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Molecular Dynamics Study of a New Metastable Allotropic
Crystalline Form of Gallium—Supertetrahedral Gallium

lliya V. Getmanskii ©,” Vitaliy V. Koval ©,? Alexander I. Boldyrev ©,
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Ruslan M. Minyaev ©,*@ and Vladimir I. Minkin ©%

A new metastable crystalline form of gallium has been computa-
tionally designed using density functional calculations with impos-
ing periodic boundary conditions. The geometric and electronic
structures of the predicted new allotrope were calculated on the
basis of a diamond lattice in which all carbon atoms are replaced
by gallium Ga, tetrahedra. This form does not have any imaginary
phonons, thus it is a metastable crystalline form of gallium. The
new form of gallium is a metal and shows high plasticity and low-
melting temperature. Molecular dynamics simulations show that
this form of gallium will melt at about 273 K with a sharp increase

Introduction

The rapid progress of science and technology constantly requires
development of new materials with specific properties. In this
respect, computational design provides relatively quick and low-
cost assessment of the structure and properties of new materials
plays an indispensable role.l'® Metastable materials are a new
area of research that offers almost an infinite number of new
materials with unusual and unexpected properties.*~'?

Back in 1985 Burdett and Lee!"® noted that a carbon atom in
the crystal lattice of a diamond can be replaced by a carbon
tetrahedron C, without loss of symmetry and periodicity of the
crystal, and thus proposed a new allotropic form of carbon.
Similarly, a new allotropic form of carbon can be obtained by
replacing a carbon atom in the diamond lattice by the Cg
cube™ and other stable polyhedral structures.®’ More than a
quarter of a century ago, a group of Chinese authors!*¥ publi-
shed solid-state calculations of the geometric and physical
properties of supertetrahedral diamond (T-carbon). T-carbon
was experimentally realized in 2017.1'*?! According to quantum
chemical calculations, the T, structure 1 (X = B) B4H, is kineti-
cally stable despite the electron deficit in the system excluding
formation of two-center two-electron (2c—2e) bonds between
all atoms.l'®'”! Therefore, boron tetrahedron is also could be
used as a structural unit for the design of tetrahedral crystalline
structures.”® Both aluminum and gallium tetrahedrons: Al,H,
and GayH,"® correspond to a global minimum on the potential
energy surface (PES).
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in temperature in the system during the melting process from
273 to 1800 K. This melting process is very different from conven-
tional melting, where temperature stays the same until complete
melting. That unusual melting can be explained by the fact that
supertetrahedral gallium is a metastable structure that has an
excess of strain energy released during melting. If made this new
material may find many useful applications as a new low density
metal with stored internal energy. © 2019 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.25837

Thus, the sufficiently high stability of tetrahedral structures
1 for boron, carbon, aluminum, silicon, and gallium compounds
suggests the possibility of the solid-state structures based on
these X, tetrahedra. Expected sufficient kinetic stability of these
metastable solids opens a possibility for new interesting physical
properties (hardness, plasticity, electrical conductivity, etc.). Most
importantly, new supertetrahedral materials are extremely light
and that opens new potential application for these substances.
Indeed, calculations of supertetrahedral structures of solid boron
and aluminum showed”'® that they possess dynamic stability
and have amazingly low density with some of them being below
the water density, as well as sufficiently high plasticity and elastic
properties.

In this article, the geometric and electronic structure of solids
designed on the basis of a diamond lattice in which carbon
atoms are replaced by gallum and indium tetrahedron
1 (X = Ga, In) are investigated using quantum chemical calcula-
tions with imposing periodic boundary conditions.

