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Abstract 

This study presents a theoretical investigation of the structural, mechanical, electronic, optical, 

thermodynamic, and plasmonic properties of the Ruddlesden–Popper phase X2CeO4 compounds 

(X = Mg, Sr, and Ba). The calculated electronic band structures indicate direct or indirect band 

gaps ranging from 1.9 to 2.3 eV, confirming the semiconductor nature of these materials and 

highlighting their significant potential for solar and optoelectronic applications. The optical 

analysis reveals the high optical conductivity (4500 to 6500 Ω-1cm-1), the dielectric constant 

between 4 and 6, an absorption coefficient of around 105 cm-1, and a refractive index of 2 to 2.5 in 

the visible to near-ultraviolet spectrum, supporting their usage in optoelectronic, photonic, and 

flexible electronic devices. The thermodynamic characteristics of X2CeO4 indicate enhanced 
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thermal stability above 900 K: as temperature increases, the materials expand in volume and 

increase in entropy, while their Gibbs Free Energy decreases, thereby improving thermal stability. 

Moreover, the Mg2CeO4 exhibits a somewhat elevated zT (0.9) at room temperature. This work 

highlights the multifunctional properties of X2CeO4 compounds and proposes their use in next-

generation plasmonic, optoelectronic, and photovoltaic applications. 

Keywords: Layered perovskites; Ruddlesden–Popper phase; Rare earth cerates; DFT; 

Optoelectronics 

1. Introduction 

In recent decades, technical breakthroughs in engineering operations and daily living have 

frequently been attended with an increase in environmental deterioration. In response to that urgent 

issue, intelligent energy structures along with renewable energy technologies have arisen as viable 

replacements, chiefly because of their capacity to substantially diminish destructive emissions 

throughout operation [1, 2]. Among the diverse renewable energy alternatives suggested to 

facilitate sustainable technological advancement, wind, geothermal, as well as tidal energy emerge 

as significant contributors [3, 4]. Light energy has gained significant importance, constituting the 

greatest proportion of executed renewable energy projects worldwide. In the field of solar 

innovations, photovoltaic (PV) technology has emerged as the greatest extensively utilized [5-7]. 

Their appeal arises from both their cost-effectiveness and their simplicity of installation, as well 

as their little maintenance needs. In the last thirty years, photovoltaic technology has experienced 

significant advancements in its technological capabilities and applications [8-10]. Photovoltaic 

technology has a unique characteristic that differentiates it from alternative renewable sources of 

energy sources and solar-centric systems specifically [11]. Although several renewable resources 



are increasingly integrated into the worldwide energy framework, their efficiency is mostly 

constrained by the attributes of the source rather than the application domain [12]. Conversely, PV 

classifications operate as application-specific energy sources, providing enhanced versatility as 

well as integration possibilities across multiple sectors [13]. Historically, photovoltaic technology 

has been utilized in aircraft missions to energize satellites and is currently being investigated for 

airline propulsion systems. This degree of adaptability is rarely observed in additional renewable 

sources like geothermal, wind, and wave energy, which are constrained by environmental along 

with locational factors [14]. Oxide-based luminous materials have been extensively investigated 

owing to their inherent qualities, which are often modified by altering compositions for appropriate 

substitutes or by uniquely integrating desirable characteristics [15]. Danielson et al. discovered 

that a novel oxide-based blue phosphor (Sr2CeO4) demonstrates blue-white illumination attributed 

to the charge transfer (CT) process [16]. As a significant member of oxide-based luminescent 

materials, Sr2CeO4 is an effective photoluminescent material [17, 18], making it suitable for the 

production of optoelectronic devices, including blue-emitting lamp phosphors, photoluminescent 

as well as electroluminescent devices. Strontium cerium oxide (Sr2CeO4) is a member of the RPP 

family of layered perovskite materials, defined by the generic chemical formula Aₙ₊₁BₙO₃ₙ₊₁. In 

this formula, A generally signifies alkaline earth metals, B indicates transition metals, along with 

n is an integer (n = 1, 2, 3, …). The materials in this course are recognized for their many uses in 

energy storage along with conversion technologies. Notably, Sr2CeO4 has demonstrated promising 

properties as a solid electrolytes in solid-state fuel cell cells (SOFCs), which efficiently transform 

chemical energy into electrical energy [19]. Beyond electrochemical purposes, RPP compounds 

display considerable optical characteristics, making them appropriate for use in laser devices, 

optical waveguides, along with photodetectors [20]. Talik et al. discovered that Sr2CeO4 acts as a 



luminous material, exhibiting charge-transfer (CT) illumination of Ce4+ ions when activated by 

ultraviolet (UV) radiation at ambient temperature [21]. Additionally, photoluminescence response 

of Sr2CeO4 was investigated by Danielson et. al, revealing an energy transfer process between O2− 

and Ce4+ ions inside one-dimensional chains produced by edge-sharing CeO6 octahedra [16]. 

Undoped Sr2CeO4 is a promising blue-emitting phosphor with great thermal as well as chemical 

stability and outstanding optical characteristics [22]. Despite these discoveries, the extant literature 

has limited, extensive research on the physical characteristics of these molecules. Therefore, it was 

considered worthwhile to predict cation exchange X2CeO4 Under identical settings, compare the 

structural, electrical, along with optical properties. Here in the current manuscript, we studied the 

X2CeO4 (X = Mg, Sr, Ba) Compounds using a DFT approach, and the derived values of electronic 

characteristics such as bandgaps provided insight into their nature, allowing their use in PV and 

optoelectronic applications. Furthermore, spectral region-dependent optical properties such as 

dielectric function, reflectivity, refractive index, absorption, loss function, as well as optical 

conductivity have been estimated for these materials. Furthermore, thermodynamic aspects are 

studied, which are fundamental needs for optoelectronic applications. 

