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Materials exhibiting multiple stable phases can be used as functional components in electronic and optical
applications if the phase transition is controllable. Group-VI transition metal dichalcogenides (TMDs, MX2,
where M = Mo, W and X = S, Se) are known to undergo charge induced transitions from semiconducting H
phases to metallic T phases. This occurs, for example, when bulk TMDs are exfoliated with the aid of alkali
ion intercalants. However, it is difficult to experimentally decouple the effect of composition-dependent phase
transition barriers from indirect effects related to the exfoliation process. Here, using first-principles calculations,
we study the energetics of transition between the different structural polytypes of four group-VI TMDs upon
lithium adsorption. We find that both the activation barrier from the H phase to the metallic phase in charged
monolayers and the reverse barrier in neutral monolayers are required to explain experimental results. We show
that the high proportion of metallic phase found in WS2 monolayers after alkali treatment can be explained by
high transition barriers to revert back to the H phase once in a neutral state. The calculated barriers however
cannot explain the low proportion of metallic phase found in MoS2 monolayers in some experiments and so
nonelectronic effects must also play a role.

DOI: 10.1103/PhysRevB.100.075424

I. INTRODUCTION

Transition metal dichalcogenides (TMDs), comprised of
layered sheets of transition metal atoms sandwiched between
two layers of chalcogen atoms (MX2), are chemically versa-
tile, exhibiting a broad range of electronic properties from
insulating (ZrS2) to superconducting (NbSe2) [1]. As well
as by changing the composition, the conductivity of a TMD
can be modified by inducing a structural transition between
different polymorphs. Several such polymorphs exist, distin-
guished by the metal coordination of the chalcogen atoms. In
the semiconducting H phase, the chalcogen atoms are AA
stacked so that the metal atoms occupy alternate trigonal-
prismatic voids. The metallic T phase, on the other hand,
has a tetragonal symmetry, with the metal atoms occupying
octahedral voids between AB-stacked chalcogen atoms. This
particular phase can transform to a semimetallic distorted
octahedral phase, designated here as T ′. Recently, a further
mixed phase, designated T ′′, which can be viewed as a series
of alternating H and T ′ phases, was theoretically predicted to
be lower in energy than the T ′ phase for MoS2 [2].

The ability to induce a transition in MoS2 from its ground
state H phase to an octahedral phase via alkali metal intercala-
tion has been known since the 1980s [3]. This phase transition
was attributed to a transfer of charge from the intercalated
atom to the TMD, and more specifically to the d states of
the transition metal atom [4,5]. Indeed, the entire family of
group-VI TMDs, where M = Mo, W and X = S, Se, and
Te, can be manipulated to undergo phase transitions close
to ambient conditions [6]. This has been achieved using a
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variety of methods, including alkali metal adsorption [3,7–9],
the introduction of impurities or vacancies [10–12], elec-
tron or laser irradiation [11,13–17], and electrostatic gating
[18,19].

The electronic properties of a TMD are evidently strongly
dependent on its structural phase. In MoS2 the conductivity of
the T phase was found to be up to 107 times higher than that
of the semiconducting H phase [20]. The ability to reversibly
and reliably switch between these two phases would result in
applications as monolayer-thick field effect transistors [21],
gas sensors [22], and catalysts [23]. Such applications require
precise control over the phase transition process so that a
complete phase change to T ′ phase can be achieved and
maintained.

Liquid phase exfoliation, with the aid of alkali metal inter-
calation, is a common and effective way of isolating TMD
monolayers from the bulk on an industrial scale. In such
experiments, the alkali metal atoms are first intercalated into
the bulk TMD using an organolithium compound. The inter-
calated TMD is then solvated in a polar solvent. This results in
the discharging of the monolayers, the deintercalation of the
metal ion, and the exfoliation of individual monolayers from
the bulk materials. These layers are subsequently measured to
have both H and T phases present.

