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Using density-functional theory calculations, we determined the pressure domain of stability of beryllium
metasilicate, BeSiOs, an elusive compound for which no stable polymorph is known until now. We found
that BeSiOs is stable at pressures above 9 GPa, a condition that makes it accessible with a large-volume
press. After considering the cubic, orthorhombic, and hexagonal perovskite structures and the Ilmenite
structure, known from related compounds, we propose that the most stable structure among them is the
orthorhombic perovskite structure described by space group Pnma. The unit-cell parameters of this
structure are a = 4.966 A, b = 7.160 A, and ¢ = 4.374 A. We also determined the frequencies of Raman
and infrared phonons, the elastic constants and modulus, and the electronic band structure for the ortho-
rhombic perovskite structure. Finally, the pressure dependence of unit-cell parameters was calculated.
Compression was found to be slightly anisotropic, with the axial compressibilities decreasing following
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the sequence kp, > k. > k5. In addition, we found that BeSiOs is quite incompressible with a bulk modulus
of 242 GPa, which makes it one of the less compressible silicates. To understand, such a large bulk
modulus, both the quantum theory of atoms in molecules and the electron localization function
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1. Introduction

The rocks that compose the mantle of the Earth and the rest of
terrestrial planets are mostly silicates. Common silicates found
in the mantle of our planet include olivine, garnet, and pyrox-
ene, but also zircon and perovskite. In particular, CaSiO; per-
ovskite is thought to constitute between 6 wt% and 12 wt% of
the lower mantle of the Earth. Beryllium orthosilicate, the
mineral phenakite (Be,SiO,4), is also a constituent in the
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decomposition were utilized to analyze the bonding and to relate it to the mechanical properties.

mantle of the Earth. This nesosilicate is found in pegmatite
veins and its crystal structure is characterized by the fact that
it is formed by isolated SiO, tetrahedral units which are not
directly connected with mutual oxygen atoms, as in other sili-
cates, but by interstitial cations.” It is known that other sili-
cates, in particular metasilicates, can be formed in the
BeO-SiO, system.’ This group of silicates, because of their
structural characteristics, provides an ideal test for various
theoretical and empirical models of the behavior of silicates
under high pressure (HP) conditions.* Metasilicates, like beryl
(A1,Be;(Si0;)e), are no so abundant as orthosilicates. However,
they are interesting for materials chemistry because they are
known to have peculiar structural properties, including non-
isotropic thermal expansion and compression.” They are also
of great interest to various industries because they have a high
hardness, good to excellent wear and corrosion resistance, and
low cost.® In particular, BeSiO;, an analogous metasilicate to
CaSiO;, has been reported to exist and it is commercially avail-
able from American Elements (Los Angeles, California, USA),
being a white crystalline powder. Apparently, BeSiO; can be
prepared by calcining a mixture of beryllium oxide, BeO, with
silica, SiO,, at an elevated temperature.® However, BeSiO; has
been a very elusive material and its crystal structure and physi-
cal properties remain unknown.

This journal is © The Royal Society of Chemistry 2024
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Density-functional theory (DFT)’ has become a routine
method to predict and understand chemical and physical pro-
perties and phase transition. Thus, this technique could be a
good strategy to study the stability and properties of BeSiO;, a
known material with an unreported crystal structure. Indeed,
DFT has been successfully used in the past to study other com-
pounds representing experimental challenges; for instance,
TIVO, ® and anhydrous MgSO,.° To the best of our knowledge,
only one DFT study has been performed BeSiO3, according to
these simulations, which are presented in the Materials
Project,'® BeSiO; is proposed to crystallize in a cubic perovskite
structure described by space group Pm3m.'" This crystal struc-
ture is represented using VESTA" in Fig. 1a. However, the
cubic perovskite structure has been found to be highly
unstable because, at ambient conditions, it is energetically
most favored the formation of Be,SiO, + SiO, than the for-
mation of BeSiO;. A possible avenue to explore in order to syn-
thesize BeSiO;, as a compound that can be stable or meta-
stable at ambient conditions, is the use of high-pressure con-
ditions. The application of high-pressure conditions adds an
additional dimension to the chemical phase space, opening
up this way an unexplored part of the phase diagram bearing a
tremendous potential for contributing to define strategies for
the synthesis of novel compounds.® Motivated by this fact, we
have studied the pressure domain of stability of BeSiO; a
necessary condition for its synthesis in the laboratory.