2. Computational methodology 

The most extensively utilized first principal approach was used to explore a variety of physical 

properties, including structural and electronic (density of states, band-structure), thermodynamic, 

and the optical analysis include real and imaginary dielectric functions, reflectivity, refractive 

index, absorption, extinction coefficient, optical conductivity, along with loss function. The 

WIEN2K [23] code was used to apply Perdew Burke Ernzerhof (PBE-sol) exchange-correlation-

function, the periodic condition, and Generalized-Gradient-Approximation (GGA) of DFT 

computations [24] utilizing the mBJ [25] potential to precisely determine the electronic 



structure. Optimized parameters obtained from geometry optimization of the unit cell with 

Murnaghan Equation of state fitting [26] and forces minimization were used to calculate the SCF 

for density of states (DOS), band structure, and optical properties. KPOINTS convergence [27] 

was achieved using a 2000-point K-mesh (12 × 12 × 12); To make sure accuracy, the k-point mesh 

used in the electronic band structure calculations was enhanced as 20 × 20 × 20 with denser 

measurement at high symmetry points. To ensure that precision, parameters such as RMT × Kmax 

(K-vector), (muffin-tin radius) = 7, Gmax (Gaussian factor) = 18, and lmax (angular momentum 

vector) = 10 were rigorously chosen based on estimated values that converged on 10−4 Ry [28]. We 

have also calculated the formation energy Ef of the studied compounds as reported earlier [29-31] 

3. Results and discussion 

3.1 Crystal structure and stability 

Fig. 1 depicts the orthorhombic crystal structure of X₂CeO₄ materials, with X representing Mg, Sr, 

and Ba, computed by the Pbam space group and consisting of 14 atoms per unit cell. The structural 

model utilized for this investigation aligns with the optimum structure of mp-15743. The unit cell 

model of the crystal is also illustrated in Fig.1 for enhanced visualization. The optimized lattice 

constants for each variation of X₂CeO₄ exhibiting orthorhombic symmetry are presented in Table 

1.  



 

Fig.1. Unit cell crystal structure of X2CeO4 (X = Mg, Sr, Ba) compounds. 

Table 1 demonstrates that the crystal structure undergoes a gradual expansion with the 

incorporation of various tetravalent atoms, adhering to the following sequence: Ba₂CeO₄ > 

Sr₂CeO₄ > Mg₂CeO₄. This variation is mostly ascribed to the discrepancies in the ionic radii of the 

replaced tetravalent cations [32]. Magnesium (Mg2+) has the shortest ionic radius 72pm, while 

barium (Ba2+) has a comparatively greater ionic radius 135pm. Accordingly, the Ba₂CeO₄ material 

demonstrates the greatest lattice parameters, while the Sr₂CeO₄ and Mg₂CeO₄ compounds exhibit 

considerably lesser values, confirming the observed structural trend. The Fig. 2 represents the 

energy versus volume optimization curves of the ternary cerates of Mg2CeO4, Sr2CeO4, and 

Ba2CeO4 with the intention of determining the stable equilibrium states. The minima of the curve 

of each of the parabolic curves can be used (by equating the calculated energy points to an equation 

of state) to define the equilibrium unit cell volume at which the material should be in its most 

energy-stable state [33]. The equilibrium volume of the solution of the Ba2CeO4 Fig.(c) is far more 

in the order of 1740 (a.u)3 compared to that of Mg2 CeO4, Sr2CeO4, Fig(a-b) at about 1320 (a.u)3 

which is directly related to the higher ionic radius of Barium compared to Magnesium. 



 

Fig.2. The volume optimization plot of (a) Mg2CeO4, (b) Sr2CeO4, and (c) Ba2CeO4 

Table 1. Optimized lattice parameters and lattice constants of X2CeO4 (X = Mg, Sr, Ba) compounds 

Materials          a (Å) b (Å) c (Å) α/β/γ Band gap      Ef Ref 

Mg2CeO4 5.80 9.80 3.43 90 1.9 eV -4.51  This work 

Sr2CeO4 6.12 10.34 3.61 90 2.3 eV -4.99 [34, 35] 

Ba2CeO4 6.36 10.76 3.76 90 2.0 eV -4.83 This work 

 

The mechanical behavior and elastic constants of these Ruddlesden–Popper cerate compounds 

were computed using the first principles calculations. The elastic constants (second order) are 

derived from the application of a small strain. The mechanical stability conditions under the Born 

stability criteria for orthorhombic crystals C11, C22, C33 > 0, C44, C55, C66 > 0, C11 + C22 – 2C12 > 

0, C11 + C33 -2C13 > 0, and C22 + C33 -2C23 > 0 are satisfied for all the three configurations. The 

Cij parameters of X2CeO4, (X = Mg, Sr, Ba) are listed below in table 2. 

Table 2. The Cij parameters and some mechanical aspects of X2CeO4, (X = Mg, Sr, Ba).  
Compounds C11 C22 C33 C12 C13 C23 C44 C55 C66 

Mg2CeO4 174.953 205.597 240.139 64.298 65.279 95.059 67.665 16.974 31.155 

Sr2CeO4 194.089 128.927 206.630 68.998 59.078 80.543 59.497 35.199 48.530 



Ba2CeO4 168.804 116.890 174.671 84.393 62.861 74.817 49.266 30.975 42.404 

 

Bulk modulus, Shear modulus, Young’s modulus and Poisson ratio were calculated using Voigt 

approximations given as;  𝐵 = 11ܥ) 19  + 12ܥ  + 33ܥ  + 12ܥ)2 + 13ܥ  +  (1)                  ((23ܥ 

ܩ = 11ܥ) 115  12ܥ + + 33ܥ  − 12ܥ) + 13ܥ  + (23ܥ  + 44ܥ)3 + 55ܥ  +  (2)                ((66ܥ 

ܧ =  9𝐵3ܩ𝐵 + ܩ                  (3) 

And ݒ =  3𝐵 − 3𝐵)2ܩ2 +  (4)                           (ܩ

The evaluated values of elastic moduli are listed in table 3. 

 Table 3. The calculated elastic moduli of X2CeO4, (X = Mg, Sr, Ba) using Voigt approximation. 
Mechanical Parameters Mg2CeO4 Sr2CeO4 Ba2CeO4 

Bulk modulus (B) 134.3 105.2 105.6 

Shear modulus (G) 71.6 50.0 47.5 

Young’s modulus (E) 178.5 128.5 123.2 

Poisson ratio (v) 0.247 0.295 0.299 

Anisotropy index (AU) 2.85 1.70 1.53 

 

The B exceeded G in all the cases, indicating the compounds under investigation exhibit greater 

resistance to volumetric deformation compared to shape deformation. However, it is noted that 

Mg2CeO4 exhibits the highest elastic moduli ratios referring it as the stiffest compositions among 

the three owing to its smallest ionic radius. The anisotropic index also suggests a gradual transition 

from highly anisotropic to relatively isotropic trend as we substitute the A-site cation from Mg → 

Sr  → Ba. The Poisson’s ratio further validates this trend indicating a transition towards more 

ductility (B/G > 1.75) with increasing A-site cation radius.  These mechanical trends can be directly 

corelated to the structural characteristics i.e smaller the cation radius leads to the higher stiffness 

due to shorter bond lengths. 

