveal that YO exhibits metallic characteristics with oxygen-
dominated valence bands and yttrium-dominated conduction bands, whereas
YOH displays semiconducting behaviour with a band gap of 3.13 eV and
contributions to the valence band primarily from oxygen and hydrogen.
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1 Introduction

Rare earth oxides (REO) are important for a wide range of applications
such as superconductors, lasers, thermal barrier coatings, ceramics, etc. [1].
The increase in demand in REO is expected due to their use in technologies
such as magnets, aircraft engines, optical devices as well as green and
renewable energy technologies such as wind turbines, electric and hybrid
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vehicles. REO are used in the strongest magnets, e.g. NdO is used in hard
drives and loudspeakers. CeO is used as a catalyst in fuel cells. REO are
widely used for the glass manufacturing with special optical properties
necessary for camera lenses, telescopes, glasses.

Density functional theory (DFT) and lattice dynamics calculations
predicted and characterized YO formation and energetics. The insights gained
from these calculations allowed to successfully synthesise pure YO at 15GPa
and 1600°C [1]. However, it was found that YO is both thermodynamically
and kinetically metastable and rapidly decomposes on heating. YO epitaxial
thin film has been recently synthesized by pulsed laser deposition method [4].

RE metal oxy-hydrides (REHO) and, in particular, yttrium oxy-hydride
(YOH) thin films are a novel class of mixed-anion inorganic materials known
for their photochromic effect and light-induced resistivity change at room
temperature and ambient pressure [2,3]. These switchable optical and
electrical properties make them suitable for various technological
applications, including energy-saving smart windows [4], sensors, ophthalmic
lenses, and medical devices. However, to fully utilize YOH materials in these
applications, a deep understanding of their structural properties and their
dependence on physical properties is required.

YO model (Figure 1) has been created based on NaCl-type structure,
which is typical for RE monoxides.
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Figure 1. YO model used in the calculation

Within the framework of this study ab initio calculations of YO have been
performed using CRYSTAL23 computer code [5,6], which allowed to
determine the lattice constants, stability of the system under investigation.
H atoms have been added to tetrahedral interstitial positions increasing
H concentration from 0% (YO) to 33.33% (YOH).
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DOS plots have been constructed for all calculated configurations. The
comparison of DOS plots has been performed.

2 Computational details

CRYSTAL23 computer code [5,6], which employs Gaussian-type
functions centred on atomic nuclei as the basis sets (BS) for an expansion of
the crystalline orbitals has been used to perform hybrid DFT calculations. The
following BSs have been used in the calculations: Y —Y_POB_TZVP_rev2,
O -0 _pob_TZVP_rev2, and H_pob_TZVP_rev2.

Heyd-Scuseria-Ernzerhof  hybrid  exchange—correlation  functional
(HSEO06) [6], which uses a screened hybrid functional and includes the exact
nonlocal Fock exchange has been used in the calculations.

To perform the modelling of the defects supercells with the extensions of
2x2x2 have been created.. The Brillouin zone has been sampled by 8x8x8
Pack-Monkhorst net [7].

3 Results

The calculated lattice parameters for both bulk and supercell of Fm-3m
YO are ap = 4.78A, which is in a good agreement with the lattice constant of
4.87A reported in ref. [1].

Increase of H concentration resulted in the increase of the lattice constant
to 5.61A for YOH configuration. The position of H atoms in the lattice
resulted in a noticeable distortion of the crystal lattice for some of the
configurations.
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Figure 2. Projected DOS for YO
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Figure 2 shows projected DOS plot for YO. DOS plot shows that O atoms
are the primary contributors to the valence band, while Y atoms also
contribute, but to a lesser extent. Y atoms are main contributors to the
conduction band, while O atom contribution to the conduction band is
minimal.
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Figure 3. Projected DOS for YOH

Figure 3 shows projected DOS for YOH. The analysis of the calculations
revealed that YOH is a semi-conductor with the assessed band gap of 3.13eV.
O and H atoms are primary contributors to the valence band, while Y atom is
primary contributor to the conduction band.

4 Conclusions

Calculations YO have been performed using the Crystal computer code.
The calculated lattice parameters are in a good agreement with other
theoretical studies.

Adding defect atoms significantly affect both atomic and electronic
properties of the materials. DOS have been constructed and analysed for the
calculated configurations.
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