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The present work reports the complete study of structural, vibrational, mechanical, and electronic properties of
BeAly04 (known as Chrysoberyl) using first-principles computing methods. The calculated ground-state prop-
erties agree quite well with previous experiments. The computed phonon dispersion curves do not show imag-
inary frequencies confirming the dynamical stability. In addition, the calculated elastic constants also ensure the
mechanical stability through fulfillment of mechanical stability criteria. Apart from that, the theoretically
determined phonon frequencies agree quite well with previous Raman and infrared experiments at ambient
conditions. Various thermodynamic properties are also being calculated as a function of temperature. The
thermal expansion computed within the quasi-harmonic approximation is found to be positive in agreement with
the experiments. From the electronic structure we can see that Chrysoberyl possess a direct band gap of 8.3 eV
with the oxygen- 2p states dominating close to fermi level in the valence band. The influence of pressure on
different properties is discussed. The highlight of the present work is the presence of optical isotropy in
Chrysoberyl although the crystal structure is highly anisotropic.

1. Introduction

In 1926, Bragg and Brown had reported the crystal structure of
Olivine, the primary component of the Earth’s upper mantle. Isomorphic
structures are shared by several minerals, which constitute the Olivine
family. Alexandrite, Sinhalite, Peridot, Forsterite, and Chrysoberyl are
among them. The minerals of the Olivine series have orthorhombic
crystal symmetry being their crystal structure described by space group
Pbnm (No. 62) [1]. The structure of Chrysoberyl (BeAl,O4) was refined
by Farrell and coworkers in 1963. It is composed of tetrahedral BeO4
groups and octahedral AlOg units [2]. After Diamond and Corundum,
Chrysoberyl is the third hardest gemstone. When doped with Cr>* is
known as Alexandrite, having multiple technological applications,
which include the use as high-temperature sensor [3], as phosphor
material [4], and as active-media in lasers [5]. The crystal structure of
BeAl;0y is closely related to the Spinel structure of many aluminates in
terms of chemical composition, but it has a crystal structure isomorph to
the Olivine-type structures as discussed above. The structural arrange-
ment similar to that of Spinel MgAl,04 has been used to claim BeAlyO4
as Spinel [6,7]. However, the most recent crystallographic studies have
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undoubtedly identified the crystal structure as Olivine-type [8].
Chrysoberyl and its Cr™>-doped variety Alexandrite can be obtained
synthetically as high-quality single crystals, showing Alexandrite an
excellent lasing behavior [9]. The improvement of the knowledge of the
properties of BeAl,O4 would contribute to the improvement of its many
practical applications.

Mostly Be-minerals belong to the system BeO-Aly03-SiO2-Hy0
(BASH). There are more than twenty phases, which exist in this BASH
system. At ~1500 °C, three crystalline phases namely, Chrysoberyl,
Phenacite, and Cristobalite were found at co-existing state in the high-
silica region of the BeO-Al;03-SiO, system [10]. Beryl, Chrysoberyl,
Phenacite, Bromellite, Bertrandite, Mullite, Quartz, Pyrophyllite, and
Kaolinite phases were found from the system BASH. It has been also
reported Chrysoberyl could coexist with many of the other mentioned
minerals, in particular with Beryl [11]. The fact that Chrysoberyl
(BeAl;0y4) is an Olivine isomorph crystal make its study of interest for
Earth Sciences. In particular, from the view of geochemistry, Olivines
are very interesting materials for features such as low compressibility,
high-wave velocities, and high elastic ratio [12]. Olivine silicates are
some of the most elastically anisotropic minerals, with wave velocities
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Fig. 1. Crystal structure of BeAl;O4.

along a crystallographic axis greater than along b and ci.e. vg > v, > vp.
The order of wave velocities is opposite to that of thermal expansion
coefficients and of linear compressibility coefficients. In particular,
wave velocities or compressional velocities along a axis is almost 30 %
larger than that along b axis. Olivine silicates also show anisotropies on
the elastic constants being: C1; > Cs3 > Caa [12,13].

