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Abstract 

Chromium (Cr) substitution offers a route to modifying the electronic structure and optical 
response of α-Al₂O₃, a wide-band-gap oxide with limited intrinsic absorption in the visible region. 
In this study, the concentration-dependent electronic and optical properties of Cr-doped α-Al₂O₃ 
are investigated using spin-polarized density functional theory within the generalized gradient 
approximation of Perdew–Burke–Ernzerhof, as implemented in VASP. Substitutional Cr 
concentrations of 8.33% and 16.66% are considered. The electronic structure is examined through 
band-structure and total and partial density-of-states analyses, while the optical response is 
evaluated using the complex dielectric function, energy-loss function, refractive index, extinction 
coefficient, absorption coefficient, and Tauc analysis. The calculated band gap decreases from 6.47 
eV in pristine α-Al₂O₃ to 1.75 eV and 0.57 eV at Cr concentrations of 8.33% and 16.66%, 
respectively. The electronic-structure analysis indicates the formation of Cr-derived states within 
the host band gap, providing a qualitative explanation for the concentration-dependent gap 
narrowing and the shift of optical absorption toward lower photon energies. The optical results 
further demonstrate that Cr substitution substantially modifies the calculated light-response 
characteristics of α-Al₂O₃. These findings highlight the potential of substitutional doping as a 
means of tuning the electronic and optical properties of alumina. However, the absolute band-gap 
values should be interpreted cautiously because of the known limitations of the PBE functional 
and the relatively high dopant concentrations represented by the periodic models. 

Key words: α-Al₂O₃ metal oxide; DFT&GGA approximation; Band structure & PDOS study; 
optoelectronic properties; Absorption edge and Tauc model. 

 

1. Introduction  

Aluminum oxide (Al₂O₃) is widely recognized as an important material for ceramic, optical, and 

electronic applications owing to its excellent thermal stability, chemical resistance, and mechanical 

hardness. Among its different crystalline phases, α-alumina (α-Al₂O₃) is the most 

thermodynamically stable polymorph and crystallizes in the hexagonal corundum structure. These 



1 
 

characteristics have made α-Al₂O₃ suitable for various applications, including optical coatings, 

optoelectronic components, electroluminescent displays, transparent ceramics, and laser-host 

materials [1,2,5]. Its dielectric characteristics and low leakage current have also attracted interest 

in electronic devices, particularly metal–oxide–semiconductor (MOS) gates and charge-trapping 

memory systems [3]. Other alumina polymorphs, such as β-, γ-, δ-, θ-, and κ-Al₂O₃, have also been 

investigated; however, many metastable phases tend to transform into the stable α-phase during 

high-temperature treatment [4]. In addition, alumina nanoparticles and alumina-based materials 

have been explored for adsorption and catalytic applications because of their useful 

physicochemical and surface properties [6]. 

Despite these advantages, the large band gap of α-Al₂O₃ is a major limitation for applications 

requiring efficient absorption of visible light. Reported band-gap values depend on the 

experimental technique, computational approach, and alumina phase under investigation [7–11]. 

Previous studies have employed different theoretical and experimental methods to estimate the 

electronic gap of alumina, reporting values that vary considerably across the literature. For 

example, Samantaray et al. investigated γ-Al₂O₃ using the local-density approximation (LDA), 

whereas other studies used UV–visible spectroscopy, generalized gradient approximation (GGA) 

calculations, and the full-potential linearized augmented plane-wave (FP-LAPW) method to 

evaluate its electronic or optical properties [7–11]. The wide band gap of α-Al₂O₃ means that its 

intrinsic optical response is concentrated mainly in the ultraviolet region, limiting its direct 

utilization of visible-light photons. One strategy for addressing this limitation is chemical doping, 

which can modify the electronic structure through the introduction of dopant-derived states within 

the host band gap. Depending on the dopant and its concentration, these states may reduce the 

calculated band gap and shift the optical absorption edge toward lower photon energies [12]. 
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Transition-metal doping is particularly relevant because the partially occupied d orbitals of these 

elements can interact with the electronic states of the host material. Chromium (Cr) is an interesting 

dopant for α-Al₂O₃ because Cr-related electronic states can influence its band structure and optical 

response. Furthermore, Cr³⁺-doped α-Al₂O₃ is well known for its characteristic optical emission 

and its use in laser materials, demonstrating the importance of chromium in alumina-based optical 

systems [13]. Separately, alumina-containing composites have been investigated for catalytic 

processes, including the degradation of organic pollutants, where surface adsorption and other 

material characteristics can contribute to performance [14]. Nevertheless, changes in the band gap 

or absorption spectrum alone are insufficient to establish the suitability of a doped material for a 

particular photocatalytic or photovoltaic application. 

Density functional theory (DFT) has become a widely used approach for examining the atomic-

scale structural, electronic, and optical characteristics of functional materials. Previous first-

principles investigations have applied DFT to oxides, hydrides, perovskites, and other 

semiconducting systems to explore their electronic structures and optical responses [15–19]. For 

alumina-based materials, DFT calculations can provide insight into the influence of chemical 

substitution on the band structure and the distribution of electronic states. In particular, band-

structure calculations and total and partial density-of-states (TDOS and PDOS) analyses can help 

identify the contributions of dopant orbitals to the electronic states near the valence- and 

conduction-band edges [20–29]. Optical calculations based on the complex dielectric function can 

complement these analyses by providing information about the dielectric response, refractive 

index, extinction coefficient, absorption coefficient, and energy-loss function. Examining these 

properties together offers a more comprehensive theoretical description of how dopant 

concentration affects the electronic and optical behavior of a material. However, direct assessment 
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of photocatalytic or photovoltaic performance also requires additional information, such as band-

edge alignment, charge-carrier recombination, and charge transport, which cannot be established 

solely from band-gap and optical-spectrum calculations. 

In the present work, first-principles DFT calculations implemented in the Vienna Ab initio 

Simulation Package (VASP) are employed to investigate the concentration-dependent electronic 

and optical properties of Cr-doped α-Al₂O₃. Chromium substitutes for aluminum at two 

concentrations, namely 8.33% and 16.66%, allowing the effects of increasing Cr content to be 

compared within the adopted computational models. The electronic properties are examined using 

band structures and TDOS and PDOS analyses. The optical response is investigated through the 

complex dielectric function and its derived optical constants, including the refractive index, 

extinction coefficient, and absorption coefficient. The energy-loss function and Tauc analysis are 

also considered to provide complementary perspectives on the calculated optical response. 

