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ABSTRACT: Among the diversity of new materials, two-dimensional crystal structures attract
significant attention of the broad scientific community due to its promising applications in
nanoscience. In this work, we predicted a novel two-dimensional ferromagnetic boron material,
which has been exhaustively studied with the DFT methods. The relaxed structure of 2D-Bg
monolayer consists of slightly flattened octahedral units connected with the 2c-2e B-B o-bonds.
Calculated phonon spectrum and conducted ab initio molecular dynamics simulation revealed
thermal and dynamical stability of the designed material. The calculation of mechanical
properties indicated relatively high Young modulus of 149 N m-!. Moreover, the electronic
structure indicates the metallic nature of 2D-Bg¢ sheet whereas the magnetic moment per unit cell

is found to be 1.59 ug. The magnetism in 2D-B¢ monolayer could be described by the presence

of two unpaired delocalized bonding elements inside of every distorted octahedron. Interestingly,
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the nature of the magnetism does not lie in the presence of half-occupied atomic orbitals, as it
was shown for the previously studied magnetic materials based on the boron. We hope that our
prediction will provide new promising ideas in the further fabrication of boron-based two-

dimensional magnetic materials.

INTRODUCTION

The diversity of boron allotropes is fascinating. Having in its arsenal one-dimensional, two-
dimensional, and three-dimensional structures, boron is one of the most prospective elements for
material science. Wide range of structures such as nanowires, nanotubes, clusters, fullerenes, 2D
sheets has been studied both theoretically and experimentally in recent years [1-22]. The unique
electronic properties such as Dirac cones were found for several 2D boron allotropes [16,19]. An
even hotter topic is the search for two-dimensional boron structures with magnetic properties due
to its potential use in microelectronic and spintronic devices. Even though the design of two-
dimensional ferromagnetic materials is extremely interesting and prospective topic, there are still
few examples of theoretical [23-35] and experimental [36,37] reports. To the best of our
knowledge, only one 2D material made of boron with magnetic properties has been predicted to
the date [20]. However, it was shown that M-boron (a monolayer consisting of B,y polyhedrons)
should be an antiferromagnetic material with the ferromagnetic surface ordering. Following the
idea of constructing 2D materials from the polyhedrons, we decided to test a monolayer material
constructed from boron octahedrons. The three-dimensional bulk materials with octahedral Bg
fragments were experimentally obtained previously. Such crystal structures always include a
metal atom (Ca, La, etc.) [38,39] since two electrons should be added to obtain a stable closo B¢
structure according to Wade’s rules [40,41]. However, in current work, we predicted a stable

superoctahedral magnetic boron material, without the inclusion of any metal atoms. Therefore,
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this material is the second example of the magnetic and the first example of ferromagnetic two-

dimensional boron ever predicted.

COMPUTATIONAL METHODS

All calculations for the solid state systems were performed using the Vienna Ab initio Simulation
Package [42] (VASP) code with PAW [43,44] pseudopotentials. The generalized gradient
approximation (GGA) expressed by the PBE functional [45] was applied. For the structure
relaxation, the large 700 eV energy cut off with convergence threshold 10-® eV for total energy
was employed. Brillouin zone has been sampled by the Monkhorst-Pack method [46] with an
automatic generated 31x31x5 I'-centered k-point grid. To eliminate the interaction between 2D-
B, planes, the vacuum space was chosen to be 15 A. The phonon dispersion was calculated via
the Phonopy code [47] using 4x4x1 supercell and 7x7x1 k-mesh. For the more accurate
calculation of the magnetism in a 2D-Bg unit cell, the state-of-art hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE06) [48, 49] was used. The energy cutoff for such calculations was
set to 500 eV, the energy convergence criterion was set to 10 eV and 17x17x3 k-point grid.
Band structure and DOS calculations for 2D-Bg were performed at the PBE functional level with
800 eV energy cutoff. To explore the magnetic ordering within the 2D-Bg surface, the
optimization of 2x2x1 supercell in nonmagnetic (NM), antiferromagnetic (AFM), and
ferromagnetic (FM) configurations was done.