Most physical properties of minerals depend upon pressure and
temperature. Thermal expansion, compressibility, conductivity, etc. are
drastically altered when subjected to pressure and temperature and the
investigation about the minerals at high temperatures and high pres-
sures is certainly an inevitable requirement in science. Many high-
temperature studies have been done on the Olivine crystals. Several
investigators have determined the thermal expansion curves of the Ol-
ivines [14-16]. To investigate the anisotropic compression in Olivines,
high-pressure studies have been done on Forsterite, Fayalite, and Mon-
ticellite [16-20]. Physical properties of solids depend on the atomic
arrangement. On applying temperature and pressure, the variation oc-
curs in the atomic position and their physical properties changes.
Olivine has two octahedral sites and one tetrahedral site and three
distinguishable oxygen positions. Ions located at octahedral sites are
having different symmetry i.e. M(1) site has inversion symmetry and
M(2) has mirror symmetry. Both sites have different bond length with
oxygen. M(2) has a larger bond length than M(1) [21]. Forsterite under
high pressure and high temperature was well investigated. In Forsterite,
octahedral distortion increases with the increase in temperature, but it
does not vary significantly with increasing pressure. It is found that
temperature and pressure have greater effect on large Mg-O bonds than
the short Mg-O bonds [16]. In addition to Olivine-type compounds,
Spinel-type aluminates have been broadly studied under high-pressure
conditions [22,23]. The same can be stated for Sinhalite [24]. In
contrast with the minerals and compounds described above, BeAl,O4
has been much less studied. The structural properties have studied under
compression by x-ray diffraction only up to 6.5 GPa [25]. In subsequent
studies, Ching et al. [26] discussed the spectroscopic properties of
BeAl;04 at ambient conditions and reported the bulk modulus, and
Jahren et al. investigated the behavior of fluorescence under
high-pressure in Cr-doped BeAl,O4 [27]. The fracture toughness and
surface energies of minerals including BeAl,O4 were reported using
ionic crystal model [28]. Another recent density functional theory
calculation based on linear combination of atomic orbitals addressing
the structural and electronic properties of several Spinel-type oxides
(which includes BeAl204), sulphides were also reported [29]. For nearly
two decades, nothing has been done on BeAl,O4 under high-pressure
conditions. This motivated us to explore the ground state, electronic

structure and vibrational properties of this aluminate both at ambient
and at high pressure, which we have performed using the ab-initio
density-functional calculations, an efficient tool to study the proper-
ties of ternary oxides [30].

In our present study, we will explore the different physical properties
of BeAl;04 and the influence of pressure and temperature in P — T
ranges of interest for technological applications of BeAloO4. We char-
acterize the structural aspects and outline the computational details of
BeAl;04 in section II. Section III describes the main results and discus-
sion on the structural properties, elastic and mechanical properties,
dynamical properties, thermodynamic properties, electronic structure
properties and optical properties. We discuss the structural, elastic and
mechanical properties and electronic structure properties at ambient as
well as under pressure. In the last section IV, we briefly outline the
conclusions.

2. Computational details and structural aspects

The geometry optimization has been carried out using the Projector-
Augmented Wave (PAW) method as implemented in VASP within the
framework of DFT (density-functional theory) [31]. The
Perdew-Burke-Ernzerhof (PBE) potentials within the
Generalized-Gradient Approximation (GGA) were used for the exchange
correlation functionals [32]. The plane wave energy cutoff was set to
520 eV for all calculations. The energy convergence criteria have been
chosen to be 107° eV. According to the Monkhorst-Pack scheme, a 10 x
5x 8 k-mesh has been used for the geometry optimization calculations
[33]. The density- functional perturbation theory using VASP with
combination of Phonopy has been used to perform phonon-dispersion
calculations [34]. ELATE software has been used for three- and
two-dimensional Young modulus plotting [35]. The thermodynamic
properties of the investigated system have been calculated under the
Quasi-Harmonic approximation using the combination of VASP and
Phonopy [36]. The converged output from VASP has been taken as an
input to perform the electronic-structure properties in Wien2k. Due to
the underestimation of GGA approximation in calculating the band gap
of semiconductors/insulators [37], the electronic properties of BeAl;04
have been computed using a semi-empirical Tran and Blaha modifica-
tion of the Becke-Johnson (TB-mBJ) functional in the self-consistent
FP-LAPW (full-potential linear augmented plane wave) method as
implemented in Wien2k [38]. To see the band gap variation as a func-
tion of pressure, calculations were carried out by VASP with PBE-GGA
potentials. The vibrational properties are computed using the CASTEP
code [39] within the framework of density-functional perturbation
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Unit-cell parameters and bond distances (A). Calculated results from this work are compared with experiments [25]. The multiplicity of bonds is

indicated (e.g. as x 2). The numbers in the parentheses represent esd’s.

Experimental Calculated
a(A) 4.428 (1) 4.464
b (A) 9.415 (3) 9.500
c(A) 5.481 (2) 5.529
V(A3 228.5 (1) 234.48
Al1-0 1.863 x 2 (2), 1.893 x 2 (2), 1.911 x 2 (2) 1.8856 x 2, 1.9104 x 2, 1.9308 x 2
Al2-0 1.864 (3), 1.894 x 2 (2), 1.940 (3), 2.020 x 2 (2) 1.8798, 1.9119 x 2, 1.9654, 2.0343 x 2
Be-O 1.581 (7), 1.641 x 2 (4), 1.694 (6) 1.5790, 1.6550 x 2, 1.6985

(a)

(b)

Fig. 2. Charge density along (100) plane in BeAl;04. The contour lines range from 0.00 to 0.25 electrons/(a.u.)® in intervals of 0.005. (a) z = 0.3 plane (b) z=0
plane. Color bar depicts the maximum and minimum charge density by red and blue colors respectively (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

theory.