Particular emphasis is placed on the evolution of the band gap, the contribution of Cr-related 

electronic states, and the relationship between changes in the electronic structure and the resulting 

optical characteristics. 

The principal objective of this study is to establish a comparative theoretical description of how 

Cr concentration influences the electronic and optical properties of α-Al₂O₃. By combining band-

structure and density-of-states analyses with several optical-response functions, the work 

examines the relationship between dopant-induced electronic states, band-gap modification, and 

changes in optical absorption. This integrated analysis provides a basis for understanding the 

optical-response engineering of Cr-doped alumina and for identifying questions that may be 

addressed in subsequent experimental and theoretical investigations. The calculated results should 

be interpreted with consideration of the limitations of the PBE exchange–correlation functional, 
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particularly its tendency to underestimate band gaps, as well as the relatively high dopant 

concentrations represented by the periodic models. Accordingly, the findings describe the 

predicted electronic and optical properties of the investigated systems and do not, by themselves, 

demonstrate improved photovoltaic efficiency or photocatalytic activity. 

 

2. Computational Detail 

The Vienna Ab initio Simulation Package (VASP) was used to perform the first-principles 

calculations within the plane-wave pseudopotential framework [30]. The exchange correlation 

potential was calculated using the GGA method and the Perdew-Burke-Ernzerhof functional 

approach. The optical, density of states, band structure, and geometry optimization were calculated 

using this functional technique [31].  The unit cell of α-Al₂O₃, which contains 30 atoms in the 

conventional hexagonal unit cell, a space group of R3c, 18 four-coordinated O atoms, and 12 six-

coordinated Al atoms, is shown in Figure 1(a). Additionally, a substitutional model was used as 

demonstrated in Figures 1(b) and 1(c). The substitution of Cr atoms in the Al sites was achieved 

at the octahedrally coordinated sites in the α-Al₂O₃ structure. Other non-equivalent Al sites were 

also studied in preliminary calculations to obtain qualitatively similar electronic and optical 

properties, hence confirming the selected substitutional site. The substitution of Cr was done by 

replacing either one or two of the Al atoms with Cr atoms in the Al sites of the α-Al₂O₃ structure. 

The adopted supercell has a substitution of one Al atom by one Cr atom giving rise to Al₁₁CrO₁₈ 

structure with a substitutional concentration of Cr atoms at 8.33%, while substitution of two Al 

atoms by two Cr atoms gives rise to the composition Al₁₀Cr₂O₁₈, with a substitutional concentration 

of Cr atoms at 16.66%. 
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In addition, regarding the spin contributions, it is worth mentioning that chromium is a magnetic 

material; thus, spin-polarized calculations are used in this study. In fact, the magnetic moment 

value is approximately 3.87 μB, which shows that the spin contributions are significant in the Cr-

doped material. It is worth mentioning that chromium is a transition metal that has unpaired d-

electrons; thus, it has the ability to contribute magnetism that may affect the band gap value. 

Therefore, spin-polarized density functional theory calculations are essential for correctly 

evaluating the magnetic contributions on the band gap value of the Cr-doped α-Al₂O₃ material. 

For both the pristine and Cr-doped α-Al₂O₃ systems, a plane-wave energy cutoff of 380 eV and a 

Monkhorst-Pack k-point mesh of 15x15x4 were used for Brillouin-zone sampling [32-34].  The 

electronic self-consistent field (SCF) calculations were assumed to be converged when the 

difference of the total energy between two consecutive electronic steps was less than 1.0×10 -4 eV. 

For ionic relaxation calculations, the force convergence criterion was set to 1.0 × 10 −2 eV/Å. The 

maximum atomic force was 0.005417 eV/Å for the pristine α-Al₂O₃ system and 0.0078 eV/Å for 

the doped systems. In addition, the calculated total energies were −249.52958476 eV, 

−286.02521519 eV, and −254.47322326 eV for pristine α-Al₂O₃ and Cr-doped α-Al₂O₃ with 8.33% 

and 16.66% Cr concentrations, respectively. It is pertinent to mention here that phonon calculations 

were not performed in the present study; therefore, the dynamical stability of the optimized 

structures doped with chromium was not investigated through phonon calculations in this study, 

thus no determination of dynamical stability could be achieved. The calculated properties are 

properties of the optimized structures under the employed DFT calculation. A determination of 

dynamical stability can only be achieved via phonon dispersion or phonon density of states 

calculations where the absence of imaginary frequencies proves dynamical stability. The calculated 

structural and electronic properties should consequently be interpreted as properties of the 
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optimized configurations, while a definitive assessment of dynamical stability requires phonon 

dispersion or phonon density-of-states calculations. 

 

 

 

Figure 1: Crystal structures of (a) pristine α-Al₂O₃, (b) 8.33% substitutional Cr-doped α-Al₂O₃ 

(Al₁₁CrO₁₈), and (c) 16.66% substitutional Cr-doped α-Al₂O₃ (Al₁₀Cr₂O₁₈). 

3. Result and Discussion 

3.1 Structural optimization and formation energy 

The GGA approach with PBE exchange-correlation functional utilized in this study yielded 

optimal lattice parameters of ܽ =  ܾ =  4.76 Å, ܿ =  12.99 Å [6], which are quite similar to the 

experimental lattice parameters of ܽ =  ܾ =  4.7563 Å, ܿ =  12.9820 Å [35]. It is important to 

note that there is relatively little variation between the calculated and observed lattice parameters.  

Table 1 presents the optimized lattice parameters for both pure and Cr-doped α-Al₂O₃ after 

structural relaxation. The calculated lattice parameters for pure Al₂O₃ was found consistent well 

with prior theoretical results. The increase in Cr concentration results in a minor reduction in the 
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ܽ parameter and a rise in the ܿ parameter. This implies that anisotropic lattice distortion is caused 

by the Cr substitution. The slight variations in the lattice parameters and volume of the optimized 

unit cell suggest that the chromium-doped systems are capable of being relaxed without any 

significant change in the total α-Al₂O₃ structure. Nevertheless, structural properties alone cannot 

define mechanical and dynamical stability. 

 

Table 1. Structural parameters of pure and Cr-doped α-Al₂O₃ after geometry optimization. 

