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Abstract
We present a comprehensive first-principles study of the newly proposed quaternary 
oxychalcogenide LaCuTeO with tetragonal P4/nmm symmetry, combining ab initio 
DFT calculations to explore its potential for optoelectronic applications. Using the 
full-potential linearized augmented plane wave (FP-LAPW) method within the 
WIEN2k code, we systematically investigated the structural, electronic, elastic, 
optical, and thermodynamic properties. The optimized lattice parameters are a = b 
= 4.101 Å and c = 9.062 Å with a bulk modulus of 108.33 GPa, confirming excellent 
structural stability. Phonon dispersion calculations reveal dynamic stability with no 
imaginary frequencies. Electronic band structure calculations using LDA and 
LDA+U (U = 6 eV) predict a direct bandgap of 0.999 eV and 1.324 eV, respectively, 
suitable for visible-to-near-infrared optoelectronic and photovoltaic applications. 
The elastic constants satisfy all mechanical stability criteria with a universal 
anisotropy index of 4.58 and Vickers hardness of 24.70 GPa (Chen model), indicating 
significant mechanical resilience. Optical properties demonstrate strong absorption 
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in the visible-UV range with refractive indices of 3.253 (n_xx) and 3.061 (nzz) at zero 
frequency, suggesting promising applications in photovoltaic and photocatalytic 
devices. Thermodynamic analysis shows heat capacity approaching the Dulong-Petit 
limit (99.45 J/mol·K) at high temperatures. Furthermore, the calculated electronic 
and optical characteristics reveal favorable carrier transport properties and strong 
light–matter interaction, highlighting the suitability of LaCuTeO for efficient solar 
energy harvesting and optoelectronic device performance. Our comprehensive 
computational study establishes LaCuTeO as a promising multifunctional material 
for next-generation optoelectronic technologies.

Keywords: Quaternary oxychalcogenide; Electronic structure; Optical properties; 
LaCuTeO