In this work, we have used DFT calculations to explore the
thermodynamic stability of BeSiO; at 0 K by comparing the
enthalpy of four candidate polymorphs and two possible
decomposition paths typically observed in different geological

-0
-0
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processes involving similar metasilicates: Be,SiO4 + SiO, and
BeO + SiO,. In our computing simulations, we have considered
not only the cubic perovskite structure proposed in the
Materials Project,"" but also the orthorhombic perovskite
structure described by space group Pnma, which has been
found to be more stable than the cubic structure in CaSiO5.™*
We have also considered, based on crystal chemistry argu-
ments, like the Bastide diagram," the hexagonal perovskite
structure described by space group P6s/mmc*® and the Ilmenite
structure described by space group R3." These are the kind of
structures more commonly observed in perovskite-related com-
pounds. Such an approach has been shown to be successful in
the past for making predictions, which were subsequently con-
firmed by experiments.> In our study, we have found that the
cubic perovskite structure cannot be stabilized in BeSiO; because
it is dynamically unstable. We have also established that the
orthorhombic perovskite-type structure is thermodynamically
more stable than any of the other phases studied here from 0 to
50 GPa, and more stable than the decomposition products con-
sidered in this work at pressures larger than 9 GPa, pressure con-
ditions that can be routinely accessed in the laboratory using a
large-volume press'” and corresponds to about 270 km in depth
in the Earth mantle. For the orthorhombic structure, we have also
determined several physical properties, including Raman- and
infrared (IR)-active phonons, elastic constants and moduli, and
the electronic band-gap energy. We have also studied the
bonding properties of orthorhombic BeSiO; and how the crystal
structure is modified under compression determining the linear
compressibility of each crystallographic axis and a pressure (P)-
volume (V) equation of state (EOS). The reported results contrib-

Fig. 1 Crystal structure of the (a) cubic (space group Pm3m) and (b) orthorhombic (space group Pnma) perovskite-type structures of BeSiOs.
Beryllium atoms are shown in green, silicon atoms in blue, and oxygen atoms in red. The SiO¢ bonds are drawn in the figures. Crystal structure were

drawn with VESTA.12
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ute to improving the understanding of silicates and their high-
pressure behavior.

2. Computational details

Through structural optimization calculations, we have been
able to predict the high-pressure structure of BeSiO; under
various pressure conditions. The Vienna Ab initio Simulation
Package (VASP),>>*' which performs DFT-based structural cal-
culations, has been employed in the simulations. Several para-
meters have been carefully monitored to reach the convergence
and accuracy of the predicted results. For instance, the threshold
of the electronic self-consistent field cycle was adjusted to a value
of 1077 eV. Furthermore, convergence tests have led to the estab-
lishment of 520 eV as the cutoff energy for plane waves. The tra-
ditional Monkhorst-Pack scheme®*** has been employed by
using in the reciprocal space a dense grid of 12 x 12 x 12 for the
cubic perovskite structure, 5 x 4 x 5 for the orthorhombic perovs-
kite structure, 8 x 8 x 4 for the hexagonal perovskite structure,
and 8 x 8 x 8 for the Ilmenite structure. In the relaxed equili-
brium configuration, the forces were requested to be less than
0.3 meV per A per atom in each cartesian direction. The elec-
tronic band-structure calculations have been simulated using the
projector-augmented wave (PAW) method. Using the Perdew-
Burke-Ernzerhof (PBE) functional, the exchange-correlation
energy has been described within the framework of the general-
ized-gradient approximation (GGA).>* Given that the PBE func-
tional typically underestimates the band-gap energy, we have also
used the Heyd-Scuseria-Ernzerhof (HSE) hybrid density func-
tional (HSE06)* to calculate the band structure as well as the
electronic density of state (DOS).

As the VASP code does not include built-in routines for
lattice-dynamic calculations, we have conducted such calcu-
lations in conjunction with the Phonopy package.’®?” To
check the dynamical properties of the studied compound the
force constants and the dynamical matrix have been obtained
first using the finite displacement method with VASP on a dis-
placed supercell. We used a 3 x 3 x 3 phonon supercell for
cubic system and 3 x 3 x 1 supercell for the orthorhombic one.
We have used a Monkhorst-Pack k-mesh grid of 3 x 3 x 3 in
these calculations. The phonon density of the state (PHDOS)
has also been computed on an 11 x 11 x 11 grid. On top of
that, we have been able to obtain the assignment of the
Raman, Infrared, and Silent modes as well as the reducible
representation of the modes at the I' point of the Brillouin
zone with the aid of the Spectral Active Modes (SAM) tool of
the Bilbao Crystallographic Server. Using the Critic2 code to
calculate the effective charge, we have also investigated the
bonding characteristics and the local and polyhedral bulk
modulus®® of the stable structure.”*° The algorithm of this
code relies on the use of the Quantum Theory of Atoms in
Molecules (QTAIM)*'** for the topological analysis of scalar
functions in the real space. The code provides the nature of
interatomic bonds by partitioning the topological space into
disjoint regions.**
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3. Results and discussion

3.1. Structure, stability, and possible synthesis conditions

As mentioned in the introduction, a cubic perovskite structure
has been proposed before this study for BeSiO;."* This struc-
ture is schematically shown in Fig. 1a. In the cubic unit cell,
Be atoms are 12-fold coordinated by oxygen atoms and sit in
the corners of the cube at the Wyckoff position 1a (0, 0, 0)
while oxygen atoms are at the face center of the cubic lattice at
the Wyckoff position 3¢ (1/2, 1/2, 0), and Si atoms lie within
the oxygen octahedral units and occupy the body center at the
Wyckoff position 1b (1/2, 1/2, 1/2). We have optimized this
structure and have found that a = 3.4786 A at 0 GPa, a value
nearly identical to that reported in the Materials Project,
3.477 A After the structural optimization, we have calculated
the phonon dispersion of the cubic structure, which is plotted
in Fig. 2. In the figure, it can be seen that there are several
imaginary phonon branches, which means that the cubic per-
ovskite structure is dynamically unstable, excluding the cubic
perovskite as a possible structure for BeSiO;.

