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Abstract 

The characteristics of corundum are significant as they provide accurate identification 

supporting its diverse applications, facilitating the development of advanced materials, and 

ensuring its optimal use across various fields. Corundum alumina (α-Al2O3) samples collected 

from the Tanga mining region were characterized for crystallographic information using XRD 

analysis. This crystallographic information was used to build the crystal system of the sample 

in Biovia Materials Studio modelling and simulation software. The electrical and optical 

properties of this sample were examined by applying first-principles density functional theory 

and Generalized Gradient Approximations. For the calculations, a sampling mesh of 6×6×2 k-

points, with an energy cut-off of 600 eV, and an energy convergence within 1.0 x 10-5 eV/atom 

were used. The band gap determined is 6.34 eV at the gamma point exhibiting an insulating 

property. By plotting their polarized dielectric function in various directions, the optical 

properties were evaluated. The reflectivity spectra exhibited anisotropic behaviour in the 

ultraviolet region, enhancing its performance in various electronic and photonic applications. 

Also, the absorption peaks observed are 64.81 nm along [001] crystalline direction and 65.29 

nm along [100] and [010] crystalline directions.  
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Introduction  

Due to various environmental factors, 

corundum is aluminium oxide (Al2O3) and 

exhibits distinct properties (Aggarwal and 

Ramdas 2019). It is a naturally occurring 

mineral with geologically derived 

characteristics, and it can only be found in a 

few places worldwide (Keulen et al. 2020). 

Sri Lanka, Myanmar, Tanzania, Kenya, 

Madagascar, Australia, and Mozambique are 

among the nations that have significant 

natural corundum resources (Mansoor et al. 

2021). Tanzania, on the other hand, is worth 

noting for being home to the largest 

corundum reserve in Africa  (Park 2004). For 

quantitative evaluation of the corundum stone 

to be used by gemmologists, the stone 

industry, manufacturing industries, and the 

medical field, the corundum stone's 

characteristics are useful (Raisin et al. 2021). 

It is vital to use different techniques to 

comprehend the electrical and optical 

properties because they are a well-known 

necessity for their technological applications. 

However, the advancements in density 

functional theory (DFT), a computational 

approach, now allow us to explore the 

electrical structure at a microscopic level 

(Ozaki et al. 2021). The plane wave 

pseudopotential approach, which derives the 

properties of materials from their 

fundamental principles, is used in the DFT 
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using the Cambridge Serial Total Energy 

Package (CASTEP). Numerous material 

properties, such as energetics, electrical 

response properties, vibrational properties, 

and atomic-level structure, can be simulated 

using computational methods (Kovilpalayam 

et al. 2022). The present study aimed to 

understand the electronic properties and 

optical anisotropic properties of corundum 

samples from the Tanga mining region at the 

microscopic level by the DFT method. The 

structural parameters obtained from the XRD 

analysis were used to build the crystal 

structure that was used in computing the 

electronic and optical properties using the 

first principles of density functional theory.  

Gemstone applications are not just 

restricted to jewellery (Akbudak et al. 2021). 

Moreover, gemstones have diverse 

applications such as glass cutting tools and 

quartz’s piezoelectricity for electrical circuits. 

However, the majority of the existing and 

prevalent grading methods rely on human 

visual inspection, which eventually results in 

error (Rahalim et al. 2021). The gem varieties 

of corundum: ruby and sapphire have 

attracted a great deal of scientific interest. In 

which, the main focus areas of study have 

been mineral deposits, mineral age and 

origin, the colour variations related to 

impurities present, mineralogical, 

crystallographic, physical properties, 

fluorescence and their use as gemstones 

(Jeršek et al. 2021). Mohsin et al. (2021) 

highlight the substantial impact of the mining 

industry on economic development. 

Furthermore, research in structural 

mineralogy and crystallography, as 

emphasized by Krivovichev (2017), 

capitalizes on efforts to elucidate the atomic 

configurations of gemstones. Thus, this study 

aimed to understand the electronic and 

optical properties of corundum samples from 

the Tanga region at the microscopic level by 

using the DFT method.  

 

Methodology  

XRD analysis was conducted on 

commercial corundum samples obtained from 

the Tanga mining region. At ambient 

temperature, using a Bruker AXS D76187 X-

ray powder diffractometer in step scanning 

setting of 0.02 (2), a Cu pipe of  = 

1.540598 and an estimation time of 0.15 s per 

step, the diffraction lines of the samples were 

captured. The diffraction lines of the 

samples were captured and recorded within a 

scanning interval of 50 – 650 (2). The 

structural parameters obtained from XRD 

analysis were used to build the crystal system 

of the sample in Biovia material studio 

modelling and simulation software. Then 

density functional analysis was performed by 

applying the Cambridge Sequential Total 

Energy Package (CASTEP) method (Perdew 

and Wang 1992), with the Perdew-Burke-

Ernzerhof (PBE) paradigm and generalized 

gradient approximation (GGA) for the 

transfer association function (Perdew et al. 