To describe the behavior of the unit-cell volume under compression,
the bulk modulus and its pressure derivative, were determined for
BeAly04 by fitting the pressure-volume (P — V) results to a third order
Birch-Murnaghan equation of state (EOS) [40].

3. Results and discussions
3.1. Structural properties

As mentioned in the introduction, BeAl;O4 is closely related to
Olivine-type and also possess similarity with the Spinel-type mineral.
The crystallographic isomorphism with Olivine-type structures intends
us to explored this form which is described with space group Pbnm. The
crystal structure is schematically shown in Fig. 1. According to previous
studies, the lattice parameters at ambient conditions are a = 4.428 A,
b= 9.415 10\, and ¢ = 5.481 A [25]. Our calculations describe very
accurately the crystal structure of the studied aluminate, which can be
seen from Table 1. In particular, the calculated unit-cell parameters
show the agreement with experiments within 1%.

In the crystal structure of BeAl,Oy4, there are two non-equivalent Al

sites, one of them is a mirror site and another is an inversion site and
three O sites. The mirror site is preferred for the substitution of Cr or Fe
ions [41]. There are hexagonal close-packed oxygen atoms in the
structure with aluminum and beryllium atoms octahedrally and tetra-
hedrally coordinated, respectively. All oxygen atoms bond to one
beryllium and three aluminum ions. Oxygen ions (except O3) are having
same bonding with Be and Al ions. O1 and O2 each bond to one Be, two
Al1l and one Al2, while O3 bonds to one Be, one All and two Al2. Both
AlOg octahedra have Al-O bond distances ranging from 1.885 to
2.034 A. On the other hand, BeOj4 tetrahedral units have relatively short
Be-O bond distances of 1.579, 1.655 (x2), and 1.698 A. The calculated
bond distances are listed in Table 1, which is agree with the experiments.
Excellent agreement is also obtained for the atomic positions as can be
seen in Table ST1(supplementary material). In addition, the charge
density also is being plotted along (100) plane, which are shown in
Fig. 2. From the plots, it is observed that the charge is mostly localized
around O atoms as it is more electronegative than both Al and Be atoms.
The color bar depicts the difference in charge density localized (red
color) and flowing charge (blue color). The localized charge around the
O atom is sign of gaining of charge and shape of O atom is not spherical,
corresponds to covalent nature. Our results are consistent with reported



J. Singh et al.

®—@ Calculated
4A—a Experimental

(=]

> 0.992f
= o0.984|
0.976 |

QQ
0.995
B

0.99

- F
B 0wt :\\N
0.99}

L
o 0.995
}_} g

099~ ., o 4y T
0 1 2 3 4 5 6 7
Pressure (GPa)

Fig. 3. Experimental [25] and calculated pressure-cell parameters and
pressure-volume  relation. The error in experimental data is
within 0.001-0.003 A.

Table 2

Comparison between calculated and experimental [25] axial compressibilities.
Axial compressibility (x10~° GPa™) Experimental Calculated
Pa 1.12(4) 1.31 (1)
Py 1.46 (5) 1.56 (2)
Be 1.31 (3) 1.51 (2)

earlier for BeAl,O4 [42].

In order to understand the effect of pressure on the structural prop-
erties and to relate linear and bulk compressibilities with microscopic
properties, we have performed the calculations up to 6 GPa, which is the
pressure range of interest for technological applications and the pressure
range covered by previous experiments [25]. The occurrence of pressure
driven phase transitions, which are expected to happen at higher pres-
sures is beyond the scope of this study. The pressure calculations have
been performed using VASP.

Not only unit-cell parameters and volume but also bond lengths,
bond angles, and polyhedral volume were calculated at several pres-
sures. Experimental and calculated normalized unit-cell parameters (a/
ap, b/bo, ¢/co) and volume (V/Vj) relations are shown in Fig. 3 (and in
more detail in Supplementary information Table ST2). The agreement is
excellent. The axial compressibilities are calculated from unit-cell pa-
rameters at several pressures. The average axial compressibilities are
listed in Table 2, which infers that the difference between the largest and
smaller linear compressibility is only 15 %. So, it can be concluded that
the compression is slightly anisotropic. The behavior of the linear
compressibility is f, > f, > p,, which is similar to the experimental
results [25]. The agreement between experiments and calculations
regarding the change with pressure of the crystal structure supports the
use of DFT calculations to study the HP behavior of other physical
properties.