We have then considered three other crystal structures as
candidates for BeSiO;. They are structures related to cubic per-
ovskite, but with a lower symmetry. These structures are com-
monly observed in ABO; compounds.'*® As described in the
introduction, the candidate structures include the ortho-
rhombic perovskite'® and the hexagonal perovskite struc-
tures,'® and the Ilmenite"® structure. As we show in Fig. 3, we
found that the orthorhombic perovskite structure, described
by space group Pnma,'* is the one with minimum enthalpy
between the candidate structures from 0 to 50 GPa, being thus
the most stable structure among those here considered. In
Fig. 3 it can be seen that, as pressure increases, the enthalpy
of the hexagonal perovskite structure approaches that of the
orthorhombic perovskite structure, suggesting that at press-

1250 F T ' j ' 1r ]
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Fig. 2 Phonon dispersion and phonon density of states (PhDOs) of
cubic perovskite BeSiOs.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Enthalpy versus pressure of the orthorhombic perovskite, the
Ilmenite-type, and the hexagonal perovskite structures of BeSiOs. We
also show the enthalpy versus pressure of the decomposition paths we
have considered (Be,SiO4 + SiO,)/2 and BeO + SiO,. The figure shows
that orthorhombic BeSiOs is thermodynamic stable above 9 GPa at 0 K.
The vertical dashed line indicates the pressure where the enthalpy of
orthorhombic BeSiOz becomes smaller than that of (Be,SiO4 + SiO,)/2.

ures higher than 50 GPa an orthorhombic-hexagonal transition
might take place.

We have also found that the orthorhombic perovskite struc-
ture does not have imaginary phonon branches at 0 GPa and at
elevated pressures up to 50 GPa, being therefore dynamically
stable in the pressure range covered by this study. This can be
seen in Fig. 4 where we show the phonon dispersion calculated
at 0 and 27 GPa. The stabilization of the orthorhombic struc-
ture, instead of the cubic structure previously proposed,'* is con-
sistent with the stability rules of perovskites determined by the
Goldschmidt tolerance factor.'® This factor is an indicator of the
stability and distortion of crystal structures. It is defined as

t=(ra+10)/(v/2(rs +10)) (1)

where r,, g, and rg are the ionic radii of the cations A and B
and oxygen. In BeSiO; this factor is 0.68, which according to
Goldschmidt supports the existence of an orthorhombic per-
ovskite structure."®

We have also explored the pressure domain of stability of
orthorhombic BeSiO; against a possible chemical decompo-
sition. It has been determined by comparing the enthalpy of
orthorhombic BeSiO; with that of the two most possible
decomposition products, as a function of pressure. The results
are shown in Fig. 3. At 0 GPa BeSiO; is slightly unstable
against (Be,SiO, + Si0,)/2. On the other hand, the decompo-
sition of BeSiO; into BeO + SiO, is not favored at any pressure
according to the enthalpy results. On the other hand, we have
found that at a pressure of 9 GPa the enthalpy of BeSiO;
becomes smaller than the enthalpy of (Be,SiO, + SiO,)/2. As
pressure goes beyond 9 GPa the difference in enthalpy
between BeSiO; and the decomposition products becomes

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Phonon dispersion and phonon density of states (PhDOs) calcu-
lated for orthorhombic BeSiOs at (a) 0 GPa and (b) 27 GPa.

more negative. This fact means that at these pressure con-
ditions (P < 9 GPa), BeSiO; might probably be synthesized in a
laboratory using a large-volume press and, due to the small
enthalpy difference at 0 GPa between the orthorhombic struc-
ture and (Be,SiO, + Si0,)/2, BeSiO; might be recovered as a
metastable phase after quenching at ambient conditions.*> A
pressure of 9 GPa corresponds to about 270 km in depth in the
Earth’s mantle. Thus, orthorhombic BeSiO; could exist in
addition to phenakite Be,SiO, in the interior of our planet. It
should be here noted that calculations here are performed at
0 K, therefore the synthesis conditions might slightly differ for
9 GPa due to thermal effects or the influence of energy bar-
riers. To estimate if the thermal effects may play a meaningful
role in the transition pressure, we have also estimated the
Gibbs free energy at 0 and 300 K. As expected for a solid-solid
phase transition, thermal effects are negligible. When thermal
contributions from I" point phonons are considered, the differ-
ence between the Gibss energy and the enthalpy is &1 meV
at 0 GPa and less than 4 meV at 10 GPa and 0 K, and ~3 meV
at 0 GPa and less than 0.2 meV at 10 GPa at 300 K. Although
the estimation of kinetic energy barriers requires a different
analysis, our thermodynamic results undoubtedly show that
high pressure favors the stabilization of orthorhombic BeSiO;.
To complete this part of the discussion, we would like to stress
that the synthesis of BeSiO; could be affected by the kinetic of
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the process. If the kinetics are affected by energy barriers, then
one can experimentally observe the coexistence of BeSiO;,
Be,Si0,4, and BeO at pressures higher than the theoretically
predicted transition pressure. In such a case, higher pressures
than 9 GPa, or the combination of pressure and temperature,
will be needed to synthesize BeSiOs.