To evaluate the thermal stability the ab initio Born-Oppenheimer molecular dynamics
(BOMD) simulations for 4x4x1 supercell (96 atoms) were carried out. The time of the
simulation was set to 5 ps with a time step of 1 fs. To calculate the molecular dynamics at 300 K,
a longer time of 10 ps was set. Temperature control was performed using Nose-Hover method

[50].
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The solid-state adaptive natural density partitioning (SSAdANDP) [51] algorithm was used
to analyze the bonding pattern of the 2D-Bg structure. The SSAANDP follows an idea of periodic
NBO method, [52] and allows to obtain not only classical Lewis elements such as Ic-2e lone
pairs and 2c-2e bonds but also delocalized bonding elements (nc-2e). A plane-wave calculation
was performed using 400 eV energy cut off with convergence threshold 10 eV for total energy
and k-points grid 31x31x7. Then, plane-wave density was projected into the cc-pVTZ [53] AO
basis set. Previously, it was shown that the SSAANDP is a powerful tool for analyzing chemical
bonding in 2D materials. [54-65]. All optimized geometries and obtained bonding patterns were
visualized by Vesta software [66].

The global minimum of a B¢H, cluster was found using Coalescence Kick algorithm [67].
Five thousand trial structures were generated and optimized at PBE0/3-21G level of theory
[68,69] for both singlet and triplet states. All structures within 20 kcal/mol from global minimum
(GM) were reoptimized at the PBEO/aug-cc-pVTZ level. The bonding pattern was obtained using
the AANDP algorithm [70] as implemented in the AANDP 2.0 code [71]. All calculations for
molecules were performed using Gaussian16 program [72]. All results of molecular calculations

were visualized by ChemCraft 1.8 software.

RESULTS AND DISCUSSION

The optimized crystal structure of the 2D-Bg monolayer belongs to Pgmmm
crystallographic group. The unit cell consists of six boron atoms that ordered in a slightly
flattened octahedron. For such a symmetric structure we can distinguish two types of equivalent
boron atoms (Fig. 1b). The B-B;, B;-By; and By-By; lengths within the unit cell are 2.08 A, 1.69
A, and 1.89 A, respectively. In turn, By-Byy length between two neighboring unit cells is 1.62 A,

which is the shortest distance within the whole structure. The nature of these geometric features

Page 4 of 21



Page 5 of 21 Physical Chemistry Chemical Physics

will be discussed below. As for the magnetic properties, we found both nonmagnetic (NM) and
ferromagnetic (FM) configurations of the unit cell. Noteworthy, the FM state is lower in energy
than the NM state by 43 meV/atom, therefore the former one represents energetically more stable
state of 2D-Bg. However, from the structural point of view, these two configurations almost

coincide. For a comparison, the lattice constants, total energy, and atomic positions are given in

Table 1.

Figure 1. (a) The top view of the 2D-Bg structure. The unit cell is shown with a green
dashed square. (b) The side view of the 2D-Bg structure. Two different types of boron atoms are

labeled as By and By;. (¢) The angle view of the 2D-Bg structure.

Table 1. Lattice constants, atomic positions and total energy of NM and FM 2D-Bg

monolayers.
Configuration Type Atomic positions a(A) b(A) c(A) Eu(eV/atom)
FM B, (0.5,0.5,0.569) (0.5,0.5,0.431) 4.292 4292 14.999 -5.762
(0.189, 0.5, 0.5) (0.811, 0.5, 0.5)
. (0.5,0.189, 0.5) (0.5, 0.811, 0.5)
NM B; (0.5,0.5,0.567) (0.5,0.5,0.433) 4318 4318 14.823 -5.719
(0.190, 0.5, 0.5) (0.810, 0.5, 0.5)
By

