
Submit Manuscript | http://medcraveonline.com

Introduction
Recently, the search for new materials with advanced electrical, 

mechanical, and optical characteristics of high efficiency has 
been done on complex oxides,1 in particular, high-temperature 
superconductor (HTSC) type oxides, and in this general group, they 
have focused mainly on rare-earth barium copper oxides, abbreviated 
as REBa₂Cu₃O₇₋δ or RE-123.2 For instance, EuBa₂Cu₃O₆.₆; this rare-
earth europium (Eu) compound is an exciting, occasionally forgotten 
candidate with practical application potential.3,4

Compared to its elemental cousins, it possesses a magnetic and 
electronic signature because its 4f electron shell is only partially filled 
with electrons.5 Due to this exotic property, EuBa₂Cu₃O₆.₆ not only 
serves as a candidate for superconductivity but also has promising 
applications for magneto-optical and spintronic applications,6 as its 
oxygen content is O₆.₆, and is therefore located in the underdoped 
part of the superconducting phase diagram. Thus, investigating its 
fundamental structural and physical traits is important to unveil its 
promising uses in quantum devices, high-tech magnetic sensors, 
energy-efficient electronic systems, etc.7,8

EuBa₂Cu₃O₆.₆, which has a strong effect on its overall stability, 
electronic band structure, and stress response.9,10 Its orthorhombic 
crystal structure is mainly determined by oxygen vacancies in the 
copper-oxygen chains, which drive most charge carriers and phonons. 
This information is highly prevalent in thin-film applications, 
particularly in thin-film systems and in structural applications 
for cryogenic environments with components under significant 
mechanical stress. Hence, we need to examine what it does when it is 
stretched or compressed.11–13

EuBa₂Cu₃O₆.₆ is a significant component of the optical 
performance in photonics and optoelectronics, including dielectric 
performance, refractive index, and absorption coefficient. Its 
correlation with electromagnetic radiation across a wide range of 

energies is extremely important, and cooperation may help advance 
the development of optical sensors, transparent conductive layers, 
and far-infrared detectors.14,15 Density Functional Theory (DFT) is the 
applied approach in this work due to its ability to characterize the 
structure, mechanics, and optical properties of EuBa₂Cu₃O₆.₆. And, 
at this point, the basic idea is to get predictions and benchmarks. Such 
benchmarks may be appropriate for further experimental research and 
real-world applications.

Despite vast theoretical investigation into REBa₂Cu₃O₇₋δ 
superconductors, the role of Eu-based compounds has been less 
explored, given the strong correlation between Eu–4f electrons, 
which needs to be considered in addition to the traditional DFT 
methods. We focused specifically on underdoped EuBa₂Cu₃O₆.₆ 
(δ ≈ 0.4) composition in which oxygen deficiency is crucial for 
structural distortion alteration, as well as electronic behavior and 
superconducting characteristics.

In contrast to previous research that focuses mostly on fully 
oxygenated systems or ignores magnetic contributions, the present 
work employs a spin-polarized GGA+U approach to effectively 
account for the localized Eu 4f states. Moreover, the structural, 
mechanical, and optical properties are examined at length and compared 
to experimental data. This unified approach offers a comprehensive 
perspective for studying the correlations among oxygen vacancies, the 
electronic structure, and functionality in Eu-based high-temperature 
superconductors for next-generation technological applications.

Computational method
In our quest to understand the enigmatic compound EuBa₂Cu₃O₆.₆, 

we tested Density Functional Theory (DFT), which is an important 
and proven computational methodology based on the Vienna Ab initio 
Simulation Package (VASP). After this, to describe the structures in 
particular in our computation setup. The interaction between electrons 
and ions was treated using the projector-augmented wave (PAW) 
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Abstract

The property of a high-temperature superconductor EuBa₂Cu₃O₆.₆, using spin-polarised 
density functional theory. The details, particularly smoothing out the problems caused by 
the Eu 4f electrons. So far, we have implemented the orthorhombic crystal structure, and 
this data indicates rock-solid mechanical stability. We tested the material extensively and 
analyzed its behavior and properties under stress, including elastic anisotropy. On the other 
hand, considering its optical properties, the results were interesting in the visible spectrum. 
The preference was for transparency, and the absorption peaks were easily observed. 
Hence, this whole light interaction phenomenon strongly suggests that EuBa₂Cu₃O₆.₆ 
might indeed be one of its dominant roles in optoelectronics, and the results from Density 
Functional Theory have good agreement with reality.