The orthorhombic structure of BeSiO; is represented in
Fig. 1b. The lower symmetry of this structure, compared to the
cubic structure, is associated with the tilting of the SiO4 octa-
hedral units, which gives rise to an orthorhombic structure with
space group Pnma. In this structure, the unit cell contains four
formula units (Z = 4) instead of one as in the cubic structure.
The space groups of the cubic and orthorhombic structures are
related via group-subgroup relationships. Using a group-sub-
group transformation, it can be seen that if d of the ortho-
rhombic structure is equal to @ + ¢ of the cubic structure, ¢ of
the orthorhombic structure is equal to @ — ¢ of the cubic struc-
ture, and b of the orthorhombic structure is equal to 2b of the
cubic structure, the orthorhombic structure and the cubic struc-
ture are equivalent. The extra flexibility provided by octahedral
tilting and the changes in lattice parameters make the ortho-
rhombic structure stable (while the cubic structure is not).

The calculated unit-cell parameters of the orthorhombic
structure are shown in Table 1. The unit-cell volume of the
orthorhombic structure 155.57 A® (38.89 A® per one formula
unit) is 7.5% smaller than the volume of the cubic structure
42.05 A%, Notice that in the orthorhombic structure the b-axis
is elongated, and the c-axis is compressed, while the ag-axis is
nearly not modified, in comparison to the ideal values
obtained via the group-subgroup transformation (@ = ¢ =
4.9177 A and b = 6.9547 A) which were the initial values used
for the optimization of the orthorhombic structure. The opti-
mized positions of the atoms are: Be at 4c¢ (0.15649, 0.25,
0.47461), Si at 4a (0, 0, 0), O at 4c (0.48885, 0.25, 0.34372), and
8d (0.30216, 0.56857, 0.18240). The Si atoms are in octahedral
coordination and Be atoms occupy the empty spaces formed
by the corner-sharing framework made by SiOs octahedra.
These units are distorted with two long Si-O distances aligned
with the b-axis and four short Si-O distances; see Table 1. The
average Si-O bond distance is 1.819 A. The Be atoms are co-
ordinated by the four nearest oxygen neighbors, forming BeO,
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distorted tetrahedral units, with an average bond distance of
1.642 A. Detailed information about bond distances can be
found in Table 1. The tetrahedral coordination of Be is a dis-
tinctive feature of orthorhombic perovskite-type BeSiO; and
other beryllium metasilicates, as beryl.> In perovskite ASiOj;
silicates, usually the divalent A cation has a coordination
number larger than that of silicon. The distinctive behavior of
BeSiO; is related to the small Shannon radii of Be,*® which up
to now have been reported only forming compounds where Be
is either four-fold or six-fold coordinated.’® The BeO, tetra-
hedral units of BeSiO; are similar to those of Be,SiO, where
the average Be-O distance is 1.639;>” ie. very similar to the
average Be-O distance in orthorhombic BeSiO;, 1.642 A. In
contrast, the Si coordination polyhedra are different in both
compounds; in BeSiO; Si atoms are six-fold coordinated, while
in Be,Si0, they are four-fold coordinated.

3.2. Effects of pressure on the crystal structure: equation of
state and mechanical properties

From our calculations, we have determined the pressure
dependence of the unit-cell parameters and volume of BeSiOs.
The results are presented in Fig. 5. In this figure, it can be
seen that the compressibility of the studied compound is
slightly anisotropic. The values of the linear compressibility of
each axis are k, = 1.29(3) x 10~ GPa™", k, = 1.55(4) x 107°
GPa™', k, = 1.32(3) x 107® GPa~"'. The unit-cell parameter b is
slightly more compressible than the other two parameters,
which have a similar compressibility. The anisotropic response
to pressure is related to the way the SiOg octahedra are con-
nected in the crystal structure. The SiOg octahedron in BeSiO;
is distorted in a way that the Si-O bond that is aligned nearly
parallel to the b-axis is elongated compared with the other
four Si-O bonds. Thus, this bond is more compressible than
the other because longer bonds are more compressible than
shorter bonds,*® and consequently, the b-axis is the more com-
pressible axes.