(0.5,0.190, 0.5) (0.5, 0.810, 0.5)
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Since magnetic properties of the designed material are of our primary interest, we
decided to study them at the more sophisticated level of theory. For the more accurate
description of the magnetism, the HSE06 functional was used. The calculated magnetic moment
per unit cell is found to be 1.59 ug. Noticeably, the magnetic moment is independent of the
choice of density functional because almost the same results (1.56 up) were obtained for PBE
functional. The spin charge distribution for the FM 2D-Bg sheet shows that spin density localized
not only on the top and bottom boron atoms of the B4 octahedron but delocalized through the
structure (Fig.S1). That kind of delocalization might result in the partial 1.59 up magnetic
moment per unit cell. To confirm the magnetic surface state, 2x2x1 supercell of the 2D-Bg¢ sheet
with different magnetic ordering was analyzed (Fig. 2). We found that the FM surface state is the
most stable configuration, which is 0.10 and 1.02 eV/supercell lower in energy than AFM and
NM states, respectively. Thereby, the 2D-Bg¢ is an exciting example of ferromagnetic material

with ferromagnetic surface ordering.

FM
E=0.00 eV

Figure 2. Magnetic ordering and relative total energies for 2x2x1 supercell of 2D-Bg

sheet.

The dynamic stability of the FM and NM configurations of 2D-Bs was tested by
calculating the phonon dispersion curves and phonon density of states. We showed that there are

no low-lying dispersion curves entering the imaginary region in the whole Brillouin zone for the
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ferromagnetic configuration (Fig. 3). The highest optical mode corresponds to in-plane
vibrations and reaches ~40 THz (1334 cm™!) indicating the strong B-B interaction. Interestingly
only ferromagnetic configuration is dynamically stable, while the nonmagnetic state has a large

imaginary mode corresponding to the out-of-plane vibrations of By atoms (Fig. S2).
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Figure 3. Calculated phonon dispersion curves along I'-M-X-I" path and phonon density

of states for the ferromagnetic 2D-Bg.

In order to understand the electronic properties of the ferromagnetic 2D-B¢ material, we
calculated an electronic band structure and a density of states (Fig. 4). We found that both spin
up and spin down electrons have bands crossing the zero-energy level. As a result, 2D-B¢ has a
nonzero density of states at the Femi level. These facts make the 2D-B6 sheet metallic without
any band gap. For the comparison, the previously predicted M-boron is an AFM semiconductor

with the indirect band gap 0.43 eV [20].
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Figure 4. Calculated electronic band structure along I'-M-X-I" path and density of states
for the ferromagnetic 2D-B¢. Red curves correspond to the spin up electrons, while the spin
down electrons are illustrated with blue curves. The Fermi level is shown as a horizontal dotted

black line.

The essential property of a material suitable for practical application is a thermal stability.
We have performed spin-polarized ab initio Born-Oppenheimer molecular dynamics simulations
at different temperatures (100 K, 300 K, and 450 K). The Nose-Hover thermostat was used for
the temperature control. The time of simulation was set to 5 ps with a time step of 1 fs. For the
300 K simulation, longer time of 10 ps was chosen. A periodic 4x4x1 supercell (96 atoms) was
used, large enough to demonstrate the structure and magnetic properties during the simulation. In
Figure 5 fluctuations of the total magnetic moment and the temperature are shown as a function
of the simulation time. An average total magnetic moment preserves remarkably large value at
the end of simulations (25.4, 22.7 and 16.7 ug for 100, 300, and 450 K respectively). After 5 ps
for 100 K and 10 ps for 300 K simulations, we found no significant structure distortion (Fig. S3).
However, during the 450 K simulation, the structure was stable only for 3 ps. After that time,
drastic structural deformations were observed. Thus, the 2D-Bg structure is unstable at such a

high temperature; octahedral fragments distorted severely transforming to the planar isomers
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leading to a noticeable decrease in the magnetic moment of the material (Fig. 5). The root-mean
square deviation from 0 K bond lengths is 0.07, 0.14, and 4.61 A for 100, 300 and 450 K,
respectively. As a result of these calculations, we can declare that the ferromagnetic 2D-Bg
monolayer survives at the temperatures up to 300 K, which opens a wide variety of potential
applications. However, we should mention, that such temperature does not correspond to the
Curie temperature, because the molecular dynamics simulation does not include spin dynamics.