Figure 3 shows the three-dimensional plots of linear compressibility, Poisson ratio, shear modulus, 

and Young’s modulus of ELATE analysis to completely analyze the anisotropy of elasticity of 



Mg2CeO4, Sr2CeO4, and Ba2CeO4. The fact that these surfaces are not perfectly symmetrical in 

terms of their spherical symmetry is used to show how much the elastic response is directionally 

dependent. The linear compressibility surfaces in figure 3 (a) indicate that the Mg2CeO4 is usually 

ellipsoidal in shape with symmetry. This implies that it is capable of tackling hydrostatic 

compression of all angles. On the other hand, the geometries of Sr2CeO4, and Ba2CeO4 (figure 3b 

and 3c) are increasingly deformed with substantial extension along some crystallographic axes. 

This implies that they are anisotropic and soft in certain directions. This graph indicates that 

compressibility anisotropy gradually increases with the progression of Mg2CeO4 to Ba2CeO4. The 

A-site cation has an ionic radius that increases the size of the lattice and weakens the bond strength. 

This is consistent with other earlier research on the perovskite-related materials [36, 37]. This trend 

is supported by the Poisson ratio. The margins of Mg2CeO4 are even and smooth, indicating that 

the elastic properties of Mg2CeO4 are stable, and somewhat anisotropic. Conversely, the shape of 

Sr2CeO4, and Ba2CeO4 is not regular. The shear modulus surfaces suggest that Mg2CeO4 has a 

relatively compact and less deformed geometry, which is associated with increased isotropic 

resistance to shear deformation. On the other hand, Sr2CeO4, and Ba2CeO4 exhibit significant 

distortions of certain soft and hard orientations, highlighting increased elastic heterogeneity and 

reduced shear resistance of specific planes. The Young's modulus surfaces offer additional 

understanding of the directional stiffness of these materials. The distribution of Mg2CeO4 is highly 

anisotropic with a strong sense of elongation implying strong rigidity along some directions and 

relative softness in others. Conversely, Sr2CeO4 is more heterogeneous in its stiffness profile 

compared to Ba2CeO4 which has a more homogeneous, albeit smaller, surface suggesting an 

overall decrease in stiffness. The observed reduction in stiffness of Mg2CeO4 to Ba2CeO4 is 

associated with the increase in lattice parameters and weakening of the interatomic interaction of 

larger A-site cations. 



 

Fig 3. 2D and 3D representations of spatial dimensions parameters of X2CeO4 (X = Mg, Sr, Ba). 

 

Such findings reveal that elastic anisotropy continues to rise in a systematic fashion with cation 

size, but mechanical stiffness decreases, which highlight the substantial effects of ionic substitution 

on the mechanical characteristics of such compounds in possible applications in optoelectronic 



and structural devices. These findings are further supported by known anisotropy measures, such 

as the universal anisotropy index and the Voigt-Reuss-Hill approximations [4-6]. 

The phonon dispersion relations for orthorhombic X₂CeO₄ (where X = Mg, Sr, and Ba) materials 

were computed at high-symmetry locations in the Brillouin zone across a frequency spectrum of 

0 to 20 THz, as illustrated in Fig. 4(a–c). The derived phonon band spectra along the high 

symmetry directions (Γ–X–S–Y–U–R–Z) of the Brillouin zone demonstrates the absence of 

imaginary frequencies at the gamma-point, demonstrating the dynamic stability of the compounds 

[38], as depicted in Fig. 4(a–c). The slight differences in the phonon branching among the 

compounds are due to differences in atomic mass and bond strength, and are seen to be smaller for 

the heavier alkaline-earth elements. The calculated phonon spectra show that these orthorhombic 

cerates are structurally stable and have a favorable lattice dynamic.  

 

Fig 4. The computed Phonon spectra for X2CeO4 (X = Mg, Sr, Ba). 

 

Furthermore ab-initio molecular dynamic simulations are shown below in figure 5, to ascertain the 

thermodynamic stability of X2CeO4 (X = Mg, Sr, Ba), we conducted the ab-initio molecular 

dynamic simulations [30] from the total energy profiles of Mg₂CeO₄, Sr₂CeO₄, and Ba₂CeO₄, and 

the total energy changes over the time interval of 5 ps, confirms the three compounds are thermally 

stable demonstrated in figures 5(a), 5(b) and 5(c) respectively. The cumulative energy fluctuates 

around -95.5 eV for Mg₂CeO₄ (approximately -96.0 to -94.9 eV), -101.1 eV for Sr₂CeO₄ (around 

-101.25 to -100.95 eV), and -100.2 eV for Ba₂CeO₄ (about -100.55 to -99.95 eV) with no 

significant energy variation. They are caused by small temperature fluctuations and atomic 

motions that occur at a non-zero temperature, and not by breaking or changing the structure. The 

crystal lattices are found to be preserved throughout the simulation and hence the average energy 

values are seen to be stable throughout in all the three orthorhombic cerates, which exhibits the 

thermal stability and durability of all the three orthorhombic cerates. 

 



 

Fig 5. The AIMD simulation for X2CeO4 (X = Mg, Sr, Ba). 

 



3.2 Electronic structure analysis  

The bandgaps calculated using both the PBE along with TB-mBJ functional techniques are 

presented in Table 1. The TB-mBJ functional provided more accurate computed bandgap energies 

in comparison to experimental and theoretical values than those derived via PBE [34, 35, 39].  

 

Fig 6. The electronic band structures and total DOS for X2CeO4 (X = Mg, Sr, Ba) 

To obtain a deeper understanding of the electronic properties of the material X2CeO4 (X = Mg, Sr, 

Ba), we examined the electronic band structure as well as density of states (states/eV). The total 

density of states (DOS) along with band structure of X2CeO4 (X = Mg, Sr, Ba) were shown in Fig. 

