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This paper mainly focuses on the electronic structure and optical properties of self-activated Ca3WO5Cl2 phosphors under 
pressure using the first-principles based on density functional theory. The calculated results indicated that the band gap of 
Ca3WO5Cl2 drops from 3.409 eV to 2.715 eV with the increase of pressure from 0 GPa to 100 GPa. Furthermore, it was 
found that the absorption coefficients of Ca3WO5Cl2 in the ultraviolet region were gradually greater with the increase of 
pressure according to the comprehensive observation of their optical properties in the energy range of 0 eV-60 eV. 
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1. Introduction 
 
Self-activated phosphors, known as non-doped 

phosphors, offer several advantages over doped 

luminophores, including structural stability, wide 

emission wavelength range, low preparation temperature, 

and minimal environmental impact [1-3]. As a result, 

they have gained significant attention from researchers. 

Among them, tungstates have emerged as promising 

self-activated luminescent materials due to their 

excellent luminescence efficiency and chemical stability, 

leading to their applications in light-emitting diodes 

[4-7], field-emission displays [8], optical thermometers 

[9], and anti-counterfeit markers [10, 11]. A notable 

example of self-activated tungstate phosphors is 

Ca3WO5Cl2 [12]. When excited by ultraviolet (UV) light, 

pure Ca3WO5Cl2 exhibits blue-green emission [13], 

which can be attributed to the charge transfer (CT) 

transition between O-2p and W-5d orbitals. 

Pressure can induce changes in the internal atomic 

spacings and cell shapes of tungstates, potentially 

resulting in phase transitions. Several studies have 

investigated the effects of pressure on tungstate 

materials. For instance, Cai used first-principles 

calculations to demonstrate that the peak position of the 

imaginary part of the dielectric function and the edge of 

the absorption band of MnWO4 are affected by applied 

pressure [14]. Ablett applied pressure to PbWO4 and 

observed a phase transition from PbWO4-I to PbWO4-III 

near 7 GPa [15]. Mahlik investigated the quenching of 

red luminescence in a single crystal of KY(WO4)2 doped 

with Pr
3+

 under high pressure [16]. These studies 

indicate that the photoelectric properties of tungstates 

can be effectively modulated by pressure. However, the 

electronic and optical properties of Ca3WO5Cl2 under 

high pressure have received limited attention and require 

further investigation. 

In this paper, we present a comprehensive study of 

the electronic structure and optical properties of 

Ca3WO5Cl2 under different hydrostatic pressures 

(ranging from 0 to 100 GPa with a 10 GPa interval) 

using first-principles calculations based on density 

functional theory (DFT). The analysis encompasses 

lattice parameters, band structure, density of states, 

charge density difference, dielectric function, absorption 

coefficient, reflectivity, and complex refractive index. 

The calculated optical properties reveal a blue shift in 

the absorption spectra of Ca3WO5Cl2 towards higher 

energy in the UV region, accompanied by an increase in 

the absorption coefficients with increasing pressure. 

Consequently, Ca3WO5Cl2 holds promise as a material 

for the development of pressure-modulated UV filters. 

The findings of this research provide valuable 

theoretical insights for enhancing the optical properties 

of self-activated tungstate materials and expanding their 

applications. 

 

 

2. Method of calculation 
 

The calculations were carried out using the 

plane-wave pseudopotential method [17-21]. The 

ion-electron interactions were treated by the ultrasoft 

pseudopotential, and the exchange correlation energy of 

the electron interactions was treated by the 

Perdew-Burke-Ernzerhof (PBE) method under the 
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generalised gradient approximation (GGA) [22-24]. The 

integral calculation of the system in the Brillouin zone 

was performed using the Monkhorst-Pack scheme [25], 

with the K-point grid set to 3 × 6 × 3 for Ca3WO5Cl2. 

The plane wave cutoff energy was set to 380 eV. The 

cell volume, atomic positions and cell shape were fully 

relaxed before the calculation to obtain the stable 

structure of the system. The method used to optimise the 

model structure is Broyden-Fletcher-Goldfarb-Shanno 

(BFGS) [26, 27]. During the optimisation iteration, the 

maximum displacement is 5.0 × 10
-4

 Å, the maximum 

internal stress is 0.02 GPa, the maximum interatomic 

interaction force is 0.01 eV/Å, and the total energy of 

the structure converges to 5.0 × 10
-6

 eV/atom. The 

valence electron states of each element involved in the 

calculations are Ca-3s
2
3p

6
4s

2
, W-5s

2
5p

6
5d

4
6s

2
, O-2s

2
2p

4
, 

Cl-3s
2
3p

5
. 