Keywords: density function theory, superconductor, mechanical properties, optical 
properties, structural properties.
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method. We used the Generalized Gradient Approximation (GGA), 
specifically the Perdew-Burke-Ernzerhof (PBE) functional, for the 
exchange-correlation potential. Because Europium contains mostly 
localized 4f electrons, we opted for GGA+U, so that we had U = 6.0 
eV for the Eu-4f orbitals, allowing Coulomb interactions at these 
sites. We also increased the plane-wave cutoff energy to a decent 600 
eV to enhance results.16,17

The Hubbard U value of 6.0 eV for Eu–4f orbitals has been utilized 
as it is reported in previous DFT+U studies on rare-earth oxides and 
cuprates, where U values in the 5–7 eV range offered an accurate 
description of localized f-electron behavior. This selection ensures 
the appropriate treatment of on-site Coulomb interactions and avoids 
the contrived delocalization of Eu–4f states within the standard GGA 
framework.18,19

We generated the Brillouin zone, a map of electron behavior, via 
the Monkhorst-Pack k-point mesh. It resembles a grid spread over the 
zone. The initial grid size required was 8×8×8. Once we calculated 
the electronic and optical properties, we scaled the grid resolution to 
a finer 12×12×12 grid. However, our convergence criteria were very 
strict, honestly aiming for a maximum of 10⁻⁵ eV for total energy and 
0.01 eV/Å for atomic forces.20,21

To ensure the reliability of the calculated properties, systematic 
convergence tests were performed with respect to plane-wave 
cutoff energy and k-point sampling. The total energy converged to 
within 1 meV per atom for cutoff energies ≥ 600 eV. Therefore, the 
chosen computational parameters are adequate to ensure numerical 
accuracy.22,23

This stage of the experiment involved the orthorhombic phase of 
the parent compound EuBa₂Cu₃O₇₋δ (δ = 0.4), in order to get the 
O₆.₆ stoichiometry. Atomic positions and lattice parameters were left 
entirely constant (as mass conditions were), until forces and total 
energies converged,18 Using a finite-strain approach, we probed the 
lattice and investigated the elastic constants to get a sense of how 
the structure reacted. By looking at the stress-strain relations through 
them, we were able to predict the mechanical properties, including the 
bulk modulus, shear modulus, and Young’s modulus, by the Voigt-
Reuss-Hill approximation technique.24,25

So on one hand, after the optimization of the optical properties, 
we computed the complex dielectric function ε(ω) = ε₁(ω) + iε₂(ω). 
The imaginary, ε₂(ω), represents light absorption and originates 
from interband changes, which include the pesky momentum matrix 
elements. The basic part, ε₁(ω), related to refraction, was determined 
by the Kramers-Kronig transformation. This enabled us to investigate 
other optical parameters, such as refractive index, absorption 
coefficient, and energy-loss function.26 All our calculations were 
performed at 0 K. Furthermore, because Europium is magnetic, we 
accounted for it by using spin-polarized configurations. For this, we 
primarily wanted an insight into the anisotropic mechanical behavior 
and optical behaviors of EuBa₂Cu₃O₆.₆ in the visible and ultraviolet 
bands.27,28

Since the Eu–4f orbitals were partially filled, the work applied 
a spin-polarised calculation. For the self-consistent cycle, Eu atoms 
were assigned initial magnetic moments to allow for spin splitting. 
A ferromagnetic configuration was first considered, and the system 
was permitted to relax to an energetically favorable magnetic state. 
By using this method, they ensure that exchange interactions are 
properly reflected and their effects on electronic or optical properties 
are correctly accounted for.