6. The energy range for the band structure along with total density of states (TDOS) graphs is from 

4 eV to -4 eV. In the energy band configuration separation, the dashed line denotes the Fermi level 

or zero line in both Figures [40]. The electrical band structures of X2CeO4 (X = Mg, Sr, Ba) 

compounds are evaluated along high symmetry lines, as illustrated in Fig. 6. The Fig. 6 illustrates 

the band structures with band gaps of 1.9 eV, 2.3 eV, and 2.0 eV for the X2CeO4 (X = Mg, Sr, Ba) 



compounds, computed using the GGA+mBJ method. The main component of the valence band is 

the O-2p states, and the main component of conduction band is the Ce-4f/5d states, which indicates 

that the O-2p states to the Ce-d/f orbital hybridization are the key electronic transitions. Alkaline-

earth cation (Mg, Sr, Ba) changes cause substantial changes in band dispersion and density of 

states properties, which characterizes changes in the lattice parameters and conditions of bonding. 

The obtained effects allow concluding that electronic structure of X2CeO4 can be adjusted using 

appropriate cation substitution. The computed band structures of the materials illustrate the 

electronic transitions among the valence as well as conduction bands along high-symmetry 

trajectories in the involved Brillouin zone (IBZ), offering insights into the electrical characteristics 

of materials [41]. Each compound exhibits conduction band minima along with valence band 

maxima between the high-symmetry points T and X, indicating that the compounds possess either 

direct or indirect band structures [42]. The emergence of distinct peaks in the absorption bands is 

signified by electronic transitions among the valence band and conduction band sub-energy levels 

[43]. An indirect electronic band gap transition happens when the high-symmetry positions of the 

valence band maximum (VBM) as well as conduction band minimum (CBM) diverge; conversely, 

a direct electronic band gap transition occurs when these positions coincide [44]. Fig. 4(c) 

illustrates that the Ba2CeO4 compound has an indirect band structure, whereas band structures of 

Mg2CeO4, and Sr2CeO4, compounds are direct. The band gaps of these materials indicate their 

suitability for optoelectronic devices. The quantity of distinct energy states inhabited by electrons 

at a specific energy level is referred to as the Total Density of States (TDOS), representing the 

number of electronic states per unit volume per unit energy [45]. This function delineates 

fundamental properties of conductive compounds, paramagnetic susceptibility, encompassing 

specific heat, and many transport phenomena [46]. The TDOS simulations along with the total 

delivery state as a function of energy can be utilized to determine the energy band arrangement in 

semiconductors. Fig. 6 illustrates the electronic placement of the energy spectrum for each material 

as a function of the total density of states (TDOS) data. 



 

Figure 7: PDOS of (a) Mg2CeO4, (b) Sr2CeO4, and (c) Ba2CeO4 

The PDOS of Mg₂CeO₄ shows that the valence band (-3 to 0 eV) is mainly composed of O-2p 

states with a maximum around 4.3 states/eV near the region of −0.5 eV. The Ce-4f states barely 

interact with the occupied part of the band and are tightly confined in the conduction band between 

2.7 and 3.5 eV, where there are clear peaks with around 10 states/eV. At high energy levels (6-12 

eV) the Ce-5d levels dominate with wide peaks at 1.5-1.7 states/eV. The lack of states at the Fermi 

level substantiates the semiconducting characteristics of Mg₂CeO₄, but the Mg-s orbitals have a 

minimal impact on the electronic configuration. 

In figure 7b the O-2p orbitals play the major role in the valence band of Sr₂CeO₄, showing peak 

(about 4.4 states/eV) at about −0.4 eV. The absence of any states at the Fermi energy confirms the 

semiconducting properties. The Ce-4f peaks are also very prominent in the conduction band of the 

energy range 1.8 to 2.8 eV, reaching almost above15 states/eV, indicating more localization in the 

conduction band than in Mg₂CeO₄. The conduction band between 6 and 12 eV is largely made up 



of the Ce-5d states, while the contribution from the Sr-s orbitals is small throughout the energy 

range. 

The valence band of the PDOS of Ba₂CeO₄ is shown to be mainly composed of O-2p states, 

although the peak intensity of these states (at about 2.5–2.7 states/eV) is lower than that of 

Mg₂CeO₄ and Sr₂CeO₄. Like the other substances, there are no electronic states at the Fermi level, 

which indicates semiconducting properties. The Ce-5d states are present in the higher energy 

conduction region (6-12 eV) showing more widespread characteristics while Ce-4f states dominate 

the lower conduction band (2-3 eV) with well-defined peaks of ~15 states/eV. Also, the 

contribution is small in the Ba-s states, suggesting that the electrical properties depend mainly on 

the Ce and O orbitals. 

The electronic configuration of these compounds is mainly determined by the Ce–O interaction, 

while the change of A-site cation slightly changes the strength and position of the electronic states 

while keeping the semiconducting properties unchanged. 

3.3 Optical response and dielectric function  

The optical response of X₂CeO₄ compounds is characterized by the frequency- dependent complex 

dielectric function, ε(ω) = ε₁(ω) + iε₂(ω), as illustrated in Fig. 8. The real part of the dielectric 

constant ε₁(ω), determines the polarization and dispersive attributes of these materials X2CeO4 (X 

= Mg, Sr, Ba). In Fig. 8(a), it can be seen that all three compounds show a rapid increase in the 

value of epsilon ε₁(ω) at low wavelengths followed by a multiplicity of significant peaks, which 

are an indication of electronic transitions in the crystal lattice [47]. Ba₂CeO₄ (green line), has a 

peak of roughly 5.2 at about 180nm while Sr₂CeO₄ (red line), shows a peak of about 5.0 at about 

150nm. It is significant to note that the peak of Mg₂CeO₄ (bluish line) has a much broader peak, 

with the peak at a higher value of around 5.1 at a much higher wavelength of about 450 nm. The 

high scores in the visible spectrum show that such materials have a strong ability to store 

electromagnetic energy which makes them suitable in optical applications. The imaginary term, 

which is the absorption of energy, and the beginning of electronic excitation is specified by the 

imaginary term, the epsilon ε₂(ω) [48]. Fig. 8(b) indicates that the highest energy peaks in the 

absorption spectrum were observed at the deep UV region, most probably caused by the transfer 

of charge between the oxygen atom and the cerium atom. The Fig. 8(b) of Ba₂CeO₄ presented the 

strongest absorption, having a major absorption peak of approximately 5.5 and a minor absorption 



peak of 3.0. On the other hand, the absorption pattern of 2.7 is deep and at 300 nm with Sr₂CeO₄ 

2.7 but in the case of Mg₂CeO₄ 2.6 it is at 350 nm. The gradual shifting of these peaks to longer 

wavelengths as the cation size increases, i.e. Magnesium to Barium, indicates a direct modulation 

of the electronic bandgap which is a major property of these layered materials. 