Computational Details

We initially performed a machine search for the global
minimum structure for the GasH,; stoichiometry. We used the
Coalescence-Kick method!® and Gaussian 09 program® for
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Figure 1. Schematic representation of a cubic unit

Diamond

the search. Calculations were performed at the PBEO/LANL2DZ
level®?21 (12,000 initial structures). After that the lowest
structures were reoptimized at the PBEO/aug-cc-pvTZ level of
theory and finally single point calculations at the PBEO/aug-cc-
pvTZ%) geometry were calculated at the CCSD(T)/aug-cc-pvTZ
level of theory.* We confirmed that the tetrahedral GasH,
structure containing the Gay core cluster is indeed the global
minimum structure in agreement with the previous results.'®
However, at our highest level of theory (CCSD(T)/aug-cc-pvTZ),
the tetrahedral structure is more stable than the second isomer
by 6.5 kcal/mol, which is appreciably higher than in the previ-
ous work (0.3 kcal/mol). Thus the preference of the tetrahedral
structure over all other structures is now well-established.

Solid-state calculations for supertetrahedral structures of Ga and
In were carried out using Vienna Ab initio Simulations Package®2*
with projector augmented wave (PAW) pseudopotentials®®>% and
the PBEsol density functional.>" The plane-wave cutoff energy of
340 eV of the associated pseudopotentials was used. The Brillouin
zone has been sampled by the Monkhorst-Pack®? method with an
automatic generated grid of 15 x 15 x 15. The crystal structure was
visualized using VESTA software package.**

Molecular dynamics simulation of homogeneous melting of
supertetrahedral gallium was performed at constant number of
particles, constant volume, and constant total energy (micro-
canonical or NVE ensemble). The computational supercell was
obtained as 2 x 2 x 2 face-centered cubic primitive cells involv-
ing 64 atoms. A time step of 0.4 fs was used for the integration
of Newton’s equations of motion. The initial positions of the
ions correspond to the cF-Gag crystal structure. The initial veloc-
ities of the ions are set randomly according to a Maxwell-
Boltzmann distribution at the initial temperature. Simulations
were performed at initial temperatures of 530, 540, and 550 K.
Simulations were run for 35 ps.

Results and Discussion

The cF-Gag structure has a face-centered cubic lattice (space
group Fd3m, number 227) with eight gallium atoms per primi-
tive unit cell, which is presented in Figure 1. Cartesian coordi-
nates of translational vectors and coordinates of atoms in the
unit cell are given in Supporting Information.
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Supertetrahedral
gallium

cell of the crystal structure of supertetrahedral
gallium (on the right) and its design from the
lattice of diamond by replacing the carbon atoms
with gallium tetrahedra (left). [Color figure can be
viewed at wileyonlinelibrary.com]

The lattice constant of cF-Gag is 12.874 A. Gallium atoms
occupy Wyckoff position 32e, which has coordinates (0.07040,
0.07040, 0.07040). The length of the intertetrahedral covalent
Ga—Ga bond is 2.435 A. This value is smaller than the length of
such bond in the tetrahedral gallium dimer (2.512 A) calculated
at the PBE0/6-311+G** level of theory. Such a decrease in the
intertetrahedral bond in a solid as compared to an isolated
dimer can be explained by packaging effects.

To understand chemical bonding in the superterahedral gal-
lium, we run calculations for a model (GasHs), dimer at the
PBE0/6-311+G** level of theory, which contains all important
bonding elements. We used the natural bonding orbital (NBO)
analysis®¥ for deciphering chemical bonding in this cluster. We
found that four gallium atoms in the same tetrahedron are bound
together by four three-center two-electron (3c—2e) bonds. The
distance between two Ga atoms in the same tetrahedron is

Figure 2. a-d) NBO orbitals corresponding to 3c—2e bonds in one
tetrahedron of the (GasHs), dimer. Dashed lines show the face to which
belong gallium atoms connected by three-center two-electron bonds; e)
NBO orbital corresponding to 2c—2e intertetrahedral bond in (GasHs),
dimer. [Color figure can be viewed at wileyonlinelibrary.com]

WWW.CHEMISTRYVIEWS.COM Che.r.mstryvi;ws.'
o ..


