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Deep Earth Chronicles: High-Pressure Investigation of

Phenakite Mineral Be,SiO,

Jaspreet Singh,” Daniel Errandonea,*™ Venkatakrishnan Kanchana,*® and

Ganapathy Vaitheeswaran*"

Beryllium silicate, recognized as the mineral phenakite (Be,SiO,),
is a prevalent constituent in Earth’s upper mantle. This study
employs density-functional theory (DFT) calculations to explore
the structural, mechanical, dynamical, thermodynamic, and
electronic characteristics of this compound under both ambient
and high-pressure conditions. Under ideal conditions, the DFT
calculations align closely with experimental findings, confirming
the mechanical and dynamical stability of the crystalline
structure. Phenakite is characterized as an indirect band gap
insulator, possessing an estimated band gap of 7.83eV.

Introduction

The Earth’s mantle is believed to exhibit a Si:O atom ratio that
typically falls within the range of 1:3 to 1:4." This has led to
significant scientific curiosity regarding the structural character-
istics of the orthosilicate group, a category of minerals
characterized by the presence of isolated SiO, tetrahedra.
Research in this field has predominantly focused on examining
these minerals under conditions of elevated pressure or
temperature. The orthosilicate group encompasses a wide
variety of minerals, including olivines, silicate spinels, garnets,
aluminosilicates, zircon, and a few less common mineral families
like humites and datolites.”!

Mineralogists have dedicated extensive efforts over the
years to uncover a systematic of minerals behaviour, enabling
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Remarkably, oxygen states make a substantial contribution to
both the upper limit of the valence band and the lower limit of
the conduction band. We delved into the thermodynamic
properties of the compound, including coefficients of thermal
expansion, free energy, entropy, heat capacity, and the
Gruneisen parameter across different temperatures. Our find-
ings suggest that Be,SiO, displays an isotropic behavior based
on estimated anisotropic factors. Interestingly, our investigation
revealed that, under pressure, the compression of phenakite is
not significantly affected by bond angle bending.

them to make predictions about structures and physical proper-
ties under extreme pressure and temperature conditions. One
method for discerning these patterns involves experimental
analysis of sets of minerals that share similar chemical
compositions. In the BeO—Al,0,—SiO,—H,0 system, often re-
ferred to as BASH, researchers can discover an ideal combina-
tion of abundant, finely shaped, stoichiometric, and well-
ordered crystalline phases with diverse structural characteristics.
This system produces large, relatively flawless, well-structured
crystals in various shapes through its multiple binary and
ternary phases. The relatively low atomic numbers of the
constituent ions in this system make them amenable to
computational quantum chemistry techniques. Across most of
the phases in this system, the structural units consist of just
three types of cations polyhedra-tetrahedral silicon, beryllium,
and octahedral aluminium. This characteristic makes them a
perfect case study for the “polyhedral approach”.”’

The X,YO, system is distinguished by its diverse range of
compositions, including elements such as X (e.g., Mg, Fe, Mn,
Ca, Ni, Co, Zn, Be, Li, Al, Cr, and rare-earth elements) and Y (e.g.,
Si, Ge, Be, As, B, and P). This system also features extensive solid
solution behavior, allowing for mixtures between pure end-
member compositions, and exhibits various structure types,
such as hexagonal close-packed (hcp) derivatives like olivines
(A,"BY0,), cubic close-packed (ccp) spinels (AYB,"0,), the
hexagonal phenakite structure, willemite (Zn,SiO,), and orthosi-
licates of cadmium and chromium. This group also includes
minerals like silicate spinels, and wadsleyite-type spinelloids.
These materials represent some of the simplest “complex”
ceramics containing multiple cations, typically composed of
only two distinct cation species.

In the BASH system, several minerals, including bromellite
(Be0),” phenakite (Be,Si0,),*° bertrandite (Be,Si,0,(OH),),”
beryl (Be;Al,Sis0,s), euclase (BeAlSiO,(OH)),”" and chrysoberyl
(BeAlL,O,),® have been explored by high-pressure crystal

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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structure investigations. It has been observed that both
bromellite and beryl demonstrate a large thermal expansion
and the formation of different crystal structures at high temper-
atures.

