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 A B S T R A C T

Although calcium sulfate (CaSO4) has been the subject of experimental research for many decades, several 
fundamental aspects of its physical behavior remain unresolved. In this work, we present a comprehensive 
theoretical investigation aimed at unraveling its structural, optoelectronic, and mechanical properties using 
first-principles calculations based on density functional theory. Structural optimization was performed using 
the density approximation, LDA, PBE, and PBEsol exchange–correlation functionals, which are suitable for 
accurately describing the structural, electronic, optical, and mechanical interactions within the system. To 
enhance the description of the electronic structure, we also employed the shielded HSE06 hybrid exchange–
correlation functional, which resulted in a bandgap of 𝐸𝑔 = 7.271 eV, in contrast to the value of 𝐸𝑔 =
6.044 eV obtained with the semilocal PBEsol functional. The compound exhibited polarization-dependent 
optical absorption in the ultraviolet range, remaining practically isotropic. The estimated cohesive energy 
and phonon dispersion confirmed strong interatomic binding and high phonon frequencies. Furthermore, the 
values obtained for the elastic constants demonstrated that CaSO4 possesses high structural stability, suggesting 
its potential use in optoelectronic devices and as an insulating material in microelectronic systems. Overall, 
our findings provide a detailed understanding of the physical properties of CaSO4, consistent with the goal of 
unraveling its fundamental behavior.
1. Introduction

CaSO4 is a highly versatile compound with a wide range of po-
tential applications, primarily due to its ability to exist in various 
hydration states. In its hemihydrate form (CaSO4⋅ 12H2O), commonly 
known as plaster of Paris, it can be obtained in two distinct poly-
morphs, 𝛼 and 𝛽. The 𝛼-form exhibits a more fibrous, porous, and 
irregular structure, which promotes agglomeration, whereas the 𝛽-form 
shows cleavage along well-defined planes, forming crystallites with 
needle-like or prismatic morphology [1].

These different microstructural forms strongly influence the final 
properties of the material after dehydration, particularly in terms of 
its hardness and mechanical strength [1,2]. These characteristics are 
highly desirable for a diverse range of applications including civil 
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construction, cements, drywall coatings, ceramics, artistic plaster, den-
tistry, dental casts, and orthopedics (bone grafts, immobilization, and 
bone regeneration) [3–5]. In agriculture, CaSO4 functions as a fer-
tilizer due to its physical and chemical properties in its dihydrate 
form (CaSO4⋅2H2O); known as gypsum, it serves as a soil conditioner, 
helping to slow down soil degradation and to mitigate the harmful 
effects of heavy metals [6–8].

In medical physics, and specifically in the field of ionizing radiation 
dosimetry, dehydrated CaSO4 (anhydrite), which is obtained after calci-
nation, has emerged as an effective matrix when doped with rare earth 
and transition metals [9–12]. This material exhibits high sensitivity 
and excellent dose–response linearity when used as a dosimeter with 
thermoluminescence and optically stimulated luminescence techniques. 
Moreover, in some cases, it demonstrates low fading levels [13–18].
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The applications and performance of CaSO4 are directly related to 
the synthesis pathways employed in its production. Common routes 
include slow evaporation synthesis (which involves mixing sulfuric acid 
with calcium carbonate and heating until acid evaporation) [19,20]; 
solid-state diffusion reactions (involving the mixing of CaSO4⋅2H2O 
with dopants followed by hydration) [21]; sol–gel processes (involv-
ing the mixing of calcium chloride, ethanol, ammonium sulfate, and 
dopants under stirring) [22]; co-precipitation (involving the mixing 
of calcium acetate, ethanol, ammonium sulfate, and dopants under 
stirring) [23]; and hydrothermal methods involving thermal treatment 
in autoclaves [24].

At the atomic scale, the role of water molecules in amorphous 
CaSO4 is fundamental, as they influence ion transport, local coordina-
tion, and structural evolution towards crystalline phases [25]. Vacancy 
defects in the crystal lattice, such as those associated with Ca, SO4, 
and H2O, have been found to strongly affect the adsorption and in-
corporation of impurity atoms, and particularly toxic metals such as 
cadmium, by modulating local electronic structure and bonding [26]. 
According to Junot (2024) [18], the incorporation of rare-earth (RE3+) 
ions into Ca sites may lead to the formation of Ca vacancies as a 
charge-compensation mechanism. When two RE3+ ions replace two 
Ca2+ ions, the resulting charge imbalance of +2 is counterbalanced by 
the creation of a single Ca cation vacancy, thereby preserving the over-
all electroneutrality and stabilizing the lattice. These defects govern 
the material’s capacity for environmental remediation, and impact its 
surface chemistry and stability.

A combination of dispersion-corrected density functional theory 
(DFT) and first-principles molecular dynamics allows for a detailed 
investigation of defect–impurity interactions at the atomic level, and 
predictions of defect stability, impurity formation energies, adsorption 
mechanisms, and dynamic behaviors over timescales of femtoseconds to 
nanoseconds [26]. This computational approach provides mechanistic 
insights that are inaccessible via experiments alone, and enables the 
rational design of materials with tailored properties. In addition, DFT 
studies reveal that doping CaSO4 with alkali metal sulfates such as 
Na2SO4 enhances its performance for applications such as calcium 
looping for thermochemical energy storage by modifying the surface 
energies and preventing sintering [27]. These findings highlight the 
fundamental role of first-principles simulations in guiding material 
optimization.

Given the significant influence of the synthesis method, microstruc-
ture, water content, and vacancy defects on the physical properties and 
applications of calcium sulfate, there is an imperative need to deepen 
the current understanding of its structural, electronic, optical, and 
mechanical behaviors at the atomic scale. First-principles calculations 
based on DFT offer an essential tool for this endeavor [28].