Of the group-VI TMDs, the phase transition in MoS2 has
been investigated in detail. Yet, compared to other group-VI
TMDs, the phase transition efficiency in MoS2 can be rela-
tively low: a comprehensive side-by-side comparison of the
experimental transition efficiency in four group-VI TMDs—
MoS2, MoSe2, WS2, and WSe2—found that WS2 exhib-
ited the largest increase in the proportion of the 1T phase
compared to the starting 2H phase (i.e., the 1T/2H ratio),
followed by MoSe2 and WSe2, and eventually MoS2 [24].
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While the exact ratios were subsequently found to depend
on the nature of the organolithium intercalant group used in
the experiment, the general trend remained: WX2 compounds
display a higher proportion of T phase compared to MoX2,
for both X = S and Se [25,26].

In these alkali metal induced exfoliation experiments, the
measured phase transition efficiency will depend not only
on the intrinsic composition-dependent free-energy barrier
between the different phases, but also on the composition-
dependent exfoliation efficiency of the chosen organolithium
intercalant. Experimentally, it is difficult to decouple these
two contributions. As ion-assisted liquid phase exfoliation
is the most suitable method of producing sufficient T phase
TMDs on an industrial scale, a complete understanding of the
mechanism is essential to maximize the amount of metallic
phase produced and to prevent a transition back to the H
phase.

Previous computational investigations of the phase tran-
sition barrier have concentrated on MoS2, looking primarily
at the threshold charge density required to induce the phase
transition. However, a disconcertingly wide range of values
have been reported, including 0.35 [27], 0.55 [2], 0.78 [28],
and almost 2e/f.u. [29]. The origin of this discrepancy is
discussed in detail in the Appendix.

Here, using first-principle calculations, we determine the
transition barriers between all possible polytypes of both the
pristine and Li-adsorbed group-IV TMDs, with the aim of
determining whether the composition dependence of experi-
mental transition efficiency in four group-VI TMDs can be
explained using the intrinsic barriers to the phase transitions
alone.

II. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations are per-
formed using the VASP-5.4 code [30–32]. The optB86b-vdW
exchange-correlation functional was used to account for long
range dispersion interactions [33,34]. This functional was pre-
viously shown to give accurate lattice parameters and energies
for layered materials [35,36]. All calculations are performed
with a cutoff energy of 500 eV for the plane wave basis set. A
� centered K-point grid of 11 × 7 × 1 is used to calculate the
total energy of the H and T ′ phases, while a 11 × 5 × 1 grid
is used for the T ′′ mixed phase.

The structures are relaxed until the force on each atom
is less than 0.01 eV/Å. The unit cell length in the direction
normal to the plane is fixed at 25 Å for H and T ′ phase
calculations, and 26 Å for T ′′ mixed phase calculations and all
transition state calculations. This corresponds to a minimum
vacuum of 18 Å between repeating monolayers and the dipole
corrections are applied.

The climbing image nudged elastic band (CI-NEB) method
is used to determine the transition barrier between two dif-
ferent phases [37,38]. This method involves a constrained
geometry optimization of a series of interpolated structures
between the two stable phases connected by springs with a
spring constant of 5 eV/Å2. The springs prevent the interpo-
lated structures from converging to the nearest stable phase.
All atoms in the transition state calculations are optimized so
that the force on each atom is less than 0.05 eV/Å.

H phase T' phase T'' phase

HT'

b

a

FIG. 1. Top and side view of the H , T ′, and T ′′ polytypes. The
orthorhombic cells of all three phases are shown as blue shaded
regions. Note that the T ′′ mixed phase can be viewed as alternating
T ′ and H phases. The blue circles indicate the possible candidate
sites for lithium adsorption.