The pressure dependence of the volume can be described
using a third-order Birch-Murnaghan equation of state
(E0S)." 1In this equation, the fitting parameters are the
volume at zero pressure V,, the bulk modulus at zero pressure
By, and its pressure derivative Bj, the values of the three para-

Table 1 Unit-cell parameters, volume at zero pressure (V), bulk modulus (Bg), and its pressure derivative (By) determined from this study for the
orthorhombic phase of BeSiOs. The calculated elastic constants C; at 0 GPa, and the bulk (B), shear (G), and Young (E) modulus derived from them
are also reported. The subindex V, R, and H identify values obtained using the Voigt, Reuss, and Hill approximations, respectively

a(A) b (A) c(A) Vo (A%) B, (GPa) B Si-0 (A) Be-O (A)
4.966 7.160 4.374 155.6 242.7 4.22 1.771 (x4) 1.599 (x2)
1.917 x2 1.622, 1.747
Cll C12 ClS 022 CZ3 C33 C44 CSS C'66
483.7 97.8 165.8 408.6 170.9 473.0 181.2 217.9 157.0
BV BR BH EV ER EH GV GR GH
248.2 244.7 246.5 421.7 410.2 415.9 173.3 168.0 170.6
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Fig. 5 Pressure dependence of (a) the unit-cell parameters and (b) the
volume. The parameter b has been normalized to facilitate comparison.

meters determined from the fit are given in Table 1. The
obtained bulk modulus, 242 GPa, is much larger than the
same parameter in most silicates, including phenakite-type
Be,SiO, orthorhombic perovskite-type CaSiO;, MgSiO;
orthoenstatite, and olivine-type silicates, which have bulk
moduli smaller than 220 GPa,*”***" with the only exception of
stishovite, B, = 297 GPa,*> a dense tetragonal form of silicon
dioxide, which is considered to be the predominant form in
the lower mantle of Earth. The large bulk modulus of ortho-
rhombic BeSiO; is consistent with the fact that it has a small
unit-cell volume compared with other perovskite oxides and
with the empirical law K, x V, = constant followed by many
oxides with the same structure.*?

In order to assess the mechanical stability of BeSiO; and
further understand its structural behavior under hydrostatic
compression, we have calculated the elastic constants (Cj).
Their values at 0 GPa are given in Table 1, which also shows
the bulk (B), shear (G), and Young (E) modulus obtained from
C; using the Voigt,"* Reuss,*” and Hill** approximations. The
elastic constants satisfy the Born criteria of stability for ortho-
rhombic crystals,”” indicating that orthorhombic BeSiO; is
mechanically stable. Calculations of the elastic constants

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

under high pressure support the mechanical stability of ortho-
rhombic BeSiO; up to the highest pressure covered by our
study. As it can be seen in Table 1, we found that (Cy; > Cs3 >
C»,), which is consistent with the sequence observed for the
linear compressibilities x, > k, > k, Regarding the bulk
modulus, the three approximations give values of 244.7-248.2
GPa which are consistent with the value obtained from the
pressure dependence of the volume, 242.7 GPa. On the other
hand, the value of the Young modulus (410.2-421.7 GPa) is
75% larger than the bulk modulus, which indicates a large
tensile (or compressive) stiffness of BeSiO; when a force is
applied lengthwise. The value of the Young modulus of ortho-
rhombic BeSiOj; is also more than 50% larger than the same
elastic modulus of silicates like MgSiO; orthoenstatite*® and
CaSiO; perovskite.” The large Young modulus of ortho-
rhombic BeSiOj; is connected to the fact that both BeO, tetra-
hedra and SiOg octahedra are very rigid units. In contrast in
other ASiOj; silicates the coordination polyhedra of the diva-
lent cation A; i.e. Ca or Mg, are less rigid than BeO, tetrahedra.
Notice that the differences in the bulk modulus between
different ASiO; silicates and orthorhombic BeSiO; are not as
large as differences in the Young modulus. This is because the
volume changes related to the bulk modulus also involve
changes in octahedral tilting. To conclude this part of the dis-
cussion we would like to comment on the shear modulus (G).
Its value (168.0-173.2 GPa) indicates shear deformations are
favored over volume and tensile contraction.

3.3. Bonding explanation of the mechanical properties

There is a common agreement that the bulk compressibility in
ternary oxides can be expressed by means of cation oxide poly-
hedral compressibilities.*>>" Following this criterion, here to
explain the higher bulk modulus of BeSiO; compared to other
silicate compounds, it is worth finding a polyhedral partition
of the compressibility of the crystal. There are multiple par-
titions that can be done, however, we have decided to follow a
chemical one generally used in the discussion of the silicates
based on cationic polyhedra. To do such a partition, a special
caution must be taken into account in this case. The volume
of the unit cell can not be solely expressed as the sum of the
volumes of the BeO, tetrahedra and SiO¢ octahedra, and there-
fore empty space needs to be taken into account. In this way,
an exhaustive partition including the cation polyhedra that fill
out the whole unit cell space could be expressed as:

V= 4VBEO4 + 4VSiOﬁ + Vvac (2)

where Vgeo,, Vsio,, and Vi, stand for the polyhedral building
blocks in which the unit cell is divided. For instance, under
zero pressure equilibrium conditions, the volume of the unit
cell (155.57 A% Z = 4) is divided into four tetrahedra with a
total volume of 8.44 A3, four octahedra with a total volume of
31.76 A%, and the empty polyhedra occupying 115.40 A°.