Obtained results indicate the stability of the magnetic state with respect to structural

deformations.
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Figure 5. Calculated fluctuations of the total magnetic moment and temperature vs.

simulation time step for 100 K (left column), 300 K (center column) and 450 K (right column).

Other important aspects of the promising material are the mechanical properties that
characterize plasticity and elasticity of the material. The elastic constants, Young modulus, and

Poisson’s ratio for the 2D-B¢ monolayer are listed in the Table 2 (only two elastic constants
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presented because the structure is isotropic). The Young modulus and Poisson’s ratio were

calculated according to the following formulas:

C112 - C122
Yop = e Q)
C12 an
V=—
C11

Table 2. The calculated elastic constants (cj;, in N m!), the Young modulus (Ysp, in

N-m!), and Poisson’s ratio (v).

Structure ci Ci2 Co6 Yon v

2D-Bg 150.06 -12.59 9.84 149.01 -0.08

The question of how to synthesize this material remains to be open now. However, we
hope that we are currently on the right track. Thus, studies on the preparation of singly charged
compounds containing an octahedral B4 fragment are underway [73]. We believe, that the results

of these researches can be helpful for the synthesis of 2D-Bg.

To get insight into the chemical bonding of the 2D-B¢ monolayer we decided to analyze
bonding pattern for a model Dgyy,-symmetric BgHy cluster firstly. As for the spin state of the
model cluster, we chose a triplet as the closest approximation to our ferromagnetic sheet. We
should mention that the investigated structure has one imaginary frequency because it was forced
to belong to Dy, symmetry. The gradient descends along the imaginary frequency led us to the
less symmetric C; structure. However, this distortion is not significant for the exploration of
chemical bonding, and in the further discussion, the more symmetric structure will be considered

for the convenience. The analysis of the potential energy surface via coalescence kick algorithm
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reveals that the distorted octahedral geometry of BgH, is 5.9 kcal/mol higher in energy than the
planar global minimum structure (Fig. S6). However, the considered structure is still one of the
lowest isomers for the chosen stoichiometry. In gas phase singlet state GM is more favorable
than triplet GM by 9.3 kcal/mol. As for octahedral structures as building blocks for 2D-Bg
monolayer, singlet structure is lower in energy only by 1.4 kcal/mol. Obviously in crystal
environment triplet state is stabilized since the calculated magnetic moment of unit cell clearly
indicates the presence of unpaired electrons, therefore, bonding pattern for the triplet molecular

cluster will be discussed.

The results of AANDP analysis are presented in Figure 6. The bonding pattern can be
described as four classical two-centered two-electron (2c-2e) B-H o-bonds with occupation
number (ON) 1.99 |e|, six 6¢-2e bonds with ON = 2.00-1.96 |e|, and two unpaired alpha electrons
which are forming 2c-le B-B bond with ON = 0.98 |e| and 6¢c-1e bond with ON = 1.00 |e|.
Unprecedently, 1e bonds are perpendicular to each other and we never observed such bonding

feature before today.