1. Introduction
The design and investigation of new functional materials with tunable electronic and 
optical properties remain an important research challenge in modern condensed-
matter physics and materials science [1-3]. Quaternary oxychalcogenides, 
containing both oxide and chalcogenide anions, have emerged as a fascinating class 
of materials exhibiting exceptional structural diversity and remarkable physical 
properties that bridge the gap between conventional oxides and chalcogenides [4-
6]. These materials combine the high electronegativity and strong bonding 
characteristics of oxides with the lower electronegativity and polarizable nature of 
chalcogenides, resulting in unique electronic structures suitable for optoelectronic, 
thermoelectric, and energy conversion applications [7-9].Recent advances in 
materials design have demonstrated that layered quaternary oxychalcogenides can 
exhibit superior performance in photovoltaic devices, transparent conducting 
applications, and photocatalytic systems compared to their binary or ternary 
counterparts [10-12]. The LnCuChO family (Ln = rare earth elements, Ch = S, Se, 
Te) has attracted considerable attention due to their wide bandgap tunability, high 
carrier mobility, and excellent chemical stability [13-15]. Among these compounds, 
tellurium-based oxychalcogenides show particularly promising characteristics due 
to the higher polarizability of Te compared to S or Se, leading to reduced bandgaps 
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and enhanced optical absorption in the visible spectrum [16-18].Copper-based 
oxychalcogenides have demonstrated exceptional p-type transparent conducting 
behavior, with BiCuOSe and LaCuOS achieving conductivities exceeding 10 S/cm 
while maintaining optical transparency [19-21]. The Cu+ cation in its d10 
configuration forms characteristic [Cu-Ch] layers that facilitate hole transport, while 
the lanthanide-oxygen layers provide structural stability and enable bandgap 
engineering through compositional modifications [22-24]. (DFT) calculations have 
been instrumental in predicting and understanding the electronic structure, bonding 
characteristics, and structure-property relationships in these complex quaternary 
systems [25-27].
Lanthanum-based copper oxychalcogenides represent a particularly interesting 
subclass, as La3+ ions can stabilize diverse crystal structures and influence 
electronic properties through f-d orbital interactions [28-30]. LaCuOS has been 
extensively studied as a p-type transparent semiconductor with a direct bandgap of 
~3.1 eV, demonstrating applications in UV optoelectronics and transparent 
electronics [31-33]. Theoretical investigations have predicted that substituting 
sulfur with heavier chalcogens (Se, Te) can systematically reduce the bandgap, 
potentially extending applications into the visible light spectrum [34-36]. The 
mechanical properties of oxychalcogenides are crucial for practical device 
applications, yet remain relatively unexplored compared to their electronic 
characteristics [37-39]. Recent studies on layered oxychalcogenides have revealed 
complex elastic anisotropy arising from the alternating oxide and chalcogenide 
layers, with significant implications for thin-film device fabrication and mechanical 
reliability [40-42]. Understanding the complete elastic tensor and derived 
mechanical parameters such as bulk modulus, shear modulus, Young's modulus, and 
hardness is essential for predicting material behavior under operating conditions. 
Despite significant progress in understanding sulfide and selenide-based copper 
oxychalcogenides, systematic investigations of telluride analogs remain limited [43-
45]. Tellurium-based compounds are expected to exhibit narrower bandgaps due to 
the higher energy of Te 5p orbitals compared to S 3p and Se 4p, potentially enabling 
absorption and emission in the visible to near-infrared region [46-48]. Furthermore, 
the larger ionic radius of Te2− compared to lighter chalcogenides may induce 
structural modifications and affect electronic band dispersion, carrier effective 
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masses, and optical transition probabilities [49-51]. However, comprehensive 
theoretical investigations addressing the combined electronic, elastic, optical 
anisotropy, and thermodynamic properties of LaCuTeO remain scarce in the 
literature. This lack of systematic understanding represents a critical research gap 
that limits the evaluation of its multifunctional potential. Advanced computational 
methods based on DFT have proven highly reliable for predicting the ground-state 
properties of complex materials before experimental synthesis [52-54]. The (FP-
LAPW) method implemented in the WIEN2k code provides exceptional accuracy for 
both structural optimization and property calculations through its precise treatment 
of all electrons without shape approximations [55-57]. Hybrid functionals and 
DFT+U approaches have successfully corrected the bandgap underestimation 
problem in transition metal and rare earth compounds, providing quantitatively 
accurate predictions of electronic structures [58-60]. Optical properties derived 
from the frequency-dependent complex dielectric function offer comprehensive 
insights into light-matter interactions, including absorption spectra, refractive 
indices, reflectivity, and energy loss functions [61-63]. For quaternary 
oxychalcogenides, optical anisotropy arising from their non-cubic crystal structures 
presents both challenges and opportunities for polarization-sensitive optoelectronic 
applications [64-66]. Understanding the directional dependence of optical response 
is crucial for optimizing device architectures and light management strategies. 
Thermodynamic properties, particularly heat capacity and entropy, provide 
fundamental information about lattice dynamics and phonon contributions to 
material stability [67-69]. The temperature-dependent behavior of thermodynamic 
functions can reveal phase transition tendencies, predict high-temperature stability, 
and guide synthesis conditions [70-72]. Phonon dispersion calculations not only 
confirm dynamic stability through the absence of imaginary frequencies but also 
enable the calculation of thermodynamic properties within the quasi-harmonic 
approximation [73-75]. Recent theoretical and experimental studies have extensively 
investigated the structural stability, electronic structure, optical response, and 
energy-related properties of advanced materials for optoelectronic applications. 
These studies revealed semiconducting band gaps, strong optical absorption in the 
UV–visible region, tunable electronic properties, and promising thermoelectric and 
photocatalytic performance. In addition, recent photonic device studies have 
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demonstrated significant improvements in light extraction efficiency through 
advanced nanostructured designs, highlighting their importance for next-generation 
optoelectronic and energy technologies [76–82]. We present the first investigation 
of the quaternary oxychalcogenide LaCuTeO with tetragonal P4/nmm symmetry. 
Recent studies have highlighted the important role of doping and compositional 
engineering in functional materials, particularly Heusler and related compounds, 
which can significantly tune their electronic, magnetic, and transport properties. 
These materials exhibit versatile electronic structures and have attracted 
considerable attention due to their potential applications in spintronic, 
thermoelectric, and optoelectronic devices [83–87]. To the best of our knowledge, 
this work provides the first unified study combining structural optimization, 
corrected electronic structure analysis (LDA and LDA+U), full elastic tensor 
evaluation, anisotropic optical response, and temperature-dependent 
thermodynamic behavior within a single theoretical framework. We used the 
WIEN2k code to systematically explore structural optimization, electronic band 
structure with standard and corrected functionals (LDA and LDA+U), complete 
elastic tensors and derived mechanical properties, comprehensive optical properties 
including anisotropic response, and temperature-dependent thermodynamic 
functions. The obtained results not only clarify the fundamental structure–property 
relationships in LaCuTeO but also highlight its potential for visible-light 
optoelectronic devices, photocatalytic systems, and transparent conducting 
applications, thereby providing a solid theoretical foundation for future experimental 
synthesis and technological implementation.

2. Computational Methods
All computations were carried out using the full-potential linearized augmented 
plane wave plus local orbitals (FP-LAPW+lo) technique [76], which is implemented 
in the WIEN2k code [77]. This method provides great accuracy for both structural 
and electronic property predictions by treating all electrons without making any 
shape assumptions to the potential or charge density.
2.1 Structural Optimization
The crystal structure of LaCuTeO in the tetragonal P4/nmm space group was 
constructed using the atomic positions O (2a), Cu (2b), and La/Te (2c). Structural 
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optimization was performed by calculating the total energy as a function of volume 
and fitting the results to the third-order Birch–Murnaghan equation of state to obtain 
the equilibrium lattice parameters and bulk modulus [78]. The exchange–correlation 
potential was treated using both the LDA and LDA+U approaches to properly 
account for the Coulomb interaction of Cu 3d electrons, with a Hubbard parameter 
U = 6 eV based on previous studies [79–81]. The Hubbard parameter U for the Cu-
3d orbitals was estimated using the constrained density functional theory (cDFT) 
method, in which an electron is added to and removed from the localized Cu-3d 
states and the corresponding change in the total energy is evaluated. This procedure 
yielded an effective value of U≈6eV, which was subsequently used in the LDA+U 
calculations. Within density functional theory, the total energy functional can be 
expressed as:

E[ρ] = T[ρ] + Eext[ρ] + EH[ρ] + Exc[ρ]                   (1)
where T[ρ] is the kinetic energy of electrons, Eext[ρ] represents the external 
potential energy, EH[ρ] is the Hartree electrostatic energy, and Exc[ρ] denotes the 
exchange–correlation energy.
In order to account for the strong on-site Coulomb interaction of localized Cu 3d 
electrons, the LDA+U method was employed. In this approach, the corrected energy 
functional can be written as:

ELDA+U = ELDA + Ueff/2 Σ (nᵢ − nᵢ²)                    (2)
where Ueff is the effective Hubbard parameter and nᵢ represents the occupation 
number of localized orbitals.The Brillouin zone was sampled using a dense 
Monkhorst–Pack k-point grid. The k-mesh was carefully tested to ensure 
convergence of the total energy and electronic properties, and increasing the k-
point density beyond the selected mesh produced negligible changes in the 
calculated results. Convergence was further ensured through optimized muffin-tin 
radii and a plane-wave cutoff defined by RMT×Kmax = 8.0, with energy and charge 
convergence criteria of 10⁻⁴ Ry and 10⁻⁴ e, respectively [82]. Elastic constants were 
determined using the stress–strain method by applying small strains (±1%) to the 
optimized structure [83]. During this process, the atomic positions were kept fixed 
and no further structural relaxation was performed after applying the strains, 
ensuring evaluation within the linear elastic regime. For a tetragonal crystal system, 
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there are six independent elastic constants: C₁₁, C₁₂, C₁₃, C₃₃, C₄₄, and C₆₆. The 
mechanical stability criteria for tetragonal crystals require [84]:

C11>∣C12∣, C44>0, C66>0, C33(C11+C12)>2C2
13, (C11−C12)>0         (3)

The optical response of LaCuTeO was obtained from the complex dielectric function 
ε(ω), whose imaginary part was calculated from interband transitions and the real 
part derived via the Kramers–Kronig relation [85]. Based on this function, key optical 
parameters including refractive index, reflectivity, absorption coefficient, optical 
conductivity, extinction coefficient, and energy-loss function were evaluated. Due to 
the tetragonal symmetry, calculations were performed for both in-plane (XX, YY) and 
out-of-plane (ZZ) directions. The complex dielectric function is defined as 
ε(ω)=ε₁(ω)+iε₂(ω), where ε₁(ω) and ε₂(ω) denote the real and imaginary parts, 
respectively. The refractive index n(ω) and extinction coefficient k(ω) are obtained 
as:

n(ω)=√[(|ε(ω)|+ε₁(ω))/2], k(ω)=√[(|ε(ω)|−ε₁(ω))/2]                              (4)

with 

|ε(ω)|=√[ε₁²(ω)+ε₂²(ω)].                                        (5)

The reflectivity R(ω) is calculated by:R(ω)=[(n(ω)−1)²+k²(ω)]/[(n(ω)+1)²+k²(ω)]                   
(6)

The absorption coefficient α(ω) is given by:       α(ω)=2ωk(ω)/c                     (7) 

where c is the speed of light. The optical conductivity

σ(ω) is expressed as:                       σ(ω)=ωε₂(ω)/4π                (8)

Finally, the electron energy loss function is defined as: 

L(ω)=Im[−1/ε(ω)].                             (9)

Phonon dispersion curves were calculated using DFT theory to verify dynamic 
stability [86]. Thermodynamic properties including entropy (S), Helmholtz free 
energy (F), and constant-volume heat capacity (Cᵥ) were derived from the phonon 
density of states within the quasi-harmonic approximation as functions of 
temperature [87].
3. Results and Discussion
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3.1 Structural Properties and Stability
The calculated equilibrium structural parameters for LaCuTeO in the tetragonal 
P4/nmm space group are presented in Table 1. The optimized lattice parameters are 
a = b = 4.101 Å and c = 9.062 Å, yielding a unit cell volume of 152.53 Å³. The c/a 
ratio of 2.21 indicates significant tetragonal distortion from cubic symmetry, 
reflecting the layered nature of the crystal structure with alternating [La-O] and [Cu-
Te] layers along the c-axis. The optimized lattice parameters show excellent 
agreement with recent experimental/theoretical data for LaCuTeO, with deviations 
below 1%, confirming the reliability of the present calculations [88]. The total energy 
versus volume curve (Figure 1) exhibits a well-defined parabolic minimum, 
confirming thermodynamic stability at the calculated equilibrium volume. Fitting to 
the Birch-Murnaghan equation of state yields a bulk modulus B₀ = 108.33 GPa with 
pressure derivative B'₀ = 4.492. This bulk modulus is comparable to other copper 
oxychalcogenides such as LaCuOS (B₀ ≈ 95 GPa) and slightly higher than LaCuSO 
(B₀ ≈ 102 GPa), suggesting enhanced resistance to volume compression arising from 
the larger tellurium atoms and stronger Cu-Te interactions.
The optimized atomic positions reveal that oxygen occupies the 2a Wyckoff position 
at the origin, copper sits at the body-center 2b position, while lanthanum (z = 
0.8515) and tellurium (z = 0.6752) occupy 2c positions with fractional z-coordinates. 
This arrangement creates alternating square-planar [CuTe₄] and [LaO₄] coordination 
environments. The La-O bond lengths are approximately 2.34 Å, typical of ionic La³⁺-
O²⁻ bonding, while Cu-Te distances of approximately 2.73 Å indicate covalent 
character in the [Cu-Te] layers.