1996). To guarantee an overall energy 

convergence, a sampling mesh of 6×6×2 

special Monkhorst-Pack k-points, with the 

cut-off energy of 600 eV, and the total energy 

convergence within 1.0 x 10-5 eV/atom were 

implemented (Vanderbilt 1990). The 

pseudopotential configurations, 3s2 3p1 

electrons for the Al atom and 2s2 2p4 

electrons for O atoms were implemented. 

This allows efficient, accurate and 

minimization of the computational cost 

(Clark and Robertson 2010). Furthermore, the 

electronic and optical properties were 

computed using density functional theory 

implemented in CASTEP with the GGA 

technique. The evaluation of the computed 

electrical and optical characteristics in this 

study was compared with theoretical and 

experimental values available in the 

literature.  

 

Results and Discussion 

Structural properties 

A trigonal Bravais structure on a space 

group R3c and the hexagonal unit cell in 

Figure 1 are inferred from the XRD spectra 

having the lattice parameters, which are 

comparable with theoretical information ( 

Sawada 1994 and Giuliani et al. 2020). The 

positions of atoms in Figure 1 are (0.2945, 0, 

0.25) and (0, 0, 0.3515) for Al and O, 

respectively. As seen in Table 1, the 

optimized parameters are also comparable to 
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both experimental results and theoretical 

values (Sawada 1994).  However, some 

deviations observed are proposed to be 

caused by variations in the crystal’s growth 

conditions, impurity concentrations and 

geological processes since the samples are 

from different geological environments. 

Figure 2 depicts the XRD patterns for 

experimental and simulation as observed 

from the same 2𝜃 degree. The XRD patterns 

obtained by the material studio (simulated 

results) are almost like the experimental one, 

with slight differences in small peaks that 

were captured by XRD. The small peaks that 

are seen in the XRD patterns might be 

attributed to the background noise due to 

impurities, crystal defects and surface 

contaminations. It may also be contributed by 

very little number of other metals 

constituents like Mg, Si, Ti, V, Cr, Fe, Ga, K 

and Mn that might be present in the sample 

(Dubinsky et al. 2020). 

 

 

Table 1: Structural parameters 

Hexagonal 
Experimental values 

(this work) 
Optimized values 

(this work) 
Theoretical values 

(Sawada 1994) 
 a (Å) 4.7582 4.7446 4.7589 

c (Å) 12.9897 13.0001 12.9919 

D (g/cm2) 3.989 4.008 3.9860 

V (Å3) 254.692 253.437 254.810 
 

 
Figure 1: Tanga mining site Corundum’s crystal structure in hexagonal lattice 
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Figure 2: XRD pattern for the Tanga sample (a) experimental and (b) simulated.  

 

Electronic properties of corundum 

The band arrangement and density of states 

for the Al2O3 sample are presented in Figure 

3(a & b). From Figure 3 (a), it is observed 

that the corundum samples exhibited a direct 

bandgap with an estimated value of 6.34 eV 

obtained at the gamma point. It is worth 

noting that this value lies within a variety of 

prior discoveries and experimental values of 

6 eV-9.5 eV (Zainullina and Korotin 2020). 

The density of states in Figure 3(b) is 

obtained from the contributions of O2p (−7.8 

eV-0 eV), Al3s (6.34 eV-19.11 eV), and Al3p 

(6.78 eV-20.09 eV). These values are 

described in Figure 4 (b & c), and Figure 4 

(a) shows the contributions of the total 

density of the state. It is clearly that the 

bandgap of corundum from Tanga is an 

insulator in character.  

 

 
Figure 3: Simulated sample for Corundum (a) band structure and (b) density of states  
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Figure 4: Simulated sample (a) total density of state, (b) O-partial density of state (b) and (c) 

Al-partial density of state  

 

Optical properties 

A deep understanding of the electronic 

structure of materials is provided by optical 

functions such as the absorption coefficient, 

α(ω); refractive index, n(ω); the extinction 

coefficient, k(ω); reflectivity, R(ω); and 

energy loss function, L(ω) (Karazhanov et al. 

2007). The dielectric function, which 

describes an electronic system's linear 

response when an external electric field is 

present, is given by equation (1) as used 

elsewhere (Khireddine et al. 2021). The 

dielectric function is a useful parameter for 

characterizing the optical properties of 

materials.   

ℇ(𝜔) = ℇ1(𝜔) + 𝑖ℇ2(𝜔) (1) 

Where: ℇ1(𝜔) is the real part and ℇ2(𝜔)is 

the imaginary part. The real ℇ1 and imaginary 

ℇ2 parts are calculated using equations (2) and 

(3). These values are important because all 

other parameters of optical properties can be 

deduced from those two values as presented 

in equations (4) – (8) (Heiba et al. 2020): 

ℇ1(𝜔) = 1 +
2𝑝

𝜋
∫

𝜔.