Since it is not quite an intuitive result, we decided to build and evolution path of chemical
bonding picture from the well known BgHg?- cluster to BgHy species. The results could be found
in the SI. The obtained bonding pattern for BsH¢> and BgH,4>- as well as the comparison of MO
energies pushed us to the conclusion that the presented bonding pattern is correct (Fig. S7-10). It
is worth noting that we expected to find two lc-1e bonds at the top and bottom apexes of Bg unit
(as it was observed, for previously predicted M-boron [20]). However, during the structure
relaxation, we observed a change in the energy of molecular orbitals, which led to the formation
of two one-electron bonds perpendicular to each other. These bonds provide a slightly flattened

geometry for this cluster. We will see below that similar one-electron bonds were also found in
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the 2D-Bgs monolayer. These bonding elements are responsible for the ferromagnetic properties

of this material.

X &%

BgH4 - triplet Four 2c-2e ¢ B-H

Dap, NImag=1 ON=1.99|e| 2c-le c B-B
ON=0.98]|e|
6c-2e 6c-2e 6¢c-2e 6c-2e

ON=1.96|e|] ON=2.00|e] ON=2.00le|] ON=2.00|e|

S e

6¢c-2e 6c-2e 6c-1e
ON=2.00|e| ON=2.00]e| ON=1.00|e|

Figure 6. Overall chemical bonding picture obtained for the B¢H,4 cluster in the triplet

state. The abbreviation ON denotes the occupation number of a certain bond.

To figure out the bonding picture in 2D-Bg we used Solid State Adaptive Natural Density
Partitioning (SSAdANDP) algorithm. Following the ideas extracted from the bonding of the B¢H,
cluster, we obtained very cognate bonding pattern for the solid state. The results of SSAANDP
analysis for spin up and spin down electrons are presented in Figure 7. Each unit cell is bound
with neighboring cells through the classical 2c-2e B-B o-bonds with ON=1.93|e| (the equivalent
of B-H o-bonds for the cluster). The remaining electrons form eight delocalized six-centered

one-electron bonds, which are responsible for binding interactions inside of each flattened
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octahedron. For the spin up electrons we found a 6¢-1e bond with ON = 0.99e| (Fig. 7b) with the
shape similar to the 2c-1e bond found in BgH, cluster. Indeed, the contribution of two B; atoms
into the six-centered bond is found to be 97%. So, we can consider it as a pure 2c-1e bond. This
chemical bond can cause the flattening of the B¢ octahedron. However, despite the chemical
bonding for the cluster and solid state coincide for several bonding elements, we noted that the
last three 6¢-1e bonds of spin down electrons (Fig. 70-q) behave differently. Instead of having
one electron on each of the two 6¢ bonds (Fig. 70, p), as it is observed in the case of B¢H,, we
have almost an equal low filling of three 6¢ bonds. The sum of the occupancies gives us about 2
electrons. Such an interesting behavior may be associated with a more explicit degeneration of
these orbitals in the case of a solid state. Despite the described discrepancies in bonding patterns,
the calculation of the difference between spin up and spin down occupancies provide us with the

value 1.58 |e| which is in a very good agreement with calculated magnetic moment per unit cell

(1.59 up).
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Figure 7. Overall chemical bonding picture obtained for the 2D-Bg¢ sheet. The results for spin up

and spin down electrons are presented separately.

CONCLUISONS
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To summarize, we designed and computationally tested a novel ferromagnetic
superoctahedral 2D boron material. Based on the phonon spectrum and molecular dynamics
simulation we managed to show that the 2D-B4s monolayer is dynamically and thermally stable.
Moreover, it has substantial magnetic properties and the calculated magnetic moment per unit
cell is found to be 1.59 ug. The electronic structure indicates that this material is metallic, and its
bonding pattern consists of classical 2c-2e bonds between unit cells and chemical bonding inside
of the unit cell almost completely consists of six-centered bonds responsible for magnetic
properties. To the best of our knowledge, the material designed in our work is the second
example of magnetic 2D sheet and the first example of ferromagnetic metallic 2D sheet formed
from pure boron. Therefore, we believe that this material is of great interest to modern material
science and its thermal and mechanical stabilities promise a wide range of application once it is

experimentally obtained.
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