Structure Description ࢇ = ࢻ (Å³) ࢂ (Å) ࢉ (Å) ࢈  =  γ (°) Formation (°) ࢼ 

energy (eV) 

Al₂O₃ Pure 4.76 12.99 249.97 90 120 0 

Cr: α-Al₂O₃ 
(8.33%) 

Al₁₁CrO₁₈ 4.7475 13.03 251.70 90 120 -1.375 

Cr: α-Al₂O₃ 
(16.66%) 

Al₁₀Cr₂O₁₈ 4.70 13.1375 252.52 90 120 -2.245 

 

From the obtained results in this study, it can be concluded that lattice parameters a and c obtained 

in this study fall into the range of lattice parameters obtained in other studies, namely lattice 

parameters ܽ =  4.74 − 4.82 Å, ܿ =  12.94 − 13.16 Å. Naturally, some differences exist 

between the obtained results in this study and other studies, since different exchange-correlation 

functionals and computational methods, namely the LDA method, GGA method, FP-LAPW 

method, HSE method, etc., are used [10, 11, 36, 37, 38]. It is found that the optimized structure is 
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suitable for the investigation of the doped α-Al₂O₃ systems, and a good agreement could be seen 

between the calculated results of the current study and those reported previously.  

The chemical stability of the pure and chromium doped α-Al₂O₃ has been analyzed in the present 

study by employing the formation energy concept to validate the stability of the created supercell 

systems. There exist multiple studies that have either failed to incorporate the stability of the 

system by using formation energy or phonon calculation techniques [10, 11,36], or else have 

emphasized mechanical stability [39-41], or adopted phonon dispersion approach to prove their 

dynamic stability [42]. Formation energy and phonon methodologies are thus extensively utilized 

in the density functional theory approach. As one can notice from Table 1, the analysis of the results 

is not hard to conduct based on the formalism of the defect formation theory. The latter provides 

the formation energy formula which includes the difference in energies of two systems and 

chemical potentials of elements forming the aforementioned two systems. In this specific case, it 

is necessary to suppose that doping of α-Al₂O₃ with Cr is associated with the addition of Cr atoms 

and removal of Al atoms with an aim of charge compensation. Therefore, there is addition of Cr 

atoms controlled by μCr and removal of Al atoms controlled by μAl. Since the initial energy of 

pure α-Al₂O₃ equals zero eV, one can deduce that negative values of the formation energy (−1.375 

eV and −2.25 eV) point to thermodynamic feasibility of the process. Moreover, reduction of the 

negative values means that doping with Cr atoms becomes more energetically favorable. It should 

also be noted that the constant values of μAl and μCr mean that the presented data was obtained 

under identical growth conditions. The calculated formation energies indicate that Cr substitution 

is energetically favorable under the selected chemical-potential conditions; however, these results 

alone cannot establish the overall stability of the Cr-doped systems. Mechanical stability requires 

the calculation of elastic constants, whereas dynamical stability requires phonon calculations. 
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Since these calculations were not performed in the present study, no definitive conclusions can be 

drawn regarding the mechanical and dynamical stability of the Cr-doped systems. Future work 

will therefore include a detailed investigation of dynamical stability through phonon density-of-

states and phonon-dispersion calculations. Such calculations would also provide further insight 

into the role of electron–phonon interactions in properties such as carrier lifetimes, optical 

absorption, and luminescence. 

3.2 Calculated Band Gap Study 

3.2.1 Band structure 

 

The electronic band structure and density of states provide important information about the 

electronic properties and band-gap characteristics of a material. A material's electronic band 

structure can determine the possibilities of the energy ranges occupied by the free electrons, known 

as the energy bands. The band gap, as indicated by the orange arrow in Figure 2, is the range 

between the valence band maximum (VBM) and the conduction band minimum (CBM) where no 

electronic states are available in the ideal band structure [43]. Therefore, the band gap relates to 

the ranges of energy where the free electrons are not allowed. The energy required to move a 

valence electron associated with an atom to a conduction electron while creating a hole in the 

valence band (VB) is termed the band gap energy, Eg. In the crystal lattice, the created hole and 

the promoted conduction electron are free to move and are responsible for the conduction of an 

electric current. Materials may be classified as conductors, semiconductors, or insulators 

depending on their band gaps. Materials with sufficiently large band gaps exhibit insulating 

behavior, whereas smaller band gaps generally correspond to semiconducting behavior [44].  
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Figure 2: Calculated band structure of pure α-Al₂O₃. 

  

Figure 2 shows a high-symmetry path in the Brillouin zone (Γ-T-H-0-L-Γ-S-0-F-Γ) that represents 

the band structure of the virgin system. In contrast, the band structures of Cr-doped Al2O3 are 

shown in Figures 3 and 4 along a high-symmetry path in the Brillouin zone (Γ-M-K-Γ-A-L-H) for 

doping samples. Both the valence band maximum and the conduction band minimum are located 

in a high-symmetry site, as shown by the orange dashed line in Figure 2. The atomic number of 

aluminum is 13, and its electronic configuration is [Ne] 3s² 3p¹. Conversely, oxygen has an 

electrical configuration of 1s² 2s² 2p² with an atomic number of 8. While nonbonding O-p states 

dominate the upper valence bands, contributions from Al-3s states cause a broad minimum for the 
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conduction band at the Γ-point. This is in line with most of the previous studies that have shown 

that alumina has a direct band gap [10, 37]. The calculated band gap, shown in Figure 2, is 6.47 

eV, which is in agreement with earlier study [30]. To investigate the role of the main and impurity 

energy levels, we calculated the band structure, as presented in Figures 3 and 4. The calculated 

band gap clearly indicates that the band gap decreases with an increase in dopant concentration. 