While most studies on calcium sulfate have focused on macroscopic 
behavior or hydrated phases, its atomic-scale properties remain largely 
unexplored. Here, we present, for the first time in an integrated man-
ner, an ab initio investigation of anhydrous orthorhombic CaSO4, exam-
ining structural, electronic, optical, and mechanical properties. Using 
comprehensive DFT calculations, we elucidate key physical properties, 
including lattice parameters, electronic structure, optical response, and 
mechanical behavior. These atomic-scale insights aim to support the 
development and optimization of CaSO4 for multifunctional applica-
tions, spanning environmental remediation, biomedical engineering, 
and energy technologies.

2. Computational details

All calculations in this work were performed using the plane–
wave self–consistent field method, as implemented in the Cambridge 
Serial Total Energy Package (CASTEP) code [29], which is based on 
DFT techniques [30]. The orthorhombic unit cell of CaSO4, which 
contains 12 atoms in its primitive unit, was obtained from the Ma-
terials Project repository [31] and used as the starting structure for 
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Fig. 1. Crystal structure of orthorhombic CaSO4 obtained using VESTA: (a) 
atomic representation and (b) polyhedral representation.

first-principles calculations. To enable a systematic evaluation of the 
role of the exchange–correlation functional, four different schemes 
were employed: the local density approximation (LDA) [32] using the 
Perdew–Zunger parameterization [33]; the generalized gradient ap-
proximation (GGA) in the form of the Perdew–Burke–Ernzerhof (PBE) 
functional [34]; revised PBEsol functional [35], which was specifically 
designed for improved structural and mechanical predictions in solids; 
and the Heyd–Scuseria–Ernzerhof hybrid exchange–correlation func-
tional [36] with optimized screening parameters (HSE06) [37], which 
is recommended for bandgap calculations in the CASTEP code [29].

Pseudopotentials were generated on-the-fly (OTFG) during the cal-
culations, employing the following electronic states: Ca (3s2 3p6 4s2), 
S (3s2 3p4), and O (2s2 2p4). A plane-wave cutoff energy of 620.00 eV 
was employed, and the Brillouin zone was sampled using a Monkhorst–
Pack k-point mesh of 6 × 5 × 5 [38]. This configuration was used 
for the geometric optimization of the unit cell within the non-hybrid 
exchange–correlation functionals (LDA, PBE, and PBEsol). For the 
calculations involving the hybrid functional (HSE06), the geometric 
optimization of the primitive cell and the subsequent electronic band 
structure calculations were performed using a cutoff energy of 625.90 
eV, with the Brillouin zone sampled by a Monkhorst–Pack k-point mesh 
of 3 × 3 × 2 [38]. Electronic self-consistency and structural relaxation 
were both performed using the Broyden–Fletcher–Goldfarb–Shanno 
(BFGS) algorithm [39]. The convergence thresholds were set as follows: 
a total energy of below × 10−6 eV/atom, a maximum force of below 
0.01 eV/Å, a residual stress of less than 0.02 GPa, and a maximum ionic 
displacement of 0.0005 Å. Phonon dispersion relations were calculated 
within the harmonic approximation as implemented in CASTEP [29], 
and elastic constants were computed after full structural relaxation to 
evaluate the mechanical stability and anisotropy.

The Elastic Analysis Tool for Elasticity (ELATE) program [40] was 
employed to analyze and visualize the two and three-dimensional 
elastic properties, including the Young’s modulus (𝑌 ), linear com-
pressibility (𝛽), shear modulus (𝐺), and Poisson’s ratio (𝜈), providing 
both qualitative and quantitative insights into the anisotropic elastic 
response of the material.

3. Results and discussion

3.1. Structural properties

Fig.  1 shows that orthorhombic CaSO4 crystallizes in the 𝐶𝑚𝑐𝑚 (No. 
63) space group [31]. The Ca, S, and O atoms occupy specific Wyckoff 
positions within the conventional unit cell: 4c (0.350952, 0, 3/4) for 
Ca, 4c (0.847663, 0, 3/4) for S, and 8f (0.294832, 0, 0.08153) and 8 g 
(0.488467, 0.670058, 3/4) for O. The atomic (Fig.  1a) and polyhedral 
(Fig.  1b) representations of the orthorhombic CaSO4 unit cell show 6 Ca 
atoms (blue spheres), 6 S atoms (light-yellow spheres), and 42 O atoms 
(red spheres), giving a total of 54 atoms in the conventional unit cell.

Table  1 presents the results of the structural optimization obtained 
using the four different functionals (LDA, PBE, PBEsol, and HSE06) 
for the primitive CaSO4 cell. The table presents the optimized lattice 
constants, unit cell volumes (𝑉 ), and total electronic energies (𝐸 )
𝑇
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Table 1
Structural and energetic parameters of primitive CaSO4 cell obtained using different functionals (relative percentage deviations 
calculated with respect to MP-4406 reference data).
 Parameter MP-4406 LDA 𝛥% PBE 𝛥% PBEsol 𝛥% HSE06 𝛥%  
 𝑎 = 𝑏 (Å) 4.67 4.58 1.93 4.75 1.71 4.67 0.00 4.95 6.00  
 𝑐 (Å) 7.01 6.89 1.71 7.10 1.28 7.00 0.14 7.22 3.00  
 𝑉  (Å3) 158.52 144.20 9.03 159.24 0.45 151.86 4.20 176.03 11.05 
 𝐸𝑇  (eV) – −6.141 × 103 – −6.141 × 103 – −6.131 × 103 – −6.110 × 103 –  
Table 2
Bond lengths (Å) in primitive CaSO4 cell obtained with different functionals (deviations are relative to MP-4406 data).
 Parameter MP-4406 LDA 𝛥% PBE 𝛥% PBEsol 𝛥% HSE06 𝛥%  
 Ca–O1 2.58 2.48 3.88 2.59 0.39 2.53 1.94 2.51 2.71 
 Ca–O2 2.37 2.29 3.38 2.37 0.00 2.33 1.69 2.46 3.80 
 S–O1 1.48 1.47 0.68 1.49 0.95 1.48 0.00 1.45 2.03 
 S–O2 1.49 1.47 1.34 1.49 0.00 1.48 0.67 1.47 1.34 
computed under fixed-volume conditions (0 K and approximately zero 
external pressure), together with the relative deviations (𝛥%) with re-
spect to the MP-4406 reference data. This set of structural and energetic 
parameters provides a rigorous quantitative benchmark for evaluating 
the accuracy, internal consistency, and thermodynamic stability of the 
investigated theoretical models.