The anisotropic compressibility of BeAl2Oy is related to the way the
polyhedra are connected making chains along different axes, which is
shown in Fig. 1. It can be expected that AlOg octahedron is more
compressible than BeO4. The average bond distances in AlOg and BeOy4
are 1.91 A and 1.65 A, respectively, which makes the BeO4 units more
rigid than AlOg units (as seen in many oxides). Then volume change will
be mainly dominated by reduction of empty space in the structure (by
compression and polyhedra tilting) and compression of AlOg. Because of
the way AlOg and BeO4 are connected, there is empty space along b -axis,
which makes it main compressibility axis. To reduce the b -axis is the
most efficient way to reduce the volume. As a consequence, b -axis is
slightly more compressible than the ¢ -axis, in which compression is
determined only by volume decrease of AlOg. From the polyhedra Fig. 1,
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Fig. 4. Unit cell volume of BeAl,0,4 as a function of pressure.

the linear chain of AlOg units along c -axis can be noticed. Along the a
-axis, in between the chains of AlOg units, there is always a BeOy4 tet-
rahedron, which reduce the compressibility of a -axis, making it less
compressible direction. The Birch-Murnaghan equation of states fit to
the pressure-volume results is shown in Fig. 4. The bulk modulus By and
the 1% derivative of the By at 0 GPa was found to be 213 GPa and 3.58,
respectively. The ambient-pressure volume is 234.48 A3, The implied
value of the 2" derivative of the B, is —0.3889 GPa ! [43]. As described
in the introduction, the crystal structure of BeAl,O4 is similar to the
Spinel structure. Thus, it is reasonable to compare the bulk modulus of
both structures. Spinels like MgAl,04 and ZnAl,04 have bulk modulus
around 196 GPa [44] and 202 GPa [23], respectively. By comparing
with our results, we can state that Chrysoberyl is less compressible than
Spinel aluminates. The main reason of it is the smaller volume of the
AlOg octahedral units in BeAl,O4 than in Spinel aluminates. Since most
of the volume of the unit-cell of Chrysoberyl and Spinel structures is
occupied by the AlOg octahedra, these units are expected to dominate
compression. By assuming this hypothesis, the bulk modulus of
Chrysoberyl and Spinel can be estimated by using the phenomenological
relation proposed by Errandonea and Manjon [45] which related the
bulk modulus to bond distances. By doing it, bulk modulus of 250 GPa
and 200 GPa are obtained for BeAl;04 and Spinel aluminates, respec-
tively; which confirm our conclusion that Chrysoberyl is less
compressible Spinel-type aluminates.

A deep understanding of the crystal structure of BeAloO4 at high-
pressures can be obtained from the study of the behavior of bond an-
gles, bond lengths, polyhedral volumes, and bond angle variance at high
pressures [46]. The results obtained from our study are shown in Fig. 5
(and in more detail in the Supplementary Information Figs. S1, S2, and
Tables ST3, ST4, ST5). The ideal tetrahedral angle is 109.5. The Beryl-
lium ions are tetrahedrally coordinated in BeAl;04. At ambient condi-
tions, the angles of beryllium tetrahedron (O-Be-O) range from 98.27 to
118.6; i.e., an important distortion from ideal tetrahedron is present.
Since All and Al2 are nonequivalent, their coordination octahedron and
bond angles with oxygen atoms are different. At ambient, the O-Al1-O
angles are ranging from 85.76 to 97.36and O-Al2-O angles are ranging
from 79.63 to 100.57. As can be seen in Fig. S1, under compression,
bond angles are not varying significantly. Therefore, tilting of the
polyhedral does not play a prominent role in compression of BeAl;Oy4,
which is governed by the reduction of interatomic distances. The
calculated bond distances at high-pressure show the similar kind of
variation to the experiments, which is shown in Fig. S2 (Sup. Material).
In particular, we found that Be-O bonds are as compressible as Al-O
bonds contributing to the decrease of the volume of both BeO4 and
AlOg polyhedra (shown in Fig. 5) to the volume reduction of BeAloO4
under compression. This explains why the phenomenological model
used to compare the bulk modulus of Chrysoberyl with Spinel-type
aluminates (which ignores the contribution to BeO4) slightly
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Fig. 6. Calculated elastic constants as a function of pressure.

overestimated the bulk modulus of BeAl;O4. Finally, in Fig. 5, it can be
also seen that the bond angle variance is not significantly affected by
pressure which indicates that the shape of the polyhedra is not modified
up to 6 GPa.