For instance, the band gap is decreased from 6.47 eV for the pure system to 1.75 eV and 0.57 eV 

for 8.33% Cr and 16.66% Cr concentrations, respectively. This is due to the properties of the 

dopant, as it is known that the atomic number of Cr is 24 with an electronic configuration of [Ar] 

3d⁵4s¹. This adds impurity levels in the band gap but does not affect the valence band. With 

increased dopant concentration, more free electrons are available in the donor states in the band 

gap. In addition, it is important to mention that It should be highlighted that the calculated band-

gap values, especially the very small value of 0.57 eV for the 16.66% Cr doped α-Al₂O₃  system, 

should not be regarded as quantitatively accurate predictions of the experimental band gap. Instead 

these values should be viewed mainly as a measure of systematic tendency of Cr-induced band-

gap narrowing. The relatively high concentration of Cr in the periodic supercell can promote the 

interaction between the periodically repeated Cr atoms and facilitate the formation of impurity 

bands. It is well known that the GGA-PBE exchange-correlation functional tends to underestimate 

the absolute band gaps of semiconductors and insulators. The present calculations should be more 

reliable in describing the qualitative evolution of the electronic structure, such as the formation of 

Cr-induced impurity states and the progressive narrowing of the band gap, than predicting its 

absolute magnitude. To obtain more accurate quantitative values for the band-gap, more 

sophisticated approaches are required, such as hybrid functionals or many-body methods.  
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 In Cr-doped Al₂O₃ at a concentration of 8.33%, it is observed that the transition is indirect, with 

VBM at the Γ-point and CBM at the K-point, as shown in Figure 3. However, in the case of 16.66% 

Cr concentration, it is observed that the transition is direct, as shown by the dashed line in Figure 

4 and near the high-symmetry Γ-point. As it can be seen in Figure 3, for Cr-doped alumina (α-

Al₂O₃) with 8.33 wt.%, the change in electronic band structure is clear in the presence of a 

transition metal and obvious that a large bandgap insulating material could be transferred into a 

semiconductor. Figure 3 and the discussion is connected to the spin-polarized system and 

electronic properties. Figure 3, illustrates that there are different electronic states for the Spin-Up 

(cyan) and Spin-Down (red) channels. The large difference between the two channels, in particular 

for the Fermi level (E=0 eV), determines the strong magnetic moment present in the Cr-doped 

alumina. This is a common effect in dilute magnetic semiconductors or insulators and is due to the 

3d orbitals of the transition metal forming new states within the original bandgap [45].  

The bandgap (Eg) is clearly identified as 0.57 eV. The presence of orange dots at the Γ-point 

indicates that it is a direct bandgap. This is a significant reduction in comparison to pure alumina, 

where the wide bandgap is ~8.8 eV [46]. Mid-gap States are also clearly identified. The presence 

of narrow bands between -1 eV and 1 eV is due to the presence of Cr-3d states. These states are 

split due to the crystal field of the alumina lattice, effectively "closing" the wide gap of the host 

and turning it into a narrow-gap material [47]. However, it is important to mention here that caution 

is required while interpreting the substantial reduction in the band gap energy with the increase in 

the Cr contents. Despite the presence of the evidence showing the formation of impurity electronic 

states with increasing trends in the band gap reduction with increasing doping levels, there can be 

certain limitations in the absolute values obtained for such high doping levels as the calculation 

method is prone to errors due to high doping levels and the use of periodic supercell approximation 
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technique in the calculations. Thus, under the effect of these factors, enhanced interactions among 

Cr atoms inside the simulation box can lead to impurity-band formation and substantially modify 

the semiconducting character of the system. The present work is focused mainly on providing 

information about changes in the properties of the system due to Cr incorporation. 

In addition, our study uses the GGA-PBE functional, the performance of which has been noted to 

be generally underestimate band gaps because of the basic treatment of exchange-correlation. This 

means that the band gap 6.47 eV for α-Al2O3 is smaller than the true band gap of 8.8 eV. The band 

gaps can be better predicted using hybrid functional methods such as the HSE06 functional, but 

these methods are very time-consuming, especially for large supercell systems in the doping 

process [48-52]. While this might be a limitation, however, the application of PBE is reasonable 

because the aim of this research work is not to accurately reproduce the band gap measured 

experimentally but rather to determine qualitative changes brought about by doping. Some of these 

qualitative changes include the narrowing of band gap, formation of states due to impurities, and 

changes in optical absorption due to doping. 

The x-axis indicates that the path of the Brillouin zone is Γ→M→K→Γ→A→L→H. The level of 

dispersion, or how curvy the lines are, is relatively flat for the Cr-induced states at the Fermi level, 

indicating high levels of localization for the electrons, which is typical in d-electron systems [53]. 
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Figure 3: Calculated band structure of 8.33% substitutional Cr-doped α-Al₂O₃. 
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Figure 4: Calculated band structure of 16.66% substitutional Cr-doped α-Al₂O₃. 

 

To better place the present work in the frame of previous first-principles investigations, comparison 

with representative DFT studies on doped α-Al2O3 is summarized in Table 2. It has been shown 

that substitutional doping is a successful route for the modification of the electronic structure and 

the optoelectronic properties of α-Al2 O3. However, the degree of band-gap reduction is strongly 

dependent on the dopant species, dopant concentration and the electronic interaction between the 

dopant orbitals and the host lattice. For the p-block dopants, Tl-doped α-Al₂O₃ exhibits 

considerable changes in its electronic structure, according to the report by Ahmed et al. [6] the 

band gap shrinks from 6.47 eV at an initial value to 3.15 and 2.38 eV at concentrations of 8.33% 

and 16.66% of Tl atoms, respectively. Such behavior was explained by the appearance of impurity 

states associated with the presence of Tl ions, leading to a red shift in the absorption edge, as well 

as enhanced dielectricity, increased refractive index, and higher optical conductivity. This effect 

was also found in α-Al₂O₃ doped with In-, B-, and As-atoms, having their band gaps decreased to 

4.91, 4.25, and 3.25 eV, respectively. It should be noted that As was the most efficient in reducing 

the band gap among other elements considered [54]. Similar behavior has also been observed in 

the case of dopants from group IIIB. Benam et al. [55] studied the effect of Sc, Y, La, and Ac 

dopants on the electronic structure of α-Al₂O₃ with substitution of 25% and concluded that all 

dopants decrease the band gap compared to pure α-Al₂O₃. Nevertheless, the effect of reduction is 

different for different dopants. The band gaps obtained with Sc and Y dopants are smaller and 

amount to 6.52 and 6.07 eV, respectively, while in the case of La and Ac the reduction of band gap 

is significantly larger, and it amounts to 2.91 and 2.39 eV, respectively. This can be attributed to 

the growth of ionic radii of dopants and their increased interaction with the states of host crystal.  