III. RESULTS

A. Neutral monolayers

The crystal structures of the H , T ′, and T ′′ mixed phases
are shown in Fig. 1. The structural parameters determined
for all neutral monolayers (without adsorbed Li) are given in
Table I. The lattice constants are dictated by the chalcogen
atom, with MoS2 and WS2 having very similar values in all
three phases. Likewise, MoSe2 and WSe2 have almost identi-
cal lattice constants. These values are in good agreement with
the available experimental data [39–48] and with previous
calculations [49–52] in the literature. For the T ′ phase, the
calculated a lattice constant of 5.57 Å for MoS2 is consistent
with the experimentally observed length of 5.6 Å.

In agreement with previous DFT studies, we find the H
phase to be the ground state structure for all four materials
[11,19,28,29,53–55]. The total energy differences between
this phase and both the T ′ phase and the T ′′ mixed phase are
given in Fig. 2. We find that the energy difference between the
H phase and the T ′ phase is larger for the sulfides compared
to the selenides. It reduces from 0.57 eV for MoS2 to 0.35 eV
for MoSe2 and from 0.56 eV for WS2 to 0.29 eV for WSe2.
Similarly, the energy difference between the H phase and the
T ′′ mixed phase reduces from 0.49 eV for MoS2 to 0.35 eV
for MoSe2 and from 0.52 eV for WS2 to 0.35 eV for WSe2.
While the H phase is the ground state in all four cases, the T ′
phase is energetically more favorable than the T ′′ mixed phase
for WSe2 but the ordering is opposite for the MoS2 and WSe2

(the difference is negligible for MoSe2).
The activation barriers to induce a phase transition from

the H phase to the T ′ and T ′′ mixed phases, as calculated
with the CI-NEB method, for all four materials are also
shown in Fig. 2. In all cases, the energy barrier to transition

TABLE I. The lattice parameters a, b (in Å) of the H , the T ′, and
the T ′′ mixed phase of MoS2, MoSe2, WS2, and WSe2.

H T ′ T ′′

a b a b a b

MoS2 5.48 3.16 5.57 3.22 11.23 3.16
MoSe2 5.71 3.30 5.79 3.34 11.69 3.27
WS2 5.48 3.17 5.59 3.23 11.24 3.18
WSe2 5.71 3.30 5.81 3.35 11.69 3.28
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FIG. 2. The relative energy difference and transition barrier be-
tween the H phase, the T ′ phase, and the T ′′ mixed phase of
(a) MoS2, (b) MoSe2, (c) WS2, and (d) WSe2. Energies are referred
to that of the H phase for each material.

directly from the H phase to the T ′ phase is large, ranging
between 1.22 and 1.54 eV. In general, the barrier is smaller
for MSe2 than for MS2. The energy barrier to transition
from the H phase to the T ′′ mixed phase is smaller, ranging
between 0.64 and 1.01 eV. Again, the smallest values occur
for the MSe2 compounds. In all cases the energy barrier to
transition from the ground state H phase to the lowest-lying
T phase (namely, T ′′ for MoS2, MoSe2, and WS2, and T ′
for WSe2) lies between 0.64 and 1.22 eV. Evidently, the H
phase is very stable and will not convert to the T phase
spontaneously, in agreement with experiment. Note that the
transition from the T ′ phase to the T ′′ mixed phase requires
the conversion of only half of the lattice from the T ′ phase to
the H phase while keeping the other half fixed. Consequently,
the barrier to transition from the T ′ phase to the T ′′ mixed
phase is lower (by between 50% and 65%) than the barrier
to undergo the complete transition from T ′ phase to the
H phase.

The calculated barriers reported here are in units of eV
per formula unit (MX2) to facilitate comparison between four
materials and the total activation energy required for transition
will scale with the number of formula units which transition
simultaneously [17]. Note that the phase transition between
the H phase and the T phase was shown to be diffusive, rather
than a simultaneous phase transition of the entire monolayer.
As a result, the activation barrier per formula unit will be
modified by the exact details of the nucleation process.