The phenakite crystal structure, which was determined by
Bragg in 1927, exhibits a well-defined three-dimensional
arrangement characterized by tetrahedra of varying types (SiO,
and BeOQ,), each with nearly identical geometric properties,
within its structure® In 1972, Zachariasen"® and in 1983,
Downs"" provided descriptions of the phenakite crystal
structure, which is trigonal in nature (belonging to the space
group R3) with a total of 18 formula units per unit cell. Their
analysis also included insights into the anisotropic temperature
factors. In this structure both silicon and beryllium are
tetrahedrally coordinated by oxygen atoms. These tetrahedra
are interconnected by their corners, forming a continuous
framework featuring rings of three, four, and six members.

In this investigation, we aim to analyse the diverse physical
attributes of Be,SiO, and explore how variations in pressure and
temperature impact its behavior. The second part of our study
delves into the computational details. Moving on to the third
section, we provide a comprehensive summary of our key
findings and engage in discussions concerning structural
properties, elasticity, mechanical behavior, dynamical features,
thermodynamics, and electronic properties. We will also discuss
these attributes under both ambient and under pressure
conditions. Finally, we will consolidate our findings and draw
conclusions in the concluding section. The findings of this
investigation are relevant for the use of Be,SiO, in Raman
lasers.!"?

Computational Methods

The optimization of the molecular geometry of Be,SiO, was
performed employing the formalism of density-functional
theory (DFT). Computer simulations were carried out using the
Vienna Ab initio Simulation Package (VASP)' within the
projector-augmented wave (PAW) scheme. The Perdew-Burke-
Ernzerhof (PBE) for solids (PBEsol)™ functional was used to
generate the exchange-correlation functionals within the con-
text of the Generalized-Gradient Approximation (GGA). Calcu-
lations with PBE" here were also performed and we concluded
that PBEsol describes better the crystal structure of Be,SiO,. As
a consequence, in this work, we will focus on results of PBEsol
calculations unless it is specified. In all calculations, the plane
wave energy cutoff was set at 600 eV. We adopted a selected
energy convergence criterion of 1078 eV. For geometry optimi-
zation computations, a dense k-mesh was utilized following the
Monkhorst-Pack technique.'™ To calculate phonon dispersions,
we employed the density-functional perturbation theory along-
side VASP and Phonopy."® The phonon calculations with a
2x2x2 supercell (336 atoms) have been performed using a
6x6x6 k-point mesh and a 10°%eV energy convergence
criterion. The thermodynamic properties of the compound
under investigation were evaluated using the Quasi-Harmonic
approximation, combining VASP and Phonopy."” To rectify the
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underestimate of the GGA approximation when estimating the
band gap of semiconductors/insulators,"® we employed the
hybrid functional HSE06 to compute electronic characteristics,
setting the Hartree-Fock screening value at 0.2 A" To analyze
the response of the band gap to pressure variations, calcu-
lations were conducted using VASP with PBE-GGA potentials.
We obtained the bulk modulus and its pressure dependency by
fitting the pressure-volume (P—V) data to a third-order Birch-
Murnaghan equation of state (EQS) in order to explain how the
unit-cell volume reacts to compression.?”

Results and Discussion
Structural Properties

Phenakite, the mineral Be,SiO,, represents the naturally occur-
ring manifestation of the beryllium-silicon binary oxide. As
stated in the introduction, the mineral compound Be,SiO,
exhibits a trigonal crystalline structure with the space group R3.
Figure 1(a) provides a diagrammatic depiction of the crystal
structure. In the current case, the calculations were performed
using GGA-PBEsol"” and GGA-PBE®" functionals. Our computa-
tional analysis shows that GGA-PBEsol functional accurately
describes the ground state of the examined compound, as
listed in Table 1. Notably, the predicted unit-cell parameters
notably align with experimental values,®*? showing agreement
within a margin of less than 1%. Table 1 shows that PBE tends
to slightly overestimate the unit-cell parameters which leads to
an overestimation of 27 A® of the volume.

The structural arrangement of phenakite consists of a well-
organized three-dimensional framework comprising two dis-
tinct types of tetrahedra (SiO, and BeO,), which exhibit nearly

