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Using DFT calculations, the possibility of stabilizing the hexagonal honeycomb shape of
borophene by mixed doping in the BsGaxMg4 system was showed, where a flat sheet of borophene
is placed between two layers formed by magnesium and gallium atoms. BsGa:Mgs is a relatively
soft material with metallic conductivity. Evaluation of the thermodynamic stability of this
compound shows that melting will occur at temperatures above 1200 °K.
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INTRODUCTION

Currently, two-dimensional (2D) materials have attracted much attention due
to their unusual physical and chemical properties [1, 2]. Due to their reduced
dimensionality and the possibility of additional functionalization, they acquire such
improved properties as a reduced tendency to coagulation, chemical stability, and
manufacturability [3], and can find application as electronic or optoelectronic
devices [4—7], in spintronics [8, 9], as well as in solar cell elements, catalysts, electric
energy storage devices, and sensor devices [3, 10, 11]. Of particular interest are two-
dimensional systems constructed from boron atoms that have a honeycomb structure
[12—-15], since it is assumed that it is the boron hexagonal sublattice that is
responsible for superconductivity in MgB,[16—18] However, due to the lack of

electrons onp,-orbitals, the two-dimensional boron sheet with a honeycomb structure



exhibits lattice instability, so the issue of stabilizing the hexagonal boron structure is
of primary importance.

An effective way to stabilize non-standard boron forms, such as fullerenes,
extended boron chains, etc., is doping, which can be carried out using atoms of both
metals and non-metals [19-23]. A two-dimensional boron lattice with a honeycomb
structure can be stabilized by donating electron density to p, -orbitals through doping
with alkali and alkaline earth metal atoms [24] or self-doping [25]. Studies have
shown that polymorphic modifications of two-dimensional boron sheets arising in
the case of self-doping can possess superconducting properties with a temperature
T, ~10 — 20K [26]. Modifications of the donor system allow controlling the properties
and stability of borophene derivatives, and the study of methods for stabilizing two-
dimensional boron sheets with a hexagonal lattice opens up new possibilities for
obtaining materials with technologically useful properties. Previously [27], we
proposed a method for stabilizing a hexagonal boron lattice by bilateral doping,
where sodium was considered as an electron donor. This paper presents a theoretical
study of the three-layer system B (Ga Mg .,(Fig. 1), in which the stabilization of a
flat borophene sheet is provided by bilateral doping as a result of its placement

between two layers of mixed composition formed by Ga and Mg atoms.

THEORETICAL PART

Calculations in the two-dimensional infinite crystal approximation were
performed using the VASP (Vienna Ab initio Simulation Package) software [28—31]
with the PBE functional [32] and PAW pseudopotentials (GW version) [33, 34]. In
all calculations, the plane wave energy was 550 eV, the wave function minimization
threshold was set at 1 < 10 eV, and residual gradients on atoms were less than 1 x
10 “eV/A. Brillouin zone discretization was performed using the Monkhorst-Pack

method [35] with an automatically generated 15 x 15 x 1 grid. The phonon spectrum



was calculated using the Phonopy program [36] for a 6 x 6 x 1 supercell. For band
structure calculations, the Brillouin zone discretization was increased to 31 x 31 x 1.
To reduce the influence of adjacent layers on each other, an interlayer distance of
>13 A was established. To evaluate the thermal stability of B ;Ga . Mg ., molecular
dynamics ( MD ) calculations were performed in the canonical (NVT) ensemble
approximation at temperatures of 1000, 1200, and 1300 K. For this, a 4 x 4 x 1
supercell was used, and the Brillouin zone discretization was setas 1 x 1 x 1. In all
MD calculations, the plane wave energy was 550 eV. Temperature control was
carried out according to the Nos¢ thermostat scheme [37]. The Vesta program [38]
was used to visualize the studied systems. The spatial symmetry group was

determined using the ISOTROPY (FINDSYM) software package [39].

RESULTS AND DISCUSSION

As calculation results show, the optimized crystal structure has a hexagonal
system and belongs to the space group P 6/ mmm (191). Table 1 shows the lengths
of the corresponding Bravais lattice vectors, the coordinates of atoms in the unit cell,
and Wyckoff positions for gallium, magnesium, and boron atoms. Figure 2 shows
the spatial structure of B Ga ,Mg ..

The Bravais lattice basis consists of six boron atoms, two gallium atoms, and
four magnesium atoms with a stoichiometric ratio of 1 : 2 : 3 (Ga : Mg : B). The
boron atoms form a perfectly flat hexagonal lattice located between two heteroatomic
layers, in which gallium and magnesium atoms are positioned apically on both sides
relative to the centers of boron hexagons. The calculated B—-Ga and B-Mg distances
are 2.598 and 2.453 A. The boron lattice has two types of bonds: the bond length
between boron atoms forming a cycle, above which a gallium atom is located, is
1.754 A, and the lengths of B-B bonds connecting boron cycles with apical gallium
atoms are 1.775 A (Fig. 2). Such exocyclic B-B bonds slightly (0.025 A) exceed the



sum of covalent radii of boron atoms, while endocyclic bonds are essentially equal
to the length of a single B-B bond (1.75 A [40]). At the same time, the B-Ga and B—
Mg distances exceed the sum of the covalent radii of B-Ga by 0.468 A ( d,,, = 2.1304
) and B-Mg by 0.213 A ( d.,,= 2.224 4 ). The distances between adjacent
magnesium atoms are 3.051 A, which exceeds the sum of covalent radii ( d.,, = 2.720 A
) by 0.331 A. The Ga-Mg distance is practically equal to the Mg-Mg distance and is
3.058 A, which exceeds the sum of covalent radii ( d,,, =2614) by 0.448 A.