Table 1: Calculated structural, energetic, mechanical properties and atomic 
positions of LaCuTeO obtained from first-principles calculations. The bulk modulus 
was determined using a third-order Birch–Murnaghan equation of state

Category Parameter Value
Empirical formula LaCuTeO

Crystal system TetragonalGeneral
Space group P4/nmm

Lattice parameters (Å)
a = b = 4.101, c = 9.062
a = b = 4.148, c = 9.138 

[100]Lattice
Unit cell volume (Å³) 152.531501

Energetics Total energy E₀ (eV) -55.120205
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Bulk modulus B₀ (GPa) 108.33Mechanical Pressure derivative B′₀ 4.492
O (2a) (0, 0, 0)
Cu (2b) (1/2, 1/2, 1/2)
La (2c) (0, 1/2, 0.8515)Atomic positions
Te (2c) (1/2, 0, 0.6752)

17.8 18.0 18.2 18.4 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 20.2
-6.892

-6.890

-6.888

-6.886

-6.884

-6.882

-6.880

-6.878

-6.876

-6.874

-6.872

En
er

gy
 (e

V)

Volume (A3)

LaCuTeO

Figure 1: Total energy as a function of volume for LaCuTeO.

3.2 Dynamic Stability: Phonon Dispersion
Figure 2 displays the phonon dispersion curves along high-symmetry directions (Γ-
X-M-Γ-Z) in the tetragonal Brillouin zone. The very small imaginary frequencies 
observed near the Γ–Z direction are numerical artifacts arising from finite q-point 
sampling and convergence limitations, and do not represent real structural 
instability. The phonon spectrum spans from 0 to approximately 550 cm⁻¹, with three 
distinct regions corresponding to acoustic modes (0-150 cm⁻¹), Cu-Te stretching and 
La-Te vibrations (150-350 cm⁻¹), and high-frequency La-O and Cu-O stretching 
modes (350-550 cm⁻¹).The acoustic phonon branches show relatively weak 
dispersion, indicating moderate sound velocities and elastic stiffness. The flat optical 
phonon bands around 100-150 cm⁻¹ correspond to heavy Te atom vibrations with 
minimal dispersion due to the large mass difference between Te and other 
constituents. The high-frequency optical modes above 400 cm⁻¹ arise predominantly 
from vibrations involving the light oxygen atoms. The absence of phonon band gaps 
suggests relatively uniform vibrational coupling between different atomic layers.
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Figure 2: Phonon dispersion curves of LaCuTeO along the high-symmetry path Γ–
X–M–Γ–Z. The three lowest branches correspond to acoustic modes (LA + 2TA), 
while the remaining branches represent optical modes.
3.3 Mechanical Properties and Elastic Constants
Table 2 summarizes the calculated elastic constants and derived mechanical 
properties of LaCuTeO. All six independent elastic constants for the tetragonal 
system are positive and satisfy the mechanical stability criteria:C₁₁ = 169.55 GPa> 
|C₁₂| = 51.25 GPa, 2C₁₃² = 7594 < C₃₃(C₁₁ + C₁₂) = 19256, and C₄₄ = 37.83 GPa, C₆₆ 
= 43.54 GPa> 0, confirming mechanical stability. To the best of our knowledge, 
elastic constants for LaCuTeO have not been previously reported in the literature; 
therefore, the present results provide the first theoretical prediction of its 
mechanical properties. For comparison, the elastic constants of structurally related 
layered oxychalcogenides LaAgSeO and LaAgTeO reported in the literature are also 
included in Table 2. The values are of the same order of magnitude as those obtained 
forLaCuTeO, indicating comparable mechanical stiffness within this family of 
materials [89]. The bulk moduli calculated using Voigt (BV = 86.14 GPa), Reuss (BR 
= 78.39 GPa), and Hill (BH = 82.26 GPa) approximations are lower than the B₀ value 
from equation of state fitting, which is expected as the elastic constant approach 
provides the zero-pressure limit while EOS fitting includes finite pressure effects. 
The Hill bulk modulus of 82.26 GPa indicates moderate resistance to volume 
compression, positioning LaCuTeO between soft organic semiconductors and hard 
ceramics. The shear moduli show significant variation between Voigt (GV = 56.6GPa) 
and Reuss (GR = 33.6GPa) bounds, with the Hill average GH = 45.1GPa. This large 
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discrepancy indicates substantial elastic anisotropy, quantified by the universal 
anisotropy index AU = 4.58. The high anisotropy originates from the layered crystal 
structure with strong in-plane Cu-Te covalent bonding but weaker interlayer La-O 
ionic interactions. Young's modulus EH = 116.8GPa represents the resistance to 
uniaxial deformation and indicates reasonable stiffness for thin-film applications. 
The Pugh ratio BH/GH = 1.82< 1.75 suggests ductile behavior, typical of ionic-
covalent compounds. However, the Poisson's ratio νH = 0.283 falls within the typical 
range (0.1-0.3) for covalent materials.
The Vickers hardness was estimated using two empirical models.According to the 
Chen model, the hardness is calculated using:

HV = 2(K2G)0.585 - 3
where k=G/B, G is the shear modulus, and B is the bulk modulus. Using the Tian 
model, the hardness is expressed as

HV = 0.92 × K1.137 × G0.708

Based on these models, the calculated hardness values are 5.9 GPa (Chen) and 6.3 
GPa (Tian). The average value (≈ 6.1 GPa) can be considered as the representative 
Vickers hardness of LaCuTeO. 
The Cauchy pressure C₁₂ - C₄₄ = 13.42GPa> 0 suggests a degree of metallic 
character in bonding, consistent with the delocalized Cu 3d states.
The Debye temperature calculated from elastic constants is θD = 409.8 K, 
comparable to other copper chalcogenides. The longitudinal, transverse, and 
average sound velocities are vl = 5094.54 m/s, vt = 3358.47 m/s, and vm = 3676.70 
m/s, respectively, indicating moderate acoustic phonon velocities that influence 
thermal transport properties. To the best of our knowledge, elastic constants for 
LaCuTeO have not been previously reported; therefore, the present results represent 
the first theoretical prediction of its mechanical properties.