Figure 1. Crystal structure of Be,SiO, (a) conventional cell and (b) primitive
cell.
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Table 1. Experimental and calculated unit-cell parameters and selected
bond distances. For the unit-cell parameters we show results from PBE and
PBEsol calculations. The bond-distances are only shown for PBEsol because
it gives the best description of the crystal at ambient conditions.
PBE PBEsol Exp.[22] Exp.[10] Exp.[5]
ad) 12.573 12.494 12.481 12472 12,470
c(A) 8.313 8.254 8.261 8.252 8.250
v (A% 1138.11 1115.99 1116.20 1111.63 1111.10
Si-O - 1.6424, - 1.6301, 1.627,
A 1.6390, 1.6280, 1.626,
1.6456, 1.6337, 1.629,
1.6410 1.6307 1.628
Be1-O - 1.6404, - 1.6404, 1.639,
&) 1.6395, 1.6449, 1638,
1.6543, 1.6581, 1.654,
1.6363 1.6371 1.642
Be2—-O - 1.6305, - 1.6310, 1.633,
(A 1.6381, 1.6431, 1.637,
1.6535, 1.6553, 1.655,
1.6534 1.6546 1.652

identical geometrical characteristics. Tetrahedra interconnect to
form chains aligned with the crystallographic threefold axis,
generating spacious hexagonal channels. Inside the phenakite
crystal’s unit cell, there is a silicon atom occupying one Wyckoff
position, as well as two distinct beryllium atoms and four
distinct oxygen atoms. A planar trigonal arrangement is formed
by one Si atom and two Be atoms, each coordinating with an
oxygen atom. In terms of hexagonal axes, the standard non-
primitive unit cell accommodates 18 formula units, and the
atoms reside in general positions (exhibiting site symmetry 1).
Be,SiO, falls into the category of neso-silicates due to the
isolation of [SiO,] coordination polyhedra from each other
within the crystal structure. However, the strong bonding
interaction with [BeO,] imparts a structural resemblance more
akin to framework structures, akin to tecto-silicates. The average
cation-anion bond lengths for the three distinct tetrahedra: Si,
Bel, and Be2 polyhedra, are 1.642 A, 1.643 A, and 1.644 A,
respectively (as indicated in Table 1). These tetrahedra exhibit
minimal deformation, with quadratic elongation (QE) and angle
variance (AV) closely approaching the ideal values (as presented
in Table 2).

Moreover, we have computed the structural parameters as
pressure-dependent variables and shown in Figure 2(a). We
observed that the volume (V/V,) and lattice parameters (a/a,, c/
¢,) correspond well with experiments® up to 10 GPa. At this
pressure there is a small reduction of compressibility in experi-
ments which is not accounted by calculations. This may be

112
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Figure 2. Pressure dependence of (a) lattice parameters and volume, and (b)
volume along with BM equation fit. In (a) we compare with previous
experiments.”? In (b) the symbols are the results from our calculations and
the red line correspond to the EOS with parameters V,=1116.0 A%,
B,=181.7 GPa, and B,’=3.87.

attributed to the use of a 16:3:1 methanol-ethanol-water
mixture as a pressure-transmitting medium in powder X-ray
diffraction experiments."® This pressure-transmitting medium
remains quasi-hydrostatic only until 10 GPa.”™ It is a commonly
recognized phenomenon that non-hydrostatic compression can
artificially reduce the compressibility of a crystal?” In fact, in
the X-ray diffraction experiments reported in Ref. [22] the peaks
at 10.3 GPa are considerably broad, a fingerprint of the impact
of non-hydrostatic effects. The results revealed that the
compression of lattice parameters a and c are similar. The linear
compressibility of the two lattice parameters is k,=
1.75x107° GPa™' and k,=1.59x107>GPa™' i.e., ¢ parameter is
slightly less compressible than a parameter. Our results agree
with those determined by Hazen and Au®™ from single-crystal X-
ray diffraction experiments performed up to 5GPa, k,=
1.60(3)x107° GPa™' and k,=1.45(7)x107> GPa". In contrast, Fan
et al,” determined smaller values for each linear compressi-
bility, k,=1.50x107GPa™' and k.=1.34x107*GPa~', which is
an artifact of the non-hydrostatic conditions of experiments at
10.3 GPa and higher pressures.

In addition, to linear compressibilities, the volume (V,), the
bulk modulus (B,) and its pressure derivative (B,) at zero
pressure were determined through least-squares analysis of
pressure-volume results. To determine the bulk modulus for the
orthosilicate, we employed the third-order Birch-Murnaghan
equation of state (EOS).”™ The resulting V, B, and B, for
phenakite are 1116.0 A>, 181.7 GPa, and 3.87, respectively. In
Figure 2(b), the unit-cell volume data plotted against pressure is
depicted, along with the pressure-volume curve determined
using these fitted parameters. Hazen and Au®™ have obtained
B,=201(8) GPa and B,’=2(4). The B’ is unusually small for a

polyhedral of phenakite at zero pressure.

