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Abstract

Understanding the characteristic properties of corundum gemstone, is essential for its use in gemstone
treatment, as well as in various other industries. Corundum samples obtained from Arusha mining region
were analyzed for crystallographic data using XRD analysis. This crystallographic data is then utilized to
construct the crystal structure of the samples in the Biovia Materials Studio modeling and simulation
software. The electronic, optical, and elastic properties of the selected sample are explored using the plane
wave approach within the framework of the first-principles density functional theory (DFT), implying the
Cambridge Serial Total Energy Package (CASTEP) code with Generalized Gradient Approximations and
the Perdew-Burke-Ernzerhof exchange-correlation functional. For the calculations, a sampling mesh of
6%6%2 k-points, with the cut-off energy of 600 eV, and the total energy convergence within 1.0 x 10-5
eV/atom, are used. The band gap determined is 6.13 eV at the gamma point which is in concurrence with
the previous values from the literature. The polarized optical properties of the structure were studied and
visualized by plotting their directional dependencies. The reflectivity spectra exhibited isotropic behavior
in the ultraviolet range with maximum peak at 52.24 nm along [001], [010], and [100] directions. Also, the
absorption peak is observed around 65.59 nm along [001], [010], and [100] directions. Pugh’s ratio suggests
that the sample is deemed brittle with a ratio of 0.65 with G/B > 0.5. The calculated Poisson’s ratio is
approximated to 0.23 indicating the dominant covalent bond. The results indicate the investigated sample
is a suitable insulator, brittle and displays isotropic optical reflectivity.
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Introduction

Corundum gemstone is a rock-forming mineral
that consists primarily of aluminum oxide
(ALLOs). Along with aluminum and oxygen, it
may contain small amounts of other elements as
impurities which can alter its color and other
properties. Typical impurities in corundum
include iron, chromium, titanium, and
vanadium. These impurities can create different

colored varieties of corundum, such as ruby
(red) and sapphire (blue) (Aggarwal and
Ramdas, 2019). The precise chemical
composition of corundum can differ based on
its source and location yet aluminum oxide
always remains its primary component (Keulen
et al., 2020). Sri Lanka, Myanmar, Tanzania,
Kenya, Madagascar, Australia, and
Mozambique, are among the nations that have
significant ~natural corundum resources
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(Mansoor et al., 2021). Tanzania, on the other
hand, is noted for being home to large
corundum reserve (Park, 2004). Corundum can
be identified through its physical, optical,
electrical, mechanical, and chemical properties.
Due to its valuable applications, researchers
have developed an interest in studying it
employing both theoretical and experimental
methods. It is vital to comprehend the
characteristic properties, as they are a well-
known necessity for their technological
applications. The corundum gemstone's
properties are useful for the applications by
gemologists, the stone industry, manufacturing
industries, and the medical field (Raisin ef al.,
2021).

The atomistic level for understanding the
electronic structure is now possible due to
advancements in density functional theory
(DFT) that is possible by computational
calculations (Ozaki et al., 2021). The best method
for condensed matter to explore several
material properties is by using DFT calculation.
The plane wave pseudopotential approach,
which derives the properties of materials from
their fundamental principles, is used to
compute the DFT 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 aim of the work
is to investigate the characteristic properties of
corundum from Arusha region using the first
principles studies. In this present study, the
corundum samples collected from Arusha
mining region were characterized by using XRD
analysis and the information obtained from the
XRD analysis were used to investigate
electronic, optical and elastic properties by first-
principles density functional theory.

Materials and Methods

The experiment was conducted on commercial
corundum sample obtained from Mundarara
mine, Longido District in Arusha region,
Tanzania. At ambient temperature, using a
Bruker AXS D76187 X-ray powder
diffractometer in step-scanning setting, using a

Cu pipe with A = 1.540598 with an average
scanning step of 0.02" (20) and an estimation
time of 0.15 s per step, the diffraction lines of the
samples were captured within an interval of 5'-
65’ (20) and recorded. Ab initio was performed
using the density functional theory (DFT)
applying Cambridge Sequential Total Energy
Package (CASTEP) computer program together
with the generalized gradient approximation
(GGA), with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional (Clark et
al., 2005; Perdew et al., 1996). The convergence
tolerances designated for all geometry
optimization in the BFGS minimization scheme
(Fischer and Almlof, 1992) were set as ultrafine
quality and a sampling mesh of 6Xx6%2 special
Monkhorst-Pack k-points, with the cut-off
energy of 600 eV and a total energy convergence
within 1.0 x 1075 eV/atom, were implemented
to guarantee correct overall
energy convergence (Vanderbilt, 1990). For the
pseudopotential configurations, 1s2 2s2 2p® 3s2
3p! electrons for Al atom and 1s? 2s2 2p*
electrons for O atoms were implemented.