 

Fig 8. The calculated (a) real part 1(), (b) imaginary part 2(), (c) refractive index n(), (d) 

the extinction co-efficient k(), (e) Optical Conductivity ס(), (f) Absorption Coefficient α(),  

(g) reflectivity R(), and (h) Loss Function L() for X2CeO4 (X = Mg, Sr, Ba) 

The refractive index, n(ω) describes the phase velocity of light passing through a compound and 

is closely related to the real part of dielectric function [49]. Fig. 8(c) represents that the refractive 

index of the three compounds, Mg₂CeO₄, Sr₂CeO₄, and Ba₂CeO₄ has a significant change in the 

ultraviolet region before stabilizing in the visible region. Ba₂CeO₄ (green line) has a dominating 

peak at 2.4 at around 150 nm and also a peak at 2.2 at 450 nm, whereas Sr₂CeO₄ (red line) has a 

peak value High values of the quantity n(ω) in the spectrum of visible light (between 1.8 and 2.2) 



define that these materials are efficient in refracting and confining light, which is an important 

requirement in high-efficiency phosphors.  The extinction coefficient, k(ω) represents the loss of 

energy that is due to absorption as light travels through the material [50]. Fig. 8(d) shows that the 

values of k(ω) are highest at the ultraviolet regime confirming that the materials are strong UV 

absorbers and A secondary peak of 0.8 in the wavelength of about 280 nm. Ba₂CeO₄, Mg₂CeO₄, 

has a broader absorption spectrum with a peak of 0.7 at approximately 320 nm. The rapid decrease 

in the values of k(ω) of the material towards the visible spectrum (at wavelengths longer than 500 

nm) confirms that these materials become transparent to the visible light waves, allowing the blue-

white light to escape the crystal without refreezing. The absorption coefficient is denoted by α(ω), 

and it is the ability of some materials to absorb incident photons of a certain energy [51]. Fig. 8(e) 

indicates that all three compounds show a strong absorption in the ultraviolet region, i.e., denotes 

a charge transfer transition between the oxygen atom and cerium atom. A strong main absorption 

edge with a high value of approximately 140×104cm-1 the deep ultraviolet region that is followed 

by secondary peaks at 35×104cm-1 in the 280 nm region show that the compounds demonstrate 

significant absorption at the ultraviolet region. At the same time, Mg₂CeO₄ (blue line) has a peak 

of 100×104cm-1 at the shortest wavelengths and a shoulder of 35×104cm-1 located at 320 nm. This 

high decrease in absorption with a decrease in wavelength towards the range of the visible 

spectrum indicates that the materials exhibit remarkable transparency to the emitted blue light [52]. 

The proportions of incident light reflected by the surface of the material are reflected in the 

reflectivity R(ω) spectrum, denoted by R [53]. Fig. 8(f) exhibits that the reflectivity is relatively 

low across the entire spectrum of light, which is beneficial at light-emitting applications because 

it allows high light to be transmitted or emitted instead of being reflected. The reflectivity peaks 

with values of about (25%) in the ultraviolet region and 0.17 in the 280 nm. In all three compounds, 

reflectivity is minimal (less than 0.12) in the visible range at wavelengths longer than 400 nm 

(which is one of the most important optical properties of these stacked perovskites). One of the 

crucial quantities that describes the collective oscillations of valence electrons, which are known 

as plasmons, is the electron energy loss function L(ω) [54]. Fig. 8(g) displays that the energy loss 

of all three materials is characterized by a series of sharp peaks in the UV region that represent the 

energy levels of the materials most prone to energy loss by electronic excitations. Ba₂CeO₄ (green 

line) has a strong energy loss peak at 280 nm, Sr₂CeO₄ (red line) at 220 nm and a secondary feature 

that is roughly at 260 nm, and Mg₂CeO₄ (blue line) has a broader peak This shifting of these peaks 



to longer wavelengths as Mg is replaced by Ba means that the plasma frequency is reduced when 

the volume of the lattice of the layered perovskite is increased. Optical conductivity σ(ω) is a 

property that defines the conductivity of a material to electrical conductivity when it is exposed to 

the alternating electromagnetic field with the frequency [54]. The conductivity is greatest at the 

high-energy UV band, where photon energy is sufficient to excite electrons over the bandgap. In 

Ba₂CeO₄, there is a main peak of approximately 6500 (Ohm-1cm-1) in the deep ultraviolet region, 

with a secondary peak of 1500 (Ohm-1cm-1) at 280 nm. In Sr₂CeO₄, the primary peak is 6000 (Ohm-

1cm-1) with a minor local High value of conductivity in the ultraviolet range, followed by a very 

strong decrease at visible ranges, confirm the idea that these materials are insulators in the visible 

spectrum but very active in the ultraviolet excitation, essential to their operation as blue phosphors. 