Table 2. Polyhedral volumes (V, in A, quadratic elongation (QE) of bond-distances, and angles variance (AV) for the Bel, Be2, and Si coordination

Bel Be2 Si

vV, QE AV Ve QE AV Ve QE AV
Cal. 2270 1.001 47 2275 1.002 6.2 2.269 1.001 3.9
Exp.”! 2279 1.001 6.0 2.284 1.002 7.2 2218 1.001 4.1
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silicate.” If the data from Hazen and Au® are fitted using a 2™
order Birch-Murnaghan EOS (B,’=4), B,=195(11) GPa. This
means that our results agree within two standard deviations
with the experiments from Hazen and Au.” In contrast, in the
EOS determined from the experiments of Fan etal? B,=
223(9) GPa and B, =5.5(8) are overestimated due to the
influence of non-hydrostatic effects.”®

Pressure induces changes in both the distinct cation
polyhedra and the angles between them, offering valuable
insights into the response of the phenakite structure. Figure 3(a)
and Supplementary Figure S1 display the changes in selected
interatomic bond lengths and angles with respect to pressure
variation. In the phenakite structure, all three tetrahedra
experience substantial compression which is shown in Fig-
ure 3(b-d). The polyhedra respond to pressure predominantly
by undergoing volumetric compression, and this has a minimal
effect on their distortions. This is evident from the consistently
stable quadratic elongation and angle variance observed
throughout the pressure range examined in our study.

In solid materials that comprise cation polyhedra, compres-
sion arises from the interplay between polyhedral compression
and changes in inter-polyhedral angles. When considering the
investigated compound (phenakite), the Si—O-Si and Be—O—Be
angles are consistently near 120° and remain virtually un-
changed within one estimated standard deviation between
ambient pressure and 32 GPa. This implies that the compression
of phenakite is not significantly influenced by the bond angle
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Figure 3. Pressure dependence of (a) selected bond distances, and (b-d)
polyhedral volume along with the quadratic elongation (QE) and angular
variance (AV) of Be1, Be2 and Si tetrahedral units.

bending and the polyhedral tilting. These results show that the
conclusions obtained by Hazen and Au® regarding the
mechanism of compression are valid up to 32 GPa.

To conclude the discussion of this section we would like to
compare the bulk modulus from Be,SiO, with the bulk modulus
from other beryllium minerals. The bulk modulus of Be,SiO,,
182-195 GPa, is slightly smaller than that of BeAl,0,, 213 GPa*”
and that of BeO, 212 GPa.”! This suggest that the incorporation
of silicon favors a decrease of the bulk modulus while the
incorporation of aluminum does not. This conclusion is
consistent with the facts that the bulk modulus of Be;AlSi;O;g,
with a larger Si/Be ratio, is 170 GPa” and the bulk modulus of
CsBe,Al,(B;,Be)O,5, which contains Al, Cs, and B, but not Si, is
213 GPa;*® j.e. identical to that of BeO and BeAl,0,. Based on
this observation we speculate that BeSiO; (Si/Be ratio=1) will
have a bulk modulus smaller than that of Be,SiO, (Si/Be ratio=
1/2) and larger than that of Be;AlSi;O,s (Si/Be ratio=2), and
that Be,AlSi;O,; (Si/Be ratio=5/2) will have a bulk modulus
smaller than Be;ALSigO;q.

Elastic and Mechanical Properties

Elastic constants play a crucial role in comprehending the
mechanical characteristics, including stability under external
loads. In our case, we employed the first-principles approach to
estimate the elastic constants C; based on the equilibrium cell
characteristics and determined C; are tabulated in Table 3. The
computed C; closely align with the experimental results.”” The
C; acquired at all pressures examined in this study adhere to
the generalized Born-Huang criteria,®**"" indicating the materi-
al's mechanical stability. Accordingly, Be,SiO, was identified as a
mechanically stable material by applying the mechanical
stability criterion. On the other hand, to deduce the linear
stability of our compound, we have calculated the eigen-values
of the elasticity tensor. The computed eigen-values are: A, =
544.09, 1,=284.13, h;=174.99, A,=82.25, As=82.24, and A=
87.51 GPa. The ratio of Ay, /Amin is 6.62 which is higher than 1
and it indicates that the structure is stiffer. In order to attain a
more profound understanding into how the material behaves
in high-pressure conditions, we assessed the elastic constants
at both ambient and elevated pressures, as shown in Fig-
ure 4(a). It is a widely recognized fact that the C;; and Cs;
provide information about the material’'s resistance to linear
compression along the crystallographic a- and c-axes, respec-
tively. The obtained values of the C; reveal that Cy; is greater
than C;,, indicating that the studied compound exhibits slightly
more compressibility along the g-axis than the c-axis, as
discussed in the previous section. The elastic constants (C,; and
Cs3), which measure stiffness in response to uniaxial strains,

Table 3. The elastic constants C; (in GPa) at ambient conditions.