3.2. Elastic and mechanical properties

The elastic constants confer the knowledge of the nature of me-
chanical properties like stability and under external stresses. The
calculation for the elastic constants C; were performed by the ab-initio
technique using the equilibrium cell parameters. The obtained elastic
constants fulfill the requirement of being a mechanically stable material
[47]. Thus, according to the mechanical stability criteria [48], BeAl,O4
was found to be a mechanical stable material. To determine the mate-
rial’s nature at high-pressure, the elastic constants were calculated at
ambient and at high-pressure, which is demonstrated in Fig. 6. In this
figure, it can be seen that the elastic constant’s value increases with
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By using the elastic constants, the polycrystalline bulk (B) and shear
modulus (G) can be calculated. To determine these moduli, two
approximation methods were taken into consideration: (a). Voigt
method (b). Reuss method [48,49]. According to Hill, the bulk modulus
(B) is the arithmetic mean of the Voigt (By) and Reuss bulk (Bg). And the
shear modulus (G) is of shear moduli (Gy) and (Gg) [50]. The Young’s
modulus (E) and Poisson’s ratio (v) can be determined in the form of
bulk and shear modulus [51,52]. The obtained moduli and Poisson ratio
(v) at different pressures are listed in Table ST6. The obtained bulk
modulus at zero pressure is similar to the value of By determined with
the BM equation of state. In Fig. 7(a), it can be seen that the calculated
value of elastic properties increases with pressure, which means the
resistance ability to volume, shape and stiffness of BeAlyOy4 is increasing
with increasing pressure.

Brittleness and ductility are two important mechanical properties of
any material. According to Pugh [53], B/G ratio gives the idea about the
material’s brittle and ductile behavior. The critical value of B/G is 1.75,
it separates the material’s ductile and brittle behavior. The material
exhibits the ductile behavior if B/G ratio is greater than 1.75, otherwise
it behaves as a brittle material. The calculated B/G ratio at several
pressures for BeAl;O4 are listed in TableST6. At ambient pressure the
value of B/G is 1.455, which makes it a brittle material. On the other
hand, Poisson’s ratio is also helpful to provide the knowledge of ductile
and brittle behavior of any material. According to Frantsevich [54], if
Poisson’s ratio (v) values of any material are less than 1/3 then it shows
brittle nature otherwise it exhibits ductile behavior. In the case of
BeAl;04, we get v = 0.22048, which means it behaves a brittle material.
From the Fig. 7(b), we can see that B/G and Poisson’s ratio increases
with the pressure ranging from the 0 GPa to 6 GPa, but remains less than
1.75 and 1/3, respectively. Thus, according to Pugh and Frantsevich’s
criterion BeAl;Oy4 is a brittle compound. According to Pettifor [55], the
nature of the atomic bonding and brittle/ductile nature in compounds

o 1 2 3
Pressure (GPa)

(b)

4 5 6

Fig. 7. (a) Bulk modulus (B), Shear modulus (G), Young’s modulus (E) and (b) Poisson’s ratio (v), B/G ratio as a function of pressure.
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Table 3

The shear anisotropy factors at different pressures (in GPa).
P A Ay As Ap(%) Ag(%) AU
0 077 0.87 0.78 0.131 x 1072 0.8427 x 1072 0.0876
1 0771 0.880 0783  0.1317 x 1072 0.8060 x 1072 0.0839
2 0776 0.887 0785  0.1323x 1072  0.7700 x 1072 0.0802
3 0.780  0.893 0.787 01327 x 1072 0.7347 x 1072 0.0767
4 0784 0.899 0789  0.1332x 102 07072 x 1072 0.0739
5 0788 0904 0791 01337 x10°2  0.6805x 1072  0.0712
6 0792 0910 0.793  0.1342x 102  0.6546 x 1072 0.0686

can be revealed by the Cauchy’s pressure, if it is negative then a com-
pound has angular bonds and brittle nature, otherwise the material
shows metallic bonding and ductile nature. For the orthorhombic sys-
tem, the Cauchy’s pressure will be: C23 — C44 for (100) plane, C13 — Css
for (010) plane and C;3 — Cee for (001) plane. In the present case of
BeAl;04, the calculated value is —23.42 GPa for Ca3 — C44, —37.98 GPa
for Ci3 —Css and —36.79 GPa for Cy2 — Cgs. The results show that
Cauchy’s pressure values are negative, hence the compound has the
angular character of atomic bonding.