Results and discussions
Structural properties of EuBa₂Cu₃O₆.₆

EuBa₂Cu₃O₆.₆, with its orthorhombic crystal structure and P4/
mmm space group, is a particularly interesting high-temperature 
superconductor. Since DFT calculations involve lattice constants and 
unit cell volumes, researchers have devoted much-needed effort to 
understanding their characteristics. DFT calculations show that the 
optimized structure has orthorhombic symmetry, consistent with real-
world crystallographic results. 

Based on the Generalized Gradient Approximation (GGA) model 
with the Perdew-Burke-Ernzerhof (PBE) functional, it is concluded 
that the lattice constants are around (1) a = 3.836 Å, (2) b = 3.870 
Å, and (3) c = 11.660 Å (Table 1). Note that these values are usually 
slightly underestimated compared to experimental results, and this is 
the norm with approximations based on GGA. This underestimation 
presumably depends on neglecting van der Waals interactions and, 
importantly, the strong correlation effect of the 4f electrons found in 
europium.

Table 1 Structural Parameters of EuBa₂Cu₃O₆.₆, (DFT vs Experimental).

Parameters DFT (GGA-
PBE) Experimental Reference

Lattice constant 
a (Å)

3.836 3.849 29

Lattice constant 
b (Å) 3.87 3.887 29

Lattice constant 
c (Å) 11.66 11.682 29

Unit Cell Volume 
(Å³) 173.34 174.54 29

Space Group Orthorhombic 
(P4/mmm)

Orthorhombic 
(P4/mmm)

29

Experimental lattice constants are presented in Table 1 with the 
corresponding values a = 3.849 Å, b = 3.887 Å, and c = 11.682 
Å.29 All of these measurements vary slightly and depend on the 
quantities of oxygen contained as well as the specific synthesis step 
employed. The DFT unit cell volume of approximately 173.34 Å³ is 
close to the experimentally obtained value of 174.54 Å³.29 The close 
agreement between theory and experimental results convinces us that 
these calculations accurately reflect the orthorhombic stability of 
EuBa₂Cu₃O₆ in the majority of cases.

For EuBa₂Cu₃O₆.₆ with an oxygen content of x ≈ 0.6, the crystal 
group P4/mmm (No. 47) indicates the orthorhombic phase for the 
lattice. This symmetry is attributed to the ordered vacancies of oxygen 
in the Cu–O chains which result in the anisotropic deformation of 
the lattice. Unlike fully oxygenated species with tetragonal symmetry 
(P4/mmm), the oxygen-deficient phase studied here maintains 
orthorhombic ordering, leading to a pronounced effect on its structural 
and electronic properties.

Now, if x is approximately 0.6, we typically get (often) the ortho-II 
phase. Here, we mean that we have Cu–O chains that are alternately 
full or empty along the b-axis, like an on-off pattern. This ordering 
gives rise to a type of superstructure within the orthorhombic lattice, 
though in most cases the overall symmetry is still described as P4/
mmm. That being said, some research has shown possible slight 
deviations from this, or even modulated structures, due to local 
oxygen ordering. It makes sense that, depending on the material’s 
manufacturing and characterization, slight symmetry loss may occur, 
either to the Cmmm or even the tetragonal subgroups. But P4/mmm 
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seems to be still the most common and generally reported space group 
for EuBa₂Cu₃O₆.₆ (Figure 1). 

Figure 1 Structural image of EuBa₂Cu₃O₆.₆.

Mechanical properties of EuBa₂Cu₃O₆.₆

The response of EuBa₂Cu₃O₆.₆ under pressure is significant, 
particularly since it is critical for superconducting devices that require 
structural integrity. We examined its elasticity using Density Functional 
Theory (DFT) with the Generalized Gradient Approximation (GGA) 
and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional. This enabled us to identify important properties such as 
the bulk modulus (B), shear modulus (G), and Young’s modulus (E), 
which illustrate how the material reacts to different types of stress. We 
also calculated Poisson’s ratio (ν).

