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ABSTRACT 

	Aims: This study aimed to theoretically investigate the optical properties of calcium tungstate (CaWO₄) in its scheelite phase, with the goal of understanding its interaction with electromagnetic radiation and evaluating its potential for optoelectronic and photonic applications.
Study design: A first-principles theoretical-computational study based on Density Functional Theory (DFT).
Place and Duration of Study: Department of Physics, State University of Maranhão (UEMA), Brazil, from January to March 2025.
[bookmark: _GoBack]Methodology: The optical properties of CaWO₄ were determined through DFT-based calculations using the CASTEP module of the Materials Studio software. Spectra for complex refractive index, reflectivity, absorption coefficient, dielectric function, energy loss function, and optical conductivity were obtained, considering light polarization in the (1,0,0) direction and a 3×3×3 k-point mesh.
Results: The DFT-calculated optical response of CaWO₄ showed strong absorption in the extreme ultraviolet, with distinct features across the reflectivity, absorption, and conductivity spectra. The dielectric function displayed dispersive characteristics, while the energy loss spectrum revealed a sharp peak in the violet region. The simulated Raman spectra aligned well with experimental results.
Conclusion: DFT-based calculations provided a detailed characterization of CaWO₄’s optical response, supporting its potential as a functional material for optical and photonic technologies.
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1. INTRODUCTION

In recent years, luminescent materials capable of emitting light without the presence of external dopants—known as *self-activated*—have gained prominence in research aimed at advanced optical technologies. These materials are explored in light-emitting devices, sensors, pigments, scintillators, and laser host matrices due to their intrinsic properties, such as stable luminescence, high optical efficiency, elevated quantum yield, and potential catalytic activity, which make them highly relevant [1,2,3].

Among the compounds exhibiting these characteristics, tungstates demonstrate remarkable performance as inorganic oxides [4], known for their good chemical stability and spectral absorption in the ultraviolet range [3,1]. Notably, calcium tungstate (CaWO₄) stands out by emitting high-efficiency blue light when excited by ultraviolet radiation [5].

CaWO₄ belongs to the family of metal tungstates and crystallizes in a scheelite-type tetragonal structure (I₄₁/a) [4]. In this structural configuration, calcium ions occupy distorted octahedral coordination sites [CaO₈], while tungstate ions form tetrahedral units [WO₄²⁻] [6,7]. Studies indicate that the photoluminescent properties of CaWO₄, especially its violet-blue emission in the absence of activator dopants, are associated with internal electronic transitions of the ¹T₂ → ¹A₂ type within the [WO₄²⁻] groups [8].

Moreover, research shows that this blue emission is temperature-sensitive, undergoing significant variations in intensity and efficiency with increasing temperature [9,6], which makes it useful in thermo-optical applications.

Despite the recognized potential of CaWO₄ in photoluminescent and photocatalytic applications—as highlighted by various recent experimental studies [10,11]—there remains a significant gap in the theoretical understanding of its fundamental optical properties. Among the experimental advances, doping studies with elements such as silver and zinc have shown high catalytic efficiency in degrading organic compounds, such as methylene blue, under UV radiation [10]. However, such investigations are not accompanied by systematic analyses of the optical mechanisms associated with the electronic structure of pure CaWO₄.

This absence of computational studies specifically targeting the linear optical response of CaWO₄ limits the rational development of devices based on this material. Density Functional Theory (DFT), applied using the CASTEP module, is a robust and well-established approach for analyzing such properties, enabling accurate data on the material’s interaction with electromagnetic fields.

The purpose of this work is, therefore, to investigate the optical properties of CaWO₄ in its scheelite-type phase through DFT-based simulations. The central goal is to provide a detailed theoretical characterization of its optical response. This is expected to offer theoretical support for advancing optoelectronic, photonic, and sensing device applications by deepening the understanding of CaWO₄’s optical behavior.

DFT is widely employed to describe electronic systems in solid-state physics and computational chemistry. Rather than dealing directly with the many-body wave function, it uses the electronic density as the fundamental variable, simplifying the problem to just three spatial coordinates instead of the 3N required for a system with N electrons [12,13]. This approach significantly reduces computational cost while allowing for the efficient investigation of structural, electronic, and optical properties.