To describe the material’s nature, there are additional physical
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parameters, being hardness one of them, probably one of the most
important. The material’s hardness depends upon the Young’s modulus
and Poisson’s ratio [56]. The obtained hardness of BeAl,O4 at several
pressures are summarized in Table ST6 (Sup. Material). The hardness of
BeAl;04 was studied also the methodology described by Chen [56,57].
According to Chen’s method, the Vickers hardness depends upon the
both bulk and shear modulus, which can be determined from Pugh’s
modulus ratio [57]. Calculated values of Vickers hardness are shown in
Table ST6 (Sup. Material). So, in our study, as the pressure increases,
BeAl;04 is becoming harder.

Several crystals, which have low symmetry show high elastic
anisotropic degree [58]. The shear anisotropy factors on different
crystallographic planes gives the information of the anisotropic degree.
The shear anisotropic factors (A;,Az,As) in atomic bonding for crys-
tallographic planes can be calculated by the elastic constants. If the
value of the shear anisotropic factor is unity, then a material shows the
isotropic properties [51,59]. On another hand, according to Chung and
Buessem [60], the elastic anisotropy can be determined by the aniso-
tropy’s percentage in the bulk (Ag) and shear modulus (Ag). Rangana-
than and Ostoja-Starzewski [61] also suggested a universal anisotropy
factor (AY) to observe the anisotropy of the crystal. If Ap, Ag and AV are
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Table 4

The density (p), longitudinal (v;), transverse (v,), average (v,,) elastic wave ve-
locities and Debye temperature (0p) at different pressures (P).

P (GPa) p (g/cc) v; (km/sec) v, (km/sec) Vm (km/sec) Op (K)

0 3.5962 10.6605 6.3836 7.0632 1035.85
1 3.6129 10.7020 6.4046 7.0868 1040.92
2 3.6293 10.747 6.429 7.1141 1046.52
3 3.6458 10.7917 6.4519 7.1399 1051.90
4 3.6619 10.8329 6.4727 7.1632 1056.88
5 3.6780 10.8731 6.4923 7.1855 1061.71
6 3.6937 10.9118 6.5109 7.2065 1066.35

1 . 1 " L " 1

-
[=]
W
(=]

2 3 a 5 6
Pressure (GPa)

Fig. 9. Debye temperature as a function of pressure.

zero then the crystal will exhibit isotropic nature. In the present case, A1,
A, and A3 for {100}, {010} and {001}, respectively, Ap,Ag and AY at
high-pressure are listed in Table 3. The calculated value of A;,A, and A3
increases as the pressure increases and it is moving towards unity. So, we
can say that the BeAl,O4 shows the nearly isotropic behavior. The values
of Ag, Ap and AU are close to zero and decreasing with increasing the
pressure, which makes it nearly isotropic material. The calculated values
of Ag as a function of pressure are larger than Ag, which means that the
shear modulus is a stronger direction dependent than the bulk modulus.
In addition, three- and two-dimensional Young modulus at ambient
pressure are shown in Fig. 8. Material’s isotropic nature can be under-
stood by Young modulus. If Young modulus surface is spherical then
material shows isotropic nature [62,63]. From the plots, it can be seen
that the Young modulus surface is nearly spherical along yz— plane
which emphasizes the nearly isotropic nature.

The sound velocities can be obtained from the elastic constants. The
longitudinal (v;), transverse (v;) and averaged sound velocity (vy,) at
high-pressure were calculated by using Navier’s equation [50,64,65].
The calculated value increases with pressure, which is given in Table 4.
The Debye temperature is an important quantity. It is proportional to the

Frequency (THz)

Phonon density of States
O a N W & 00 O N O
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averaged sound velocities. Using Debye-Grunesien model [50,64,65],
obtained Debye temperature as a function of pressure are summarized in
Table 4. The variation of Debye temperature at high-pressure is shown in
Fig. 9, which increases as the pressure increases.

3.3. Lattice dynamics and thermodynamic properties

In order to investigate the dynamical stability, the phonon dispersion
has been calculated and the same is plotted along the high symmetric
path ' -X-S-Y-I'—-Z—-U—-R—-T-Z) at zero pressure. We
found that acoustic branches lie within positive frequency region,
implying the dynamical stability of BeAl;04. The acoustic modes are
highly interacting with optical modes. The equivalent atomic masses of
entities are responsible for the same and the phonon dispersion curve is
shown in Fig. 10. To understand more about the atomic contribution to
phonons, we have calculated the phonon density of states. From the plot,
it infers that the low-frequency phonon modes are dominating by Be and
O atoms. The optical modes positioned at higher frequencies are equally
contributed by Al, Be and O atoms. The phonon density of states is also
evident for phonon-phonon interactions seen from the phonon
dispersion.

