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Using the BVS method we calculate Li-ion pathways and diffusion barriers in the interface between
silicene and MgCl,, MgBr, and Mgl, substrates and we show that the results are in good agreement
with previously published DFT studies. In addition, we showcase that BVS does not need the
exact crystal structure as we examine different initial positions for the Li ion and different interface
heights without affecting the calculated BV SE. Furthermore, we show that surface diffusion BVS
calculations can be used to roughly optimize the interface, thus completely foregoing DFT geometry
optimization calculations. Here, we propose that BVS can substitute DFT as a quick filter when
searching for low migration barriers in silicene-based materials, providing good enough accuracy.
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I. INTRODUCTION

Two-dimensional (2D) materials have attracted con-
siderable attention in recent years for improving the per-
formance of electronic devices!''. This is mainly due to
newly-found properties regarding their electronic conduc-
tivity, interaction with light, and even mechanical prop-
erties and chemical reactivity. Among these materials is
silicene, the 2D result of silicon, which has emerged as the
most preferable 2D material because of its compatibility
with silicon-based technology®.

Unlike graphene which has a planar structure, silicene
exhibits a two-layered structure with two Si sub-lattices
forming hexagonal rings. This geometry allows silicene a
stronger spin — orbit coupling (SOC) effect which results
to a more prominent Quantum Spin Hall effect (QSHE)
under different hydrostatic strains due to an increasing
gap size?. In addition, due to its structure, silicene
is predicted to be a gapless semiconductor. The two
formed Si layers allow to tune its electronic properties
and even open an energy gap by applying an electrical
field perpendicular to the silicene sheet, thus creating
charge transfer between the Si layers!® Germanene,
the other 2D “cousin” of graphene that also has a two-
layered structure, has SOC effect almost ten times larger
than silicene*?, thus larger gap size (1.9 meV in silicene
versus 33meV in germanened).

Despite the many interesting properties of silicene,
most studies remain theoretical since the synthesis of
silicene in bulk has not yet been achieved®. This is
mainly due to the fact that there is no graphite-like
Si allotropel”. The most frequently used computa-
tional method to model silicene is Density Functional
Theory (DFT)4, which can describe the electron-ion
interactions™ using pseudopotentials’® generated on the

fly. In addition, DFT has also been used to examine
the effects of a substrate on the electronic properties of
silicenet ™22,

Despite DFT’s many advantages, especially regarding
accuracy??, it is computationally intensive. Instead, the
Bond Valence Sum (BVS) model has started being used
to predict or validate new crystal structures?#2% and to
calculate diffusion pathways and migration energy barri-
ers for mobile ions in crystalg?6e8,

BVS takes advantage of Pauling’s electrostatic valence
principleé?? where the sum of bond valences, s;;, around
a given ion i, is equal to its total ionic valence, V;, i.e.,
its charge. Additionally, in BVS the exact coordinates of
the ions are not required=,

For the calculation of possible sites a moving ion can
exist in the material’s structure, BVS uses the following
empirical relationship for a cation A connected to an an-

ion X with the bond length between them denoted as
R23’31:

Sa-x = exp[(Ro — R)/b] (1)

where S is the experimental bond valence, whereas Ry
(for ion sizes) and b (for softness) are fitted parameters.
For most of the ionic bonds, b = 0.37%Y. At each arbitrary
site the ion occupies, if the BVS is equal to the moving
ion’s oxidation number, then that is a site belonging to
the migration pathway of the ion. The model also allows
for small displacements using the valence mismatch®l,
|AV|, which is in the range of [0.05,0.2] valence units3".

The calculated sites are drawn as contour maps signify-
ing the pathways inside the crystal structures. We have,
therefore, isosurfaces with fixed |AV| denoting regions
inside the crystal structures where a certain activation



energy F,.; may be reached. The Bond Valence Site En-
ergy, BV SE, for the mobile cation A is given by232:
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where Dy is the bond dissociation energy, N is the
anions (X) number the cation bonds with, E;cpuision 1S a
penalty term due to repulsions®® (Coulombic) and S,
is the valence corresponding to the distance between A
and X533 in equilibrium.