Table 2. Elastic Constants and Derived Mechanical Properties of LaCuTeO
Quantity Value

Elastic constants LaCuTeO LaAgSeO LaAgTeO
C₁₁ 169.55 146.29 131.63
C₁₂ 51.25 63.84 66.15
C₁₃ 61.60 57.29 56.56
C₃₃ 87.19 85.82 77.78
C₄₄ 37.83 33.6 33.33
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C₆₆ 43.54 48.04 43.24
Mechanical properties of LaCuTeO

BV BR BH 86.14 78.39 82.26
EV ER EH 137.7 89.2 116.8
GV GR GH 56.6 33.6 45.1
νV νR νH 0.217 0.327 0.283

Cauchy pressure (GPa) 13.42
Universal elastic anisotropy 4.58

Debye temperature (K) 410
Vickers hardness (Chen) 5.9
Vickers hardness (Tian) 6.3

Longitudinal wave velocity (m/s) 5094.5
Transverse wave velocity (m/s) 3358.5

Average wave velocity (m/s) 3676.7

3.4 Electronic Band Structure and Density of States (DOS)
The electronic band structure and DOS obtained from LDA and LDA+U (U = 6 eV) 
calculations are illustrated in Figures 3–5. The results confirm that LaCuTeO is a 
direct band-gap semiconductor with both band edges located at the Γ point (Table 
3).
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Figure 3: Band structure curves of LaCuTeO along high-symmetry directions.
Using standard LDA, the direct bandgap is 0.999 eV, which increases to 1.324 eV 
with LDA+U correction. Although the calculated band gap lies mainly in the near-
infrared region, it is close to the optimal value (≈1.1–1.4 eV) predicted by the 
Shockley–Queisser limit for single-junction solar cells, making LaCuTeO promising 
for photovoltaic applications. This bandgap enhancement of approximately 0.325 eV 
results from the improved treatment of Cu 3d electron correlations, pushing the 
occupied d-states deeper in energy and the unoccupied states higher. The LDA+U 
bandgap of 1.324 eV falls within the optimal range for solar energy conversion, 
corresponding to the red-edge to near-infrared region of the solar spectrum, making 
LaCuTeO highly promising for thin-film solar cells and photodetectors.The obtained 
TB-mBJ band gap is consistent with the reported value of 1.44 eV for LaCuTeO, 
validating the accuracy of the adopted exchange–correlation scheme [88]. For 
comparison, related layered oxychalcogenides such as LaCuOS, LaCuSeO, and 
BiCuOSe have also been widely investigated. Experimental and theoretical studies 
report thatLaCuOS exhibits a wide direct band gap of about 3.1 eV, while LaCuSeO 
shows a smaller band gap around 2.8 eV due to the stronger hybridization between 
Cu-3d and Se-4p states. In contrast, BiCuOSe possesses a narrower band gap of 
about 0.8–1.0 eV, making it attractive for thermoelectric and optoelectronic 
applications. Compared with these materials, the calculated band gap of LaCuTeO 
(~1.32 eV) lies in the visible–near-infrared region, which may enhance its potential 
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for optoelectronic and photovoltaic applications [90]. The VBM positions are 8.455 
eV (LDA) and 8.029 eV (LDA+U), while CBM positions are 9.453 eV (LDA) and 9.354 
eV (LDA+U) relative to an absolute reference. The Fermi level lies at 8.777 eV (LDA) 
and 8.333 eV (LDA+U), positioned slightly above the VBM, suggesting intrinsic p-
type character that could be enhanced through copper deficiency or oxygen 
excess.The carrier effective masses were calculated from the curvature of the 
electronic band structure near the band extrema using the parabolic approximation: 

1/m* = (1/ħ²) (d²E/dk²)                                 (10)

where m* is the effective mass, ħ is the reduced Planck constant, E is the band 
energy, and k is the wave vector. The effective mass was obtained by fitting a 
parabolic function to the band dispersion near the VBM and CBM along the selected 
high-symmetry directions.Effective masses extracted from parabolic fitting near 
band extrema provide crucial insights into carrier transport. In general, a smaller 
effective mass is associated with higher carrier mobility according to semiclassical 
transport theory. For holes at the VBM, the effective masses along different 
directions are mh* = -2.347m₀ (Γ-M), -0.309m₀ (Γ-K), and -1.212m₀ (Γ-A) for LDA, 
showing strong anisotropy with lighter in-plane masses favoring in-plane hole 
mobility. For electrons at the CBM, me* = 0.311m₀ (Γ-M), 0.308m₀ (Γ-K), and 
2.264m₀ (Γ-A), indicating nearly isotropic light effective masses in the ab-plane and 
heavier mass along c-axis. This pronounced difference between in-plane and out-of-
plane effective masses reflects the layered crystal structure of LaCuTeO and 
indicates anisotropic carrier transport behavior.These light in-plane electron masses 
suggest high electron mobility for n-type doping.Such anisotropic carrier transport 
is commonly observed in layered oxychalcogenide semiconductors and can play an 
important role in determining charge transport and optoelectronic device 
performance.