Optical observation of Mg₂CeO₄, Sr₂CeO₄ and Ba₂CeO₄ on Fig.6(a-h) indicates that there is strong 

electromagnetic interaction in the UV and good transparency in the visible spectrum. Its real 

dielectric function, as well as its refractive index represent polarizability and ability to bend light, 

with the highest values of 5.0-5.2 and 2.2-2.4 respectively. The theoretical dielectric component, 

element, absorption coefficient as well as optical conductivity, suggest high UV absorptions, 

particularly in the Ba₂CeO₄, which is almost 6500 (Ohm-1Cm-1). The energy loss properties of the 

crystal lattice, the energy loss function (L) and the reflectivity (R), indicate that within the visual 

range, energy dissipation and surface reflections are minimal and light is able to propagate and 

escape the crystal lattice without interference [55]. Ruddlesden-Popper (RP) overlaid perovskites 

are optimum blue phosphors owing to the fact that the self-activated light of these phosphors is 

facilitated by a structural sandwich arrangement. Excitation energy is confined in the localized 

chain of octahedral chains of the material, CeO6 [56], because of the one-dimensional RP phase 

traps (n=1) (graph e). This confined energy undergoes a charge transfer shift which produces blue-

to Cynan light approximately at 470 nm. The high transparency of the materials in the visible 

domain prevents re-absorption and results in a high-intensity, efficient emission that is useful in 

advanced lighting systems. 

3.4 Charge density and chemical bonding  

Charge density (which is commonly denoted as the ρ(r) is the point of focus in the context of 

Density Functional Theory (DFT). Conventional quantum mechanics focuses on the complex 



many-body wavefunction, but DFT makes the problem simpler by focusing on the spatial 

distribution of electrons [57]. 

 

Fig 9. Electronic charge density of X2CeO4 (X = Mg, Sr, Ba) 

The Fig.9 is a representation of the charge density (ݎ)ߩ around the ions of Magnesium (Mg), 

Strontium, Barium and Cerium (Ce). The density appears in the form of clearly sharp concentric 

circles around the atoms. This is due to the fact that, cation and its charge to radius ratio is high, 

thus its electrons are strongly held. The resulting effect of this is that the electron cloud around 

magnesium is highly condensed. There are large white or low-density spaces between the atoms, 

which signifies not a lot of shares of electrons among Mg and O atoms. Instead, most of the 

electrons are bonded to the oxygen nuclei. It means that the affection within the material is mainly 

ionic. The charge density can be determined quantitatively as the sum of squares of the occupied 

Kohn Sham orbitals which can be written as:  

ρ(r) = ∑ |ψi(r)|²            (1)                                                         

The fact that there are no bridges between the lines of the contours means that there is no sharing 

of electrons by atoms. As a result, the electric attraction of the ions is the major force of bonding 

which is typical of ionic bonding [58]. The Fig.9 depicts the effect of the replacement of 

Magnesium by Strontium Sr. With a further movement along the periodic table, the atom of 

Sr₂CeO₄ has more electron shells, as it can be seen in the fact that the contour clusters are bigger 

in diameter. Being significant towards the neighboring Oxygen or Cerium atoms, the outside 

contour lines the valence regions show a slight extension. This indicates a shift where the bond is 

more ionic but also begins to be slightly covalent. The overlap of the electronic distributions of the 

cation and anion site is slightly higher in this case than in the combination of Mg. The change in 



density distribution has a direct effect on the lattice constant and bulk modulus of the material due 

to the fact that the softer Sr ions under pressure, allow distinct electron interactions. The Barium 

ions, which carry the largest electronic footprint of the series in the concluding panel of Ba₂CeO₄ 

are the Barium ions. The contour lines are greatly more scattered and the same area bears most of 

the "necking" (to circles to oval or tear-drop shapes). In this picture it is shown that a compound 

is most polarizable and that is Ba₂CeO₄. There is an increase in the density of the interstitial areas 

and this suggests that the electrons are not localized to one nucleus as much as that of magnesium. 

This change can be considered using the Charge Density Difference equation: Δρ(r) = ρbulk(r) − 

∑ρatom(r). All in this plot, the Δρ(r) implies that a lot of charge has been concentrated in the regions 

between the atoms of Barium and O, such that the Barium-O bond has a more complex electronic 

structure that can contribute to the unique luminous and dielectric properties are commonly seen 

in Barium-based cerates. Briefly, the charge density plots using DFT reveal that the reduction in 

the dominance of ionic bonding in Mg₂CeO₄ is replaced by increased polarizability and covalent 

nature in Ba₂CeO₄ with the increase in size of the cation. The distribution directly defines structural 

stability of the material and its electronic properties. 

3.5 Phase stability and thermodynamic functions  

Thermodynamics is the law that regulates the interaction of energy, temperature, work and heat in 

a system [59]. It explains the basic laws of energy transfer and conversion, why certain physical 

processes are spontaneous and some demand the input of some external energy. Thermodynamics 

assists scientists and engineers to anticipate matters with varying pressures and temperatures by 

relating the minute atomic movements to the macroscopic observations [60]. The Fig. 10(a) 

demonstrates the variation of G with temperature between 0 and 900 K. G refers to the chemical 

stability of a material phase at a specific temperature and pressure in thermodynamics. Non-linear 

Gibbs Free Energy of all three materials decreases with temperature. This decrease is attributed to 

the fact that the term of entropy (-TS) is more pertinent with increase in temperature. The molecule 

with the greatest or the lowest negative Gibbs Free Energy values in all temperatures is the 

molecule Mg2CeO4 (blue line). 



 

Fig 10. (a) Gibbs free energy, (b) Entropy, (c) Cv, (d) Volume, (e) Debye temperature, (f) 

Enthalpy, and (g) of X2CeO4 (X = Mg, Sr, Ba). 

It begins at 60 kJ/mol at 0 K and decreases to -285 kJ/mol at 900 K. The Gibbs Free Energy values 

of the green line (Ba2CeO4) are the lowest. It starts with a value of approximately 50 kJ/mol in 0K, 

and decreases to -410 kJ/mol in 900K, the most negative value of all the materials. The barium-

based compound gets more thermodynamically stable with increase in temperature compared to 

that at 0K. The Fig. 10(b) displays the entropy that is a measure of the thermal disturbance of the 

crystal lattice. The Third Law of Thermodynamics was that the entropy of all three compounds 

initially equals 0 J/mol K at absolute zero (0K). The increase in entropy is due to the activation of 



phonon at a high temperature. The graphs indicate that the greater the alkaline earth metals, the 

greater the entropy at a particular temperature. The maximum value of entropy is 600 J/mol.K at 