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://WWW.C-CHEM.ORG
http://WWW.CHEMISTRYVIEWS.COM

Journal of

CHEMISTRY

350

300

250

200

150

Frequency (cm™)

100 |-

50F

L uw

KIU X DOS

Figure 3. Calculated phonon dispersion curves along high-symmetry lines in
the first Brillouin zone (left panel) and phonon density of states (right panel)
for cF-Gag. [Color figure can be viewed at wileyonlinelibrary.com]

2.565 A, which is larger than the Ga-Ga intertetrahedral distance.
This could be explained by the fact that the intertetrahedral bond
is as a classical two-center two-electron (2c—2e) covalent bond,
while an intratetrahedral Ga—Ga bond is the 3c—2e bond (see
Fig. 2 below NBO in model (Ga4Hs), molecule).

The calculated density of the supertetrahedral gallium is equal
to 1.74 g/cm?, which is considerably lower than that of the usual
structure of gallium 5.9 g/cm?, but it is higher the density of
supertetrahedral aluminum (061 g/cm™"),""® supertetrahedral
boron (0.92 g/cm™3),”" and T carbon (1.50 g/cm™").""*! The calcu-
lated phonon spectrum is shown in Figure 3.

There are no low-frequency branches entering into the imagi-
nary region. This finding indicates that the crystal structure is
dynamically stable. The bulk, shear, and Young's modules of
polycrystalline cF-Gag are 11.05, 2.95, and 8.12 GPa, respectively,
and its Poisson’s ratio is 0.3776. The elastic properties of super-
tetrahedral gallium are similar to those of supertetrahedral
aluminum @

The calculated electronic band structure is shown in Figure 4.
The band gap is absent, that is, cF-Gag as the supertetrahedral
aluminum, is a good electric conductor. (However, it is worth
noting that density functional theory (DFT) methods may
underestimate the band gap'®*®! by 3-50%.). The calculated
plots of the real and imaginary parts of the complex dielectric
constant versus the photon energy are shown in Figure 5. The
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Figure 4. Calculated electronic band structure along high-symmetry lines in
the first Brillouin zone (left panel) and electronic full (black line) and partials
(color lines) densities of states (right panel) for cF-Gag. [Color figure can be
viewed at wileyonlinelibrary.com]
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Figure 5. Frequency dependence of the real (red curve) and imaginary (blue
curve) parts of complex dielectric permittivity for cF-Gag. [Color figure can
be viewed at wileyonlinelibrary.com]

minimum absorption is observed at 535 nm (2.32 eV) in the
green region of the spectrum.

Similar solid-state calculations for the supertetrahedral indium
crystal reveal that this solid is not kinetically stable, because it
has imaginary phonons for the optimal structure. Therefore, we
will not discuss this substance any further. Instability of the
supertetrahedral indium could be due to the fact, that unlike
AljH, and GagHg, IngHy, is not a global minimum on the pgs.l®
The global minimum structure for InsH,4 is the tetrahedral struc-
ture with H atoms located over the center of the four faces. Also,
In4H,4 structures with broken tetrahedra are more stable.

To evaluate the thermodynamic stability of the super-
tetrahedral gallium, we performed molecular dynamics simula-
tion of it. Figure 6 shows the obtained curves of the change in
the instantaneous temperature in the system with time for two
values of the initial temperature. At the initial temperature of
540 K, the instantaneous temperature in the system fluctuates
around an average value of 270 K and during this time no melt-
ing occurs. The behavior of the system was analyzed for 35 ps.
At the initial temperature of 550 K, the instantaneous tempera-
ture in the system during the first 16 ps fluctuates around the
mean value of 273 K. After that the melting process occurs dur-
ing 4 ps, in which the temperature in the system increases
sharply to 1800 K and then oscillates near this mean value. This
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Figure 6. Time evolution of the instantaneous temperature for the system at
initial temperatures of 540 K (blue curve) and 550 K (red curve). [Color
figure can be viewed at wileyonlinelibrary.com]
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Figure 7. Evolution with time of the pair-correlation function from molecular
dynamics simulation at initial temperature of 550 K. [Color figure can be
viewed at wileyonlinelibrary.com]

melting process is very different from conventional melting,
where temperature stays the same until complete melting. Such
a sharp increase in temperature in the system during the melt-
ing process can be explained by the fact that supertetrahedral
gallium is a metastable structure that has an excess of strain
energy released during melting (the cohesive energy per atom
of supertetrahedral gallium, 2.33 eV, is about 0.5 eV less than
the cohesive energy of a-gallium®*),