From Table  1, it can be seen that the calculations performed with 
the PBEsol functional provided the best overall agreement with the 
reference structure, especially in regard to the lattice constants a and 
𝑏 = 4.67 Å which are reproduced with zero uncertainty. Although 
total energy comparisons are reported, they should be interpreted with 
caution, since absolute values may vary across functionals, for example 
of the formation or cohesion energy. As expected, LDA consistently 
underestimated the lattice dimensions and volume due to its well-
known overbinding tendency. The PBE functional yielded the closest 
volume to MP-4406, making it more suitable for volume-dependent 
property predictions. And HSE06 yields the largest overestimation of 
the volume (𝛥𝑉 ≈ 11.05%) . These structures correspond to the prim-
itive cell of CaSO4, obtained through the automatic transformation 
performed by the CASTEP code [29] to reduce computational cost, 
since the orthorhombic unit cell associated with the 𝐶𝑚𝑐𝑚 (No. 63) 
space group can be reconstructed by applying the symmetry operations 
of this optimized structure.

Table  2 presents the Ca–S and S–O bond lengths (in Å) calculated 
for orthorhombic CaSO4 using four different functionals (LDA, PBE, 
PBEsol, and HSE06) for orthorhombic CaSO4, together with the relative 
uncertainties (𝛥%) with respect to the MP-4406 reference structure. 
The results show that PBE provides the best agreement, with minimal 
or zero uncertainty for several bonds, particularly Ca-O2 and S–O2. 
LDA tends to underestimate the bond lengths, as expected due to 
its overbinding behavior, while PBEsol generally yields intermediate 
accuracy. The S–O bonds are more rigidly constrained, with smaller 
variations across functionals, which indicates their stronger and less 
functional-dependent character.

The local geometry influences key properties of the CaSO4, such 
as its rigidity, optical response, vibrational behavior, and structural 
stability. The presence of asymmetric angle values confirms the absence 
of perfect local symmetry around Ca, which is common in complex 
structures or in lower-symmetry phases such as orthorhombic systems.

3.2. Phonon dispersion and cohesive energy

Phonon dispersion describes how the frequency of atomic vibrations 
varies with the wave vector in a crystal. It provides key information 
on dynamic stability, thermal conductivity, and modes of vibration, 
both acoustic and optical. This behavior was experimentally verified 
by Schweiss et al. [41], who measured the phonon dispersion of anhy-
drite and successfully modeled it using a rigid-ion approach in which 
SO2−–groups were treated as quasi-rigid units. The agreement found by 
4
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Fig. 2. Phonon dispersion curves for orthorhombic CaSO4 over the frequency 
range zero to 35.0 THz.

these authors between experimental and theoretical results validates 
the harmonic approximation used in this study. Additional evidence 
presented by Korabel’nikov and Zhuravlev [42] shows that sulfates 
such as CaSO4 have high elastic stiffness and low thermal conductivity, 
due to their strong ionic interactions and vibrational stability. These 
properties make orthorhombic CaSO4 a promising material for dielec-
tric and thermal insulation applications. In summary, the absence of 
imaginary phonon frequencies and the weak electron–phonon coupling 
indicate low electrical conductivity and moderate thermal conductivity. 
These characteristics reinforce the potential of orthorhombic CaSO4 for 
applications in optoelectronics, dielectric devices, functional ceramics, 
and sensors [41].

Fig.  2 shows phonon dispersion curves for selected high-symmetry 
directions (𝛤 , Z, T, Y, 𝛤 , S, R, Z) in the Brillouin zone, which were 
calculated using the GGA-PBEsol functional. These curves cover the fre-
quency range from zero to 35.0 THz, and include 36 distinct modes. The 
absence of imaginary frequencies throughout the Brillouin zone con-
firms the dynamic stability of the orthorhombic CaSO4 phase. Phonon 
dispersion extends up to ∼35.0 THz (≈1167 cm−1). The maximum 
frequency of the acoustic branches reaches ∼6.0 THz (≈200 cm−1), 
while the optical modes extend up to ∼35.0 THz (≈1167 cm−1). These 
high-frequency optical phonons are consistent with the wide-bandgap 
of the material (see Fig.  2) and are typical of those observed for 
oxide compounds. Clear separation between the acoustic and optical 
branches is also observed, reinforcing the vibrational stability of the 
orthorhombic CaSO4.

The cohesive energy per atom is defined as the average energy 
required to disaggregate each particle, atoms, ions, or molecules, in 
a system [43,44]. The cohesive energies were computed using the 
following formula: 

𝐸 =
𝐸isolated
Ca + 𝐸isolated

S + 𝐸isolated
O − 𝐸tot

CaSO4 (1)
coh 𝑛 + 𝑚 + 𝑙
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Table 3
Isolated atomic energies and total energy 
of the orthorhombic CaSO4 primitive cell.
 Element Energy (eV) 
 𝐸isolated

Ca −1001.1307 
 𝐸isolated

S −298.6408  
 𝐸isolated

O −431.1226  
 𝐸tot

CaSO4
−6131.2162 

wher 𝐸isolated
Ca , 𝐸isolated

S , and 𝐸isolated
O  are the total energies of isolated Ca, 

S, and O atoms, respectively; 𝐸tot
CaSO4

 is the total energy of the relaxed 
CaSO4 primitive cell; and 𝑛 = 2, 𝑚 = 2, and 𝑙 = 8 represent the numbers 
of atoms of each element in the primitive cell.