𝜔0.2−𝜔2

∞

0
𝑑𝜔. (2) 

ℇ2(𝜔) =
2𝜔𝑝

𝜋
∫

ℇ1−1

𝜔0.2−𝜔2

∞

0
𝑑𝜔. (3) 

𝛼(𝜔) = √2𝜔√(ℇ1
2 + ℇ2

2)
1

2 − ℇ1 (4) 

 

𝑛(𝜔) =  √ℇ𝑟(𝜔)

2
+ 

(ℇ𝑟
2(𝜔)+ℇ𝑖

2(𝜔))
1

2⁄

2
 (5) 

 

𝑘(𝜔) =  √−ℇ𝑟(𝜔)

2
+  

(ℇ𝑟
2(𝜔)+ℇ𝑖

2(𝜔))
1

2⁄

2
 

 (6) 

𝑅(𝜔) =
(𝑛−1)2+𝐾2

(𝑛+1)2+𝐾2 (7) 

𝐿(𝜔) =
ℇ2(𝜔)

ℇ1
2(𝜔)+ℇ2

2(𝜔)
 (8) 

Figure 5(a & b) shows the dielectric 

function spectra of the real (ℇ1) and 

imaginary (ℇ2) sections of the dielectric 

characteristics, respectively. As seen in 
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Figure 5 (a), the real component of dielectric 

absorption has the first peak at 10.25. The 

static dielectric constant ε1 (0) is determined 

when the frequency is zero, which is linked 

with the bandgap of the rear portion. From 

this, the ordinary refractive index can be 

calculated as given in equation (9).   

𝑛(0) = 𝜀(0)
1

2 (9) 

The estimated static dielectric constant ε1 

(0) for the corundum sample is 3.05 (Figure 5 

a), when the value of the ordinary refractive 

index of 1.746 is obtained. This estimated 

value of the ordinary refractive index 

obtained using Figure 5 (a) coincides with the 

one in Figure 5 (c). The refractive index 

obtained in this study is comparable to the 

refractive index of 1.774  from the analysis of 

α-Al2O3 (Zouboulis and Grimsditch 1991). 

This value of refractive index is greater than 

that of glass, which implies that the material 

considered in this study is not a glass.  The 

imaginary portion of the dielectric function 

and extinction coefficient are also displayed 

in Figure 5 (b & d). The results show a good 

agreement for spectra with the theoretical 

study by (Feneberg et al. 2018). Therefore, it 

can be considered as the results that form the 

basis for further studies. 

 

 

  

 

Figure 5: (a) Real part of dielectric function (b)Imaginary part of dielectric function (c) 

Refractive index (d) and Extinction coefficient  

 

Figure 6 represents the variations of 

reflectivity, absorption coefficient, and loss 

function. As depicted in Figure 6 (a), the 

maximum peak of reflectivity is at 53 nm for 

the [001] direction, whereas along [010] and 

[100] directions, the maximum peak 

reflectivity was observed at 49 nm. This 

indicates that the reflectivity is anisotropic, a 

significant property in designing advanced 

optical systems, enhancing gemstone 

aesthetics, and developing specialized 

devices for various industries. Figure 6 (b) 

indicates the maximum peak for the 

absorption coefficient, which was around 

64.81 nm and 74.51 nm along [001] 

directions, while the peak was around 65.29 

nm along [010] and [100] directions, 

respectively. The sample volume, population 

of energy levels, and molecular rotation all of 

which vary depending on the location are 

what cause the peaks to be visible. The 

energy loss spectrum shows how much 

energy is lost when a rapid electron moves 

through the material (Bouhemadou and 
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Khenata 2007). The bulk plasma frequency 

ωp is the main peak on the loss function 

spectrum; this happens as ℇ2 < 1 and ℇ1 

approach zero (Li et al. 2008). The quick 

decline of the reflectance indicated in Figure 

6(a) agrees with the sharp peak loss function 

observed in Figure 6(c). The value of the 

primary peak in the loss function is 

approximated to be 26.5 eV (Figure 6 c), 

providing valuable information about this 

selected sample’s electronic structure, band 

gap, and optical properties. However, it paves 

the way to gain insight into the designing of 

different materials for specific applications 

from the selected sample. 

 

  

 
 

Figure 6: (a) Reflectivity (b) Absorption coefficient (c), and Loss function 

 

Conclusion 

We used the first principles study technique 

to report the findings of electronic and optical 

characteristics of α–Al2O3 in the corundum 

gemstones from the Tanga mining region. 

Our findings correlated well with the known 

theoretical and experimental values. From the 

findings, the reflectivity spectra showed 

anisotropic behaviour in the UV region. 

Furthermore, the results indicated that the 

selected corundum sample is a suitable 

insulator described by a band gap of 6.34 eV. 

There are still minor variations between the 

estimated optical spectra and the theoretical 

values available in the literature, despite their 

good agreement. To gain a deep insight into 

corundum gemstone from the Tanga mining 

region on the electrical and optical properties 

the interaction between electrons can further 

be studied using other computational 

techniques and experimental. 
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