C‘H C33 C44 C12 C13 CM C1S
Cal. 311.87 379.47 82.25 136.88 88.59 0.21 0.08
Exp.”? 3419 391.0 914 148.0 136.0 0.1 35
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Figure 4. Pressure dependence of (a) Elastic constants, (b) elastic moduli, (c)
Poisson’s ratio and B/G values, (d) elastic wave speed, and (e) Debye
temperature.

exhibit high values, whereas the elastic constant (C,,), repre-
senting resistance to shear deformation ie, C, represents
rigidity in the a-c plane, requires shearing in a direction that's
perpendicular to the tetrahedral chains, is notably low. Thus,
according to this low value of C,,, Be,SiO, is more resistive to
compressive or tensile deformations than to shear ones.®? In
this case, the tetrahedra can rotate when subjected to a C,,-
type shear. In addition, the elastic constant C4 quantifies a
material’s ability to withstand stress that tries to separate the
tetrahedral chains extending perpendicular to the a-axis, which
is a more challenging type of shear to achieve. The elastic
constant Cy can be calculated using C;; and C;, i.e., (C;;-C;,)/2.
The calculated values of C,, and Cy show that Cg>C,y. The
higher shear rigidity observed in elastic modulus C4 within the
basal plane can be attributed to the triangular voids, which
function as cross braces. In contrast, elastic modulus C,, does
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upward trend as pressure increases, while the G and E values
display an initial increase followed by a subsequent decrease
after reaching a certain point. This means that at pressures
higher than those cover by this study there will develop
mechanical instabilities triggering either a phase transition or
amorphization.®®

Ductility and brittleness are pivotal mechanical character-
istics of any material. In accordance with empirical criteria,***"
when a solid exhibit v<0.26 and B/G< 1.75, it falls into the
category of brittleness; otherwise, it is considered ductile. Our
calculated values for B/G and v are both above 1.75 and 0.26,
respectively. As a result, the investigated compound demon-
strates ductile nature. This phenomenon can be mainly
associated to the lower value of the G in comparison to other
silicates, such as MgSiO,.*? Furthermore, these values signify
the prevalence of ionic contributions in inter-atomic bonding
across all the compounds. To fully confirm this statement,
calculations of the non-covalent index are needed. However,
they are beyond the scope of this work and will be addressed
in future studies. In addition, we have calculated the pressure
dependence of v and B/G ratio which is shown in Figure 4(c).
The Figure 4(c) illustrates an increase in both B/G and v as
pressure varies from 0 GPa to 32 GPa. Furthermore, Pettifor's
criterion™ introduces the concept of Cauchy’s pressure (C;3-C,,
and C;,-C¢,) to determine a material’s brittle or ductile nature.
When Cauchy’s pressure is in the negative range, the material
displays brittleness, whereas when it's positive, the material
exhibits ductile behaviour. Thus, according to the Cauchy’s
pressure, our compound is ductile.

Table 4. The experimental and calculated elastic properties of Be,SiO,.

B (GPa) E (GPa) G (GPa) Y v, (km/s) Vv, (km/s) Vy, (km/s)
Cal. 181.21 241.05 94.29 0.278 10.20 5.65 6.30
Exp.?” 212.8 98.9 10.79 574 8.47
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Crystals with low symmetry often exhibit pronounced elastic
anisotropy. Information regarding the extent of this anisotropy
can be obtained by examining shear anisotropy factors across
various crystallographic planes. Elastic constants can be
employed to calculate shear anisotropic factors on the (100)/
(010) and (001) planes (A,=A, and A,)" If the shear
anisotropic factor equals one, the material is considered
isotropic. Conversely, Chung and Buessem™ suggest that the
proportion of anisotropy in bulk (Ag) and shear modulus (Ag)
can be used to quantify elastic anisotropy. To assess an
anisotropic nature of a crystal, Ranganathan and Ostoja-
Starzewski™® proposed a universal anisotropy factor (AY). The
material exhibits isotropic characteristics when Ag, A, and AY
approach zero. In this context, Table 5 presents A,, A;, Ag Ag,
and AY values of Be,SiO,. The estimated values of these
parameters suggest that the compound Be,SiO, exhibits a
subtle anisotropic behaviour, aligning with the findings from
the pressure-dependent assessment of a and c.