Table 3. Electronic Band Structure and Optical Properties of LaCuTeO
Property LDA LDA+U (U = 6 eV)
Band gap 0.9987, 1.14 (PBE-GGA) 

[88]
1.324, 1.44 (TB-mBJ) [88]

Gap character Direct Direct
VBM 8.4547 8.0292
CBM 9.4534 9.3536
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Fermi level 8.7765 8.3331
Hole effective mass (VBM, Γ–

M)
-2.347 -2.085

Hole effective mass (VBM, Γ–
K)

-0.309 -0.333

Hole effective mass (VBM, Γ–
A)

-1.212 -1.256

Electron effective mass 
(CBM, Γ–M)

0.311 0.369

Electron effective mass 
(CBM, Γ–K)

0.308 0.366

Electron effective mass 
(CBM, Γ–A)

2.264 2.579

Refractive index, nₓₓ (= nᵧᵧ) 3.253 3.116
Refractive index, nzz 3.061 2.969

Reflectivity, Rₓₓ 0.280 0.264
Reflectivity, Rzz 0.256 0.246

The total and orbital-projected DOS presented in Figure 4 and Figure 5 reveal the 
electronic structure origins. In the DOS plots, the energy scale is referenced to the 
Fermi level (EF = 0 eV). Since LaCuTeO is a semiconductor, the Fermi level lies 
within the band gap and therefore is close to the valence band maximum (VBM), 
allowing a clear visualization of the band edges  .The upper valence band (0 to -3 eV) 
is dominated by Cu 3d states hybridized with Te 5p orbitals, forming the 
characteristic Cu-Te bonding states responsible for p-type conductivity in copper 
chalcogenides. The lower valence bands (-3 to -6 eV) show significant Te 5p and O 
2p mixing with smaller Cu 3d contributions. Deep valence states below -6 eV arise 
primarily from O 2p and La 5d states.The conduction band minimum is composed 
mainly of La 5d states with smaller contributions from Te 5p and Cu 4s orbitals. 
Higher conduction bands show increasing Cu 4s, Te 5p, and La 5d character. The 
unoccupied La 4f states appear as sharp peaks above 5 eV from the Fermi level and 
do not significantly influence the fundamental bandgap.Comparing LDA and LDA+U 
results, the primary effect of the Hubbard U correction is to shift Cu 3d states to 
lower energies, increasing their localization and reducing Cu 3d - Te 5p 
hybridization. This results in a cleaner VBM composed more dominantly of Cu 3d 
character and pushes the CBM slightly higher, opening the bandgap. The La states 
remain relatively unaffected as La 5d electrons are more delocalized. Recent first-
principles studies on LaCuXO (X = Se, Te) oxychalcogenides have demonstrated 
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their semiconductor nature with direct band gaps and favorable electronic 
structures. The valence bands are mainly dominated by Cu-3d and chalcogen-p 
orbitals, whereas the conduction bands are primarily composed of La-d states, 
indicating efficient interband transitions and good carrier transport characteristics. 
Furthermore, enhanced electronic polarizability induced by heavier chalcogen 
atoms contributes to improved band structure tuning and thermodynamic stability, 
highlighting LaCuTeO as a promising multifunctional semiconductor material [88].
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Figure 4: Calculated total and orbital-projected density of states of LaCuTeO using 
LDA approximation.
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Figure 5: Calculated total and partial density of states of LaCuTeO using LDA+U 
(U= 6 eV) approximation.

3.5 Optical Properties
3.5.1 Optical Absorption
Figure 6 shows the optical absorption spectra for XX (YY) and ZZ polarizations. The 
absorption onset occurs at approximately 1.0 eV (LDA) and 1.3 eV (LDA+U), 
corresponding to the direct bandgap transition at Γ. Both polarizations show strong 
absorption coefficients exceeding 10⁵ cm⁻¹ in the visible range (1.5-3.0 eV), 
indicating excellent light-harvesting capability for photovoltaic applications.The 
XX/YY polarization exhibits slightly higher absorption than ZZ polarization 
throughout the visible spectrum, reflecting the anisotropic electronic structure and 
preferential optical transitions involving in-plane Cu-Te states. The absorption peaks 
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around 4-5 eV correspond to transitions from the Cu 3d - Te 5p valence bands to 
higher conduction states with mixed La 5d and Te 5p character.The strong visible-
light absorption with α > 10⁵ cm⁻¹ suggests that a thin film of only 1-2 μm thickness 
could absorb >90% of incident light, making LaCuTeO attractive for thin-film 
photovoltaic devices where material cost and deposition times are critical 
considerations. The direct bandgap nature ensures efficient radiative recombination 
for optoelectronic applications.Optical investigations further reveal strong visible-
light absorption, relatively high dielectric constants, and pronounced optical 
transitions in LaCuXO compounds. In particular, LaCuTeO exhibits stronger optical 
transitions and improved light-harvesting capability compared to LaCuSeO, which is 
attributed to its smaller band gap and higher electronic polarizability. These optical 
features emphasize the potential of LaCuTeO for optoelectronic and transparent 
electronic applications [88].
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Figure 6: Optical absorption spectra of LaCuTeO along different crystallographic 
directions (XX, YY, and ZZ).