Table  3 shows the energy values calculated for each isolated atom 
and for the bound structure using GGA-PBEsol. The cohesive energy 
per atom, estimated based on Equation (1) and Table  3, was approxi-
mately 𝐸𝑐𝑜ℎ= 6.891 eV/atom. This high value for the cohesive energy 
indicates strong structural stability, suggesting the presence of robust 
and rigid interatomic bonds. Increased bond stiffness leads to higher 
phonon frequencies and, consequently, a broader phonon dispersion 
across the Brillouin zone. Gracia et al. [45] performed a detailed DFT 
study of CaSO4 under pressure, and confirmed that the orthorhombic 
anhydrite phase is the most stable under ambient conditions, remaining 
structurally stable up to 5.0 GPa. This finding supports the structural 
and thermodynamic stability that can be inferred from the cohesive 
energy.

3.3. Kohn–Sham electronic band structure, PDOS and TDOS

Figs.  3(a and c), on the left, show the Kohn–Sham band structure 
along the path (𝛤 , Z, T, Y, 𝛤 , S, R, Z), and Figs.  3(b and d), on the 
right, show the total and projected density of states (TDOS/PDOS) of 
CaSO4, calculated based on the exchange–correlation potential using 
the PBEsol functional and the hybrid functional HSE06. The PDOS 
show the contributions of O 2s/2p, S 3s/3p and Ca 3s/3p/3d. The 
PBEsol functional underestimates the bandgap, 𝐸𝑔 = 6.044 eV, which 
is a well-documented limitation of local/generalized density approx-
imations [35]. The application of the hybrid HSE06 functional [36] 
corrects this underestimation, increasing the value to 𝐸𝑔 = 7.271 eV, 
thereby demonstrating the known correction for the delocalization 
error (see Figs.  3(a–d). Both functionals predict an indirect (Y→ 𝛤 ) 
wide-bandgap; HSE06 increases the gap and shifts the Ca 3d-derived 
conduction bands to higher energies. HSE06 also yielded a considerably 
wider valence band (VB) (1.80 eV) compared to PBEsol (0.9 eV), 
suggesting greater dispersion in the valence band. The dominant orbital 
contributions, O 2𝑝 at the valence band maximum (VBM) and Ca 3𝑑
at the conduction band minimum (CBM), are typical for alkaline-earth 
metal oxides. The calculated effective masses (𝑚∗) for HSE06 indicate 
a hole mass (𝑚∗

ℎ ≈ 2.5𝑚𝑒) that is larger than the electron mass (𝑚∗
𝑒 ≈

0.9𝑚𝑒), a pattern similar to that observed in PBEsol [46]. The high hole 
mass suggests low mobility and a more localized nature of the VBM, 
which is in good agreement with the greater VB dispersion observed 
in HSE06 compared to the flatter VB in PBEsol. The discrepancy in 𝐸𝑔
and the enhanced dispersion and consequently higher 𝑚∗

ℎ calculated by 
HSE06 underscore the importance of hybrid functionals for the accurate 
description of the electronic structure of wide-bandgap insulators.

Experimental approaches such as the work developed by Nagab-
hushana et al. (2010) reported optical bandgap values of 5.0 and 5.35 
for CaSO4 in commercial form and pseudomicrorods, respectively [47]. 
In the work developed by Salikhodzha et al. (2019), the authors address 
luminescent recombination in CaSO4 crystals and estimate a bandgap 
value of 5.0 eV [48]. Junot et al. (2019) studied the behavior of CaSO4
crystals doped with Tm and Ag for dosimetry applications. In this 
article, the authors associate the optical absorption band around 8.2 
4 
eV with the host lattice, i.e., the bandgap of CaSO4 [49]. Using a DFT 
approach, Mandlik et al. (2020) found values between 5.67–5.86 eV for 
both orthorhombic and hexagonal CaSO4 structures [50]. Accordingly, 
the estimated bandgaps of 𝐸𝑔 = 6.044 eV (PBEsol) and 𝐸𝑔 = 7.271 eV
(HSE06) are in good agreement with previously reported values.

3.4. Optical properties

Fig.  4 shows the optical absorption coefficient of orthorhombic 
CaSO4, highlighting regions I, II, III, and IV, which correspond to 
the absorption maxima along the crystallographic directions (100), 
(010), (001), (011), and (111). Region I, in the energy range from 
5.0 eV (248 nm) to 12.5 eV (100 nm), lies within the ultraviolet (UV) 
spectrum, more specifically in the UV-C region (100–280 nm) [51]. In 
this range, a slight shoulder appears around 8.2 eV (151 nm), which 
can be attributed to the promotion of valence band (VB) electrons to 
conduction band (CB) states, a process directly related to the band gap 
of the material, as experimentally reported by Junot et al. (2019) [49]. 
The absorption increases until reaching a well-defined peak around 
10.4 eV (120 nm), which can be assigned to intraband transitions 
originating from the O–2p orbitals to Ca–3d states. The other regions 
(II, III, and IV) belong to the extreme ultraviolet (EUV) or soft X-
ray spectral range [52]. In these regions, distinct absorption peaks are 
observed at 13.2 eV (94 nm), 17.6 eV (70.4 nm), and 27 eV (46 nm), 
which are likely associated with the K, L, and M edge absorptions of 
the constituent ions, indicating deeper electronic transitions within the 
atomic levels of the compound.