B. Charged monolayers

Introducing extra charge to the TMD via an interaction
with explicitly modeled strong donor atoms bypasses issues
related to static charging (discussed in the Appendix). We
consider two different concentrations of Li atoms adsorbed
on the surface of the monolayers, namely Li0.5MX2 and
Li1MX2. The stability of the alkali metal-adsorbed monolayer
decreases at higher concentrations, and eventually becomes
unstable for Li1.5MX2, in agreement with experiment [56–58].

The adsorption sites were determined by calculating the
total energy of lithium adsorbed on all of the unique candidate
sites, shown as blue circles in Fig. 1. These sites include those
directly on top of the metal atom, on top of the chalcogen
atoms, and on the hollow site. In agreement with previous
calculations in the literature [59], we find that irrespective
of the material or phase the lowest energy adsorption site is
on top of the metal atom. (The preferred adsorption position
on the T ′ phase is shown with a dashed circle in Fig. 1.)
When increasing the Li concentration to LiMX2, the second Li
atom per unit cell adsorbs on the opposite surface, minimizing
the electrostatic interaction between the two Li atoms. This
configuration is 0.1 eV/f.u. lower in energy than that with
both Li atoms adsorbed on the same side of the monolayer.
For the case of the T ′′ mixed phase, the lithium atoms are
also positioned on top of the metal atoms. For Li0.5MX2, one
lithium atom is placed in the H phase region and another in
the T ′ phase region. For Li1MX2, the remaining lithium atoms
were placed on top the metal atoms on the opposite side of the
slab. The adsorption on opposite surfaces is consistent with a
uniform intercalation in the bulk material [16].

The extra charge introduced by the Li atoms causes an
expansion of the TMD lattice constants. These values are
given in Table II. A Li concentration of Li0.5MX2 increases
the lattice constants of the H phase by between 0.3% and
1.75% compared to the neutral lattice. Similarly, Li adsorption
increases the lattice constants of the T ′ phase by between

TABLE II. The lattice parameters a, b (in Å) of the H , the T ′, and the T ′′ mixed phase of Li0.5MX2 and LiMX2 in the orthorhombic unit cell.

Li0.5MX2 LiMX2

H T ′ T ′′ H T ′ T ′′

a b a b a b a b a b a b

MoS2 5.53 3.19 5.75 3.25 11.49 3.20 5.68 3.23 5.9 3.29 11.79 3.22
MoSe2 5.8 3.32 6. 3.37 11.95 3.34 5.98 3.36 6.12 3.46 12.2 3.38
WS2 5.51 3.18 5.74 3.26 11.47 3.19 5.98 3.36 5.88 3.27 11.72 3.19
WSe2 5.81 3.29 5.97 3.4 11.90 3.33 5.94 3.33 6.06 3.47 12.30 3.33
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FIG. 3. The relative energy difference and transition barrier
between the H phase and the T ′ phase of LixMoS2, LixMoSe2,
LixWS2, and LixWSe2 with x = 0 (dotted line), x = 0.5 (solid line),
and x = 1 (dashed line). The segments on the left (right) of the curves
indicate the barrier for transition from the H to T ′ (T ′ to H ) phase.
Energies are referred to that of the H phase of each material.

0.9% and 3.23%. Increasing the lithium concentration causes
the lattice to expand further, and the expansion is higher in the
selenides compared to the sulfides. Bader charge analysis [60]
finds that, for both concentrations considered here, each Li
atom donates approximately 0.82e/f.u. This value is indepen-
dent of the material type and phase, indicating that the nature
of the interaction is similar.

The energy differences between the different polytypes,
for all four compounds and for both Li concentrations, are
summarized in Fig. 3. The T ′ phase becomes the ground
state structure of all four Li-adsorbed TMDs. This is followed
by the H phase and finally the T ′′ mixed phase. This is
in agreement with previous studies on MoS2 which have
shown a phase transition to occur at a Li concentration of
Li0.4MoS2 [61], a K concentration of K0.225WSe2 [9], and a
Na concentration of Na0.375MoS2 [57].

