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Abstract. In this article, an approach to lattice design for two two-dimensional allotropic materials is pro-
posed. The approach is based on the use of crystal lattices of disclinated graphene known as pseudo-
graphenes. The approach is demonstrated on pseudo-graphenes G5-7v1 and G5-6-7v2 and target crystals
originated from molybdenum disulfide and phosphorene. Geometry optimization done by density functional
theory calculations display that the designed lattices for new materials are structurally stable, which means
that they could be synthesized and that the new approach could successfully be used to produce lattice de-

signs for novel two-dimensional allotropic materials.

1. INTRODUCTION

Carbon is able to form many allotropes — solids from
the same element, but different in structure. Depending
on their crystal structure, these allotropes can exhibit
different behavior of electrons on the outer electron
shell responsible for the interaction between carbon at-
oms [1]. Graphene is a two-dimensional carbon crystal
with a hexagonal lattice. It has unusual electronic
properties [2], high thermal conductivity [3] and a
unique set of mechanical characteristics [4]. Its suc-
cessful synthesis [5] attracted much attention and
marked an active growth of interest in the study of two-
dimensional crystals.

In addition to graphene, the family of two-dimen-
sional crystals includes such representatives as molyb-
denum disulfide (MoS;) and phosphorene. Both of
these materials have interesting properties [6] and are
promising candidates for use in optics [7], electron-
ics [8] and other fields [9].

The physical and mechanical properties of two-
dimensional materials can be controlled by external in-
fluences: mechanical, electrical, magnetic and/or by

changing the local crystalline perfection of the crystal
lattice [10—12]. Crystal lattice defects, in turn, change
the mechanical properties (which is similar to the ef-
fects observed in ordinary three-dimensional crys-
tals [10]), while at the same time contributing to a
change in the electrical [11] and thermal conductivity
of these crystals [12]. Nowadays, it is well established
that any structural defect in graphene can be consid-
ered as a disclination or group of disclinations [13,14].
While there exist a plenty of studies regarding the in-
fluence of periodic disclination ensembles on graphene
(new materials called pseudo-graphenes [14,15] are
modelled and their characteristics are predicted [16])
there is a point of study where much less investigation
is made. That is, the research on periodic defect influ-
ence on crystal parameters of single-layer two-dimen-
sional non-carbon materials [17] such as, for example,
molybdenum disulfide [18] or phosphorene [19].

In most cases, the density functional theory [16] is
used to perform ab-initio calculation of two-dimen-
sional crystals and pseudo-graphenes. This method is
based on the fact that the most important properties of
a system of interacting particles can be expressed using
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the electron density functional. We perform our calcu-
lations in Quantum Espresso [20] software package. In
addition, various types of functionals are used for cal-
culations. We, for instance, use Perdew-Burke-Ern-
zerhof one [21].

Our global research efforts pursue modeling of var-
ious characteristics of new non-carbon two-dimen-
sional materials with periodic distributions of defects.
In this article we propose a new approach to lattice de-
sign for these materials. The approach is based on the
use of crystal lattices of disclinated graphene known as
pseudo-graphenes. As the example for this article,
lattices of crystals G5-7v1 and G5-6-7v2 will be used
to model new materials originated from MoS, and
phosphorene.

2. BACKGROUND

Fig. 1 and Fig. 2 demonstrate the initial lattice structures
for pseudo-graphene crystals G5-7v1 and G5-6-7v2, re-
spectively (for details see Ref. [15]). They are two low-
energy pseudo-graphenes with energies of 0.37 and
0.28 eV/atom, respectively. Their crystal lattice is
formed by embedding negative (7-member rings) and
positive (5-member rings) wedge disclinations with a
strength of ® =+60° into the graphene lattice. The
G5-6-7v2 crystal has lattice parameters equal to
a=822A and b=6.48 A, in which stresses from
disclinations lead predominantly to distortion of de-
fect-free hexagonal rings. The G5-7v1 crystal has lat-
tice parameters equal to a = 7.38 A and b = 5.81 A, in
which defect-free graphene rings are completely ab-
sent. These atomic configurations will serve as a basis
for future lattice designs on new materials.

3. APPROACH TO MODELLING

To perform the lattice design for disclinated MoS, and
phosphorene, data on new materials must be prepared.
This includes coordinates of atoms for a new crystal
lattice. Defect-free MoS, and phosphorene share the
same crystal lattices as graphene — hexagonal one.
This means that we can transfer the defective structure
of pseudo-graphenes to the hexagonal lattice of other
materials (the before-mentioned MoS; and phos-
phorene). It was decided to pick crystal lattice coordi-
nates of two pseudo-graphene crystals — G5-7v1 and
G5-6-7v2 to form new lattice designs for crystals
based on MoS, and phosphorene.

For coordinate data to be adapted to a new crystal
type, several steps are to be made. The first thing we
should do is to pick coordinates of atoms that represent
the crystal unit cell. A unit cell is enough for the

Fig. 1. Lattice structure for pseudo-graphene crystal
G5-7vl1. Rectangle area displays lattice basis.

