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Effect of spin polarization and supercell size on specific energy
and electronic structure of MoS, edge calculated
by DFT method in the plane-wave basis
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Theeffect of supercell sizeintheribbon model of molybdenum
disulfide edge on the cell electronic structure and specific
energy was investigated, with and without spin polarization.
The differences found were discussed in terms of electron
count. Diagnostic criteriafor the model applicability and the
effect of opposite edge were discussed.

Optimal cell size determines correct calculation result for its electronic structure
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MoS, derived systems are crucial catalysts of key processes in
modern oil refining.! They are used in the alcohol synthesis? from
syngas and in various hydrogenation processes.>® Numerous
computational studies of the active centers of these systems focus
on the structure and properties of the edge of molybdenum
sulfide.512 Also, various layered dichalcogenides are being
studied in solid state physics and materials science as promising
semiconductors.13-15 Many studies are devoted, in particular, to
the properties of the edge of a monolayer of molybdenum
disulfide.'6-18

For molybdenum disulfide, it is common to utilize the periodic
ribbon model having a width of 4 rows of metal atoms with an
idealized ‘back’ edge and two fixed ‘rear’ rows of metal and sulfur
atoms (after this, the conventional model, Figure 1). Cells with
four metal atoms along the edge are used most frequently. The
edges are always metallic in the models having a periodicity of 4
or 2 metal atoms along the edge. However, there are assumptions
that the edges are non-metallic, which is reproduced in models
with a period x3.1° This discrepancy is a potential source of error.
The width of a ribbon of four rows of Mo atoms is considered
sufficient to exclude the interaction of the ribbon edges. A number
of fundamental computational studies have been carried out on
this model,2%2! including those over the past few years.”22

Bulk MoS, is diamagnetic. Only a limited propagation of the
spin density from point substitutional defects in molybdenum
disulfide?® is observed. Similarly, the edge states are strongly
localized.?* Therefore, plotting the spin density penetration from
the magnetic edge is a convenient tool for monitoring the
perturbation of the electronic structure of the unperturbed
diamagnetic molybdenum disulfide layer. Counting electrons on
the edge molybdenum atom gives a fractional number of 1/3. In
some calculation setups, this leads to artifacts.!® In particular,
electron density transfer between edge atoms or even between
edges is possible as long as this allows to avoid fractional
population of edge states.

The first aim of this work was to verify the scalability of the
conventional ribbon model of the molybdenum disulfide edge
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and, if the scalability is imperfect, to find the optimal cell size. In
particular, it is necessary to eliminate the inconsistency between
the commonly used x4 supercells and proposals to use the x3
supercell for electron count reasons. The second aim was to
evaluate the error introduced by the interaction of the edges and
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Figure 1 Supercell models used to calculate (a) the M edge and (b) the S
edge. Mo and S atoms, differing in color in the upper and lower halves of the
cells, are in relaxed and fixed positions, respectively. Additional hydrogen
atoms are used to modify the ‘back’ edge.
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to try to change the ‘back’ edge (namely, the opposite to the
simulated one) in order to reduce its impact on the overall model.
The third aim was to assess the importance of spin polarization
for calculating the electronic structure of molybdenum disulfide.
For this purpose, we calculated the specific energies of model
supercells and constructed maps of the electron and spin density
in the crystallite plane. We performed calculations without spin
polarization with one k-point in the gamma position, similar
calculations with spin polarization and calculations with spin
polarization and a proportional number of k-points. We
constructed a reference electron density for analysis of electron
density distribution, averaging the density of x2 and x3 supercells
between themselves and by x1 shifts along the ribbon.

A computationally simple calculation with a gamma point
without spin polarization is also the least accurate. There are
significant differences in the specific energy of cells of different
sizes for all models (Figure 2). In all cases, the specific energy of
the x2 cell is much higher than that of cells with other periods.

The electron density in the conventional x2 model is reduced
on all metal atoms except for the modeled M edge atoms and is
increased compared to the reference density in the x3 model
(Figure S1). In the x4 and x6 models, the electron density on
metal atoms in rows 2 and 3 is reduced, whereas a more likely
polarization is observed at the ‘back’ edge (row 4). The electron
density polarization pattern at the M edge is similar for the
x3-x6 pair, while the x2 and x4 models have their own patterns
that differ from both x3—x6 and each other. Polarization patterns
at the ‘back’ edge are different for all models, but the x4/x6 pairs
are the closest to each other. The x4 model has the lowest specific
energy.