900 K, 750 J/mol.K at 900 K, and 820 J/mol.K at 900 K, respectively. Constant volume heat 

capacity which is represented as the Fig. 10(c) is used to determine the amount of heat mandatory 

to rise the temperature of a substance but the amount of space that the substance occupies does not 

change. Below the temperature (T < 300 K) the curves grow rapidly, and follows the T3 law of 

power as one would expect in a solid-state material. When the temperature gets close to 900 K, 

curves are flattened and close to the classic Dulong-Petit limit. At low temperature, there are 

different tendencies of materials with the increase of Ba2CeO4 being the fastest. All the three curves 

converge as temperature increases. All the three materials reach plateau of about 345 J/mol.K at 

900 K which means that the crystal lattice vibrational modes are practically fully stimulated. The 

Fig. 10(d) indicates the thermal expansion of the three materials. The higher the temperature, the 

stronger is the vibration of atoms, and the bigger is the unit cell volume (V) of 0 K to 900 K. The 

materials are arranged according to the size of alkaline earth cation (X = Mg, Sr, Ba). Mg2CeO4 

(blue) possesses the least and smallest structure beginning at 1350 bohr3 and rising up to about 

1400 bohr3. The middle one is Sr2CeO4 (red), with a diameter of approximately 1650 bohr3. 

Ba2CeO4 (green) is the largest cation and its volume is the highest, which begins to be 1800 bohr3 

and increases to 1880 bohr3 at 900 K. In Fig. 10(e) debye temperature is used to measure crystal 

lattice stiffness. Other properties, in contrast to Theta, ΘD increases slightly with temperature 

because of lattice softening. The highest point of Debye temperature is 555 K at 0K and is reduced 

to 505K at 900K in Mg2CeO4 which shows highest interatomic bonding. Ba2CeO4, on the other 

hand, has the lowest Debye temperature and it begins at 385 K and lower to 350 K. The decreasing 

ΘD constant of the barium compound corresponds to the increased entropy in Fig. 10(b), where the 

softer lattices allow the atoms to vibrate. The heat content or enthalpy of the system is indicated 

on Fig. 10(f).  At 0 K, the internal energy of the crystal forms the base energy of all three materials. 

As the temperature increases, the enthalpy value increases gradually. The three materials have a 

similar pattern but deviate slightly at high temperatures. The highest enthalpy of all three 

compounds is obtained at 900 K at 330 kJ/mol. Such an upward trend is identical to the Gibbs Free 

Energy downward trend in Fig. 10(a), indicating absorption of thermal energy. Heat capacity at 

constant pressure (Cp) is similar to Cv (graph c), Cp increases strongly at low temperatures and 

then flattens. CP is a little higher than CV at high temperatures, since here CP contains the thermal 



expansion energy. At 900 K, all three materials attain a peak value of almost 390 J/mol/K. Owing 

to the green line (Ba2CeO4) being a bit higher at the low temperatures, it attains thermal saturation 

sooner than magnesium or strontium compounds. Thermodynamic examination of X2CeO4 (X = 

Mg, Sr, Ba) shows that when temperature exceeds 900 K, the materials would tend to expand in 

their volume and increase in the entropy, but the Gibbs Free Energy of the materials would 

decrease, indicating the improvement of thermal stability. 

3.6 Thermoelectric transport coefficients  

Advancement in this field heavily relies on the Density Functional Theory (DFT) combined with 

Boltzmann transport equations to predict electronic and vibrational properties [61]. With the 

calculation of the Seebeck coefficient, electrical conductivity, along with thermal conductivity, it 

is possible to identify high-performing materials to adopt waste heat recovery as well as solid-state 

cooling applications [62]. In Fig. 11(a-c) electrical conductivity of the relaxation time of X2CeO4 

(X = Mg, Sr, Ba) yielded a significant impact on the material composition and chemical potential 

(Ef) with the peaks indicating areas of high carrier density relative to transport. After comparing 

the graphs, it can be seen that Mg2CeO4 has the smallest magnitude with its peak value of almost 

10191/Ωms at Ef at approximately -2.0 Ry (a). On the other hand, the transport properties of 

Sr2CeO4 are much better, with the maximum of the same being approximately 7.0 ×1019 1/Ωms at 

the same Fermi level (b). Finally, the significant difference between the peaks of Ba2CeO4 -6.5 × 

1019 1/Ωms at Ef = -2.0 Ry and all other three show uniformly low conductivity in the middle 

region around Ef = 0 Ry, thus confirming the semiconducting nature of these compounds, in which 

the band gap hinders movement of charge carriers. Fig. 11(d-f) show electronic thermal 

conductivity alienated by the relaxation time (κe/τ) of X2CeO4 (X = Mg, Sr, Ba), respectively. The 

following Fig. demonstrate heat flux due to charge carriers between chemical potentials of 

different values, and a direct correlation between the electrical conductivity distributions in the 

previous Fig. The conductivity in Mg2CeO4 (d) is quite modest, the highest value of about 0.3 

×1014 W/mKs at 200K just below Ef = -2.0 Ry. On the other hand, Sr2CeO4 (e) exhibits 

significantly better heat transmission with the highest heat transmission being at about 2.8 ×1014 

W/mKs at the same level of energy. Finally, the maximum value of Ba2CeO4 (f) is approximately 

0.3 ×1014 W/mKs at Ef -2.0 Ry. Values of all three materials consistently increase with temperature, 

which can be confirmed by the color, that is, green (200 K) to red (400 K) and purple (600 K), 



decreasing to almost zero in the band gap region around Ef = 0 Ry, thus confirming the 

semiconducting nature in which the free carriers are absent and electronic thermal transport is 

heavily inhibited. 

 

Fig 11.  Calculated (a-c) electrical conductivity  (στ), (d-f) thermal conductivity, (g-i) Seebeck 

coefficients (S) of X2CeO4 (X = Mg, Sr, Ba). 