The modern formulation of DFT is based on the Hohenberg and Kohn theorems, which demonstrate that the ground-state electronic density contains all the information about the system [14,13]. Although the Schrödinger equation is impractical for real systems due to multi-particle interactions, the Born-Oppenheimer approximation allows nuclei to be treated as fixed, facilitating the electronic problem [15,16,17].

Kohn and Sham proposed a practical method in which the real system of interacting electrons is replaced with a fictitious system of non-interacting particles that reproduce the same electronic density [18,19]. This model employs an effective potential that incorporates external, Coulomb, and exchange-correlation effects and is solved iteratively until the density converges.

In this context, the total energy of the system is expressed as a functional of the density, containing kinetic, electrostatic, and electronic correlation terms. DFT has been widely applied to predict with precision properties such as band structure, optical response, and material stability, and has become essential in atomistic-scale modeling [20,21].

2. METHODOLOGY 

This study combines a literature review with Density Functional Theory (DFT)-based computational simulations to analyze the optical properties of CaWO₄.

Initially, a literature review was conducted using reputable scientific databases to support the selection of simulation parameters and provide theoretical context for interpreting results. The simulations were performed using the *Materials Studio* software, specifically the *CASTEP* module [22], with structural data obtained from experimental sources.

The geometry of the crystal structure was optimized under strict convergence criteria: a maximum of 300 self-consistent field (SCF) cycles and an energy tolerance defined per atom. A norm-conserving pseudopotential with relativistic treatment under the Schrödinger approximation was employed. The adopted computational parameters included a 3 × 3 × 3 k-point mesh and an energy cutoff of 750 eV, ensuring precision in electronic results. Additionally, the exchange-correlation treatment used the GGA-PBE (Generalized Gradient Approximation – Perdew, Burke, and Ernzerhof) functional.

The optical properties were directly calculated within CASTEP, based on the obtained electronic data. For these calculations, the simulation mode was set to *polarized*, with a smearing value of 0.5 eV, and light polarization aligned along the (1,0,0) direction. However, for the dielectric function, an average over distinct crystallographic directions was used to simulate a polycrystalline optical response.

The results were quantitatively analyzed using *Origin* software through graphs and statistical methods, enabling clearer interpretation and identification of patterns across the studied variables.

This work employed previously optimized atomic coordinates of CaWO₄ obtained from simulations performed in an earlier study [23]. The considered structure retains the original space group (I4₁/a), characteristic of the scheelite phase. *Figure 1* illustrates the crystal structure used in the simulations carried out for this study.
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Fig. 1. illustrates the crystal CaWO₄ structure used in the simulations carried out for this study 

3. RESULTS AND DISCUSSION

This section discusses the optical properties of calcium tungstate based on calculated spectra for refractive index, reflectivity, optical absorption, dielectric function, loss function, optical conductivity, and Raman spectra. These results offer a comprehensive view of the material’s behavior across different ranges of the electromagnetic spectrum, enabling a detailed characterization of its optical responses.

Figure 2 presents the real (n) and imaginary (k) parts of CaWO₄’s refractive index. The real part, n, is associated with the light propagation speed in the medium, while the imaginary part, k, expresses the degree of electromagnetic radiation absorption by the material [24,25]. Together, they constitute the complex refractive index ñ, given by:  

                                                                                                                              (1) 

The extinction coefficient k shows a sharp peak between 100 and 150 nm, reaching a maximum of 1.7 at 131 nm, indicating strong absorption in the deep ultraviolet range. The real part n rises from 110 nm and peaks at 2.8 around 260 nm. From 300 nm onward, n stabilizes between 2.9 and 2.2. High refractive index values are typically associated with dense materials [26], as seen here. Beyond 350 nm, k approaches zero, confirming low absorption, as also observed in Figure 4.                     
[image: ]
Fig. 2. Real (n, blue) and imaginary (k, red) parts of the complex refractive index of CaWO₄ as a function of wavelength.
Figure 3 shows CaWO₄’s reflectivity spectrum starting at 20 nm. A pronounced peak appears at 42 nm with a reflectivity close to 0.6, indicating a strong optical response in the extreme ultraviolet. The curve then rapidly decreases, remaining between 0.1 and 0.4 in the 80–300 nm range. Beyond 350 nm, it stabilizes near 0.15, denoting low reflectivity and transparency in the visible region. The reflectivity R is related to the real and imaginary parts of the refractive index by:
                                                                                                                          (2)
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Fig. 3. Wavelength-Dependent Reflectivity