It is the scope of this paper to examine whether the
BVS model can substitute DFT when it comes to calcu-
lating Li-ion migration energy barriers and pathways in
silicene. BVS should allow for less computational time
and good accuracy® when compared to DFT, so that the
latter can target only potentially interesting materials
and not lose time analysing a high number of structures.

We use MgX, (X=Cl, Br, I) as substrates as proposed
by Zhu et al®¥ and examine Li diffusion in the inter-
face between the substrates and silicene. We compare
our results with those from DFT calculations®® and also
discuss the differences between surface and interface BVS
calculations.

NX (
BVSE = Dy Z ;
j=1

II. COMPUTATIONAL METHODS

We chose to forgo DFT calculations in order to take ad-
vantage of the fact that the BVS model does not need to
know the exact crystal structure, therefore no structure
optimisation is needed. Instead, we introduced a vac-
uum space of 15A between adjacent MgX, (X=CI, Br, I)
layers to minimize the mirror interactions of the upper
and bottom layers, and placed a silicene layer on top of
the substrates at different distances. Finally, a Li ion
was placed in the interface at a distance from the MgX,
surface which, although arbitrary, was smaller than the
bond length between Li-Cl, Li-Br and Li-I for each case.

To start with, for the MgCl, and MgBr, substrates the
Li ion was placed at the hollow site, i.e., below the center
of a Si hexagon, while for the Mgl, the Li ion was placed
at the top site, i.e., below a Si atom belonging in the
upper of the two silicene levels. These are the positions
suggested by Zhu et al34.

For the calculation of the bond valence sums, we used
the command line form of the softBV software?3 and the
parameters available therein®®. Valid sites for the Li-ion
to occupy were considered those where the total valence
sum was within +0.2 valence units of Li’s natural oxida-
tion number (+1).

III. RESULTS

In Figure [I] we can see the considered structures for
the silicene with the substrates and the Li ion in the
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FIG. 1: The 2 x 2 x 1 supercell for the silicene with a)MgCl,

substrate, b)MgBr, substrate and ¢)Mgl, substrate, and a Li
ion (green sphere) in the interface. Left panels: Front view.
Right panels: Top view. Light brown spheres: Mg. Light
green spheres: Cl. Brown spheres: Br. Purple spheres: I.
Blue spheres: Si.

interface. The hollow and top sites described in Section

can also be seen. The interface is 3.4A .

For the case with a MgCl, substrate, the application
of the BVS method showed that the energetically most
favourable pathway for the Li-ion to migrate in the in-
terface is the hollow - top - hollow one, i.e., starting and
ending at a hollow site, with the transition state being
at a top site. The BV SE was 0.15eV. The pathways
and the BV SE are shown in Fig. [2] where we can see
that the BVS has calculated three equivalent pathways
energy-wise.

For the case with a MgBry substrate, the application
of the BVS method showed that the energetically most
favourable pathway for the Li-ion to migrate in the in-
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FIG. 2: Top panel: Top view of the 2 x 2 x 1 supercell for the
silicene with a MgCl, substrate and the Li conductive path-
ways (yellow surface) as calculated by the BVS method. The
arrow shows the direction of the migration. Bottom panel:
The BV SE. Light brown spheres: Mg. Light green spheres:
Cl. Blue spheres: Si.

terface is the hollow - top - hollow one, i.e., starting and
ending at a hollow site, with the transition state being
at a top site. The BV SE was 0.13eV. The pathways
and the BV SE are shown in Fig. [3| where we can see
that the BVS has calculated three equivalent pathways
energy-wise.

For the case with a Mgl, substrate, the application
of the BVS method showed that the energetically most
favourable pathway for the Li-ion to migrate in the in-
terface is the top - hollow - top one, i.e., starting and
ending at a top site, with the transition state being at a
hollow site. The BV SE was 0.12eV. The pathways and
the BV SE are shown in Fig. [d] where we can see that the
BVS has calculated two equivalent pathways energy-wise.