Elastic constants play a pivotal role in determining sound
velocities. We employed Navier's equation to determine the
longitudinal (v)), transverse (v,), and mean sound velocities (v,,)
under both standard and high-pressure conditions. Table 4
indicates that our calculated wave velocities are in excellent
accordance with the experimental findings.”” The calculated
sound velocities are illustrated in Figure 4(d). With increasing
pressure, the estimated values of v, demonstrate an upward
trend. On the other hand, v, and v,, show downward trend at
high-pressure. Another significant parameter to consider is the
Debye temperature (6p), which varies in relation to the average
sound velocities. The results obtained from the Debye-Grune-
sien model are depicted in Figure 4(e), illustrating the variations
in Debye temperature as pressure increases. In Figure 4(e), the
fluctuation of the Debye temperature under high pressure is
visually depicted, showcasing a corresponding decrease with
increasing pressure.

Lattice Dynamics and Thermodynamic Properties
Phonon dispersion analysis was performed along the high-

symmetry path (I'—M—K-TI'—A) under zero pressure to
evaluate the material’s dynamical stability. The calculated

phonon dispersion is shown in Figure 5(a) and 5(b). Our
results indicated that the acoustic branches display positive
frequencies, affirming the dynamical stability of the ana-
lysed system. Notably, there is a pronounced interaction
between the optical and acoustic modes, which can be
attributed to the similar atomic masses of the constituent
entities. In addition, we have calculated the phonon
dispersion at 32 GPa which is shown in Figure 5(c) and 5(d).
The phonon dispersion shows that all phonon modes are
positive, which support the stability of the material at
32 GPa. In the section on structural properties, we pre-
viously explored how pressure results in the shortening of
bond lengths. This compression of the crystal leads to a
widening of frequency band gaps. Consequently, as mole-
cules get closer, there is a resultant repulsion between
atoms. The impact of pressure becomes evident in the
splitting of branches and an increase in their dispersion.
Furthermore, branches exhibit an upward shift along the
frequency axis with rising pressure. Notably, as pressure
increases, the acoustic branches near point I' display an
enhanced slope. This signifies a heightened sonic velocity, a
consequence of the crystal’s density increasing under
compression.

Moreover, we have computed the vibrational modes at
zero pressure and provided in Table 6. Table 6 clearly
exhibits the presence of 126 vibrational bands, consistent
with the experimental findings.””? The mechanical represen-
tation of these modes is: I'y=21A;+21A,+21E,+21E,.
Here, the E; and E, modes are doubly degenerate modes.
The calculated modes contain the 63 Raman active (21A,+
21E,), 3 acoustic (A,+E,) and 60 IR active (20A,+20E,)
modes. The acquired mode values closely match both the
experimental results“’*® and the outcomes from the Born-
von Karman rigid-ion lattice-dynamical model.”*” In phena-
cite, the vibrational bands are assigned to specific modes as
follows: Above 919 cm™, the observed bands are attributed
to the bending (Si—0O) mode. In the range between 840 and
800 cm™', the bands are associated with the symmetric
(Si—0) stretching mode. Bands falling within the 440-
350 cm™' region are indicative of the asymmetric (Si—O)
stretching mode. The bands spanning from 576 to 430 cm™'
are a manifestation of the rocking (Si—O) stretching mode.

Table 5. Shear anisotropy factors defined in the text at different pressures.

P (GPa) A, A, Ag (x1079) Ag AY

0 0.640 1 0.268 0.022 0.223
4 0.628 1 0.296 0.024 0.248
8 0.614 1 0.349 0.027 0.274
12 0.603 1 0.394 0.029 0303
16 0.594 1 0.454 0.032 0.334
20 0.585 1 0.524 0.035 0.369
24 0.579 1 0.601 0.039 0.409
28 0.572 1 0.698 0.044 0.461
32 0.566 1 0.808 0.050 0.532
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Figure 5. The phonon dispersion (at 0 GPa) in (a) full range and (b) low
dispersion range. The phonon dispersion (at 32 GPa) in (c) full range and
(d) low dispersion range. The calculated phonon modes at selected
frequencies (at 0 GPa): (e) E, - 366.38 cm ™", (f) A, - 531.36 cm ', (g) Ay -
81132 cm™'and (h) E, - 1004.61 cm™".