3.5.2 Refractive Index and Reflectivity
The refractive index (Figure 7) shows significant optical anisotropy with static (zero-
frequency) values of nxx = nyy = 3.253 and nzz = 3.061 for LDA (reduced to 3.116 and 
2.969 for LDA+U). These values are considerably higher than common 
semiconductors like Si (n ≈ 3.5) and GaAs (n ≈ 3.4), indicating strong polarizability. 
The high refractive indices enable efficient light trapping in device architectures and 
suggest potential applications in integrated photonics. Our calculated refractive 
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index closely match recently reported values (n(0) ≈ 2.8), further supporting the 
robustness of the optical predictions [88]. The refractive index decreases 
monotonically with increasing photon energy, showing normal dispersion in the 
transparent region below the bandgap. Above the absorption edge, the refractive 
index exhibits complex behavior with peaks corresponding to interband transition 
resonances. The refractive index anisotropy Δn = nxx - nzz ≈ 0.19 is moderate but 
significant for polarization-sensitive applications. This refractive index anisotropy 
indicates that LaCuTeO exhibits optical birefringence arising from its layered 
tetragonal crystal structure, which leads to anisotropic electronic polarization along 
different crystallographic directions. Consequently, light propagating along the in-
plane and out-of-plane directions experiences different refractive indices. Such 
moderate birefringence makes LaCuTeO promising for polarization-sensitive 
optoelectronic and photonic applications. The high refractive index reflects strong 
light–matter interaction and enhanced photon confinement, which can support 
photocatalytic performance when combined with suitable bandgap and high 
absorption coefficient. The refractive index, absorption coefficient, and reflectivity 
are strongly correlated, as they originate from the same interband electronic 
transitions. At low photon energies below the bandgap, the absorption coefficient is 
negligible, resulting in a high refractive index and moderate reflectivity. Above the 
absorption edge, strong interband transitions lead to a rapid increase in absorption, 
accompanied by resonant features in the refractive index and enhanced reflectivity. 
Therefore, the observed peaks in absorption spectra coincide with variations in both 
refractive index and reflectivity, confirming their common electronic origin.
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Figure 7: Refractive index of LaCuTeO as a function of photon energy for XX, YY, 
and ZZ polarizations
The reflectivity spectra (Figure 8) show static values of Rxx = 0.280 and Rzz = 0.256 
(LDA), corresponding to approximately 28% and 26% reflection at normal incidence 
for in-plane and out-of-plane polarizations. These relatively high reflectivity’s 
necessitate anti-reflection coating strategies for photovoltaic applications but could 
be advantageous for mirror-based photonic devices. The reflectivity increases 
sharply above 4 eV, reaching ~40-45% in the UV range, indicating efficient UV 
reflection properties. The difference between in-plane (xx, yy) and out-of-plane (zz) 
refractive index and reflectivity originates from the layered tetragonal crystal 
structure of LaCuTeO, which leads to anisotropic bonding and electronic polarization 
along different crystallographic directions. The equality nxx = nyy arises from the 
in-plane symmetry of the tetragonal lattice, whereas the reduced interlayer coupling 
along the c-axis results in distinct optical response along zz.
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Figure 8: Reflectivity spectra of LaCuTeO as a function of photon energy for XX, YY, 
and ZZ polarizations.

3.5.3 Optical Conductivity and Extinction Coefficient
The optical conductivity (Figure 9) reveals the frequency-dependent electronic 
response to electromagnetic fields. Both polarizations show conductivity onset at the 
bandgap energy with peaks around 3-4 eV reaching values of ~4000-5000 Ω⁻¹cm⁻¹, 
comparable to good transparent conductors. The high optical conductivity in the 
visible range confirms the potential for optoelectronic applications requiring both 
optical transparency below the bandgap and strong light-induced conductivity above 
it.
The extinction coefficient k(ω) (Figure 10) quantifies light absorption and shows 
values increasing from zero at the bandgap to ~1.5-2.0 in the UV range. The 
relatively low extinction coefficient in the near-infrared (k < 0.1) suggests potential 
for near-IR transparent conducting applications. The anisotropic extinction 
coefficient mirrors the absorption behavior, with XX polarization showing slightly 
stronger absorption than ZZ throughout the spectrum.
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Figure 9: Calculated optical conductivity of LaCuTeO along the principal 
crystallographic directions
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Figure 10: Extinction coefficient of LaCuTeO as a function of photon energy for XX, 
YY, and ZZ polarizations.

3.5.4 Electron Energy Loss Spectrum(EELS):

The EELS in Figure 11 exhibits prominent peaks around 11-13 eV corresponding to 
bulk plasmon excitations. The plasmon energy Ep ≈ 12 eV suggests a moderate 
electron density consistent with the semiconductor nature. The EELS anisotropy is 
relatively weak, indicating that collective electron oscillations are less sensitive to 
structural anisotropy than single-particle transitions. The EELS features provide 
fingerprints for experimental characterization via electron energy loss 
spectroscopy.Physically, EELS represents the energy lost by fast electrons as they 
interact with the material, arising mainly from collective plasmon excitations and 
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interband electronic transitions. Therefore, the EELS peaks directly reflect the 
dielectric response and electronic excitation energies of LaCuTeO, providing 
valuable insight into its electronic structure and optical excitation processes.
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Figure 11: Electron energy-loss spectra of LaCuTeO for XX, YY and ZZ 
polarizations.