The spectral regions analyzed are highlighted by colored bands in 
the Fig.  4. Region I (5.0–12.0 eV), shown in dark blue, corresponds to 
the domain of low-energy optical transitions. Region II (12.0–15.0 eV) 
appears in medium blue, indicating a gradual increase in the absorption 
coefficient associated with the onset of interband transitions. Region 
III (15.0–22.0 eV) is represented by the light–blue band and covers 
the interval where more intense absorption peaks emerge, reflect-
ing the higher density of accessible electronic states. Finally, Region 
IV (24.0–32.0 eV), highlighted in beige, delineates the high–energy 
regime in which the maximum absorption peak occurs, characteristic of 
transitions involving deeper electronic states. The colored curves corre-
spond to the different crystallographic orientations considered, whereas 
the black curve represents the polycrystalline response, enabling the 
evaluation of the optical anisotropy of the material.

Experimental studies related to the optical absorption of CaSO4 have 
found peaks in the UV region. For example, one study reported an 
absorption maximum of around 325 nm (∼ 3.81 eV), while another 
reported absorption near 280 nm (∼ 4.43 eV) [47]. The simulated 
absorption peaks in our work, ranging from 10 to 29 eV, are higher than 
these experimental values. This difference can be attributed to the fact 
that simulations capture electronic transitions, including higher-energy 
excitations, which may not be directly observed in conventional UV 
spectroscopy. Nonetheless, the computational spectra provide comple-
mentary insights into the electronic structure and optical behavior of 
orthorhombic CaSO4. We believe that the combination of experimental 
data and simulated spectra strengthens the reliability and interpretabil-
ity of our results. The curves for the different directions are very 
close (see Fig.  4). The orthorhombic CaSO4 has low optical anisotropy, 
meaning that the absorption is practically isotropic. The absorption 
coefficient (𝜂) can be expressed by the equation 𝜂 = 2𝑘𝜔∕𝑐, where 𝜂
quantifies the fraction of energy lost by the electromagnetic wave as it 
propagates through the material [43].

Fig.  5 shows the real and imaginary parts of the complex dielec-
tric function of orthorhombic CaSO4, 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔), where 
(𝜀1(𝜔), blue) and (𝜀2(𝜔), magenta) represent the real and imaginary 
components, respectively. The calculations were performed using the 
GGA–PBEsol functional for photon energies ranging from 0 to 35 eV. 
The static dielectric constant inferred from is 𝜀1(0) ≈ 2.8, corresponding 
to a low-energy refractive index of 𝑛 ≈

√

𝜀 (0) ≈ 1.67 [53]. Below 
0 1
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Fig. 3. Electronic band structures (left panels) and total + projected density of states (right panels) for orthorhombic CaSO4 computed with (a,b) PBEsol and 
(c,d) HSE06. The red dashed line denotes the Fermi level (0 eV).
Fig. 4. Optical absorption coefficient of orthorhombic CaSO4 as a function of 
energy when incident UV light is polarized along the crystalline planes and 
for a polycrystalline (poly) sample.

Fig. 5. Dielectric function of CaSO4 vs energy.

approximately 8.0 eV, 𝜀2(𝜔) remains essentially zero, indicating the 
absence of interband absorption and confirming the wide-bandgap 
insulating nature of CaSO4. A pronounced absorption band appears 
around 9.0–11.0 eV, where 𝜀2(𝜔) reaches its main peak; this feature 
is attributed to strong (O, 2p→Ca, 3d) interband transitions, as corrob-
orated by the PDOS analysis. Secondary spectral features between 15.0 
and 25.0 eV originate from transitions involving deeper valence states 
(O 2𝑠, S 3𝑠). The dispersion of 𝜀1(𝜔) near the absorption peaks follows 
the causality principle described by the Kramers–Kronig relations [54]. 
Finally, the region where 𝜀1(𝜔) approaches zero, around 18.0–22.0 eV, 
suggests the possible occurrence of a bulk plasmon resonance. No-
tably, 𝜀1(𝜔) remains positive up to approximately 26.0–27.0 eV and 
crosses zero near the plasma energy; this behavior indicates a transition 
from a typical dielectric to a reflective (metal-like) response at higher 
photon energies. Overall, the calculated dielectric response confirms 
that CaSO4 is optically transparent in the visible range, with low 𝑘(𝜔)
and 𝑛0 ∼ 1.67, while exhibiting strong ultraviolet absorption bands 
associated with interband electronic excitations.
5 
Fig. 6. Refractive index of CaSO4 vs photon energy.

Fig.  6 shows the complex refractive index of orthorhombic CaSO4
as functions of the photon energy (in eV), calculated using the GGA–
PBEsol functional, given by 𝑛̃(𝜔) = 𝑛(𝜔) + 𝑖 𝑘(𝜔), where 𝑛(𝜔) and 𝑘(𝜔)
are the real and imaginary parts, respectively. The real part (𝑛(𝜔), 
blue) describes the phase velocity of light in the medium, whereas 
the imaginary part (𝑘(𝜔), magenta) represents the extinction coefficient 
associated with optical absorption. At low photon energies (below 
approximately 8.0 eV), 𝑘(𝜔) remains nearly zero, indicating the absence 
of interband absorption and confirming the wide-bandgap insulating 
character of CaSO4. In this region, the static refractive index is ap-
proximately 𝑛0 ≈ 1.67, consistent with the expected transparency 
in the visible range [55]. It is important to emphasize that, from 
an experimental standpoint, synthesized CaSO4 typically exhibits an 
opaque appearance. However, in the experimental study conducted by 
Huang et al. (2024) [55], the authors reported that the refractive index 
decreases linearly with the reduction of water content, reaching a value 
of 1.85 for anhydrous CaSO4 with a sample thickness of 0.03 mm. 
This value is slightly higher than that obtained from the first-principles 
calculations performed in this work (𝛥 = 0.18). Such a discrepancy 
can be attributed to factors such as sample thickness and structural 
imperfections, including edge effects, finite crystallite size, and lattice 
strain, which are not accounted for in the theoretical simulations. The 
first pronounced absorption band appears between 9.0 and 11.0 eV, 
where both 𝑘(𝜔) and 𝑛(𝜔) display intense peaks, reaching about 1.0 
and 2.4, respectively. These peaks are attributed to strong interband 
transitions, mainly from O 2𝑝 to Ca 3𝑑 orbitals, as indicated by the 
PDOS analysis.