The optical absorption spectrum of CaWO₄ is shown in Figure 4, highlighting a sharp peak at 42 nm, with a coefficient of approximately 4.35 × 10⁵ cm⁻¹, indicating strong absorption in the extreme ultraviolet. Between 80 and 150 nm, attenuation is observed. From 230 nm onward, the absorption gradually decreases, reaching zero beyond 360 nm. These spectra cover the 20 to 450 nm range.
Optical properties describe the interaction between photons and the material, helping infer its electronic behavior, since absorption promotes electrons from the valence band to the conduction band [27]. Generally, the larger the bandgap, the lower the absorption efficiency [25]. For CaWO₄, the reported energy gap is 3.94 eV [28], consistent with the absorption patterns observed in this study.
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Fig. 4. Absorbance as a Function of Wavelength (nm).

Figure 5 presents the dielectric function of CaWO₄ averaged over various crystallographic directions (POLY). The graph displays the real (Re, blue) and imaginary (Im, red) parts. The real part, linked to material polarization under an external field, becomes significant around 133 nm and peaks at 7.98 near 260 nm. Negative values appear between 41.5 – 44.5 nm and 92 – 133 nm. The imaginary part exhibits two major peaks: one at 140 nm (value 6.2) and another at 240 nm (value 5.2). Above 350 nm, both components stabilize.
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Fig. 5. Complex Dielectric Function of CaWO₄: Real (ε₁) and Imaginary (ε₂) Components as a Function of Wavelength.

The loss function, calculated in the (1,0,0) direction, quantifies the probability of inelastic electron scattering in solids and directly relates to the material’s dielectric response [29]. Figure 6 shows a sharp peak around 40 nm with an intensity near 12. Minor oscillations occur between 50–100 nm. After 120 nm, values gradually stabilize, and after 380 nm, the loss function approaches zero.
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Fig. 6. Electron Energy Loss Function Im(–1/ε) as a Function of Wavelength

Figure 7 displays the optical conductivity of CaWO₄ versus wavelength, with real (red) and imaginary (blue) components. The response reveals photon-induced electronic transitions: the real part reflects effective conduction, while the imaginary part corresponds to polarization-related losses.

The real component shows a prominent peak around 139 nm, reaching 6.8 (1/fs). A second significant peak appears near 232 nm, followed by a steep drop, with values approaching zero at longer wavelengths. This again suggests weak interaction with visible light. The imaginary component shows a negative, asymmetric trend, with strong oscillations below 300 nm. Beyond 400 nm, both components stabilize.
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Fig. 7. Optical Conductivity Spectrum of CaWO₄: Real and Imaginary Components as a Function of Wavelength

Raman spectroscopy analyzes the inelastic scattering of light to identify vibrational modes in materials, revealing chemical structure and making it a key tool for characterizing solid compounds [30]. Figure 8 compares experimental Raman spectra of CaWO₄ from [8] (in red) with simulated data (in black).
The results reveal a prominent peak around 950 cm⁻¹. Notable oscillations appear between 200 and 400 cm⁻¹, especially around 300 and 400 cm⁻¹. After 400 cm⁻¹, intensity drops to zero until nearly 800 cm⁻¹, where variations resume. Overall, good agreement is observed between theoretical and experimental Raman results, especially in the position of the main vibrational modes.
[image: ]
Fig. 8. Raman Spectra of CaWO₄: Comparison between Experimental (red) and Simulated (black) Data.

4. CONCLUSION

The optical properties of CaWO₄ were investigated through calculations based on Density Functional Theory (DFT), revealing strong absorption in the ultraviolet region and well-defined peaks across the simulated spectra.

Overall, the analysis of the various optical functions characterized CaWO₄ as a material with a significant response to high-energy radiation. The presence of sharp spectral features—combined with transparency at longer wavelengths—indicates an interesting spectral selectivity that may be leveraged for specific technological applications. In particular, CaWO₄ exhibited pronounced ultraviolet absorption, with a peak near 42 nm, highlighting its strong optical activity in this range.

The dielectric function demonstrated dispersive behavior, while the energy loss function revealed a prominent peak in the violet region. Furthermore, the obtained spectra showed good agreement with experimental Raman spectroscopy data reported in the literature, reinforcing the reliability of the adopted methodology. These findings may contribute to the theoretical understanding of CaWO₄’s optical behavior and support future experimental research involving this compound
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