Since EuBa₂Cu₃O₆.₆ we had to calculate nine elastic constants: 
C₁₁, C₂₂, C₃₃, C₄₄, C₅₅, C₆₆, C₁₂, C₁₃, and C₂₃. Each of these values met 
the mechanical stability requirement of orthorhombic crystals (the 
mechanical state of the material). From the bulk modulus perspective, 
our estimated value is 92 GPa, which we can confidently confirm as it 
is very close to the experimental 95 ± 2 GPa.21 As for Young’s modulus 
and shear modulus, EuBa₂Cu₃O₆.₆ performs much more rigidly and 
is somewhat anisotropic in nature. At last, central interatomic forces 
(about 0.28) determine the Poisson ratio’s properties. In my opinion, 
these physical properties make it an attractive material to study 
further. DFT calculations confirm the findings of experiments: that 
this DFT solution is reliable and generalizable.

The observed mechanical anisotropy in EuBa₂Cu₃O₆.₆ comes 
from its layered crystal structure and directional bonding. Strong 
covalent bonding at the Cu–O planes, which are primarily responsible 
for superconducting behavior, means that the in-plane orientations (a 
and b axes) are stiffer. On the other hand, bonding along the c-axis 
is weak due to oxygen vacancies and ionic interactions involving 
the Eu and Ba atoms. Such variation is reflected in the anisotropic 
elastic constants (C₁₁ ≠ C₃₃) as resistance to deformation varies 
along different crystallographic directions. This anisotropic behavior 
is common for high-temperature cuprate superconductors and very 
important for their mechanical stability (Table 2).

Table 2 Mechanical Properties of EuBa₂Cu₃O₆.₆ (DFT vs Experimental)

Property
DFT 
(This 
Work)

Experimental 
Value Reference

Bulk Modulus, B (GPa) 92 95 ± 2 30

Shear Modulus, G (GPa) 56 58 ± 3 30

Young’s Modulus, E (GPa) 137 140 ± 5 30

Poisson’s Ratio, ν 0.28 0.27–0.29 30

Elastic Constant C₁₁ (GPa) 165 167 31

Elastic Constant C₂₂ (GPa) 173 175 31

Elastic Constant C₃₃ (GPa) 155 156 31

Elastic Constant C₄₄ (GPa) 55 56 31

Elastic Constant C₅₅ (GPa) 53 55 31

Elastic Constant C₆₆ (GPa) 51 53 31

Elastic Constants C₁₂ (GPa) 49 50 31

Elastic Constants C₁₃ (GPa) 47 48 31

Elastic Constants C₂₃ (GPa) 45 46 31

Optical properties of EuBa₂Cu₃O₆.₆

In Table 3, we compare these DFT calculations with literature-
based experimental data, primarily for optical properties. First is 
the static refractive index. We arrive at 2.65 by performing our DFT 
calculation. This value is interestingly close to the experimental 
value of 2.7. However, at low photon energies, the theoretical model 
accounts for the material’s dielectric response. The DFT-estimated 
peak absorption energy of 4.1 eV closely matches the experimental 
value of approximately 4.0 eV. The accuracy of our model in 
predicting optical absorptive behavior is moderate. 

Table 3 Refractive Index and Absorption Coefficient (DFT vs Experimental).

Property DFT (This Work) Experimental32

Static refractive index n 2.65 2.7
Peak absorption (eV) 4.1 4
Optical bandgap (eV) 1.8 (indirect) 1.6–2.0

We can now calculate the optical bandgap. According to DFT 
calculations, it is indirect at about 1.8 eV. Interestingly, this value is in 
agreement with the experimentally reported range of approximately 
1.6-2.0 eV. In conclusion, in general, theory and experiment show 
good correspondence for these crucial parameters; the refractive 
index, absorbance peak, and bandgap energy show good agreement 
under these conditions. In a large, methodologically speaking, this 
one generally confirms the computational methodology implemented 
here and shows that it is successful in the optical description of the 
specific material we are studying.

The strong absorption peak at about 4.1 eV results from interband 
electronic transitions mainly including O 2p states in the valence 
band and Cu 3d states in the conduction band. These transitions 
are characteristic of cuprate superconductors, owing to the strong 
hybridization between Cu–3d and O–2p orbitals that governs the 
optical response. Furthermore, localized Eu–4f states contribute to 
higher-energy transitions, though their effect is less pronounced near 
the Fermi level due to their localization. Strong ultraviolet absorption 
suggests significant electronic excitation processes, which make the 
material suitable for optoelectronic applications.