IV. DISCUSSION

Applying the BVS method we found that the most
conductive pathway for a Li ion in the interface between
silicene and MgCl, and MgBr, substrates is the hollow
- top - hollow one. This result is in agreement with the
one derived by Zhu et al®¥ who applied DFT to calculate
conductive pathways in the aforementioned materials and
state that they found a local energy minimum at the top
site. In addition, in the case of Mgl, substrate, BVS
showed that the top - hollow - top pathway is the most

0.15

BVSE (eV)

dle

hollow 10 15 20
Path coordinate

hollow _ top

FIG. 3: Top panel: Top view of the 2 x 2 x 1 supercell for the
silicene with a MgBr, substrate and the Li conductive path-
ways (yellow surface) as calculated by the BVS method. The
arrow shows the direction of the migration. Bottom panel:
The BV SE. Light brown spheres: Mg. Brown spheres: Br.
Blue spheres: Si.

favourable one, also in agreement with Zhu et al34,

Regarding the energy barriers for diffusion, BVS cal-
culated a BVSE of 0.15eV, 0.13eV and 0.12eV for
the cases with MgCl,, MgBry and Mgl, substrates re-
spectively. However, Li diffusion barriers using DFT
were calculated®® at 0.29eV, 0.16eV, 0.16eV respec-
tively. Therefore, there is an underestimation in the dif-
fusion barriers. However, it is important to note that
BVS preserved the trend regarding which material has
smaller diffusion barrier. Add to that the fact that en-
ergy difference errors can exist in DFT that can be of
the order of 0.2 V3537 and the assumption of BVS this
underestimation is logical.

The results presented above were extracted using a
3.4A interface. In order to see how the diffusion bar-
riers depend on the height of the interface, we repeated
the process discussed in Section [[I| for a 5A interface. In
this case, BVS calculated the exact same BV SE for all
substrates as with a 3.4A interface. This is expected,
because BV SFE calculations do not take under consider-
ation the existence of Si atoms since the BVS method
only cares about the cation - anion bonding between Li
and the Cl, Br, I of the substrates. We should note that
Zhu et al®4 applying geometry optimization with DFT,
found an interface of more than 3.2A .

Initially, we took the Li ion positions to be those sug-
gested in previous DFT studies®®. However, we also ex-
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FIG. 4: Top panel: Top view of the 2 x 2 x 1 supercell for the
silicene with a Mgl, substrate and the Li conductive pathways
(yellow surface) as calculated by the BVS method. The arrow
shows the direction of the migration. Bottom panel: The
BV SE. Light brown spheres: Mg. Purple spheres: 1. Blue
spheres: Si.

amined different initial positions, namely the top posi-
tions for the MgCl, and MgBr, substrates and the hol-
low position for the Mgl, substrate. BVS found the same
results as the ones reported in Section [[TI} adding valid-
ity to the fact that the method does not need the exact
crystal structure.

Surface calculations: Apart from examining the Li
ion diffusion in the interface, we also performed surface
calculations. To that end, we placed the Li ion above the
silicene layer. In this case the hollow position was now
above the center of a Si hexagon while the top position
was above a Si atom in the upper of the two silicene levels.
For small interface distances, the results were the exact
same as the ones in Section [[TI] This was expected as, as
we have already mentioned above, the BVS method does
not take under consideration the Si atoms, therefore it
does not care whether the silicene layer comes between
Li and the substrates.

However, for interface heights larger than the bond
length between Li-Cl, Li-Br and Li-I for each case of sub-

strates where there is no bonding between the Li ion and
the substrates, the BVS method calculated no surface
pathways. Therefore, BVS could be used to optimize the
interface height, with calculations taking a small fraction
of the computational cost of DFT or other computation-
ally intensive methods.

V. CONCLUSIONS

In the present paper, we studied the diffusion path-
ways and energy barriers for a Li-ion in the interface
between silicene and MgCl,, MgBr,; and Mgl, substrates
using the BVS method. We showed that BVS replicates
the results previously published using DFT with great
accuracy and time efficiency, while it is possible to avoid
geometry optimization with DFT completely. In partic-
ular, BVS finished the calculations within a few min-
utes, whereas DFT took approximately two days, while
the underestimation of the energy barrier of diffusion in
the BVS model was insignificant when taking under con-
sideration the 0.2eV error in DFT. In addition, surface
calculations showed that the BVS method can also be
used to roughly optimize the space between the silicene
layer and the substrates. Therefore, we conclude that the
BVS can be used to quickly find materials with low acti-
vation energies for ion diffusion, so that one can apply the
time-consuming DFT calculations only to the materials
needing detailed analysis.
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