The thermodynamic properties are calculated with Phonopy code. It
is based on the quasi-harmonic approximation [35]. The calculated
thermodynamic properties like bulk modulus, thermal expansion co-
efficients, volume expansion, specific heat at constant pressure, specific
heat at constant volume, entropy, Gibbs free energy, Gruneisen
parameter and free energy at high-temperatures are shown in Fig. 11.
The variation of the bulk modulus with temperature is shown in Fig. 11
(a). From the Fig. 11(a), it can be seen that the bulk modulus decreases
with increase in temperature. The low bulk modulus indicates that the
material shows compressible nature. The thermal expansion as a func-
tion of temperature as shown in Fig. 11(b) reveals the positive thermal
expansion coefficient present in the system. Experimental and calculated
normalized volume expansion are shown in Fig. 11(c). The specific heat
capacity is the measurement of any substance to store the heat. Calcu-
lated Cp, Cy and entropy at high-temperatures are shown in Fig. 11(d).
From the Fig. 11(d), we can see that at 0 K the entropy is zero and it
increases rapidly as the temperature increases. The values of specific
heat at constant pressure and at constant volume as a function of tem-
perature are almost similar, which can be seen from the Fig. 11(d). At
low temperatures the specific heat increases rapidly, but at high tem-
peratures the variation is small. We can see that at high temperatures the
specific heat at constant volume obeys the Dulong-Petit law. The vari-
ation of the Gibbs free energy with high-temperature is given in Fig. 11
(e), which decreases as the temperature increases. Gruneisen parameters
as a function of temperature is shown in Fig. 11(f) and it can be seen that
it is positive at each temperature. The relation between the free energy
and temperatures are shown in Fig. 11(g). It shows same behavior as
Gibbs free energy.

To provide the description of the vibrational modes, the vibrational
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Fig. 10. Phonon dispersion curve for BeAl,0,4.
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Fig. 11. Bulk modulus, thermal expansion, volume expansion, Cp, Cy, entropy, Gibbs free energy, Gruneisen parameter and free energy as a function of temperature.

properties have been calculated using CASTEP [38]. From the data, it is
evident that there are 84 vibrational bands, which are found to agree
with the experimental results [66]. The calculated vibrational modes
(optical modes) of chrysoberyl are listed in Table ST4 (Sup. Material).
Three acoustic modes are By, + B, + B3, and the remaining 11A, +
10Ay + 7Byg + 13B1y + 11Byg + 9By, + 7B3g + 13Bs, are optical modes.
From the Table ST4 (Sup. Material), it can be seen that optical branches
contain 36 Raman active, 35 IR active and 10 silent modes. 36 modes are
Raman active, which are 11A; + 7Byg + 11By, + 7Bse. Total number of
IR active modes are 13By, + 9By, + 13Bs,. The 10A  modes are silent

modes. The calculated Raman modes agree with experiment and the
deviation is within 0.07-5.48 %. In addition, there is a particular mode
11 (By with 310.91 cm™! frequency) with a larger discrepancy.
Regarding IR modes, we would like to state that, we have not included
the LO-TO splitting in the calculations, which might result in only fair
agreement with the experimental results as for as IR modes are con-
cerned. But in general, the calculated frequencies, usually are closer to
the LO mode than to the TO mode, which is seen in the present case also
as expected. According to our calculations two modes assigned as IR in
the experiments (modes 10 and 55) are indeed silent modes which could
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Fig. 12. Raman modes for BeAl,O4 at several frequencies.

become active because of the presence of defects in the crystal [67].
Raman modes at above 700 cm™! frequencies are shown in Fig. 12.
Raman mode at 723.29 cm~! frequency is due to the stretching and
scissoring in BeO4. AlOg has larger bond distance than BeO4, which
makes it less interactive at high frequencies. From the Fig. 12(a) it can be
seen that there is no motion in Al units. Fig. 12(b) represents the Raman
mode at 736.03 m~!, which is due to the scissoring in BeO4. Generally,
symmetry stretching vibrations considered to be Raman active modes
but mode at 756.91 cm™! represents the asymmetric stretching in BeOy,
which is shown in Fig. 12(c). The mode at 768.66 cm™! (in Fig. 12(d))
has the scissoring, stretching and rocking vibrations in BeOy. Fig. 12(e)
shows the Raman mode at 796.73 cm~! which is having scissoring and
wagging vibrations in BeO4. Fig. 12(f) represents the asymmetric
stretching vibration in BeO4 at 830.99 cm~! frequency. Due to the large
bond distances in AlQOg, it is not much active at high frequencies, mode at
838.71 cm™! includes vibration in BeO, as well as AlOg. It has scissoring

vibration in BeO4 and stretching of Al-O bond, which is shown in Fig. 12
(g). From the Fig. 12(g), it can be stated that the vibrations are highly
contributed by BeO4. The modes at 925.91 cm™! and 936.56 cm™! are
having both asymmetric and symmetric stretching vibrations in BeOy,
which can be seen in Fig. 12(h) and (i), respectively.