To assess the dynamic stability of the two-dimensional borographene system,
we calculated the phonon spectrum (Fig. 3). The calculation results show that there
are no dispersion curves in the imaginary region of the phonon spectrum, i.e., the
structure under consideration is dynamically stable. The phonon spectrum notably
lacks an energy gap between acoustic and optical branches.

Calculations of the electronic band structure of B ( Ga , Mg . along high-
symmetry directions of the Brillouin zone show that such a compound should possess
metallic properties (Fig. 4). Thus, there is no band gap, and the conduction band and
valence band cross the Fermi level ( £ = 0). Therefore, similar to two-dimensional
sodium-doped borophene [27], B Ga .Mg ,will also be a metal.

Figures 5—7 show the partial densities of electronic states formed by boron,
gallium, and magnesium atoms.

As can be seen from Fig. 5, in B (Ga ;Mg ,the zone located below the Fermi
level is formed mainly by p -orbitals of boron atoms. To a lesser extent, p -orbitals
of gallium atoms are represented here (Fig. 6). At the same time, the main
contribution from magnesium atoms to the formation of the zone lying above the
Fermi level comes from s -orbitals, while the contribution of p -orbitals is quite
insignificant (Fig. 7).

The conduction band is formed mainly by p -orbitals of boron and gallium atoms,

and the contributions of p -orbitals of these atoms are comparable (Fig. 5 and 6). To



a lesser extent, s -and p -orbitals of magnesium atoms participate in the formation of
the conduction band.

Using DFT calculations, we determined the criterion of mechanical stability
of two-dimensional B Ga Mg ., as well as Young's modulus and Poisson's ratio,
which characterize the measure of rigidity and transverse deformation during
compression or tension of a solid body. In the case of hexagonal systems, the
necessary and sufficient criterion for mechanical stability is defined as follows [41]:
C1 > el 5 2¢5 < c3(c +¢p) 5 e >0 . In the two-dimensional case, the above
inequalities for the components of the elasticity tensor take the form: ¢;; > Iy, |, cg >
0 . The calculated values of elastic constants are presented in Table 2. For a
transversely isotropic material, Young's modulus can be calculated using the
formula: v, = (c;1—c12) - (22 + cp1)7c33 =2¢%)/cr - 33 — ¢ [42]. In the case of a two-
dimensional transversely isotropic material, we get: v, = ¢ — ¢, /c,; . Similarly, the

Poisson's ratio is defined as v = c¢,,/c;, [43, 44].

From the data presented in Table 2, it can be seen that the calculated Young's
modulus ( Y ) for B 4Ga ;Mg .is 139.6 N/m, which is significantly lower than for
graphene (340 + 50 N/m) [46, 47] and two-dimensional boron nitride #ex -BN (289
+ 24 N/m) [49], however it is comparable to two-dimensional MoS , (180 + 60, 130
N/m) [50, 51] and slightly higher than sodium-doped borophene B ,Na ,[27] or
silicene monolayer (62 N/m) [52, 55]. In terms of mechanical properties, B Ga ,Mg
.18 similar to two-dimensional B ,P ,and B ,As ,, for which v,, = 142.5 and 130.4
N/m respectively [52, 53]. Thus, the theoretically predicted B ;Ga ,Mg.is a relatively
soft material. The low value of Poisson's ratio indicates that under uniaxial tension
or compression, the transverse deformation of the B sGa .Mg .monolayer will be

comparable to two-dimensional zex -BN.



Table 3 shows the calculated energy values of boron, gallium, magnesium
atoms and two-dimensional B ;Ga .Mg .. For isolated atoms, spin-polarized DFT
calculations were performed using the broken symmetry method.

The formation energy was calculated using the formula:

E35G32M34_(6EB+ZEGa+4EMg)
Ef = ’

n

where n = 1 1n the case of £ ;;and n = 12 1n the case of E ,,.

As follows from Table 3, the predicted two-dimensional B (Ga ,Mg .should
be a relatively stable compound, with thermodynamic stability higher than that of
sodium-doped two-dimensional borophene (3.54 eV/atom) [27].

To assess the thermal stability, quantum-chemical modeling of the melting
process of the B (Ga , Mg ,sheet was performed using the MD method. In all MD
calculations, the integration step was 3 fs, and the total trajectory in phase space was
10.5 ps (3500 steps). For modeling the melting process, a 4 < 4 x 1 supercell
containing 192 atoms was used. A series of calculations carried out at different
temperatures showed that the B ;Ga ;Mg ,sheet maintains its stability at 1200 K (Fig.
8).