Fig.  7 shows the complex optical conductivity as functions of the 
photon energy (in eV), calculated using the GGA–PBEsol functional. Be-
low 5.0 eV, no significant absorption occurs, confirming transparency 
below the bandgap, 𝐸𝑔 = 6.044 eV and 𝐸𝑔 = 7.271 eV. The real 
part, (𝜎1(𝜔), violet) represents direct absorption, and exhibits multiple 
peaks between 5.0 and 35.0 eV, associated with interband transitions. 
The imaginary part, (𝜎2(𝜔), magenta) describes dispersive effects and 
energy storage, with alternating positive and negative peaks linked 
to resonance. A pronounced peak appears near 28.0 eV, probably 
of plasmonic origin. Above 35.0 eV, the optical response decreases 
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Fig. 7. Optical conductivity of CaSO4 vs photon energy.

sharply. Overall, Fig.  7 shows that orthorhombic CaSO4 has a complex 
and anisotropic optical response, with regions of strong absorption 
linked to electronic transitions.

In summary, orthorhombic CaSO4 exhibits a complex and partially 
anisotropic optical response, with well-defined absorption features di-
rectly related to its electronic structure. These characteristics are essen-
tial for understanding its dielectric and plasmonic properties and for 
guiding its use in optoelectronic and UV/visible applications.

3.5. Elastic properties

The mechanical properties of a crystalline system is governed by 
its elastic constant, which reflect the resistance of the material to 
deformation under external forces. For orthorhombic crystals, there are 
nine independent elastic constants: C11, C22, C33 C44, C55, C66, C12, C13, 
and C23. Larger values of the elastic constants (C𝑖𝑗) indicate greater 
resistance of the lattice to applied mechanical stress [56,57]. Specifi-
cally, C11, C22, and C33 correspond to the uniaxial compressive strength 
along the 𝑎, 𝑏, and 𝑐 crystallographic axes, respectively, whileC44, C55, 
and C66 represent the shear resistance along the (100), (010), and 
(001) crystallographic planes, respectively. The calculated values C𝑖𝑗
for orthorhombic CaSO4 (space group 𝐶𝑚𝑐𝑚) satisfy the Born–Huang 
mechanical stability conditions [57–60]:

𝐶𝑖𝑗 > 0, (2a)

𝐶11 + 𝐶22 + 𝐶33 + 2(𝐶12 + 𝐶13 + 𝐶23) > 0, (2b)

𝐶11 + 𝐶22 − 2𝐶12 > 0, (2c)

𝐶11 + 𝐶33 − 2𝐶13 > 0, (2d)

𝐶22 + 𝐶33 − 2𝐶23 > 0. (2e)

Table  4 shows the elastic constants (C𝑖𝑗) and elastic compliance 
matrix (S𝑖𝑗) for orthorhombic CaSO4. Of the axial constants, C33 is 
the largest (168.29 GPa), while C11 is the smallest, confirming elas-
tic anisotropy. For the shear modes, C55 (12.52 GPa) is significantly 
smaller than C44 and C66, indicating low resistance to wear in this di-
rection. The calculated values of the elastic constants for orthorhombic 
CaSO4 (Table  4) reveal significant anisotropy, particularly in the shear 
plane associated with 𝐶55 = 12.52 GPa, a value that is substantially 
lower than 𝐶44 = 39.78 GPa and 𝐶66 = 36.43 GPa. This reduced value 
indicates that the material is more easily deformable by shear along 
the plane corresponding to 𝐶55, suggesting higher compressibility and 
susceptibility to deformation in this specific crystallographic direction. 
In contrast, the higher values of 𝐶44 and 𝐶66 indicate greater resis-
tance to shear deformations in the respective planes, highlighting the 
mechanical anisotropy of orthorhombic CaSO4. These characteristics 
can significantly influence the structural stability and mechanical per-
formance of the material in applications where directional or shear 
stresses are predominant. The large value of the compliance constant 
S55 reinforces this result, indicating that the crystal is particularly sus-
ceptible to shear deformation along the corresponding plane. Negative 
6 
Table 4
Elastic constants (C𝑖𝑗) and non-zero elastic compliance coeffi-
cients (S𝑖𝑗) for orthorhombic CaSO4.
 Orthorhombic CaSO4
 C𝑖𝑗 Value (GPa) S𝑖𝑗 Value (10−3 𝐺𝑃𝑎−1) 
 C11 127.59 S11 0.00864  
 C12 40.38 S12 −0.00245  
 C13 15.76 S13 −0.00018  
 C22 139.04 S22 0.00850  
 C23 42.90 S23 −0.00194  
 C33 168.29 S33 0.00645  
 C44 39.78 S44 0.02513  
 C55 12.52 S55 0.07985  
 C66 36.43 S66 0.02745  

off-diagonal elements in S𝑖𝑗 are physically meaningful, as they reflect 
the usual coupling in which stress in one direction induces contraction 
in another.