3.4. Electronic structure and optical properties

Finally, in order to determine the full description of the physical
properties of BeAl;04, electronic structure calculations have been per-
formed using GGA-PBE functional. The obtained band gap is 6.0 eV. It is
well understood that GGA underestimated the band gap of insulators/
semiconductors, thus in order to improve the band gap description, the
employment of TB-mBJ functional has been done on our self-consistent
ground state properties. The obtained band gap is found to be around
8.3 eV, which is represented in Fig. 13(a). The band gap is found to be in
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Fig. 13. Electronic structure (a), PDOS (b) and band gap variation (c) of BeAl;O4.
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good agreement with recent study by Y. Wang et al. [29]. By observing
the band structure, it can be said that the investigated system is a direct
gap insulator since the top of the valence band and bottom of the con-
duction band are both situated at the center of the Brillouin zone, i.e. I’
point. In addition, it is found that the dispersion of the valence band is
small, but the conduction band is highly dispersive. The detailed anal-
ysis of the electronic structure properties can be understood through the
total and partial electronic density of states (DOS) which are plotted in
Fig. 13(b). From the plots, it can be seen that the valence bands are
predominantly dominated by O (2p) orbitals and the conduction bands
are mainly dominated by Al (3s). From the Fig. 13(b), it can be said that
the partial density of states of Be, All and Al2 are quietly similar with
each other. The partial DOS (PDOS) of different oxygen atoms are quite
different with each other. This is related to their different bonding. The
bonding of O1 and O2 with Be and Al are same. In contrast, O3 shows
different bonding behavior with Be and Al. All oxygens are connected to
one beryllium and three aluminum ions. O1 and O2 each have two All
and one Al2, but O3 is linked to two Al2 and one All. As a consequence,
03 shows large contribution in valence band rather than O1 and O2.

To analyze the electronic properties under pressure, high pressure
calculations were carried out. The pressure calculations have been
performed by using VASP with PBE-GGA exchange correlation func-
tional. This method, in spite of underestimating the value of the band-
gap, gives an accurate description of its pressure dependence and it is
much less demanding of computing resources than the TB-mBJ method
used for the ambient-pressure calculations. The band gap is found to
increase with pressure, and the variation is shown in Fig. 13(c). This is
outcome of the enhancement under compression of the repulsion be-
tween bonding and antibonding states near the Fermi level, caused by
the compression of AlOg octahedral units [68].

In order to obtain further information, the optical properties of
BeAl;O4 have been determined using TB-mBJ functional with dense k-
mesh of 50 x 23 x 41. In Fig. S3 (Sup. Material), the real and imaginary
parts of the dielectric function are displayed. The imaginary part of the
dielectric function contains the information about the transition mech-
anism. By using Kramers-Kronig relations, the real part of the dielectric
function can be determined from the imaginary part. The optical prop-
erties like reflectivity and absorptivity can be calculated through the
imaginary part of dielectric function. From the absorptivity plots, it can
be said that the absorption edge is equal to its band gap. The transition is
beginning after the photon energy 8.3 eV. The static refractive index is
approximately 1.2, which is nearly the same in all crystallographic di-
rections. This is evident for nearly optical isotropic nature in the present
investigated system. The investigated system is optically isotropic, the
refractive index in low photon energy range is evident for it. This
investigated system can be good for UV applications, the absorption
spectra is evident for it.

4. Conclusion

In summary, the structural, electronic, optical, elastic, vibrational,
and mechanical properties of BeAloO4 have been studied using density-
functional theory. Calculations give an accurate description of the
crystal structure and its HP behavior. They also help to deepen the un-
derstanding of the properties of BeAl;Oy4. It is also found that Chryso-
beryl exhibits mechanical and dynamical stability and it is identified as a
large gap insulator with a direct band gap of around 8.3 eV. The
calculated structural and electronic structural properties are found to
agree with the experiments. The description of the pressure behavior is
quite accurate. From the elastic properties results of BeAl;Oy, it is
confirmed that chrysoberyl, in contrast to other Olivine-type oxides,
shows nearly isotropic compressibility. It has a 213 GPa as bulk
modulus, which makes it less compressible than the other Olivine-type
and Spinel-type related compounds and has 20—27 GPa hardness,
which makes it an extremely hard material. This fact is related to the
presence of one of small AlOg octahedral units. According to the Pugh
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and Frantsevich criteria BeAl;O4 is a brittle material. The pressure
studies infer that the band gap increases with increasing the pressure
due to the enhancement of the repulsion between bonding and anti-
bonding states. The structural parameters under pressure are found in
good accord with the experiments. The optical properties at ambient
reflect the nearly isotropic properties.
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