 

 

3. Results and discussions 
 

The crystal structure of Ca3WO5Cl2 is depicted in 

Fig. 1(a), which belongs to the orthorhombic crystal 

system with the space group Pnma (62). In this structure, 

the W
6+

 ion occupies the centre of a distorted octahedral 

arrangement formed by five O
2-

 ions and one Cl
-
 ion. 

The W-O bond distances range from 1.78 to 1.95 Å, 

while the W-Cl bond distance is longer, about 3.26 Å 

[28]. To ensure the reliability of our results, full 

relaxation of the unit cell was performed. The optimised 

lattice parameters of Ca3WO5Cl2 are presented in Table 

1 and compared with values reported in the literature. 

 

 
 

Fig. 1. The crystal structure of Ca3WO5Cl2 and a schematic 

representation of the hydrostatic pressure exerted  

on the crystal (color online) 
 

 

Fig. 2 illustrates the significant changes in the 

lattice parameters and volumes of Ca3WO5Cl2 under 

hydrostatic pressure ranging from 0 to 100 GPa with an 

interval of 10 GPa. As shown in Fig. 2(a), the lattice 

parameters of Ca3WO5Cl2 gradually decrease as the 

pressure increases up to 100 GPa. Furthermore, Fig. 2(b) 

demonstrates that the cell volume of Ca3WO5Cl2 

decreases with increasing hydrostatic pressure, 

indicating a reduction in atomic spacing under pressure. 

   
(a) 

 
(b) 

Fig. 2. Variation of (a) lattice parameters and (b) cell volume 

with pressure for Ca3WO5Cl2 (color online) 

 
 

Table 1. Lattice parameters and volume of unit cell of 

Ca3WO5Cl2 after geometry optimisation in comparison with 

literature 

 

a/Å b/Å c/Å V/Å
3
 References 

11.820 5.587 11.132 735.2 [28] 

11.8112 5.5855 11.1265 734.04 [12] 

11.8007 5.5574 11.0789 - [13] 

11.9752 5.6567 11.2259 760.463 This work 

 

 

The effects of pressure on the band structure, 

density of states, and charge density difference of 

Ca3WO5Cl2 have been investigated by calculations. 

Although the calculation method used (GGA-PBE) 

tends to underestimate the band gap values [29, 30], the 

relative values remain meaningful and can be used as a 
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valid approximation for qualitative analysis of the band 

structure and density of states. The band structure near 

the Fermi energy level plays a crucial role in 

characterising the physical properties of materials. In 

this study, the band structures near the Fermi energy 

level of Ca3WO5Cl2 were plotted for pressures of 0 GPa, 

20 GPa, 50 GPa, and 100 GPa in Fig. 3. The variations 

of the band gap from 0 to 100 GPa are shown in Fig. 4.  

Fig. 3(a) illustrates that in the absence of applied 

pressure, the valence band maximum (VBM) and 

conduction band minimum (CBM) of Ca3WO5Cl2 are 

located at the high symmetry point G with a band gap of 

3.409 eV, consistent with existing calculations of 3.440 

eV [13]. This indicates that Ca3WO5Cl2 is a direct 

bandgap material. Fig. 3(b)(c)(d) show that under 

increasing pressure, the VBM and CBM of Ca3WO5Cl2 

approach the Fermi energy level (EF), while remaining 

at the G-point position. At 10 GPa pressure, the band 

gap is 3.43 eV, which is close to the zero-pressure band 

gap. With increasing applied pressure, the band gap 

systematically decreases from 3.361 eV at 20 GPa to 

2.715 eV at 100 GPa (Fig. 4). These results indicate that 

hydrostatic pressure is an effective means of controlling 

the electronic properties of Ca3WO5Cl2. However, it 

does not effectively induce a transition from a direct 

bandgap to an indirect bandgap. 

The total and partial density of states of Ca3WO5Cl2 

under various hydrostatic pressures are plotted in Fig. 5. 