Fig. 2. Lattice structure for pseudo-graphene crystal
(G5-6-7v2. Rectangle area displays lattice basis.

method, as we will translate it to form a new crystal
structure for non-carbon crystals. For every atom in the
selected unit cell, we should decide on required trans-
formations. As this is a computer experiment, we de-
cided to introduce three per-atomic transformations:

— Element assignment. As the original unit cell is
processed as an array of coordinates, we can assign a
corresponding element to each coordinate. This is re-
quired if we need to adapt lattice to materials com-
posed of several atom types.

— Coordinate shift. For a selected atom in the cell, we
can perform coordinate shift by three axes, if required.
In this study, we only perform a Z axis shift for several
atoms in the original lattice. This is done to reproduce
“multilayer” structure of phosphorene, molybdenum
disulfide and other similar crystals.

— Atomic replication. For a selected atom in the cell,
we can create a “clone” and perform the same number
of transformations. This, as well, is used to recreate
specifics of target crystal structure.
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Fig. 3. Lattice structure for MoS; allotrope based on
the lattice of pseudo-graphene crystal G5-7v1. a) Plane
view, rectangle area displays lattice basis; b) side
view; ¢) 3D view. S atoms — pink, Mo atoms — blue.

Next, we should scale coordinate data according to
the difference of lattice parameters between the defect-
free graphene crystal and target non-carbon defect-free
crystal. As the example for this article, we will operate
on graphene to molybdenum disulfide lattice adapta-
tion. In this case, lattice parameter for graphene is
2.46 A and for MoS; it is 3.16 A. The proportion be-
tween the two is 3.16/2.46 = 1.2846, which is the de-
sired scale for X and Y coordinate.

Our last step includes the scaling of a new unit
cell and simulation box, which will result in an array
of coordinates ready to be used in various calculation
packages.

4. RESULTS

As a result of modeling new allotropic modifications
of two-dimensional crystals of molybdenum disulfide
and phosphorene, we obtained description of crystal

Fig. 4. Lattice structure for phosphorene allotrope
based on lattice of pseudo-graphene crystal G5-6-7v2.
a) Plane view, rectangle area displays lattice basis;
b) side view indicating two-layer phosphorene struc-
ture; ¢) 3D view.

lattices (appearance and their atoms coordinates) for
each crystal. For this ‘raw’ data, we have performed
crystal lattice geometry optimization.

In Fig. 3 we present the atomic structure for a new
two-dimensional disclinated MoS, allotrope crystal
based on transformed lattice after geometry optimiza-
tion for pseudo-graphene crystal G5-7v1. Crystal lat-
tice for disclinated MoS; has parameters of a = 9.87 A
and b =17.54 A.

In Fig. 4 we can observe the lattice for a new two-
dimensional phosphorene allotropic modification
based on transformed lattice after geometry optimiza-
tion for G5-6-7v2. It possesses lattice parameters
a=21.55A and b=12.39 A. It should be noted that
the unit cell of phosphorene has twice as many atoms
as the unit cell of pseudo-graphene crystal. The choice
of such a unit cell is due to the two-level structure of
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phosphorene and the need to comply with periodic
boundary conditions at the cell boundaries for model-
ing an infinite crystal.

The results of DFT calculations confirm that both
materials have a stable crystal lattice, which in theory
confirms the possibility of material synthesis. To con-
clude our study, we will name these new materials fol-
lowing our classification on materials given in
Ref. [13]. Thus, we name the MoS; allotrope based on
G5-7v1 as [M0S;]5-7v1 and the phosphorene allotrope
based on G5-6-7v2 as [Ph]5-6-7v2.

It is important to mention that our approach to de-
sign of crystal lattices with defects using pseudo-gra-
phene lattice data as a basis has proven to be a valid
method. This method allows one to model a “family”
of two-dimensional materials sharing the same crystal
lattice structure at a faster rate, than modelling from
zero. As the result of our study shows, it is likely that
most material lattices modelled this way are expected
to be stable and thus be able to be registered as a new
theoretical material.

In the future, it is proposed to conduct the follow-
ing studies:

— Calculate other characteristics of newly discovered
materials using the molecular dynamics method and
density functional theory: it is planned to study their
band structure, mechanical properties of these crystals
and other characteristics.

— Use our approach to design even more non-carbon
materials of the same lattice structure family, and
have them analyzed; to use other lattice designs in our
studies.

5. SUMMARY AND CONCLUSIONS

Using lattice simulation data of already researched
pseudo-graphene crystals, lattice designs for MoS, and
phosphorene were compiled. Based on the obtained
data, initial analysis was carried out using the density
functional theory. The data obtained as a result of ge-
ometry optimization shows that the designed materials
are stable thus proving the concept of using a pseudo-
graphene crystal lattice data as a base for design of
similar two-dimensional materials. It is proposed in the
future to apply our lattice modeling method to other
crystal lattices as well as to carry out calculations of
their physical and mechanical properties.
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