A thorough comprehension of the electronic
structure of materials is provided by optical
functions such as the absorption coefficient,
a(w); refractive index, n(w); the extinction
coefficient, k(w); reflectivity, R(®); and energy
loss function, L(w) (Karazhanov et al., 2007). The
dielectric function, that describes an electronic
system's linear response when an external
electric field is present is given by equation (2)
as used elsewhere (Khireddine et al., 2021).
Dielectric function is useful parameter for

characterizing the optical properties of
materials.
E(w) = & (w) +i&;(w) )

Where: € (w) is the real part and &(w) is the
imaginary part. The real & and imaginary &
parts are calculated using equations (3) and (4).
These values are important because all other
parameters of optical properties can be deduced
from those two values as presented in equations
(5) - (9) also described elsewhere (Heiba et al.,
2020):
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Electronic, optical and elastic properties were
computed based on the results obtained from
the experiment by using density functional
theory the way it is employed in CASTEP with
PBE technique. The evaluation of the sample's
electrical, optical and elastic characteristics was

then compared with both experimental and
theoretical findings.

Results

Structural parameters

From XRD analysis the selected sample from
the Arusha mining site is observed to have a
space group of R 3 c and the rhombohedral unit
cell with 10 atoms (two ALO; formula units) as
it is observed in Figure 1(c), these results are
similar from the one of (Godin and LaFemina,
1994). The lattice parameters are described in
Table 1 with the positions of atoms (0.1456,
0.145, 0.145) and (-0.053, 0.25, 0.553) for Al and
O, respectively. Figure 1(a) depict the XRD
patterns for experimental and simulation as
observed from the same 26 degree.

Table 1
Structural parameters of the selected samples
Rhombohedral Experimental Optimized
Values values
a(A) 5.1280 5.155
a (Degree) 55.270 55.106
D (g/cm?) 4.166 3.9451
V (A?) 84.870 85.834
Electronic Properties sections of the dielectric characteristics,

In Figure 2, it is evident that the Arusha
corundum exhibited a direct bandgap of 6.13 eV
at the gamma point. It worth noting that this
value lies within a variety of prior discoveries
and experimental value of 6 eV - 95 eV
(Zainullina and Korotin, 2020). Furthermore,
Figure 3(b and c) illustrates the comprehensive
density of state contributions arising from O2p
(-7.07 - 0 eV), Al3s (6.13 - 18.88 eV), and Al3p
(6.51-19.89 V)

Optical properties
Figure 4(a and b) shows the dielectric function
spectra of the real (§1) and imaginary (&)

respectively. As observed from Figure 4(a) the
real part of dielectric absorption, has a
maximum peak at 9.75 eV and a minimum peak
at 19.12 eV. The static dielectric constant & (0) is
determined when the frequency is zero, which
is linked with bandgap of the real portion. From
which, the ordinary refractive index can be
calculated as given in equation (1).

n(0) = £(0) /2 (1)



Figure 1
(a) XRD pattern from the experiment (b) XRD pattern from simulation (c) Corundum’s crystal structure in

rhombohedral lattice from Arusha Sample
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Figure 5 represents the variations of reflectivity, absorption coefficient and loss function. As it is
depicted in Figure 5(a), the maximum peak of reflectivity is at 52.24 nm along [001], [010], and [100]
directions. Figure 5(b) indicates the maximum peak of absorption coefficient around 65.59 nm along
[001], [010] and [100] directions. There is another peak observed at 74.28 eV along [001], [010] and

[100] directions.



Figure 2

(a) Band structure and (b) Density of states from Arusha Sample
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Figure 3
(a) Total density of state (b) O-Partial density of state and (c) Al-Partial density of States
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Figure 4

(a) Real part of dielectric function (b) Imaginary part of dielectric function (c) Refractive index and (d)
Extinction coefficient
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(a) Reflectivity (b) Absorption coefficient and (c) Loss function
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Elastic properties

The components of the elastic stiffness tensor
C11, Cr2, Ci3, Gz and Cy4 that characterize the
elastic behaviors of the crystalline material,

Table 2

and which are critical in understanding how
material deforms under stress were compared
as described in Table 2.