In the absence of applied pressure, the valence band 

density of states near the Fermi energy level is 

predominantly contributed by the O-2p orbital, with a 

minor contribution from the Cl-3p. The conduction band 

density of states near the EF mainly originates from the 

W-5d orbital, with a smaller contribution from the O-2p 

orbital. The blue-green luminescence of Ca3WO5Cl2 can 

be attributed to the charge transfer transition between 

the valence band O-2p orbital and the conduction band 

W-5d orbital. 

 

        
      

(a)                                            (b)   

 

       
 

(c)                                               (d) 

             
Fig. 3. The band structures of Ca3WO5Cl2 at (a) 0 GPa, (b)20 GPa, (c)50 GPa, and (d)100 GPa. The red dashed line  

indicates the Fermi level (color online) 

 

 



522                           Quanwang Niu, Yunpeng Zhang, Xiangfu Wang, Xiaohong Yan 

 

 
Fig. 4. Band gap of Ca3WO5Cl2 under different pressure conditions 

 

 

      
(a)                                  (b) 

      
(c)                                  (d) 

Fig. 5. Density of states of Ca3WO5Cl2 under the pressure of (a) 0 GPa, (b) 20 GPa, (c)50GPa, and (d)100GPa. The red dashed line 

indicates the Fermi level (color online) 
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The contribution of the Ca atoms to the density of 

states mainly arises from the Ca-3d orbital in the 

conduction band; however, the resulting density of states 

lies above the 5 eV energy level and has minimal 

contribution near the Fermi energy level. Fig. 5(b), (c) 

and (d) indicate that the contribution ratio of each atom 

to the density of states does not vary significantly with 

applied pressure. However, the density of states is 

reduced and broadened to varying degrees, which can be 

attributed to the increased hybridisation between 

electron orbitals under hydrostatic pressure. Notably, 

with increasing pressure, the density of states 

contributed by the W-5d orbitals near 3 eV shifts to 

lower energy regions, thereby causing the decrease in 

band gap under pressure. 
To examine the details of interatomic charge 

transfer, the charge density difference of Ca3WO5Cl2 at 

different pressures was calculated. The results are shown 

in Fig. 6. Comparing the three sets of calculations, it is 

evident that as the pressure increases, the O atoms gain 

more electrons while the W atoms lose electrons in the 

Ca3WO5Cl2 crystal. This indicates that the charge 

transfer in Ca3WO5Cl2 can be regulated by pressure. 

The optical properties of Ca3WO5Cl2 at different 

hydrostatic pressures have been calculated. The results 

will help to expand the application range and improve 

the performance of tungstate in devices. The optical 

properties of the material in the linear response range 

can be described by the complex dielectric function: 

 

      1 2i        (1) 

 

where ε1(ω), ε2(ω) are the real part of the dielectric 

function and the imaginary part of the dielectric function, 

respectively [31]. The imaginary part ε2(ω) can be 

calculated by the following equation: 
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where V is the unit volume, p is the momentum 

transition matrix, e is the electronic charge, and kn and 

kn' are the valence band and conduction band wave 

functions, respectively. 
 

 

 
 

Fig. 6. The charge density difference of Ca3WO5Cl2 at 0 GPa, 50 GPa, and 100 GPa (color online) 

 
 

The real part ε1(ω) can be derived directly from the 

imaginary part via the Kramers-Kronig transform [32, 

33]: 
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Other optical properties of the material, such as the 

absorption coefficient α(ω), reflectivity R(ω), refractive 

index n(ω) and extinction coefficient k(ω), can be 

deduced from the dielectric function and are calculated 

as follows [34-36]: 
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The above equations provide the theoretical basis 

for analysing the crystal energy band structure and 

optical properties, which are indicative of the 

luminescence mechanism and electron transitions 

between energy levels. A systematic investigation of the 
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optical properties of Ca3WO5Cl2 under high pressure 

was carried out based on these relationships. The 

dielectric function curves of Ca3WO5Cl2 under pressure 

modulation are presented in Fig. 7(a) and Fig. 7(b).  

Fig. 7(a) illustrates that the real part of the dielectric 

function, ε1(ω), increases with energy in the low-energy 

range of 0 eV to 5.09 eV in the absence of pressure, with 

a slight trough observed at 6.23 eV. In the energy range 

of 7 eV to 10 eV, ε1(ω) rapidly decreases with increasing 

energy, corresponding to a significant rise in the 

absorption coefficient. As the applied pressure increases, 

ε1(ω) shifts towards higher energies in the range of 0 eV 

to 10 eV, and the peak gradually rises. This indicates an 

enhancement in reflectivity and improved reflective 

properties of light. Fig. 7(b) demonstrates that the 

imaginary part of the dielectric function, ε2(ω), is more 

prominently influenced by hydrostatic pressure. At 0 

GPa pressure, the peak value of ε2(ω) is 5.74 (8.14 eV). 