The doping of transition metal has been observed to give a more pronounced effect on the 
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electronic structure due to partial occupation of the d orbitals. It was revealed by Rahnamaye 

Aliabad et al. [56] that the incorporation of Co into α-Al₂O₃ at about 8.35 at.% forms Co-3d orbitals 

which have strong interactions with O-2p orbitals and consequently reduce the energy gap to about 

2.0 eV, while at the same time increasing the optical activity of α-Al₂O₃. Similarly, the experiments 

carried out by Hamdan et al. [57] regarding doping of α-Al₂O₃ with Cr have demonstrated that Cr 

incorporation reduces the energy gap from 6.70 to 2.45 eV and increases its optical activity. 

In comparison with previous theoretical works described in Table 2, the current study suggests an 

even stronger modification of the electronic structure. Substituting Cr in the amount of 8.33% and 

16.66% results in a remarkable reduction of the calculated band gap from 6.47 eV for the pristine 

α-Al₂O₃ to 1.75 and 0.57 eV respectively. These numbers, and in particular the 0.57 eV at 16.66% 

Cr concentration, should be taken with caution, because of the known limitations of the GGA-PBE 

functional and the periodic supercell representation at relatively high dopant concentration. The 

main implication of these results is the systematic trend of Cr-induced band-gap narrowing and 

the increasing contribution of Cr-3d impurity states to the electronic structure. An increase of the 

Cr concentration is accompanied by an increase of the role of these impurity states, leading to more 

intense band-gap narrowing and optical absorption in the visible range with an increase of 

dielectric constant. These results are in full accordance with the general mechanism of the 

electronic structure modification, suggested in the previous first-principles calculations – 

substitutional doping creates dopant-related impurity states and, thus, leads to changes in the 

electronic structure. It should be noted, however, that the effect of Cr on α-Al₂O₃ is especially 

strong in comparison with other dopants studied earlier. 

Table 2. Comparison of reported band-gap engineering in doped α-Al₂O₃ from first-principles 

studies and the present work. 
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Material/System Dopant 

concentration (%) 

Pure Band Gap 

(eV) 

Calculated band 

gap (eV) 

Reference 

Tl-doped α-Al₂O₃ 8.33 

16.66 

6.47  3.15 

2.38 

6 

In-doped α-Al₂O₃ 8.33 6.47  4.91  

54 

 

B-doped α-Al₂O₃ 8.33 6.47  4.25 

As-doped α-Al₂O₃ 8.33 6.47  3.25 

Sc-doped α-Al₂O₃ 25 6.57 6.52  

 

55 

 

Y-doped α-Al₂O₃ 25 6.57 6.07 

La-doped α-Al₂O₃ 25 6.57 2.91 

Ac-doped α-Al₂O₃ 25 6.57 2.39 

Co-doped α-Al₂O₃ 8.35 6.3  2 56 

Cr-doped α-Al₂O₃ 0.8 wt%  6.70  2.45 57 

Cr-doped α-Al₂O₃  8.33 

16.66 

6.47  

 

1.75 

0.57 

Present work 

 

To get an insight of the contribution of individual atomic orbitals in the electronic structure of pure 

and Cr doped α-Al₂O₃, TDOS and PDOS calculations have been done, as shown in Figure 5-7. 

These calculations provide a detailed insight into the electronic states and the influence of the 

dopant elements. For a system in which the electrons are in a paired state, TDOS and PDOS are 

usually symmetric for a given direction of the spin. But, in the presence of dopant elements, there 

may be some unpaired electrons and, in such cases, the DOS may be unsymmetric. Such changes 

may result in the development of magnetic moments. But in the present work, we focus on the 
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modification in the electronic structure and band gap. Figure 5 displays the TDOS and PDOS of 

pristine α-Al₂O₃. It is found that the VB is mainly composed of O-2p states and ranges from -10 

to 0 eV. In addition, the CB is mainly composed of Al-3s states with partial hybridization with O-

2p states, ranging from 6.75 to 12 eV. In general, the VB is mainly composed of O-2p states, while 

the CB is mainly composed of metal s-states, as mentioned in the previous studies that the valence 

band of most metal oxides is mainly composed of O-2p orbitals, while the metal s states mainly 

compose the conduction band [58]. In addition, the energy range from 0 to 6.47 eV is the band gap 

of the pristine α-Al₂O₃. 

Figures 6 and 7 present the TDOS and PDOS of Cr doped α-Al₂O₃ at concentrations 8.33% and 

16.66%, respectively. Two regions of the VB are present in the system of Cr doped α-Al₂O₃ at 

8.33% concentration (Figure 6). The first region, located between -10 and -2 eV, consists of O-2p 

orbitals and a smaller contribution of Al-3s orbitals. The second region, located between -2 and 0 

eV, includes a strong peak of Cr-3d orbitals. These orbitals indicate the presence of impurity states, 

having a much stronger intensity than the O-2p orbitals. In addition, the CB is affected by the 

existence of Cr-3d states: Because of the impurity states, there are two zones in the conduction 

band. The higher conduction band spans from 3.5 to 10 eV, while the lower conduction band spans 

from 1.75 to 2.5 eV. The influence of Cr-3d states around the Fermi level increases for both spin-

up and spin-down channels when the concentration of Cr rises to 16.66%, as seen in Figure 7. This 

narrows the band gap even more. The TDOS and PDOS analysis clearly demonstrate the 

introduction of intermediate electronic states in the energy region of the forbidden energy gap of 

the α-Al₂O₃ crystal lattice by Cr doping. While pure alumina is a well-known wide band-gap 

insulator (with a band-gap energy of 8.8 eV) [41], the Cr-3d states lead to the formation of impurity 

states within the band-gap. These intermediate states, mainly located between -1 and 3 eV, 
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influence the electronic properties of the material, turning it into a semiconductor, depending on 

the dopant concentration [59]. To better understand the origin of this band structure, a PDOS was 

examined. Below the Fermi level, the valence band (between -10 and -3 eV) is composed mainly 

of O-2p orbitals hybridised with Al-3s and a small fraction of Cr-3d orbitals, due to the partial 

covalent character of the Al-O and Cr-O bonds [60]. On the other hand, the conduction band (6 eV 

to 10 eV) is a combination of Al, O and Cr orbitals. The octahedral coordination of the Al site in 

α-Al₂O₃ results in crystal-field splitting of the Cr-3d orbitals into t₂g (lower energy) and e_g  

(higher energy) orbitals, enabling the formation of the impurity states observed in the DOS [61].  