1

is
50]

Additionally, a feature appearing at around 770 cm~
linked to the symmetric stretching of Be—O bonds.!
Figure 5(e-h) illustrates a selection of few vibrational modes
at 0 GPa.

The thermodynamic properties were computed using
the Phonopy code, which relies on the quasi-harmonic
approximation as its fundamental framework. Figure 6
presents several predicted thermodynamic parameters,
including the B, thermal expansion coefficients (o), volume
expansion, specific heat at constant volume (C,) and
pressure (C;), entropy (S), Gibbs free energy (G), Gruneisen
parameter (Y), and free energy (H) at different temper-
atures. Figure 6(a) specifically depicts the temperature-
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Figure 6. Bulk modulus, thermal expansion, volume expansion, C;, C,,
entropy, Gruneisen parameter, Gibbs free energy and free energy as a
function of temperature.

dependent changes in the B. It is apparent from Figure 6(a)
that the B decreases with increasing temperature, high-
lighting the material’s compressible characteristics due to
the lower B value. The system exhibits a positive a, as
evidenced by the temperature-dependent a presented in
Figure 6(b). The o at 300 K corresponds well with the
experimental value, with a calculated value of 7.4x107 K™
closely matching the experimental measurement of
9%x107¢ K=" Figure 6(c) illustrates computed volume ex-
pansion, providing insights into how the material responds
to changes in temperature. Specific heat capacity, which
quantifies a substance’s ability to store heat, is depicted in
Figure 6(d), showing computed values for C, C,, and
entropy at high temperatures. Our determined C, value at
300K is 98.29 Jmol 'K™' which is almost equal to the
experimental value 95.55 Jmol'K™'. Furthermore, the S
value at 300K, which is 68.73 Jmol™'K™', closely matches
the experimental data of 63.37 Jmol'K'.®? Figure 6(d)
reveals that the value of S is zero at 0K and increases
rapidly with rising temperature. As depicted in Figure 6(d),
the specific heat values C, and C, exhibit a nearly
indistinguishable trend with temperature. At lower temper-
atures, the specific heat rises sharply, while the variation is
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Table 6. Calculated frequencies  (cm ') of vibrational modes of Be,SiO,.

Mode ® ® ® Mode ® ® ®
Cal. Exp .17 Cal.™! Cal. Exp. 1748 Cal.”

Eg 152.41 161 174 Aq 210.73 213
220.86 222 225 240.15 245
244.08 257 246.08 248
266.11 277 263.44 272
333.30 347 283.02 310
366.38 384 388 391.52 416
425.58 457 413.65 424
44488 446 496 428.07 460
504.61 523 539 461.69 468
564.06 577 475.20 505
606.92 614 574.58 640
676.76 687 675 682.53 713
701.70 707 707.82 723
721.44 720 717.69 730
731.01 734 770.62 787 748
776.01 774 791.81 805
810.43 846 811.32 853
903.72 920 856.37 879 881
923.47 928 926 907.40 918
980.64 970 931.95 952 943
999.56 999 990.57 1020 956

E, 226.95 235 A, 217.25 234
280.57 284 229.74 260
303.03 308 259.00 273
341.85 353 281.78 309
355.91 358 381 326.42 361 385
399.64 445 410.54 431 410
420.06 435 471 452.63 494
502.01 530 531.36 545 526
541.73 569 553.53 579 580
573.84 600 600 637.98 643 639
689.53 704 695 673.39 649
698.22 716 695.50 696
71243 733 733 719.47 712
746.41 778 735.56 739 744
778.11 768 798 748.81 791 820
793.65 808 831 797.51 840 837
884.25 917 899 888.61 908 925
920.29 935 911.08 964 963
957.64 965 973 987.30 997 983
1004.61 1110 1077 1007.32 1104 1073

minor at higher temperatures. Importantly, the C, follows
the Dulong-Petit law at elevated temperatures. Figure 6(f)
showcases the changes in G and H at higher temperatures,
revealing a decrease as the temperature rises. The Y,
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presented in Figure 6(e), display a consistent positive trend
across all temperature ranges.
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Electronic Properties