To track the melting process, a pair correlation function was used, reflecting
the degree of long-range order in the substance [56]. During the solid-liquid phase
transition, the peaks corresponding to the presence of long-range order disappear,
indicating melting [57], which occurs in the two-dimensional B ;Ga ;Mg ,sheet at
1300 K (Fig. 8). The broadening and reduction of peaks are due to the increase in the
amplitude of thermal vibrations, which distort the structure (Fig. 8c), however,
melting does not occur (at least at 1200 K).

From the graph of the pair correlation function (Fig. 8a), it can be concluded
that the onset of melting occurs at a temperature of ~1300 K. This is indicated by the
broadening and reduction of peaks, which signifies a sharp decrease in long-range

order in the solid. This is also noticeable in the significant distortion of the structure



of two-dimensional B ;Ga ,Mg . (Fig. 8d). At the same time, MD modeling at
temperatures of 1000 and 1200 K for 10.5 ps showed that despite significant
distortions, the overall structure of the two-dimensional B ¢ Ga , Mg ., sheet is
preserved (Fig. 8b, 8c). From this, it can be concluded that the thermal stability of B
+Ga ;Mg ,should be maintained up to a temperature of ~1200 K. Thus, B ;Ga .Mg .
is thermally more stable compared to the previously studied Na-doped borophene

[27], which is stable at temperatures <200 K.

CONCLUSION

Using quantum-chemical modeling by the DFT method, the spatial and
electronic structure was studied, the dynamic and thermal stability, the criterion of
mechanical stability were evaluated, Young's modulus and Poisson's ratio were
calculated for a two-dimensional boron sheet with a honeycomb structure doped with
magnesium and gallium atoms. The obtained results show that the B ;Ga ,Mg .system
is stable, possesses metallic properties, and high thermal stability. The results of the
mechanical properties analysis show that such a compound should be relatively soft
and resemble two-dimensional MoS .. Thus, mixed doping is an effective way to
stabilize the hexagonal structure of borophene, allowing for directed regulation of its

stability and properties.
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Table 1. Calculated Bravais lattice parameters, atomic coordinates and Wyckoff

positions for B ¢

Ga.Mg.

Translation vectors, A
a=15.2839 c=13.3784
. atomic coordinates
atom Wyckoff positions
X y z

Ga 2e 0.00000 0.00000 0.64319
Mg 4 h 0.33333 0.66666 0.62737
B 6k 0.33201 0.00000 0.50000

Table 2. Calculated values of elasticity constants ( ¢ ;, N/m), Young's modulus ( Y
, in N/m) and Poisson's ratio v

Compound Ci1 Ci2 Ces Yop v
Graphene 358.0 @ 55.0 ©s 152.0 41 | 340.0 + 50 s | 0.149
2Dhex hex -BN 293.2 i 66.1 & 113.6 @ 289+ 24w | 0.218 e
2D-MoS . 140.0 so 40.0 o 50.0 so 130 0.5 0.290
2D-B P 142.5 2.5 13.6 = 142.5 0.017 &
2D-B (Ga:Mg. 145.8 30.2 57.79 139.6 0.206
2D-B :As: 130.4 = 1.9 = 13.2 e 130.4 = 0.015
2D-B:Na: 107.1 &7 8.36 &7 49.35 e 106.4 &7 0.078 &7
Silicene 71.3 i 23.2 4 24.1 o4 62 s 0.325 s

Table 3. Calculated energy values (in eV) of boron, gallium, magnesium atoms and

two-dimensional B ;Ga ;Mg ,. Formation energy E , per formula unit (eV), E ,,per

atom (eV/atom)

Compound B Ga Mg BGa. E;,eV | E.,eV/atom
Mg 4
Energy, eV -0.337 | -0.277 | -0.001 | -50.148 | -47.57 -3.96




FIGURE CAPTIONS
Fig. 1. Structure of the two-dimensional system B Ga Mg .. Boron atoms forming

the honeycomb structure are shown in green, magnesium and gallium atoms in apical
positions are shown in orange and light green, respectively: a - top view, b - side
view.

Fig. 2. Top view and structure of the unit cell of the two-dimensional system B ;Ga
Mg .(a), side view of the surface fragment (b).

Fig. 3. Calculated dispersion curves of the phonon spectrum along the I'-M—K-I"
path (a) and phonon density of states (b) for B ;Ga .Mg ..

Fig. 4. Electronic band structure of B (Ga ,Mg ,along the [-M—K-TI" path (a) and
electronic density of states (b).

Fig. 5. Partial density of electronic states formed by boron atoms. The vertical dashed
line indicates the Fermi level.

Fig. 6. Partial density of electronic states formed by gallium atoms. The vertical
dashed line indicates the Fermi level.

Fig. 7. Partial density of electronic states formed by magnesium atoms. The vertical
dashed line indicates the Fermi level.

Fig. 8. Pair correlation function (PCF) calculated for two-dimensional B Ga ,Mg ,
at various temperatures (a); surface fragment of size 4 x 4 x 1 at 1000 (b), 1200 (c),

and 1300 K (d).
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Fig. 3. Steglenko.
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