In addition to this, the spin-resolved TDOS and PDOS have revealed the magnetic properties of α-

Al₂O₃ doped with Cr. The asymmetry between the spin-up and spin-down Cr-3d contributions 

indicates spin polarization and is consistent with the calculated magnetic moment of approximately 

3.87 μB per Cr atom. It is evident from the above discussion that doping with Cr not only changes 

the electronic properties of α-Al₂O₃ by introducing impurities in the gap state, but it also gives rise 

to magnetic properties [62]. The origin of the Cr-induced change of the electronic, magnetic and 

optical properties can be understood by means of the calculated band structures and spin-resolved 

DOS/PDOS. The substitution of Al by Cr introduces partially filled and spin-polarized Cr-3d states 

into the electronic structure of a-Al2O3. These Cr-3d states interact with the neighboring O-2p 

orbitals leading to a Cr-3d/O-2p hybridization and the formation of extra Cr-derived electronic 

states near the band edges. Therefore, the electronic structure is strongly modified, giving rise to 

a progressive reduction of the calculated band gap from 6.47 eV for pristine a-Al2O3 to 1.75 eV 

and 0.57 eV for the studied Cr concentrations. The spin polarization of the partially filled Cr-3d 

states is also responsible for the calculated magnetic moment of about 3.87 muB per Cr atom. 

Introduces additional low-energy electronic states that can contribute to lower-energy optical 
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transitions, which results in a shift of the absorption edge toward lower photon energies and an 

enhancement of the optical response in the Cr-doped systems. Recent computational studies on 

semiconductor and optoelectronic materials have reported similar correlations between electronic-

structure modification and optical behavior [63,64]. Thus, the derived DOS/PDOS, magnetic 

moment, band-gap reduction, and optical spectra suggest that the Cr incorporation significantly 

alters the electronic structure of α-Al 2 O 3 through the spin-polarized Cr-3d states and their 

coupling with the neighboring O-2p states. 

Physical connection between electronic and optical properties: The modification of the optical 

properties caused by Cr substitution can be directly linked to the modifications of the electronic 

structure. For pure α-Al₂O₃, the valence band region is formed predominantly of O-2p states, 

whereas the conduction band region has contributions from the Al-related states, giving rise to a 

large band gap. On Cr substitution for Al, partially filled and spin-polarized Cr-3d states are 

introduced in the forbidden energy region. These Cr-3d states hybridize with O-2p orbitals to create 

Cr-3d/O-2p impurity states inside the band gap of the host. As the concentration of the dopant 

increases, the role of these states grows, and the energy difference between the occupied and 

unoccupied states decreases. Consequently, the decrease of the band gap makes it possible to 

achieve optical transitions using lower energy photons; hence, the absorption edge is shifted into 

the visible and infrared region of the spectrum. Therefore, enhanced low-energy optical absorption 

in the doped materials is the result of the introduction of the Cr-3d impurity states and their growing 

role. Spin polarization of the Cr-3d states is a clear indicator of the modification of the electronic 

structure caused by Cr substitution and agrees with the calculated magnetic moment. Thus, 

DOS/PDOS, band structure, and optical properties give a consistent physical picture in which the 
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introduction of Cr causes the formation of localized electronic states, narrowing of the band gap, 

and, as a result, an enhanced optical response at lower photon energies. 

 

Figure 5: Total and partial density of states (TDOS/PDOS) of pristine α-Al₂O₃. 
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Figure 6: Total and partial density of states (TDOS/PDOS) of 8.33% substitutional Cr-doped α-
Al₂O₃. 
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Figure 7: Total and partial density of states (TDOS/PDOS) of 16.66% substitutional Cr-doped α-
Al₂O₃. 

3.2.2 Dielectric constant 
 

The dielectric function describes the interaction between photons and electrons and provides 

important information about interband electronic transitions within a material. To describe the 

optical response of the system, the complex dielectric function is expressed as ε(ω) = ε1(ω) + 

iε2(ω), where ε1(ω) and ε2(ω) denote the real and imaginary parts, respectively [65]. The real part, 

ε1(ω), is associated with the polarization and energy-storage characteristics of the material, 

whereas the imaginary part, ε2 (ω), represents the optical absorption resulting from electronic 

transitions between occupied and unoccupied states. Therefore, ε2 (ω) is directly related to the 

probability of electron excitation from the valence band to the conduction band under incident 

photon irradiation. In the present study, particular attention is given to the variation of the 

imaginary dielectric function within the energy range of 1.63–3.10 eV. The dielectric function 

serves as an important link between the electronic band structure and the optical behavior of 

crystalline materials [66]. Both ε1(ω) and ε2 (ω) are obtained from calculations of the momentum 

matrix elements between occupied and unoccupied electronic states [67, 68]. From a quantum-

mechanical perspective, photon absorption induces electronic transitions from lower-energy 

occupied states to higher-energy unoccupied states, generating optical spectra associated with the 

electronic density of states. In addition, several optical parameters, such as the absorption 

coefficient α(ω), can be derived from the calculated dielectric function using density functional 

theory methods [69, 70]. 

2ߝ = 1߱2ܥ ∑௏.஼  ∫஻௓ ܭ3݀  (ߨ2)2 |݁ ⋅ (ܭ)஼ܧ]ߜ2|(ܭ)஼௏ܯ − (ܭ)௏ܧ − ℏ߱]                             (1) 
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1ߝ = 1 + ௏.஼∑2ܥ  ∫஻௓ ܭ3݀  (ߨ2)2 |݁ ⋅ (ܭ)௖ܧ]2|(ܭ)஼௏ܯ − [(ܭ)௏ܧ ℏ3[ܧ஼(ܭ) − 2[(ܭ)௏ܧ − ℏ2߱2              (2) 

(߱)ߙ = √2߱ (߱)12ߝ√] + (߱)22ߝ − 12[(߱)1ߝ                                                                             (3) 

In the above equation, VB and CB denote the valence band and conduction band, respectively, 

while BZ represents the first Brillouin zone. The quantities k, ℏ, and ω correspond to the electron 

wave vector, reduced Planck constant, and angular frequency, respectively. The symbol δ denotes 

the Dirac delta function, and |MCV(k)|² represents the squared momentum transition matrix 

element. EC(k) and EV(k) correspond to the energy levels of the conduction-band minimum (CBM) 

and valence-band maximum (VBM), respectively, whereas C₁ and C₂ are constants. 