To comprehensively characterize the physical attributes of
our investigated compound, we calculated the electronic
structure calculations utilizing the GGA—PBEsol functional,
which yielded a band gap of 5.84eV as presented in
Figure 7(a). Our calculated band gap is almost equal to the
earlier reported band gap (6.007 eV), which was determined
by FLAPW method using the GGA—PBE functional.®® Given
the well-known tendency of GGA to underestimate band
gaps in insulators and semiconductors,"® we applied the
HSE06 functional to enhance the accuracy of band gap.
Figure 7(c) shows that the determined band gap is around
7.83 eV. The system under investigation is an indirect gap
insulator, as illustrated by the band structure, where the
highest point of the valence band and the lowest point of
the conduction band are positioned at distinct locations.
Nevertheless, the energy gap between the direct transition
and the indirect transition is quite minimal. Furthermore,
the analysis of the band structure reveals that there is
minimal dispersion in the valence band, whereas the
conduction band displays significant dispersion.
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Figure 7. The electronic band structure and projected density of states using
(a-b) PBEsol-GGA and (c-d) HSE functionals. (e) Pressure dependence of
band gap (with HSE).
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For a more in-depth understanding of the electronic
properties, we have determined the total and partial density
of states (DOS), which are represented in Figure 7(b) (with
GGA) and 7(d) (with HSEO06). From the Figure 7(d), we can
observe that, within the valence band, there exist two
manifolds. One of these manifolds extends from —7.89 eV to
—6.95 eV and another one extends from —6.53 eV to the
Fermi level. The first manifold in the valence band exhibits
minimal dispersion (as illustrated in Figure 7(d)), is predom-
inantly comprised of O-2p states. However, it also displays
significant contributions from the Si-3s states. On the other
hand, the second manifold mainly possesses O-2p states,
with minor contributions from Si-3p, Be-2s, and Be-2p states.
These two manifolds within the valence band are distin-
guished by a quasi-band gap of approximately 0.42eV.
According to the earlier reported DOS in Ref.,® the primary
contributors to the highest peak of the valence band and
the lowest peak of the conduction band in the Be,SiO,
compound are primarily oxygen states. We have also noted
that the primary contributions to the upper valence band
and the lower conduction band mainly originate from
oxygen states. In this regards the bandgap of Be,SiO, is
comparable to that of X,SiO, silicates, which all have a
bandgap larger than 6 eV, and a similar contribution of O-2p
and Si-3s orbitals to states at the bottom of the conduction
band and the top of the valence band.® This characteristic
is also shared by other silicates like SiO, and XSiO,
perovskites, being the only exception BaSiO;, with a
“narrow” bandgap of 4.1 eV due to the contribution of Ba-6s
orbitals to states near the Fermi level .

Furthermore, we conducted high-pressure calculations
to explore the electronic properties under varying pressure
conditions. As the pressure increases, there is a substantial
rise in the band gap, as illustrated in Figure 7(e). This can
mainly be ascribed to the elevation in the crystal field and
the expansion of the separation between bonding and
antibonding states."®

Conclusions

In summary, we conducted a comprehensive investigation
into the structural and physical properties of the mineral
phenakite using first-principles calculations. Our determined
structural parameters align favorably with experimental
measurements available, affirming the accuracy of our
approach. In addition, as pressure increased, we observed a
gradual reduction in volume, lattice parameters, and signifi-
cant bond lengths, signifying the pronounced impact of
pressure on the atomic structure. Notably, the compression
of lattice parameters a and c displayed a nearly isotropic
behavior. Furthermore, our analysis encompassed the elec-
tronic band gap, spanning from 0 GPa to 32 GPa. It was
evident that as pressure increased, there was a notable rise
in the band gap. Concurrently, the Bulk modulus exhibited
an increase under pressure, while the Shear modulus and
Young’s modulus experienced a decrease with rising
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pressure. The computed frequencies of vibrational modes,
which include 63 Raman active modes, 3 acoustic modes,
and 60 IR active modes, exhibit a strong agreement with
prior Raman and infrared experiments conducted under
ambient conditions. We also explored the calculation of
different thermodynamic properties with respect to temper-
ature. In the quasi-harmonic approximation, we determined
that thermal expansion was positive. In conclusion, our
calculations provide a comprehensive assessment of the
diverse physical characteristics of Be,SiO,.

Supporting Information

The supporting information contains the information of the
selected bond angles as a function of pressure.
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