As the pressure increases, ε2(ω) shifts towards higher 

energies in the range of 8 eV to 20 eV, with an increase 

in the peak value. At 100 GPa pressure, the peak value 

of ε2(ω) is 7.38, and its position shifts to 9.44 eV.  

 

 

         
 

(a)                                          (b) 

 
Fig. 7. (a) Real part of the dielectric function and (b) imaginary part of the dielectric function for Ca3WO5Cl2 

 under pressure (color online) 

 

 

Fig. 8 presents the absorption coefficient, 

reflectivity, refractive index, and extinction coefficient 

of Ca3WO5Cl2 at different pressures in the energy range 

from 0 eV to 60 eV. As observed in Fig. 8(a), the 

absorption coefficients of Ca3WO5Cl2 are zero in the 

energy range of 0 eV to 1.51 eV, 35.65 eV to 39.60 eV, 

and 54.58 eV to 60 eV even without applied pressure. 

Increasing hydrostatic pressure up to 100 GPa does not 

alter the absorption coefficients within these ranges. 

Three peaks in the absorption coefficient occur at energy 

positions of 9.27 eV, 14.22 eV, and 27.47 eV, all within 

the UV region, indicating the strong absorption capacity 

of Ca3WO5Cl2 for UV light. The absorption coefficients 

in the energy range of 9.27 eV to 18.53 eV undergo 

significant shifts towards higher energies with increased 

pressure, and the absorption coefficients also increase 

with pressure. 

The reflectivity spectra of Ca3WO5Cl2 at different 

pressures are depicted in Fig. 8(b). At zero pressure, 

Ca3WO5Cl2 exhibits three reflectivity peaks at energy 

positions of 0.3 (9.31 eV), 0.41 (15.88 eV), and 0.33 

(28.47 eV), respectively. As the pressure gradually 

increases from 0 GPa to 100 GPa, the low-energy peak 

(9.31 eV) increases, while the high-energy peaks (15.88 

eV and 28.47 eV) decrease, resulting in a shift of the 

reflectivity spectrum towards higher energies. The 

refractive index (n) and extinction coefficient (k) as 

functions of energy are displayed in Fig. 8(c) and (d), 

respectively. Both changed significantly with changes in 

the applied hydrostatic pressure. In the energy range of 0 

eV to 10 eV, as the pressure increases from 0 GPa to 100 

GPa, the n value shows a clear increase, with the 

maximum value rising from 2.36 to 2.90. The extinction 

coefficient, which describes the ability of the substance 

to absorb light, also exhibits changes. With increasing 

pressure, the extinction coefficient spectrum in the range 

of 10 eV to 20 eV shifts towards higher energies, with 

the peak value increasing from 1.53 (at 0 GPa) to 1.83 

(at 100 GPa). Within this energy range, the k value 

undergoes a rapid decrease, consistent with the change 

observed in the absorption coefficient. 
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(a)                                       

 
 (b) 

    
(c)                                        

  
 (d) 

Fig. 8. (a) Absorption coefficient, (b) reflectivity, (c) refractive 

index and (d) extinction coefficient of Ca3WO5Cl2 under 

pressure (color online) 

4. Conclusion 
 

In conclusion, this study has used first-principles 

calculations based on density functional theory to 

investigate the electronic structure and optical properties 

of Ca3WO5Cl2 under varying hydrostatic pressures. 

Analysis of band structure, density of states, dielectric 

function, absorption coefficient, reflectivity, and 

complex refractive index provided valuable insight into 

the pressure modulation behaviour of Ca3WO5Cl2. The 

results demonstrate that hydrostatic pressure induces 

significant changes in the electronic structure and optical 

properties of Ca3WO5Cl2. Increasing pressure leads to a 

decrease in lattice parameters, cell volume, and band 

gap of Ca3WO5Cl2. Moreover, the absorption 

coefficients of Ca3WO5Cl2 in the UV region are 

enhanced under pressure. These findings provide a 

deeper understanding of the optical properties of 

tungstates and offer potential avenues for their 

application in UV protection and energy conversion. 
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