The real part of the dielectric function, ε₁(ω), for both pure and Cr-doped α-Al₂O₃ at different 

concentrations is presented in Figure 8(a). The results indicate that ε₁(ω) increases in the low-

energy region, where the dielectric constant rises from approximately 3 to 5 with increasing Cr 

concentration. The positive values of ε₁(ω) indicate a predominantly dielectric response in this 

energy range; transparency additionally depends on the magnitude of the absorption or ε₂(ω) [71]. 

In addition, ε₁(ω) provides insight into the interaction between the material and incident 

electromagnetic radiation. It is also observed that the first peak of ε₁(ω) shifts toward lower 

energies with a slight reduction in intensity after Cr doping. At higher photon energies, ε₁(ω) 

increases again to larger positive values, indicating modifications in the electronic polarization 

response due to the introduction of Cr-induced electronic states. 
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Figure 8: (a) Real part, ε₁(ω), and (b) imaginary part, ε₂(ω), of the dielectric function of pristine 

and Cr-doped α-Al₂O₃ at 8.33% and 16.66% Cr concentrations. 
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in the upper valence band to Al-3s, Al-3p, and O-2p states in the conduction band. The second 

peak is associated with transitions involving deeper valence-band states, particularly O-2s and Al-

3s orbitals. After Cr doping at 8.33%, a new peak appears around 5 eV, these features can be 

associated with transitions involving O-2p/Al-derived occupied states and Cr-3d-derived 

unoccupied states. The emergence of these impurity-related states contributes to the observed 

band-gap reduction. In this case, ε₂(ω) exhibits two main peaks, with a reduction in the intensity 

of the higher-energy peak. When the Cr concentration increases to 16.66%, three prominent peaks 

are observed. The additional peak is attributed to transitions involving Cr-3d states introduced 

within the band gap. These results indicate that increasing Cr concentration modifies the electronic 

structure and enhances optical absorption in the lower-energy region. 

The reduction in the band gap and the enhanced optical absorption in Cr-doped α-Al2O3 may 

qualitatively suggest improved light-harvesting capability. However, definitive conclusions 

regarding photocatalytic performance cannot be established because band-edge alignment, redox-

potential analysis, and charge-carrier recombination studies were not performed in the present 

work. Therefore, any discussion of photocatalytic applicability should be regarded only as 

qualitative and preliminary. 

Furthermore, the refractive index n(ω) and extinction coefficient k(ω) were investigated to better 

understand the interaction between electromagnetic radiation and the material. The refractive 

index describes the propagation and bending of light within the material, whereas the extinction 

coefficient is related to optical absorption and attenuation [72,73]. Figure 9(a) shows that the 

refractive index increases with increasing photon energy and Cr concentration in the energy range 

of approximately 2–9 eV. In the infrared region, n(ω) remains nearly constant, forming a plateau-

like behavior. Figure 9(b) presents the extinction coefficient k(ω), the enhanced extinction 
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coefficient in the low-energy region is consistent with stronger optical attenuation associated with 

the Cr-induced electronic states due to the introduction of impurity states. At higher photon 

energies, the curves for pure and doped systems become similar, suggesting comparable absorption 

behavior in that region. Overall, Cr incorporation modifies the optical response of α-Al2O3 through 

changes in the electronic structure and optical-transition characteristics. 

 

 

Figure 9: (a) Refractive index, n(ω), and (b) extinction coefficient, k(ω), of pristine and Cr-
doped α-Al₂O₃ at 8.33% and 16.66% Cr concentrations. 
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Figure 10: Static dielectric constant, ε₁(0), and refractive index, n(0), as a function of Cr 
concentration in α-Al₂O₃. 
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3.2.3 Absorption coefficient  
 

The calculated absorption coefficient provides information about the photon-energy dependence 

of optical absorption and is closely related to the electronic structure. The capability of the material 

to absorb different numbers of photons at different energies is determined by the absorption 

coefficient. The absorption coefficient study reveals crucial information about the band structure 

of material. The absorption edge was estimated from the onset of significant optical absorption in 

the calculated absorption spectrum where the absorption reaches zero as shown in figure 10. The 

figure also shows that the absorption edge of pure α-Al₂O₃ is 6.47 eV as predicted by the band 

structure. However, for the Cr-doped α-Al₂O₃, the absorption edge is at 1.75 eV and 0.57 eV for 

8.33% and 16.66% of the doping concentration, respectively, as observed in Figure 12 and Figure 

13. The pronounced increase in the absorption coefficient for the visible and NIR regions of the 

spectra for the doped samples is due to the introduction of the localized Cr-3d states in the band 

structure. The enhanced visible-light absorption indicates that Cr incorporation modifies the 

spectral range of optical response; however, assessment of solar-energy conversion requires further 

band-alignment, carrier-transport, and device-level studies [74]. 

The observed reduction of the band gap and electronic structure modification by Cr doping agrees 

with the general trends reported recently in first-principles studies of functional materials. Several 

DFT studies have shown that compositional engineering, such as elemental substitution and defect 

incorporation, is an effective strategy to tune the electronic and optical properties of wide-band-

gap materials, by introducing localized electronic states and changing the distribution of valence 

and conduction bands. In particular, recent studies have revealed that modifications in chemical 

composition can profoundly affect the optical absorption, dielectric response, and charge-transfer 

properties, thus improving the applicability of materials in optoelectronic and energy-related 
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applications [16-19]. In the same vein, recent theoretical studies on photocatalytic materials have 

highlighted that band-gap engineering through electronic structure modification plays a key role 

in improving visible-light utilization and optimizing the functional performance of semiconductor 

materials [15]. The mechanism of tailoring the electronic structure via controlled compositional 

modification is consistent with these recent DFT investigations, although the present work focuses 

on Cr-doped α-Al₂O₃ rather than hydride or double-perovskite systems. 

 

 

Figure 11: Calculated absorption coefficient, α(ω), of pristine α-Al₂O₃. 

 

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Energy (eV)

A
b

so
rp

ti
o

n
 C

o
ef

fi
ci

en
t 

(c
m

-1
x

1
0

5
)

6.25



31 
 

 

Figure 12: Calculated absorption coefficient, α(ω), of 8.33% substitutional Cr-doped α-Al₂O₃.