Comparison of elastic stiffness constants C;; (in GPa), and modulus of elasticity for the selected corundum

sample with the literature values

Parameter Arusha sample Chihi et al., 2019 Heiba et al., 2020b
Cu 445 468 449
Ciz 147 150 148
Cis 102 105 103
Cus 19 24 -
Css 450 476 456
Caa 135 140 135
B 226 237 229
G 148 153 148
Y 364 435 421
G/B 0.65 0.65 0.64
v 0.23 0.19 0.41
band, while the anion 2p-orbital affects the upper
valence band. Moreover, the cation 3p-orbital
mainly contributes to the conduction band, as
Discussion illustrated in Figure 3(c). The estimated bandgap

Electronic and optical properties

The XRD patterns generated by Material Studio
(simulated results) in Figure 1(b) closely resemble
the experimental ones in Figure 1(a), with minor
variations in the small peaks detected by XRD.
These small peaks in the XRD patterns could be
due to background noise, indicating the presence
of trace amounts of other metal constituents in
the sample. In contrast, the Material Studio
simulation was based on pure corundum
samples.

One way to understand the changes in state
occupancy across various energy intervals is
through the density of states (DOS). A high DOS
at a specific energy level indicates many available
states for occupation at that energy (Asefa and
Gerbaba, 2022). The band arrangement and
density of states for ALOs sample are presented
in Figure 2(a and b). A detailed analysis of Figure
3(b and c) shows a significant contribution from
the anion 2s-orbital hybrid to the lower valence

value for corundum from Arusha mining
indicates the insulating nature of the sample.

The estimated static dielectric constant & (0) for
the corundum sample is 3.05 (Figure 4 a),
whereby the value of the ordinary refractive
index of 1.746 is obtained. This estimated value of
ordinary refractive index obtained using Figure
4(a) coincides with one that is indicated in Figure
4 (c). The refractive index obtained in this study
is comparable to that of a-AlO; by (Zouboulis
and Grimsditch, 1991) of 1.774 value. The
imaginary portion of dielectric function and
extinction coefficient are also displayed in Figure
4(b and d). Generally, this results show a good
agreement for spectra with theoretical study by
(Feneberg et al., 2018). Therefore, it can be
considered as the results that forms the basis for
further studies.

This suggests that the reflectivity is isotropic
(uniform in all directions). The energy loss
spectrum illustrates the amount of energy lost



when a fast-moving electron traverses the
material (Bouhemadou and Khenata, 2007). The
bulk plasma frequency w;, is the main peak on
the loss function spectrum, this happens as €, <
1 and €; approach zero (Li et al., 2008). When
comparing Figure 5(a), which shows a rapid
decline in reflectance, to Figure 5(c), which
features a sharp peak indicating a sudden drop in
reflectance, the primary peak value in the loss
function is approximately 25.10 eV (Figure 5c).

Elastic properties

The Arusha sample observed to have smaller
values of Ci1, C12, Ci3, Cs3 and Cy than the values
from the literature. It appears that the Young's
(G) modulus of elasticity for the Arusha sample
is less than the value from the literature which
indicates that the investigated corundum
samples have low stiffness compared to values
from the literature. In addition, at equilibrium
pressure the obtained elastic constants satisfy the
criteria of stability for the rhombohedral phase:

1
Ciy > 1Cypl; Cf5 < ;C33(C11 + Cy,); Ciy +
C?5 < C44Coe;

Cll — C12

Where C66 = 2

From the calculated values in Table 2, Y is greater
than B and G for the selected Arusha sample.
Considering Pugh’s ratio, the G/B ratio suggests
that the Arusha sample is deemed brittle with a
ratio of 0.65 with G/B > 0.5; and this sample has
low Young's moduli in comparison to the
theoretical values, which indicates that the
material has low stiffness. The calculated
Poison’s ratio value from Table 2 is approximated
to 0.23 indicating the dominant covalent bond in
the Arusha sample.

Conclusion

First principles studies technique was used to
report the findings of electronic, optical and
elastic characteristics of a-ALOs in the corundum
gemstones from the Arusha mining region. The
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