The energy difference between both the T ′ and T ′′ mixed
phases compared to the H phase increases going down the
group from S to Se and also going from Mo to W for both
considered Li concentrations. On increasing the lithium con-
centration from Li0.5MX2 to Li1MX2, the energy difference
between the T ′′ mixed phase and the H phase decreases
slightly for the sulfides but increases for the selenides. In
contrast to our observation that the energy of the T ′′ mixed
phase increases with respect to the H phase, Ma et al. reported
a threshold of 0.4e per MoS2 to induce the transition from the
H phase to the T ′′ mixed phase [2]. This discrepancy could be
a consequence of the static charging method used in obtaining
those results.

These trends in stability can be explained by simple elec-
tron filling in the rigid band approximation [9]. For the H and
T ′′ mixed phases, excess electrons cause an increase in total
energy equal to the band gap. As the T ′ phase is semimetallic,
the next available energy level is at the Fermi level, and so this
phase becomes lower in energy.

The barriers for the H to T ′ phase transition in the charged
monolayers are also shown in Fig. 3. In all cases, the barrier
for the phase transition decreases due to lithium adsorption.
The maximum barrier for the transition from the H phase
to the T ′ phase is found for MoS2 at a value of 0.96 eV

TABLE III. Adsorption energy Eads of lithium on the H and T ′

TMD phases (eV per unit MX2).

Li0.5MX2 LiMX2

EH
ads ET ′

ads EH
ads ET ′

ads

MoS2 −0.97 −1.64 −2.51 −3.24
MoSe2 −0.99 −1.41 −2.36 −2.89
WS2 −0.85 −1.58 −2.26 −2.98
WSe2 −1.03 −1.38 −2.16 −2.70

for Li0.5MoS2 and 0.57 eV for Li0.5MoS2. The minimum
transition barrier from the H phase to the T ′ phase is found
for WSe2 with a barrier of 0.62 eV for Li0.5WSe2 and 0.24 eV
for Li1WSe2. WS2 has the second highest barrier, at a value
of 0.55 eV for the Li1WS2 structure, while MoSe2 has a
barrier of 0.42 eV at the same Li concentration. In all cases,
the barrier to transition does not decrease to zero. As such, the
transition cannot be spontaneous and an energy equal to the
barrier height needs to be provided to induce the transition.

IV. DISCUSSION

Li adsorption is an exothermic process. The adsorption
energies, defined as Eads = ELixMX2 − EMX2 − xELi where
ELixMX2 is the total energy of the Li adsorbed structure, EMX2

is the total energy of the pristine monolayer, ELi is the energy
of an isolated Li atom and x refers to the Li concentration,
for all four materials are given in Table III. The Li adsorption
energy is higher for T ′ phase as compared to the H phase.
For Li0.5MX2, the adsorption energy is largest for WSe2 at
−1.03 eV followed by MoSe2 and MoS2 at −0.99 and −0.97
eV/f.u., respectively, and smallest for WS2 at −0.85 eV/f.u.
This energy is comparable to the energy barrier to the phase
transition at this Li concentration. For Li1MX2, the adsorption
energy per MX2 approximately doubles, to at least 2.5 times
the energy barrier. If some of this energy is used to overcome
the barrier to the transition, Li adsorption may be sufficient
to make the process spontaneous. Furthermore, given that
the rate of transition decreases exponentially with activation
energy (as per the Arrhenius equation), we can conclude that,
for a given X, WX2 will transition at a slightly higher rate
than MoX2. Likewise, for a given M, MSe2 will transition at
a higher rate than MS2.

This is contradictory to the observation of a higher per-
centage of T ′ phase found for WS2 compared to MoSe2 and
WSe2. To explain this, we must also consider the fact that in
order to measure the T/H ratio experimentally, the exfoliated
monolayers are washed with deionized water and dried in
vacuum. In this process the Li ions desorb and the mono-
layers revert to their neutral state. They are prevented from
transitioning immediately back to the ground-state H phase
by an energy barrier. This is supported by the observation of
the M4+ oxidation state in x-ray photoelectron spectra (XPS)
[24,25,57].