 

Figure 13: Calculated absorption coefficient, α(ω), of 16.66% substitutional Cr-doped α-Al₂O₃. 
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3.2.4 Tauc Method 

 

The interband absorption model is of prime importance for understanding the electronic transitions 

that occur in the band gap of the material. This model can be used to support the inference from 

the E-K diagram. According to the theory of interband absorption, photons can carry electrons 

from the VB's top to the available states at the bottom of the CB. This is referred to as an interband 

transition, and the optical band gap of the material can be determined using the formula given 

below [75] 

ߥℎߙ = ߥℎ)ܣ −  ௚)ఊ               (4)ܧ

In this instance, the electronic transitions determine γ, which is a constant. For permitted direct 

transitions, the value of γ is 1/2, and for prohibited direct transitions, it is 3/2. Additionally, for 

permitted indirect transitions, γ is 2, while for prohibited indirect transitions, it is 3. Figure 14 

shows all possible transitions for pure α-Al₂O₃. The linear portion of each graph that was projected 

to the energy axis was used to estimate the Eg values for all kinds of transitions. As may be 

observed, the band structure is matched by an allowable direct transition in pure α-Al2O3 as shown 

in figure 14(a). 
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Figure 14: Tauc plots for pristine α-Al₂O₃ considering (a) allowed direct, (b) allowed indirect, 
(c) forbidden direct, and (d) forbidden indirect transitions. 
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transition type determined from the electronic band structure. This technique was employed 

alongside the absorption measurement in order to evaluate the absorption threshold energy. Since 

localized states induced by chromium could cause additional transitions, the Tauc results should 

be taken into account carefully and cannot be regarded as an independent measurement of the 

fundamental band gap. 

It should be noted that tauc analysis should be considered a complementary optical analysis, rather 

than an independent calculation of the basic electronic band gap. The point here is that the addition 

of Cr-3d localized impurity states to the α-Al₂O₃ system makes it possible to form additional 

electronic states in the host band gap, resulting in optical transitions that are not necessarily related 

to a classical valence-conduction band transition. In this case, the band structure is considered to 

be a basic tool for determining the transition character, while the Tauc plots allow to determine the 

value of optical absorption threshold and analyze the systematic change of optical gap with the 

concentration of Cr. The transition type determined based on the band structure is in good 

agreement with the Tauc analysis: pristine α-Al₂O₃ shows the direct transition, 8.33% Cr-doped 

sample – the indirect transition, and 16.66% Cr-doped sample – the direct transition. Nevertheless, 

due to the contribution of localized Cr-3d states to low energy optical excitations and the fact that 

GGA-PBE gives an underestimated value for the absolute band gap, these Tauc estimated values 

have to be treated more as a qualitative estimation. 
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Figure 15: Tauc plots for 8.33% substitutional Cr-doped α-Al₂O₃ considering (a) allowed direct, 
(b) allowed indirect, (c) forbidden direct, and (d) forbidden indirect transitions. 
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Figure 16: Tauc plots for 16.66% substitutional Cr-doped α-Al₂O₃ considering (a) allowed 
direct, (b) allowed indirect, (c) forbidden direct, and (d) forbidden indirect transitions. 
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systematic band-gap reduction with increasing Cr concentration. It is found that as the 

concentration is increased the band gap decreases, indicating the introduction of impurity levels in 

the band structure, which increases the optical absorption in the low energy region. It is important 

to emphasize the fact that the GGA-PBE function tends to underestimate the absolute values of 

band gaps for semiconducting and insulating substances. Therefore, the predicted values of band 

gaps, especially the extremely small value of 0.57 eV in the case of Cr-doped α-Al₂O₃ at 16.66%, 

should be treated cautiously and cannot be considered as an accurate quantitative value of the 

experimental band gap. However, the systematic decrease in the values of the calculated band gaps 

from 6.47 eV in the pure α-Al₂O₃ to 1.75 eV and 0.57 eV with the increase of Cr content 

demonstrates the significant influence of Cr on the electronic structure of the substance. It means 

that the current calculations using the GGA-PBE function can provide a more accurate description 

of the qualitative trend of band-gap reduction than the quantitative values of the band gaps. 

Table 3: Calculated band-gap energies of pristine and Cr-doped α-Al₂O₃ obtained from electronic 
band-structure, dielectric-loss, absorption-edge, and Tauc analyses. 

 

Structure Band Structure 

(eV) 

Dielectric Loss 

(eV) 

Absorption Edge 

(eV) 

Tauc Method 

(eV) 

Al₂O₃ 6.47 6.25 6.25 6.30 

Cr: α-Al₂O₃ 
(8.33%) 

1.75 2.10 1.74 1.75 

Cr: α-Al₂O₃ 
16.66%) 

0.57 0.47 0.48 0.57 

 

 

4. Conclusion 

 

In conclusion, the current study made use of first-principle DFT calculations based on the GGA-

PBE method using the VASP software package in order to examine the influence of Cr dopant on 

the electronic and optical properties of α-Al₂O₃ for concentrations 8.33% and 16.66%. The 
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computational results show significant systematic reduction of the band gap value with an increase 

in Cr concentration, namely, the value reduces from 6.47 eV in case of pristine α-Al₂O₃ to 1.75 eV 

and 0.57 eV for Cr concentrations of 8.33% and 16.66%, respectively. Nevertheless, the exact 

values of the band gaps need to be taken with a grain of salt and cannot be regarded as the 

quantitative estimation of the band gap measured experimentally. These band gaps rather confirm 

the qualitative tendency of the narrowing of the band gap and the presence of Cr-related impurities 

inside the host band gap. The limitations related to the use of GGA-PBE exchange-correlation 

functional, high Cr content, and periodic supercell assumption might have an effect on absolute 

band gap values. Thus, more sophisticated calculations using hybrid-functional or many-body 

methods, along with experiments, are needed in order to obtain quantitative information about 

band gaps. In this context, the findings obtained within the scope of this work should be viewed 

rather as qualitative proof of significant impact of Cr doping on electronic and optical properties 

of α-Al₂O₃. Still, the found band gap reduction and increased absorption in the visible region give 

some hints concerning the application of α-Al₂O₃ in optoelectronics. It is important to point out 

that although negative formation energy values have been calculated for Cr-doped structures which 

prove their energetic advantage in terms of Cr doping under given chemical potentials, these 

findings do not provide any information regarding overall structural stability. No mechanical 

stability test has been conducted since there are no elastic constant values available, and it is 

impossible to prove the dynamical stability of the structures since phonon dispersion calculations 

have not been made. Thus, the current study should not be considered as the one proving the 

mechanical and dynamical stability of the Cr-doped systems. 
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