The elastic modulus is derived from the elastic constants using the 
Voigt–Reuss–Hill (VRH) scheme. For orthorhombic CaSO4 crystals, the 
bulk modulus (𝐵) and shear modulus (𝐺) according to the Voigt (𝑉 ), 
Hill (𝐻) and Reuss (𝑅) approximations are obtained as follows [57,61]:

𝐵𝑉 = 1
9
(𝐶11 + 𝐶22 + 𝐶33) +

2
9
(𝐶12 + 𝐶13 + 𝐶23), (3a)

𝐺𝑉 = 1
15

(𝐶11+𝐶22+𝐶33)−
1
15

(𝐶12+𝐶13+𝐶23)+
1
5
(𝐶44+𝐶55+𝐶66), (3b)

𝐵𝑅 = 𝛥[𝑎 + 𝑏]−1, (3c)

𝐺𝑅 = 15

⎡

⎢

⎢

⎢

⎣

4(𝑑 − 𝑒)

𝛥 +
(

3
𝐶44

+ 3
𝐶55

+ 1
𝐶66

)

⎤

⎥

⎥

⎥

⎦

−1

, (3d)

𝑎 = 𝐶11(𝐶22 + 𝐶33 − 2𝐶23) + 𝐶22(𝐶33 − 2𝐶13) − 2𝐶33𝐶12, (3e)

𝑏 = 𝐶12(2𝐶23 − 𝐶12) + 𝐶13(2𝐶12 − 𝐶13) + 𝐶23(2𝐶13 − 𝐶23), (3f)

𝑑 = 𝐶11(𝐶22 + 𝐶33 + 𝐶23) + 𝐶22(𝐶33 + 𝐶13) + 𝐶33𝐶12, (3g)

𝑒 = 𝐶12(𝐶23 + 𝐶12) + 𝐶13(𝐶12 + 𝐶13) + 𝐶23(𝐶13 + 𝐶23), (3h)
𝛥 = 𝐶13(𝐶12𝐶23 − 𝐶13𝐶22) + 𝐶23(𝐶12𝐶13 − 𝐶23𝐶11) + 𝐶33(𝐶11𝐶22 − 𝐶2

12).
(3i)

Hill [57] demonstrated that the Voigt and Reuss equations provide 
upper and lower bounds, respectively, for the polycrystalline constants, 
and recommended an arithmetic mean as a practical estimate. Thus, 
the bulk modulus (𝐵), shear modulus (𝐺), Young’s modulus (𝑌 ), and 
Poisson’s ratio (𝜈) are obtained as [57,60]: 

𝐵 =
𝐵𝑉 + 𝐵𝑅

2
, (4a)

𝐺 =
𝐺𝑉 + 𝐺𝑅

2
, (4b)

𝑌 = 9𝐵𝐺
3𝐵 + 𝐺

, (4c)

𝜈 = 3𝐵 − 𝑌
6𝐵

. (4d)

All known crystalline materials exhibit elastic anisotropy, and an 
accurate description is crucial for applications in solid-state physics 
and engineering. The universal anisotropy index (𝐴𝑈 ), the percentage 
anisotropy (𝐴𝐺), the bulk anisotropy (𝐴𝐵), and the shear anisotropy 
factor (𝐴1, 𝐴2, 𝐴3) can be used to quantify this behavior [57]:

𝐴𝑈 =
5𝐺𝑉
𝐺𝑅

+
𝐵𝑉
𝐵𝑅

− 6, (5a)

𝐴𝐺 =
𝐺𝑉 − 𝐺𝑅 , (5b)

𝐺𝑉 + 𝐺𝑅
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𝐴𝐵 =
𝐵𝑉 − 𝐵𝑅
𝐵𝑉 + 𝐵𝑅

, (5c)

𝐴1 =
4𝐶44

𝐶11 + 𝐶33 − 2𝐶13
, (5d)

𝐴2 =
4𝐶55

𝐶22 + 𝐶33 − 2𝐶23
, (5e)

𝐴3 =
4𝐶66

𝐶11 + 𝐶22 − 2𝐶12
. (5f)

The calculated anisotropy indices for orthorhombic CaSO4 indicate 
a moderate degree of elastic anisotropy. The universal anisotropy index 
is 𝐴𝑈 ≈ 1.84 the percentage anisotropy of the shear modulus is 
𝐴𝐺 ≈ 15.4%, and the bulk modulus anisotropy is 𝐴𝐵 ≈ 0.8%, indi-
cating nearly isotropic resistance to uniform compression. The shear 
anisotropy factors are 𝐴1 = 0.60, 𝐴2 = 0.23, and 𝐴3 = 0.78, with 𝐴2 the 
lowest and 𝐴3 the highest. Overall, orthorhombic CaSO4 exhibits nearly 
isotropic compressive behavior but pronounced directional variation in 
shear properties, which may affect its mechanical performance in spe-
cific crystallographic orientations. Titanium–aluminum–nitride alloy 
(Ti0.8Al0.2N) has values of 𝐴𝑈 ∼ 2.0, 𝐴𝐺 ∼ 20%, and 𝐴𝐵 ∼ 5.0%, indicat-
ing high anisotropy. This material is widely used in hard coatings due to 
its high wear resistance; however, its pronounced anisotropy increases 
its susceptibility to fracture failure in specific directions. Hafnium 
dioxide (HfO2), with values of 𝐴𝑈 ∼ 1.3, 𝐴𝐺 ∼ 10.0%, and 𝐴𝐵 ∼ 3.0%, 
exhibits relatively low anisotropy, favoring mechanical uniformity and 
structural stability, which are essential characteristics for electronic 
and dielectric devices [62]. Oxides of magnesium (MgO), cobalt (CoO), 
nickel (NiO), copper (CuO), and zinc (ZnO) exhibit minimal anisotropy 
(𝐴𝑈 ∼ 1.1, 𝐴𝐺 ∼ 5.0%, 𝐴𝐵 ∼ 2.0%), and are practically isotropic. 
This characteristic is desirable in applications requiring mechanical 
uniformity, such as sensors and optoelectronic devices [63]. Compared 
to these materials, CaSO4 combines moderate anisotropy with stable 
mechanical properties, making it suitable for thin coating applications 
where there are no critical directional stresses. Its performance lies 
between that of high–anisotropy materials, such as Ti0.8Al0.2N, and 
nearly isotropic materials, such as HfO2 and (Mg, Co, Ni, Cu, Zn)O, 
thereby offering a balance between mechanical strength and structural 
reliability.