The Seebeck coefficient (S) of X2CeO4 (X = Mg, Sr, Ba) in the existence of a temperature gradient 

in the crystal, indicative of the preponderant type of carrier, is shown in panels (g), (h) and (i). The 

observed two-polar signature in these plots is that as holes are the dominant carriers (negative Ef) 

and the reverse is also true (positive Ef). There is a sharp discontinuity across the band gap, where 

the material becomes more of a p-type rather than an n-type material. A peak value of 2.0 to 3.0 

mV/K is attained by all three compounds with particular regard to lower temperatures (as indicated 

by the green line at 200K). Conversely, the elevated temperatures curves (red 400K and purple 



600K) have smaller heights of the peaks and broadened profiles, which can be explained by the 

increased thermal activation of minorities that balance the Seebeck voltage. On comparison, it is 

observed that Mg2CeO4 and Ba2CeO4 have similar maxima magnitudes around 3.0 mV/K, whereas 

Sr2CeO4 has a slightly different profile, showing that again, the three have the same semi-

conducting mechanism, but their respective band structure influences the precise magnitude and 

sensitivity of the thermoelectric response. Their unique electronic band structures determine the 

thermoelectric performance of X2CeO4 (X = Mg, Sr, Ba) in terms of their electronic conductivity, 

thermal conductivity along with the Seebeck coefficient. Both ratios, which are the ratios of σ/τ to 

κe/τ, show that there is sufficiently of carrier availability and thermal transport capacity above the 

band gap but the Seebeck coefficient is bipolar, which confirms that the material has 

semiconducting characteristics. 

 

Fig. 12. Calculated (a-c) Cv, (d-f) PF (g-i) of X2CeO4 (X = Mg, Sr, Ba). 



The specific heat at constant volume (Cv) is represented in the graph (a), (b), and (c) in fig 12. The 

three materials that were analyzed show that specific heat is directly proportional to temperature 

in all three instances. Those purple curves that represent 600 K always yield the best results 

followed by the red curves that represent 400 K, and the green curves that represent 200 K, which 

are at the bottom. Moreover, the three compounds have a distinct valley where Cv decreases to 

zero near the Fermi energy (Ef = 0 Ry), which is the energy gap of the materials, and in which 

case, there are no electronic states that can absorb thermal energy. Analyses of the exact values of 

the maximum temperature of 600 K allow a direct comparison of their capacities. In graph (a) of 

Mg2CeO4, the specific heat shows a peak near -30 on the negative side of the Fermi energy, with 

a maximum of about 47 near 1.6 Ry on the positive side. Graph (b) shows that Sr2CeO4 reaches 

strong peak of approximately 43 on the far negative axis at -2 Ry and a peak of approximately 45 

on the positive axis. The Ba2CeO4 graph (c) is shifted up the y-axis to fit the higher values; the 

highest value is approximately 49 on the negative side and its maximum value is on the entire data 

set is approximately 54 at about 1.3 Ry.  

Ba2CeO4 comes out as the most unchallenged leader in defining the best specific heat as the 

material with the highest capacity. It is always the highest overall in terms of value of Cv with the 

highest value of 54 at 600 K. This indicates that the compound containing Barium has a higher 

density of states to undergo thermal excitation compared to the magnesium and Strontium 

counterparts. 

The calculated Power Factor (PF) of the 3 materials versus Fermi energy at different temperatures 

is plotted in graphs (d), (e), and (f). The power factor of graph (d) of Mg2CeO4 has a strong peak 

on the negative side of Fermi energy around -1.4 Ry, with a peak of about 2.4 at 600 K. A 

significant improvement in the negative axis can be observed in graph (e) of Sr2CeO4 with the 

peak value of the curve reaching almost 4 at 600 K, which is significantly different compared to 

both other compounds. The performance of Ba2CeO4 in graph (f) is more moderate, with the apex 

located on the negative axis towards -1.0 Ry and reaching a value of about 2.2 at 600 K. In the 

three materials, power factor generally increases with temperature, but there are large sharp spikes 

in the lowest temperature on the positive energy side (200 K). When comparing the three materials 

directly, Sr2CeO4 clearly shows higher values of power factor, reaching its highest 4.0, which is 

approximately twice that of the other two materials. The exceptionally high-power factor makes 



the Strontium-based compound the most likely competitor of the three to work in practice as a 

thermoelectric power generator. 

The three compounds are shown by their dimensionless figure of merit (zT), represented by graphs 

(g), (h), and (i) and this is the ultimate parameter of thermoelectric conversion efficiency in the 

three compounds. The zT value peaks with a value of 1.0 at graph (g) of Mg2CeO4 with vast 

plateaus between -1.0 and -0.4 Ry on the negative axis and between 0.2 and 0.9 Ry on the positive 

axis. In graph (h) of Sr2CeO4 the compound reaches a maximum zT value of 1.0, with an extremely 

wide negative plateau with a negative plateau value ranging between -1.1 and -0.1 Ry and a 

positive plateau value ranging between 0.1 and 1.1 Ry. Ba2CeO4 exhibits a peak zT of 1.0 in graph 

(i), with a steady plateau of about -1.0 to -0.1 Ry and another of 0.2 to 0.8 Ry on the positive axis. 

After evaluating the materials with the best zT values, all three are spectacular since they reach the 

highest theoretical limit of 1.0 in the assessments. However, Sr2CeO4 can be considered the best 

in general owing to the fact that it has much wider ranges of efficiencies than the other options. 

This wider plateau gives a more convenient energy range to chemical doping and Fermi level 

adjustment in the process of making thermoelectric devices. 

4. Conclusions 

This study gives a complete theoretical examination of the structural, mechanical, electrical, 

optical, thermodynamic, and plasmonic features of the Ruddlesden-Popper phase X2CeO4 (X = 

Mg, Sr, and Ba) compounds. The calculated electronic band structures show that these materials 

have direct band gaps ranging from 1.9 to 2.3 eV, classifying them as semiconductors and 

emphasizing their potential for solar applications. The optical properties, including optical 

conductivity, range from around 4500 to 6500 Ohm-1cm-1. The visible and near-ultraviolet bands 

have much higher dielectric constants (between 4 and 6), absorption coefficients (about 105 cm-1), 

and refractive indexes (varying from 2 to 2.5), making them more useful in optoelectronic and 

photonic applications. Structural and mechanical stability suggests the applicability of compounds 

in flexible electronics. The thermodynamic analysis of X2CeO4 (X = Mg, Sr, Ba) shows that when 

the temperature exceeds 800 K, the materials expand in volume and entropy, while their Gibbs 

Free Energy drops, improving thermal stability. Moreover, the Mg2CeO4 exhibits a slightly higher 

zT (0.9) at ambient temperature.  This study highlights the multifunctional features of layered 



perovskites X2CeO4 and promotes their use in next-generation plasmonic as well as solar cell 

applications. 
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