The barriers for the reverse transition from the neutral
T ′ phase to the neutral H phase, shown in Fig. 2, are now
relevant. For all materials, the barrier to return directly to
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the H phase is prohibitively high, ranging between 0.90 and
0.99 eV. Instead, the barrier to transition to a mixed T ′′
type phase is significantly lower, ranging between 0.39 and
0.48 eV. Experimental evidence for such an indirect transition
from the T ′ phase back to the H phase for MoS2 via a mixed
T ′′ mixed phase can be found: By fitting the rate equation to
in situ Raman measurements, the barrier to transform from the
metastable metallic phase to the ground state was found to be
400 meV [17]. This barrier value is consistent with the cal-
culated barrier to transition from the T ′′ mixed phase to the
H phase of 450 meV calculated here (cf. Fig. 2), whereas the
barrier to transition from the T ′ phase back to the H phase
directly is 970 meV. This suggests that the transition from
the T ′ phase to the H phase occurs in two steps for this
material, via the T ′′ mixed phase.

The barrier to transition from the T ′′ mixed phase to the
H phase is smallest for the two selenium compounds at 0.23
and 0.27 eV for MoSe2 and WSe2, respectively. The barrier
for WS2 is twice as high, at 0.49 eV. The significance of this
difference in barrier for WS2 and WSe2 can be determined by
calculating the exponential factor of the Arrhenius equation
at room temperature (kBT = 25.7 meV). This is of the order
of 5 × 10−9 for WS2, whereas it is of the order of 1 × 10−4

for WSe2. This rate difference is significant and its effects
should be experimentally observable. This can explain the
significant difference between the percentage of T ′ phase
observed in WS2 compared to both MoSe2 and WSe2 [24].
However, the calculated activation barriers cannot explain the
low 1T/2H ratio found in exfoliated MoS2. This discrepancy
could be due to nonelectronic effects, such as a poor exfo-
liation efficiency in certain organometallic compounds, edge
effects related to the change in lateral size of the exfoliated
monolayers, the presence of defects, or the oxidation of the
exfoliated layers. Another possibility is that the simplified
phase transition mechanism considered here does not consider
the full nucleation process.

Finally, we note that the T ′′ mixed phase comprises of
alternating H and T ′ phases, each a unit cell thick, as illus-
trated in Fig. 1. However, this phase can be viewed as just
one example of a family of mixed T ′ and H phase structures.
By changing the T ′:H ratio in MoS2 from 1:1 for the T ′′
structure to 2:1, the total energy difference between it and
the H phase increases from 0.49 to 0.51 eV. By increasing
the ratio further to 3:1, the energy difference increases further
to 0.52 eV. Clearly the total energy of MoS2 is strongly
dependent upon the fraction of H phase. The energy of all
such families of confined structures will be higher than that
of the H phase but lower than that of the T ′ phase. The exact
composition of such confined structures will be dependent on
the available energy and the TMD flake size and shape and
are not confined to the idealized one-dimensional structures
discussed here. Experimentally, the boundary between the
H phase and T ′ phase areas are observed to be atomically
sharp, as in the T ′′ mixed phase. This boundary evolves
over time via a transversal displacement of one of the S
planes [13,62] leading to the complete phase transition of
the flake. The observed partial phases, with mixed metal-
lic (T ′) and insulating (H) regions, can be understood as
intermediate stable structures which have lower barriers of
transition.