Structural, mechanical, and optical features of EuBa₂Cu₃O₆.₆ are 
linked to the electronic structure and the bonding properties in which 
it functions above. As a result of the strong covalent hybridization 
between Cu–3d and O–2p orbitals on the Cu–O planes, mechanical 
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stiffness and optical transitions are controllable in this material. The 
corresponding local Eu–4f electrons, in turn, lead to correlation effects 
that indicate the magnetic and electronic properties. Oxygen vacancies 
also influence electrical density distributions that distort the lattice 
configuration and/or elevate or diminish the carrier concentration. 
These covalent bonding, ionic interactions, and electron correlation 
interactions constitute the basic composition of EuBa₂Cu₃O₆.₆ and 
their multifunctional properties.

The mechanical behavior of EuBa₂Cu₃O₆.₆ is highly anisotropic 
when you apply the theory on a layered orthorhombic crystal structure 
and direction-dependent bonding effects towards it. Cu–O planes with 
strong covalent interaction lead to higher stiffness in a–b directions, 
and on the other hand, weaker ionic bonding, oxygen vacancies in 
the c-axis also generate lower stiffness, which is manifested as elastic 
constants (C₁₁, C₂₂ ≠, C₃₃).

Its anisotropic elastic behavior is a characteristic feature of cuprate 
superconductors that is critical to their mechanical stability during 
operation. Furthermore, the comparison with the corresponding 
systems REBa₂Cu₃O₇₋δ comprising the YBa₂Cu₃O₇₋δ shows that 
EuBa₂Cu₃O₆.₆ results in a smaller bulk modulus given the lack of 
oxygen, but also follows a general trend of layered high-temperature 
superconductors. These results demonstrate that mechanical 
properties are dictated by interactions between a strong Cu–O 
covalent bond, weaker interlayer interactions, and oxygen-vacancy-
induced structural deformation.

Dielectric function curve of EuBa₂Cu₃O₆.₆

EuBa₂Cu₃O₆.₆ The frequency-dependent complex dielectric 
function of EuBa₂Cu₃O₆.₆ is shown in Figure 2, which is made of the 
real (ε₁) and imaginary (ε₂) elements in proportion to the photon 
energy. The ε₁(ω) of the real part is relatively large (~6) when photon 
energies are low, implying the high electronic polarization and 
dielectric response of the material. With increased photon energy, 
ε₁(ω) decreases, and the polarization gradually decreases; the binding 
effect of electrons at higher energies dissipates. A weak dispersion 
was observed at 2–3 eV, reflecting a transition into electronic fields.

Figure 2 Frequency-dependent real (ε₁(ω)) and imaginary (ε₂(ω)) parts of 
the dielectric function of EuBa₂Cu₃O₆.₆ as a function of photon energy.

Optical absorption, represented by the imaginary part ε₂(ω), 
exhibits a very large peak at ~4.1 eV. This peak is attributed to 
interband electronic transitions, mainly from O–2p states in the 
valence band to Cu–3d states in the conduction band, and reflects 
the high hybridization of the Cu–O planes. A poor shoulder at low 

energies (~1.5 eV) points to small changes at the boundary of the band. 
ε₂(ω) decreases dramatically beyond ~5 eV, indicating that absorption 
diminishes at high photon energies. With total dielectric behavior, 
it was possible to prove that EuBa₂Cu₃O₆.₆ has a strong visible-
light field and a strong ultraviolet band, with its optical response 
dependent on the Cu–O bonding behavior and electronic structure. 
This material’s position makes it a candidate for optoelectronic and 
photonic applications.

Absorption spectra of EuBa₂Cu₃O₆.₆

In the optical absorption coefficient of EuBa₂Cu₃O₆.₆, as a function 
of photon energy Figure 3, we can directly know about the electronic 
transition mechanisms as well as band structure characteristics in this 
material. It is a region in the absorption sequence that varies with 
different excitation processes. Low-energy regions (~0-2 eV) exhibit 
extremely low absorption coefficients and thus few optical transitions 
near the band-edge. It can be seen that optical transitions depend on 
phonon support at an indirect band gap (~1.8 eV), resulting in lower 
absorption intensity. 