The compressibility of the crystal (k) can be expressed as
the sum of the compressibility of each polyhedron occupied or
not by cations (k;), multiplied by the occupation fraction that
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Table 2 Polyhedral equations of state of BeSiOz according to our
calculations

fi B; (GPa) Kk (GPa™)
BeO, 0.054 268.7 3.72x107°
Si0s 0.204 246.4 4.06 x107°
Empty 0.742 239.9 417 %1077
Crystal 1.00 242.7 412x107°

each of them occupies (f) in the unit cell (x = Yfi;).>* Table 2
shows the polyhedral contributions to the crystal compressibil-
ity. Taking into account the inverse relationship between com-
pressibility and bulk modulus, we can evaluate B, of the
crystal and compare it with the value obtained from the EOS
fitting of the energy volume curve. An excellent agreement
between the compressibility of the crystal and the bulk
modulus is obtained from this decomposition. Differences
between these two properties with respect to the value
obtained from the crystalline EOS fitting are as low as 1.1 x
107 GPa™' and 0.1 GPa, respectively. This supports the pro-
posed polyhedral partition and the importance of including
empty space.

According to our results, SiOs octahedra present a bulk
modulus comparable to other silicates with Si atoms hexacoor-
dinated to oxygen atoms as in the case of CaSiO; and SiO,
stishovite.*? On the other hand, the bulk modulus of BeO, tet-
rahedra is only 20 GPa higher than the value of SiO¢ despite
occupying a fourth of the volume of the Si-O octahedra. The
small difference between these two polyhedra can be explained
in terms of the stronger covalent Si-O bond than Be-O bonds.
The fact that BeO, units are also hard is what makes BeSiO;
less compressible than related silicates.

The situation is more striking when we compare the bulk
modulus of the empty space with the values of the cation poly-
hedra. Differences in the compressibility are as low as 3% and
12% compared to the SiOs and BeO,, respectively. Indeed, as
the volume of the empty space represents almost 75% of the
unit cell, we would expect a greater compressibility for these
regions according to the inverse volume-bulk modulus
relationship.?® These similar compressibilities are also evi-
denced by observing the relative variation of the polyhedral
volumes in the pressure range studied, up to 52 GPa. The
volume variation of the tetrahedron is about 0.24 A%, that of
the octahedron is 0.30 A%, while that of the empty is only a
little bit more, about 0.31 A®.

To further explore the underlying reasons for this anoma-
lous behavior, we have analyzed how the electrons are distribu-
ted in the BeSiO; structure in comparison with its pure oxide
counterparts (BeO and SiO,) by means of the electron localiz-
ation function (ELF) and QTAIM. BeO and SiO, crystals are
characterized by highly polarized but also directional bonding
situations and constitute good references for studying bonding
in this silicate.®> QTAIM characteristics are very similar in
these three compounds. The Laplacian of the electron density
at the Be-O and Si-O bonds critical points is positive, eviden-
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cing a closed shell interaction. Likewise, Bader charges reflect
a high electron transfer between atoms. Be and Si are almost
divalent and tetravalent cations (gge = 1.72 in BeO and BeSiO;
and ¢s; = 3.18 and 3.22 in SiO, and BeSiO;) and O are dianions
(9o = —1.71, —1.61 and —1.63), respectively, as expected for
these systems. Additionally, valence ELF attractor values in
BeSiO; (see Table 3) are higher than 0.85 with populations
around 2 electrons pointing to a strong electron localization
around the oxygen cores as well as a high directionality
towards the Be and Si atoms. Specifically, the ELF picture
shows that Si atoms are described as bonded to six oxygen
atoms in the expected octahedral coordination, whereas Be
atoms are surrounded by four attractor centers connected to
four oxygen atoms, building the BeO, units. This ELF picture
and values are similar to the ones obtained in the BeO and
SiO, crystals (see Table 4). In summary, the similarities in the
ELF picture and QTAIM analysis on the Be-O and Si-O bonds,
reinforce the idea that the Be-O and Si-O bonds in BeSiO; are
highly polarized and directional, as occur in BeO and SiO,.
The directionality of the Be atoms in BeSiO; contrasts with the
behavior of larger cations such as Ca in CaSiO;, where the
alkaline earth cation is located in the center of the voids left
by the SiO¢ units. In the prototypical CaSiO;, Ca atoms display
a non-directional ionic interaction with twelve oxygen atoms in
distorted cuboctahedral coordination.