Presumably, the reason for such different distributions outside
the boundaries of the simulated edge is a significant difference
between the states of molybdenum and sulfur atoms at the ‘back’
edge from that characteristic of molybdenum. The difference is
due to the high oxidation state of the molybdenum atoms at the
100% sulfided S edge and the low oxidation level where the 0%
sulfided M edge has a low coordination number. This supercell
model can be adjusted by modifying the ‘back’ edge with
hydrogen. After such modification, the spread in edge energy
between the cells increased (see Figure 2), while the difference
in the electron density distribution remained essentially
unchanged (Figure S2). This result means that such modification
did not improve the quality of the model without spin polarization
with gamma point.

The situation is different for the S edge. On the electron
density difference map for the conventional model (Figure S3),
reconstruction with the x2 period occurs on the simulated S edge
in the x2 and x4 cells; the reconstruction with the x2 period in
the x6 cell and the reconstruction with the x1 period in the x3
cell are notably different. The electron density distribution at the
‘back’ edge is different for all cases. There is no scaling in either
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Figure 2 Specific energy (eV) of the model supercells per one crystal cell
period, calculated for (a) the M edge and (b) the S edge without spin
polarization with one k-point in the gamma position. The arrangement of
atoms is shown in Figure 1.

a x2—x4—x6 row or a x3—x6 row. The modification of the ‘back’
M edge with hydrogen (Figure S4) worsened the situation: the
energy spread between the models increased, and reconstruction
with the x6 period appeared at the S edge in the x6 cell.

Thus, the calculation in the diamagnetic gamma point
approximation demonstrates unsatisfactory scaling of the M and
S edges. This result may be due to an altered state of the edges
caused by a change in the direction and degree of ribbon
polarization. In this case, modifying the ‘back’ edge with
hydrogen does not change the situation.

The first upgrade to the cheapest calculation is using the
gamma point with spin polarization. The obtained specific
energy data are presented in Figure 3. In the conventional model
for both the M edge and S edge, the x2 cell appears to be
significantly higher in energy than the others. In the case of the
M edge, the x4 cell has the lowest energy, which contradicts the
original expectations based on electron counting. For the S edge,
the x2, x3 and x4 models demonstrate, at first glance, a
reasonably consistent specific energy value.

As seen on the electron density difference map for the
conventional M edge model (Figure S5), the middle of the
crystallite is electron-deficient for the x2 cell and is enriched for
the rest of the cells. A pronounced redistribution of the electron
density with a period consistent with the model period is
observed at the M edge in the cases of x3, x4 and x6 cells. For
x4 and x6 models, strong metal polarization at the ‘back’ S edge
is in place. Surprisingly, the found energy of the x6 cell was
higher than that of x3 and x4 cells. This result is probably due to
a different spin density distribution in the model (Figure S6).

For electron counting reasons, the energies of x3 and x6 cells
should be lower than those of x2 and x4 cells, which contradicts
the pattern observed for the conventional M edge model.
However, for the model with the hydrogen-modified ‘back’ S
edge, x6 and x3 cells are dramatically (by ~3 eV!) less in energy
than x2 and x4 cells. This result is in complete agreement with
the electron count. This model also has a rather complex pattern
of electron density differences at the M edge, consistent with the
cell period (Figure S7). The slightly higher energy of the x6 cell
compared to the x3 cell can be explained by the complete
absence of magnetism at the ‘back’ S edge in other models
(Figure S8). Note that extraneous magnetism not associated with
the modeled edge is the source of error.

Significantly different reconstructions in different supercells
are observed on the map of the difference between the electron
density and the reference density (Figure S9) for the conventional
S edge model. The simulated edge in the x6 model combines
reconstruction elements for x3 (electron-deficient S edge) and
x4 (reconstruction with the period of x2) models, although there
are no other similar elements on these maps. This combination is
especially noticeable on the spin polarization map (Figure S10).
The map clearly shows significant spin density in the middle of
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Figure 3 Specific energy (eV) of the model supercells per one crystal cell
period, calculated for (a) the M edge and (b) the S edge with spin polarization
and one k-point in the gamma position. The arrangement of atoms is shown
in Figure 1.

- 533 -



Mendeleev Commun., 2021, 31, 532-535

the ribbon for the x6 model, indicating edge interaction.
Modification of the ‘back’ M edge with hydrogen led to an
almost perfect scaling in energy of the x2 and x4 cells and the x6
cell, which lies much lower in energy. However, the spin density
map still shows significant spin density in the middle of the
ribbon for the x6 model, while the spin density in the middle of
the ribbon is minimal in other models.