V. CONCLUSION

Group-VI TMDs are known to undergo structural phase
transitions from a semiconducting H phase to a metallic T
phase when subjected to alkali metal assisted exfoliation.
The efficiency of this process is strongly dependent on the
chemical composition of the material. We show that the
ratio of T ′ to H phase is maximized if the charge-induced
transition from the H phase to the T ′ phase is favorable and
the reverse transition upon removal of charge is unfavorable.
For example, the high proportion of T phase found in WS2

monolayers after alkali treatment can be explained by a high
barrier to revert back to the H phase after the initial phase
transition has been induced. While charged MSe2 materials
have the lowest energy barriers to the phase transition, the
barriers to revert back to the H phase are also low. This can
explain the relatively low content of metallic phase found in
MoSe2 and WSe2 after exfoliation. Finally, the low proportion
of metallic phase found in MoS2 monolayers in some experi-
ments cannot be explained using the activation barriers alone
and so nonelectronic effects, such as a differing exfoliation
efficiency or differing levels of monolayer oxidation, must
also contribute to the outcome.
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APPENDIX: IMPLICIT CHARGING

We highlight here some issues related to statically charging
monolayers or slabs in DFT with periodic boundary condi-
tions, as it is to these issues that we attribute the wide range of
values reported in the literature for the critical charge required
to induce a structural phase transition in TMDs.

For the case of isolated charged slabs, such as the TMD
monolayers considered here, the electric field due to the
extra uniform charge density is constant and should result
in a potential that varies linearly with distance from the
surface of the slab. When periodic boundary conditions are
implemented, this linear potential is replaced by the combined
effective potential due to the consecutive periodic images. The
quantities relating to the isolated slabs can be recovered from
these periodic calculations by applying a correction term to
the effective potential and total energy. The exact functional
form of this potential is discussed in detail by Andreussi et al.
[63]. As discussed in the manual for VASP (in the section
Monopole, Dipole and Quadrupole corrections) the leading
term of this correction, which cancels the interaction of the
linear potential with the background compensating charge, is
absent. As a result, the total energy is essentially incorrect and
cannot be relied upon.

Furthermore, we find that above a certain critical charge,
positive eigenvalues are occupied. This was previously shown
to occur for atomic anions and can be attributed to the self-
interaction error [64].
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FIG. 4. (a) Planar average of the charge density across the TMD
monolayers showing charge leakage into the vacuum region for
typical values of excess charge. The positions of the chalcogen atoms
are marked by black dashed lines. (b) The energy difference between
the T ′ and the H phase of MoS2 as a function of excess static charge
for two different vacuum thickness, compared to the values found by
explicitly charging the slab using Li atoms.

Finally, Topsakal et al. showed that, when the basis set is
present in the vacuum region, excess negative charge does
not stay on the slab but spills over in the vacuum, beyond a
critical value which depends on the vacuum thickness [65].
This phenomenon is demonstrated in Fig. 4(a) for the H phase
of MoS2 with a vacuum length of 25 Å perpendicular to the
surface of the slab and was previously shown for graphene
[66]. The excess charge density added is placed in the vacuum
and on the outer faces of the monolayer rather than on the d
orbital of the metal atom.

To illustrate how these issues affect the determination
of the critical charge required to induce a structural phase
transition, we show in Fig. 4(b) the total energy difference
between the H and the T ′ phase of MoS2 as a function of
excess charge, and for two different vacuum lengths. All three
sources of error are now present, namely charge has spilled
into the vacuum (above a certain critical excess charge value),
the appropriate monopole correction is absent and positive
eigenvalues are occupied. We find that the vacuum length of
15 Å (blue squares) shows a phase transition for excess charge
of around 0.5e/f.u. On increasing the vacuum length to 25 Å
(orange circles) no such transition is observed.

Clearly it is not possible to get physically meaningful
results using statically charged slabs combined with periodic
boundary conditions using the current implementation of VASP

(V5.4.1). A similar erroneous dependence on the vacuum
length was also reported by Bal et al. for adsorbed molecules
on charged surfaces, further highlighting the irreproducibility
of such results [67]. These problems can be mitigated by
applying correct boundary conditions when calculating the
Hartree potential [68–72].
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