Figure 3 Optical absorption spectrum of EuBa₂Cu₃O₆.₆ as a function of 
photon energy.

The short shoulder observed at ∼1.5 eV can be attributed to either 
sub-band-gap transitions or defects caused by oxygen vacancies in the 
Cu–O chains. Arguably, the absorption peak is nearly centered at ∼4.1 
eV, a key point for the fundamental interband transition. The peak 
is mainly caused by electronic transitions from the O–2p–dominated 
valence band to the Cu–3d-dominated conduction band. The high 
intensities of this peak indicate a significant high-temperature cuprate 
superconductor hybridization of Cu and O orbitals in the CuO₂ planes. 

This transition drives the prominent optical activity in the 
ultraviolet space. On the upper side (~5–6 eV), a secondary, broader 
peak is observed. This is indicative of deeper electronic transitions 
involving higher-energy electronic states, Ba-related states, and 
weakly interacting Eu–4f orbitals. The gradual reduction in absorption 
beyond here indicates that the available electronic states for further 
transitions have decreased. In sum, the absorption spectrum shows 
that: EuBa₂Cu₃O₆.₆ is characterized by robust optical absorption under 
ultraviolet irradiance by Cu–O bonding interactions and is subject to 
oxygen vacancy-enhanced electronic states. The extensive primary 
and secondary absorption characteristics of the material imply a more 
complex electronic structure, making it suitable for use as a coating 
for optoelectronic devices, UV detectors, and photonic systems.

Conclusion
The structure, mechanics, and optical responses of EuBa₂Cu₃O₆.₆ 

underwent a full spin-polarized, GGA+U-based Density Functional 
Theory analysis. The orthorhombic optimized structure agrees closely 
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with the measurement, which indicates that the on-site Coulomb 
interaction (U = 6 eV) must be integrated into the solution in order to 
properly characterize the local energy Eu–4f states and their influence 
on the electronic architecture. The physical characterization showed 
the material to satisfy all structural orthorhombic stability conditions, 
in particular, the sharp elastic anisotropy due to intense covalent 
Cu–O binding in the ab-plane and the relatively weaker c-dimensional 
ionic interactions.

This directional bonding demonstrates that EuBa₂Cu₃O₆.₆ not 
only provides support for structurability under anisotropic stresses, 
but is also important for thin-film superconducting structures and in 
cryogenic device environments. From an application standpoint, this 
compound’s moderate bulk moduli and anisotropic elasticity could be 
employed in mechanically stable superconducting coatings, flexible 
electronic substrates, and stacked heterostructures where strain 
modification can be used in combination to tune the configuration. The 
optical results of the material also indicate a high dielectric response 
and a large ultraviolet absorption capacity of the material, where most 
of it is concentrated at the O–2p→Cu–3d transients (O–2p→Cu–3d), 
a possible mode of optical integration based on an indirect bandgap 
(~1.8 eV) and refractive index (~2.65).

 EuBa₂Cu₃O₆.₆ is a suitable material to be a candidate for 
multiple-use devices of such products, including superconducting 
photodetectors, UV-reactive coatings, transparent conductive bands, 
and hybrid quantum optoelectronic devices. Crucially, the oxygen 
vacancies and the Eu–4f location of electrons affect the electronic 
and optical responses, which can be controlled and used to design 
materials by doping with desired amounts of material or tuning the 
O₂ stoichiometry. This allows for the optimization of charge-carrier 
concentrations, the characterization of superconducting transition 
behavior, and the selective optical absorption in a given wavelength 
regime, as described previously. 

Such correlation could not only prove the strength of the 
computational technology and the predictability for material design. 
In this paper, a full structure–property theory approach was presented 
for EuBa₂Cu₃O₆.₆ and paves the way for future superconducting 
technology, energy-saving transmission systems, and new 
optoelectronic applications. Pressure effects, strain tuning, and 
defect engineering are additional potential issues in further research, 
for EuBa₂Cu₃O₆.₆ to the high-performance quantum and energy 
applications.
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