Table  5 shows that Pugh’s ratios (𝐵∕𝐺), calculated using the Voigt, 
Reuss, and Hill approaches, are 1.75, 2.35, and 2.01, respectively. Since 
the Reuss and Hill values exceed the critical threshold of 1.75 [60,64], 
which is typically used to distinguish ductile from brittle behavior, 
orthorhombic CaSO4 is expected to exhibit predominantly ductile me-
chanical behavior. The estimated value for the Vickers hardness of 
𝐻V ≈ 3.9 GPa suggests that orthorhombic CaSO4 is a relatively soft 
material. The calculated bulk modulus (𝐵 = 69.8 GPa) and the esti-
mated hardness are consistent with the typical mechanical behavior of 
wide-bandgap ionic insulators. To validate these results, we compared 
them with available experimental data for the two main phases of 
calcium sulfate: gypsum (CaSO4 ⋅ 2H2O) and anhydrite (CaSO4). For 
gypsum, neutron diffraction measurements gave a bulk modulus of 
45 ± 1 GPa [65], while first-principles calculations yielded a value of 
approximately 49.0 GPa for the stable gypsum-I phase [66]. In contrast, 
experimental studies of anhydrite have consistently reported higher 
values for the stiffness, with bulk moduli in the range 82.0–83.0 GPa [67,
68]. Our calculated value of 𝐵 = 69.8 GPa lies between the experimental 
ranges for gypsum and anhydrite, showing good consistency with the 
literature and confirming the relatively soft mechanical properties of 
orthorhombic CaSO4.

To enable a detailed analysis of the elastic anisotropy of orthorhom-
bic CaSO4, Figs.  8(a-d) present the elastic modulus patterns, show-
ing four fundamental properties in both 3D and 2D projections (xy, 
xz, and yz planes). These figures show the maximum and minimum 
variations of Young’s modulus (𝑌 ), linear compressibility (𝛽), shear 
modulus (𝐺), and Poisson’s ratio (𝜈), calculated using the GGA-PBEsol 
exchange–correlation functional at a pressure of 0 GPa. The results 
confirm strong anisotropy in (𝑌 ), (𝐺), and (𝜈), while 𝛽, remains the 
7 
Table 5
Elastic moduli and derived mechanical properties of orthorhom-
bic CaSO4 (at 0 GPa).
 Property Voigt Reuss Hill  
 Bulk modulus 𝐵 70.34 69.23 69.79 
 Shear modulus 𝐺 40.14 29.41 34.78 
 Young’s modulus 𝑌 101.18 77.30 89.47 
 Lame’s first parameter 𝜆 43.58 49.62 46.60 
 Poisson’s ratio 𝜈 0.260 0.314 0.286 
 Hardness 𝐻 4.48 3.37 3.93  
 Pugh ratio 𝐵∕𝐺 1.75 2.35 2.01  

Table 6
Anisotropy values and minimum and maximum ranges for 
elastic moduli for orthorhombic CaSO4.
 Parameter Symbol CaSO4  
 𝑌min 42.26  
 Young’s Modulus (GPa) 𝑌max 154.96 
 A 3.66  
 𝛽min 4.11  
 Linear Compressibility 𝛽max 6.00  
 A 1.45  
 𝐺min 12.52  
 Shear Modulus (GPa) 𝐺max 64.69  
 A 5.16  
 𝜈min −0.03  
 Poisson’s Ratio 𝜈max 0.71  
 A ∞  

most isotropic property. This variation is fully consistent with the or-
thorhombic symmetry, which allows for different mechanical responses 
along each crystallographic axis. Such pronounced anisotropies may 
influence the material’s behavior in structural applications or under 
directional stress.

Table  6 summarizes the maximum-to-minimum ratios of Ymax, 𝛽max, 
Gmax, and 𝜈max, together with anisotropy factors, reinforcing that Young’s
and shear moduli are the most anisotropic properties. Poisson’s ratio 
exhibits unusual behavior, including a negative minimum value and in-
finite anisotropy, indicating strong directional dependence. In contrast, 
linear compressibility remains relatively isotropic.

Finally, the wide-bandgaps of 6.044 eV (PBEsol) and 7.271 eV 
(HSE06), obtained from calculations of the electronic band structure 
and the total + projected density of states, indicate a predominantly 
ionic character of the Ca2+-SO2−

4  bond. This strong electrostatic in-
teraction results in high phonon frequencies, particularly in optical 
modes, reflecting the rigidity of the crystal lattice. The combination 
of electronic and vibrational characteristics explains the favorable me-
chanical behavior of orthorhombic CaSO4, including a high Young’s 
modulus, moderate hardness, and limited ductility typical characteris-
tics of structural ceramics, insulating materials, and mechanically stable 
substrates.

4. Conclusion

This paper has presented a comprehensive theoretical investigation 
of the physical properties of orthorhombic CaSO4 using DFT. Structural 
optimization was performed with the LDA, PBE, PBEsol exchange–
correlation functionals, while the screened hybrid HSE06 functional 
was employed to refine the electronic structure, yielding a bandgap of 
𝐸𝑔 = 7.271 eV compared to the value of 𝐸𝑔 = 6.044 eV obtained with 
PBEsol. When taken together, the results for the negative total energy, 
cohesive energy, and phonon dispersion demonstrate robust structural 
stability and strong interatomic bonding. The Born–Huang mechanical 
stability criteria, together with the calculated elastic constants, confirm 
the mechanical stability of the CaSO4 crystal and reveal anisotropic 
responses to shear, particularly along specific crystallographic planes 
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Fig. 8. Plots of 3D and 2D elastic moduli for orthorhombic CaSO4.
such as (010) and (100), where differential elastic stiffness is most pro-
nounced. In addition, an optical analysis shows polarization-dependent 
absorption in the UV region while maintaining nearly isotropic behav-
ior. In summary, these findings advance the current understanding of 
the fundamental physical properties of CaSO4 and support its poten-
tial application as a stable insulating and optoelectronically relevant 
material.
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