Calculations with the gamma point performed with spin
polarization indicate a large difference between the specific
energies of the edges in models with different supercell sizes.
The dependence of the specific energy of a cell on its size with
allowance for spin polarization significantly differed from that
without spin polarization. Consequently, spin polarization can
dramatically affect the calculated energy of the model and should
be taken into account when calculating catalytic systems based
on molybdenum disulfide. In addition, the ribbon model of
molybdenum disulfide with a width of four rows of metal atoms
may not be wide enough to isolate the edges, the interaction of
which can be observed from the contact of the spin density
associated with these edges (Figures S10 and S12).

Increasing the cell size in real space increases the density of
the integration grid in the phase space proportionally. For correct
comparison of cells of different sizes, the product of the number
of k-points along the coordinate axis by the cell size along the axis
should be the same (see Online Supplementary Materials).
Moreover, since each k-point represents a separate electron wave,
given their number, the effective number of electrons at the edge
may be an integer, even if counting electrons directly gives a
fractional number. In the last series of calculations with spin
polarization in the same supercells, k-points were used, the
number of which in the direction along the edge was inversely
proportional to the cell size: 6, 4, 3 and 2 for the x2, x3, x4 and x6
cells, respectively. The product of the number of periods and the
number of k-points remained unchanged. The integration grid in
real and phase space had the same density for all investigated
supercells. The conventional models of both the M edge and S
edge had pairs of structures with similar energies but noticeable
differences in the electronic structure. In particular, the energies
of the x2 and x6 models for the M edge are close in magnitude;
however, there are both significant deviations in the electron
density map (Figure S13) and slight differences in the spin
polarization pattern (Figure S14). These data mean that in this
case, energy scalability by itself is not a sign of model scalability.

For the common M edge model, the minimum energy is found
in the x4 model, in which a characteristic reconstruction of the
M edge with splitting molybdenum atoms into three types is
observed. Since this reconstruction has the x4 period, it cannot
form in other supercells under study. Modifying the ‘back’ S
edge with hydrogen does not fundamentally change the situation;
the x4 cell still has minimum energy. However, in contrast to the
model with the unmodified ‘back’ S edge, a significant spin
density is found on one of four atoms at the M edge in the x4 cell
and only on it in the case of the complete absence of spin
polarization in other supercells (Figure S16). Regretfully, this
casts doubt on the model with the hydrogen-modified ‘back’
edge since catalysts based on MoS, exhibit notable
paramagnetism. In this case, no low-energy model with a period
divisible by three was found. Apparently, the use of the number
of k-points, which is a multiple of 3m, for the x2 and x4 models
made it possible to create an effectively “fractional’ number of
electrons at the edge, since the calculated structure was an
averaging of three waves corresponding to different k-points.

For the S edge in the conventional model in x2—x4 and x3-x6
pairs (Figure S17), the electron density pattern is approximately
repeated, and the energies of the models differ slightly (Figure 4).
The edge state in the X6 model is approximately average between
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Figure 4 Specific energy (eV) of the model supercells per one crystal cell
period, calculated for (a) the M edge and (b) the S edge with spin polarization
and a proportional number of k-points. The arrangement of atoms is shown
in Figure 1.

those in the x3 and x4 models but does not repeat any of them.
The difference in spin distribution between x2 and x4 cells does
not lead to an essential difference in energy. ‘Back’ edge
modification with hydrogen results in the transition of the x6
model into a state with model edge reconstruction with the x6
period along the edge, which is accompanied by strong electric
polarization of the *back’ edge (Figure S17). Moreover, only in
this model, the spin density appears to be practically zero in the
entire model (Figure S18). When using a proportional number of
k-points, the ideal scalability of the MoS, catalyst ribbon model
is not guaranteed. Besides, the modification of the ‘back’ edge
with hydrogen can significantly reduce the perturbation of the
electronic structure generated by this edge.

In conclusion, we found models that are close in specific
energy but significantly different in electronic structure. Further,
both the absolute and relative ordering of the specific energy of
model supercells of different sizes turned out to be sensitive to
spin polarization, modification of the structure of the “back’ edge
and the use of a proportional number of k-points. In particular,
calculations using a gamma point at the M edge with hydrogen-
modified *back’ edge showed that a fractional specific number of
electrons at the edge could cause a difference in specific energies,
amounted to a few electronvolts, between models of the
calculated edge with different supercell sizes. Therefore, special
attention should be paid to electron counting in calculations with
the gamma point in the MoS, ribbon model. We also propose to
ensure that there is no edge interaction, particularly the electron
density perturbation generated by the modeled and ‘back’ edges,
which should be isolated from each other. The use of a ribbon
with four rows of molybdenum atoms is usually, but not always,
enough to prevent contact between the zones of influence of the
ribbon edges, preventing them from interacting.
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