Figure 7 shows the graphs of the pair correlation function
(PCF) calculated for three instants of time. The graph
corresponding to a time point of 11 ps from the start of the sim-
ulation is a typical PCF for the crystal. A graph corresponding to
a time point of 22 ps has the form of a PCF characteristic of a lig-
uid. The graph corresponding to a time of 18 ps has the appear-
ance intermediate between the PCF of the crystal and the liquid.

Figure 8 shows the time evolution of the root-mean-square
deviation of atoms from their equilibrium positions. It can be seen
that during the first 16 ps the RMSD function oscillates near zero,
which is typical for a crystal, and then the values of this function
begin to increase sharply, which corresponds to beginning of the
melting process. In general, we can conclude that the melting
temperature of supertetrahedral gallium according to our calcula-
tions is about 273 K that is considerably lower than that usual
melting temperature of gallium 302.93 K.36!

To compare the melting processes of supertetrahedral gallium
and ordinary gallium, calculations of molecular dynamics simula-
tion of a-gallium were carried out. The melting process of
a-gallium is similar to the melting of ordinary substances. For

0 I 1 1 1
0 4 8 12 16 20

Simulation time (ps)
Figure 8. Time dependence of the root-mean-square deviation of the atoms

relative to their equilibrium positions in the crystal lattice of supertetrahedral
gallium. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 9. Time evolution of the instantaneous and time-averaged temperature
for the a-gallium at initial temperatures of 965.779 K (blue curve) and
965.780 K (red curve). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 10. The pair-correlation function for the a-gallium from molecular
dynamics simulations at initial temperatures of 965.779 K (blue curve) and
965.780 K (red curve). The graphs correspond to a time point of 24 ps from the
start of the simulation. [Color figure can be viewed at wileyonlinelibrary.com]

comparison in Figures 9 and 10 show the results of molecular
dynamics simulations of a homogeneous melting of an a-gallium
sample, performed at constant number of particles (64 atoms),
constant volume, and constant total energy.

At an initial temperature of 965.779 K, melting does not occur,
the sample remains in the superheated solid state at an average
temperature of about 460 K (Fig. 9). The graph of the pair-
correlation function (Fig. 10) confirms that the sample remains in
a solid state. At a slightly higher initial temperature, 965.780 K,
already after 2 ps from the beginning of the simulation, homo-
geneous melting of the sample begins, accompanied by a drop
in its average temperature to 350 K as the latent heat is removed
from the kinetic energy (Fig. 9). The graph of the pair-correlation
function (Fig. 10) confirms that the sample becomes liquid. Note
that, according to the Z-method,®”! this temperature (350 K)
should be considered the melting point of a-gallium.

Conclusions

In summary, we designed a new form of gallium allotrope con-
structed on the basis of a diamond lattice in which carbon
atoms are replaced by gallium Ga, tetrahedra. Follow-up quan-
tum chemical calculations confirmed that the three-dimensional
supertetrahedral gallium crystal structure represents a metasta-
ble low-density (1.74 g/cm®) phase of gallium. The new material
is an electric conductor with high plasticity. Molecular dynamics
calculations show that this metastable material is stable as a
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crystal up to 273 K. At this temperature, it melts with sharp
increase of temperature from 273 to 1800 K, which is not
observable in conventional melting, where temperature stays
the same until complete melting. This unusual behavior can be
understood on basis of the metastable nature of the super-
tetrahedral gallium. If made this new material may find many
useful applications as a new low density metal with stored inter-
nal energy. Our calculations show that the supertetrahedral
indium is not kinetically stable.
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