As a result of the existence of BeO, units in BeSiO;, two
different types of oxygen atoms appear in contrast to the
common CaSiO; crystal (see Fig. 6). One type of oxygen atom
is coordinated with two Si atoms and two Be atoms. The ELF
topological analysis evidences a tetrahedral environment

Table 3 ELF attractor (X) types, charges, volumes, distances to oxygen
and cations and ELF attractor values (5x) in orthorhombic BeSiOz at 0
GPa. Td, Oh and LP stand respectively for tetrahedral, octahedral, and
lone pair attractors

X-type  dx.o(A) dxm(A)  Volume (au)  ne-(e7) 7

Td 0.71 0.92 29.69 2.30 0.889
Td 0.72 0.91 23.96 2.02 0.885
Td 0.66 1.12 18.77 1.98 0.873
Oh 0.70 1.07 14.41 1.49 0.865
Oh 0.71 1.08 15.50 1.51 0.862
Oh 0.77 1.29 19.30 1.76 0.855
LP(1) 0.59 — 14.04 1.39 0.858
LP(2) 0.60 — 18.46 1.59 0.857

Table 4 ELF attractor (X) types, charges, volumes, distances to oxygen
and cations and ELF attractor values (ix) in BeO and SiO, at 0 GPa. Td
and LP stand respectively for tetrahedral and lone pair attractors

Volume
Structure  X-type dx_o(A) dx.m(A) (au.) ne(e7)  nx
Sio, Td 0.72 0.91 25.26 2.03 0.863
Td 0.70 0.93 25.21 2.03 0.863
LP 0.62 — 87.31 3.94 0.858
BeO Td 0.72 0.92 24.22 1.99 0.880
Td 0.69 0.96 20.02 2.00 0.879

This journal is © The Royal Society of Chemistry 2024
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Triangular planar Oxygen

Fig. 6 Left panel: ELF lone-pair attractor centers (black and purple spheres) along the 100 plane in the BeSiOs structure. Right panel: Polyhedral
fragments highlighting the environment of the triangular planar oxygen atoms coordinated to one Be and two Si atoms (pink) and the tetrahedrally
coordinated to two Be and two Si atoms (red) along with their respective ELF lone-pair attractor centers. Blue and green spheres stand for Si and Be

atoms, respectively.

without free lone-electron pairs for these oxygen atoms. The
other type are those oxygen atoms connected to two Si and one
Be atom in a triangular shape coordination. According to the
ELF, these oxygen atoms formally display a non-bonded lone-
electron pair distributed above and below the triangular plane
and pointing towards the empty voids of the structure (see
Fig. 6).

The directional character of the Be-O bonds and the conco-
mitant non-bonded lone-electron pairs allow us to understand
why the volume of the empty space of BeSiO; is not easily
reduced as pressure is applied. The general compression
mechanism of silicates implies either the rotation of their con-
stitutive SiO polyhedra or the reduction of the interatomic dis-
tances. In our BeSiO; crystal, the rotation of the SiOg octahedra
is hindered by the covalent nature of the Be-O bonds. Since
edges are shared between SiOg¢ and BeO, polyhedra, this
rotation would strongly distort the BeO, tetrahedra producing
a huge energy penalty. Analogously, the non-bonded lone-elec-
tron pairs are pointing toward the voids of the structure.
Therefore, if SiO¢ octahedra rotates, a high repulsion between
the different-faced lone-electron pairs in the empty void would
be also created (see Fig. 6). Both situations make the empty
space of the BeSiO; difficult to compress, making the
reduction of the interatomic distances the only way to accom-
modate the pressure effects in this structure.

3.4. Phonon and electronic properties

We will now discuss the phonon spectrum of orthorhombic
BeSiO;. According to group-theory analysis, this compound
has sixty vibrations with the following mechanical representa-

This journal is © The Royal Society of Chemistry 2024

tion: M = 7Ag + 8A, + 5Byg + 10By, + 7Byg + 8By + 5Bsg + 10Bs,.
One B,,, one B,,, and one B, are the acoustic modes. Among
the optical modes, there are twenty-five infrared-active modes,
9By, + 7B,y + 9B3y, twenty-four Raman-active modes, 7A, +
5By + 7B, + 5B3,, and eight silent modes, 8A,. The frequen-
cies of all modes are summarized in Table 5 for 0 and 27 GPa.
There, it can be seen that all modes harden under com-
pression as a consequence of the decrease in the bond
lengths. The modes with the smallest variation with pressure
are the lowest frequency A, Raman mode and the lowest fre-
quency B,, IR mode; see Table 5. Both modes are associated
with vibrations of Si atoms. This fact can be clearly seen in the
phonon dispersions calculated at 0 and 27 GPa which are
shown in Fig. 4. The figure shows that all the modes below
300 cm™! involve vibrations of Si atoms, the heaviest atom of

the compound. On the other hand, modes from 300 to
1

800 cm™ involve vibrations of O atoms; and modes above
800 cm™' vibrations of Be atoms, the lightest atom of the
compound.