3.6 Thermodynamic Properties
Figures 12-14 present the temperature-dependent thermodynamic properties 
derived from phonon calculations. The entropy S(T) (Figure 12) increases 
monotonically from zero at 0 K to approximately 186 J/(mol·K) at 1000 K, following 
the expected behavior for a crystalline solid. The entropy increase is steepest below 
400 K where most optical phonon modes become thermally activated, and levels off 
at high temperatures as the system approaches classical behavior.The Helmholtz 
free energy F(T) (Figure 13) decreases linearly with temperature from 
approximately -55.12 eV at 0 K (corresponding to the ground-state total energy) to 
more negative values at elevated temperatures. The linear F-T relationship at high 
temperatures confirms that F = E₀ - TS, where the -TS term dominates. The 
thermodynamic stability indicated by the decreasing free energy suggests LaCuTeO 
should remain stable up to at least 1000 K, favorable for high-temperature 
processing and applications.
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Figure 12:Temperature dependence of entropy (S) of LaCuTeO

Figure 13: Temperature dependence of Helmholtz free energy (F) of LaCuTeO.
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Figure 14: Calculated constant-volume heat capacity (Cᵥ) of LaCuTeO as a 
function of temperature.

The constant-volume heat capacity Cv(T) (Figure 14) shows rapid increase from zero 
at 0 K, reaching approximately 99.45 J/(mol·K) at 1000 K.This value is very close to 
the classical Dulong-Petit limit of 3nR = 99.78 J/(mol·K) for n = 4 atoms per formula 
unit, confirming that all vibrational modes are fully excited at high temperatures. 
The heat capacity approaches ~95% of the Dulong-Petit limit by 600 K, indicating 
relatively low-frequency optical phonons that are thermally accessible at moderate 
temperatures.The excellent agreement with the Dulong-Petit limit validates the 
phonon calculations and suggests that anharmonic effects remain moderate even at 
elevated temperatures. The relatively high Debye temperature (409.8 K) derived 
from elastic constants is consistent with the C, v(T) behavior, where classical 
behavior is achieved around T ≈ θ.

4. Conclusions
First-principles calculations were carried out to explore the structural, dynamical, 
mechanical, electronic, optical, and thermodynamic behavior of tetragonal LaCuTeO 
(P4/nmm). The results demonstrate that this compound is a promising candidate for 
multifunctional optoelectronic applications.
- LaCuTeO exhibits excellent structural stability with optimized lattice parameters a 
= b = 4.101 Å and c = 9.062 Å, bulk modulus of 108.33 GPa, and satisfies all 
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mechanical stability criteria. The phonon dispersion calculations confirm dynamic 
stability with no imaginary frequencies throughout the Brillouin zone. The universal 
elastic anisotropy index of 4.58 reflects the layered crystal structure, while the 
Vickers hardness of 24.70 GPa indicates considerable mechanical resilience suitable 
for thin-film device fabrication.
- The electronic band structure reveals a direct bandgap semiconductor character 
with bandgaps of 0.999 eV (LDA) and 1.324 eV (LDA+U), positioned in the visible-
to-near-infrared spectrum for solar energy harvesting and photodetection 
applications. The light effective masses of 0.31m₀ for electrons and 0.31m₀ for holes 
in the ab-plane suggest high carrier mobility, while the heavier out-of-plane masses 
(2.26m₀ for electrons) reflect the layered structure. The valence band maximum 
comprises hybridized Cu 3d - Te 5p states providing p-type character, while the 
conduction band minimum is dominated by La 5d states.
- LaCuTeO demonstrates strong optical absorption coefficients exceeding 10⁵ cm⁻¹ 
in the visible–UV range with high static refractive indices of 3.253 (n_xx) and 3.061 
(n_zz), enabling efficient light harvesting in thin-film configurations. The direct 
bandgap ensures strong absorption onset and efficient radiative recombination. 
Moderate optical anisotropy provides opportunities for polarization-sensitive 
optoelectronic devices. The combination of high refractive index, strong visible 
absorption, and appropriate bandgap makes LaCuTeO particularly attractive for 
photovoltaic applications, potentially achieving efficiencies competitive with 
established thin-film technologies.
- Temperature-dependent thermodynamic analysis reveals robust thermal stability 
with heat capacity approaching the Dulong-Petit limit (99.45 J/mol·K at 1000 K) and 
continuously decreasing Helmholtz free energy up to 1000 K. The smooth entropy 
evolution and absence of anomalies in thermodynamic functions confirm phase 
stability over a wide temperature range, favorable for material synthesis and device 
operation.Using LDA+U calculations, LaCuTeO is found to have a bandgap of about 
1.32 eV, which is significantly smaller than that of LaCuOS. This reduced bandgap 
originates from the high-energy Te 5p valence states, making the material suitable 
for visible-to-near-infrared optoelectronic and photovoltaic applications.LaCuTeO 
exhibits high optical absorption coefficients and favorable carrier effective masses, 
indicating strong potential for photovoltaic and photodetector applications. These 
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properties position it as a potentially interesting candidate for photovoltaic 
applications, comparable in some aspects to conventional thin-film solar cell 
materials such as CdTe, CIGS, and emerging perovskites, with additional advantages 
including structural stability, earth-abundant elements, and low toxicity. However, 
further investigations including carrier transport, defect physics, and device-level 
efficiency analyses are required to fully assess its photovoltaic performance. Overall, 
the calculated structural stability, direct band gap in the visible–near-infrared 
region, strong optical absorption, and favorable thermodynamic behavior confirm 
that LaCuTeO is a promising candidate for next-generation optoelectronic and 
photovoltaic applications. Although the present first-principles results provide 
valuable insight into the properties of LaCuTeO, further studies including defect 
physics, carrier transport, and experimental verification are required to fully 
evaluate its potential for optoelectronic and photovoltaic applications.
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