To deepen the characterization of the studied material, we
have finally calculated the electronic band structure and
density of states. The results are represented in Fig. 7. We have
found that orthorhombic BeSiO; is an insulator with a direct
band gap at the I'-point of the Brillouin zone which has a
value of 7.15 eV at 0 GPa. In addition to the maximum of the
valence band at I" there is a second maximum close to it at the
Z point. In the conduction band, there is a second minimum
at the Z point which is 0.25 eV above the absolute minimum.
We have also found that the top of the valence band is domi-
nated by the O 2p orbitals, while the bottom of the conduction
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Table 5 Calculated wavenumbers () (in cm™) of Silent (S), Raman (R), and infrared (IR) modes of orthorhombic BeSiOs at 0 and 27 GPa

IR modes w at 0 GPa w at 27 GPa R modes w at 0 GPa w at 27 GPa S modes w at 0 GPa w at 27 GPa
By 271.7 317.5 Ag 294.9 303.4 Ay 198.9 225.7
Biu 405.9 420.1 Ag 342.9 379.3 Ay 234.6 320.1
Biu 464.2 504.1 A, 476.5 489.4 A, 378.5 401.5
Biu 521.5 572.7 Ag 588.9 638.4 Ay 434.9 455.3
Biu 616.2 662.3 Ag 605.2 664.4 Ay 497.0 603.0
Biu 658.6 713.0 Ag 610.9 704.7 Ay 630.1 719.2
By 724.6 808.2 Ag 843.6 983.7 Ay 753.1 888.5
Biu 785.0 925.2 Blg 313.7 331.0 Ay 915.1 1013.6
Biy 904.8 1011.0 Byg 459.1 486.7
Bou 221.2 223.3 Big 497.4 611.5
Bou 242.6 375.6 Byg 589.1 700.2
By 455.5 505.0 Blg 987.5 1095.0
Boy 571.3 655.8 Byg 407.9 441.8
Bou 643.1 715.5 Bsg 464.5 483.8
Bou 738.1 828.5 By 529.1 556.6
By 894.7 1028.7 Bzg 588.5 629.9
Bsy 322.5 338.4 Byg 713.3 778.7
Bsu 387.9 437.5 Bsg 828.9 963.9
Bsu 418.7 454.8 By 892.9 992.9
Bsu 476.1 514.7 By 367.7 410.7
Bsu 528.9 554.0 Bsg 436.5 534.1
Bsu 685.6 768.3 Bj, 607.3 647.5
Bau 734.9 844.3 Bsg 783.6 880.7
Biu 783.1 867.1 B3g 884.7 1011.4
Bsu 957.2 1076.7
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Fig. 7 Electronic band structure and partial electronic density of states (PDOS) of BeSiO3 calculated at 0 GPa.

band is mainly contributed by Si 3p and O 2s states; see Fig. 7.
Regarding the dispersion of the band structure, it can be seen
that the conduction band is very dispersive and the valence
band is nearly flat. In this regard, the topology of the band
structure resembles that of the band structure of a-SiO,.”® This

18670 | Dalton Trans., 2024, 53, 18662-18673

is because, in both compounds, the states near the Fermi level
are contributed by the same orbitals of Si and O atoms.
Interestingly, the minimum of the conduction band is para-
bolic. As pressure is increased, we have found that the band-
gap energy increases up to 9.0 eV at 27 GPa. This is a conse-
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quence of the enhancement of the repulsion between bonding
and anti-bonding states due to the increase in crystal-filed
splitting caused by the decrease of Si-O bond distances under
compression.®’

4. Conclusions

In this work, we have studied through density-functional
theory simulations the possible formation of BeSiO; under
high-pressure conditions, finding that this compound can be
stabilized in an orthorhombic perovskite structure at pressures
higher than 9 GPa and might probably be recovered as a meta-
stable compound at ambient conditions. The crystal structure
has been determined to be orthorhombic and described by
space group Pnma. We have also found that this orthorhombic
structure has a lower enthalpy than other typical structures of
ABO; compounds, like hexagonal perovskite and Ilmenite-
type, up to 50 GPa. The complete structural information of the
orthorhombic structure has been reported, along with elastic,
phonon, electronic, and bonding properties. The stability of
the orthorhombic structure of BeSiO; is also supported by
phonon-dispersion and elastic-constants calculations. The
pressure dependence of unit-cell parameters has been
reported, and the pressure-volume equation of state has been
determined. BeSiO; is one of the less compressible silicates
with a bulk modulus of 242 GPa. We have found that the high
bulk modulus of the stable orthorhombic structure is closely
related to the incompressible vacuum between the SiOq and
BeO, polyhedra. Additionally, both the local bulk and the dis-
tortion of constituent polyhedra have been discussed in terms
of the topological partition of the charge density and the
bonding pattern. The results show that the edges shared
between SiOs and BeO, polyhedra, and the vacuum space
between them are also responsible for the strong distortion in
the BeSiO; structure. We hope our computational study will
motivate studies to experimentally obtain BeSiO; under high
pressure.
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