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Strain-induced high Chern number topological insulator state
in Fe- or V-decorated MoS2 monolayers
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The electronic structure and topological state of an MoS2 monolayer decorated by iron or vanadium adatoms is
investigated by first-principles calculations. It is shown that several Chern insulator phases occur in these samples
in the presence of external strain or electric field. In particular, Chern number C = 2 is achieved by applying 6%
biaxial tensile strain on the V-decorated MoS2 monolayer or 10% on the Fe-decorated one. On the other hand,
the intrinsic C = 1 phase of the iron system is switched to the normal insulator phase under an electric field of
0.8 V/Å, while the vanadium system with intrinsic C = −1 state adopts a C = 1 state if the electric field reaches
0.7 V/Å. The induced band inversion may coincide with an abrupt increase of magnetization and a simultaneous
change in the adatom adsorption height, or a magnetization decrement without displacement of the adatom. Our
findings suggest that applying an in-plane biaxial tensile strain is a promising direction to search high Chern
number states.
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I. INTRODUCTION

In the presence of a strong external magnetic field, the
Hall conductance of a two-dimensional (2D) electron system
would take on an integer [1] or a fractional [2] multiple of con-
ductance quantum e2/h, where e and h denote the elementary
charge and Planck constant, respectively. On the other hand,
the quantum anomalous Hall (QAH) effect originates from
the intrinsic magnetization of the sample [3] with no need of
external strong magnetic fields. The QAH effect was realized
first in magnetically doped thin film topological insulators
[4] but then also in three-dimensional samples [5]. The QAH
phase exhibits the essential physics of the quantum Hall effect
including robust dissipationless quantized conducting edge
states. This phase is identified by a nonzero Chern number
C due to the broken time reversal symmetry in the occupied
bands [6,7]. QAH is known also as the Chern insulator state in
comparison to the normal insulator (C = 0) phase. A nonzero
quantum Hall conductivity σxy = C(e2/h), namely the exis-
tence of the edge states, leads to interesting electronic and
magnetoelectric effects and applications [8].

Early experiments on, e.g., a thin slab of (Bi, Sb)2Te3

doped with Cr atoms [4] were restricted to the C = ±1 phase.
From a practical point of view, however, a high Chern number
phase enjoys a greater number of dissipationless chiral edge
modes to carry low-noise current at the system boundary and
finds application in, e.g., multichannel quantum computing
[9]. Moreover, the normal electric resistance when connecting
the device to the ordinary metal electrodes can be reduced by
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increasing the number of edge modes, i.e., C [10]. Therefore,
searching for simples routes to achieve high-C QAH phases,
as exemplified in the following, is of great interest. In the
Haldane model for a 2D system [11], introducing electron
hopping beyond the next-nearest neighbors increases the num-
ber of Dirac points and thus C [12–16]. Simulations with
electric circuits promise the possibility of achieving arbitrarily
large Chern number by including more long-range couplings
[17]. The observation of a C = 2 quantum Hall effect without
Landau levels and C = 1 Chern insulator state with nearly
quantized Hall resistance plateau above the Néel temperature
in MnBi2Te4 devices provided a new perspective on topolog-
ical matter and opened up new avenues for the exploration
of exotic topological quantum states and topological phase
transitions at higher temperatures [18]. A QAH state with
C = ±2 was predicted for CrO2/TiO2 [19] and VO2/TiO2

[20] heterostructures. Multilayer structures consisting of alter-
nating magnetically doped and undoped topological insulator
layers [21,22] or normal insulator layers [23] are also shown
to lead to high-C phases. Tight-binding modeling predicts
a tunable-C QAH effect by doping a topological insulator
film with magnetic elements [24] where dopant concentra-
tion and film thickness serve as tuning parameters [25]. Ab
initio calculations followed by experimental realization of
an intrinsic antiferromagnetic topological insulator make a
high-temperature QAH effect accessible [26]. Intercalating
hBN sheets between the van der Waals layers of magnetic
MnBi2Te4 is shown to lead to a high-C QAH state where C
equals the number of the stacked magnetic layers [10]. Finally,
the Chern number can be tuned via the arrangement of the
layers in the twisted double bilayer graphene system so that
C = 4 and 2 can be generated in the AB-AB and AB-BA
stacking, respectively, if the valley splitting is significant and
large enough to open a gap at half filling of the first conduction
band [27].
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On the other hand, scalar relativistic effects and lattice
distortion have been shown to play a central role in band
inversion, suggesting that searching for topological insulators
could be focused also on these two mechanisms besides the
band splitting due to the spin-orbit coupling (SOC) [28]. For
example, ab initio calculations with considering SOC and
Hubbard interactions predict a Chern insulator phase without
band inversion for the MoS2 monolayers on which V or Fe
adatoms are adsorbed [29]. We take these two test cases to
explore nontrivial topological properties when the layer is ex-
posed to an external electric field or strain. A normal-to-plane
electric field is shown to lead to band inversion while the
Chern number remains 1 or becomes zero. We further show
that a biaxial tensile strain results in a C = 2 phase due to band
inversion in the two model systems. Applying an in-plane
strain is a common practical method to induce band inversion
in 2D systems [28,30].

The rest of this paper is structured as follows. We first
introduce the model system and the computational techniques.
The results are then presented in Sec. III and discussed in
Sec. IV, followed by drawing our conclusions in Sec. V.

II. COMPUTATIONAL MODEL AND METHODS

Electronic structure calculations are performed within the
framework of the density functional theory (DFT) [31,32].
Core electrons are treated with the projector augmented wave
(PAW) [33] method while valance and semicore electrons
(4p6 4d5 5s1 for Mo, 2s2 4p4 for S, 3p6 3d4 4s1 for V, and
3d7 4s1 for Fe) are considered explicitly when expanding the
wave function in terms of a basis set of plane waves up to
an energy cutoff of 400 eV. The exchange-correlation func-
tional within the Perdew-Burke-Ernzerhof (PBE) [34] form of
the generalized gradient approximation (GGA) is used. The
on-site Coulomb correction [35,36] is considered with Hub-
bard and exchange parameters U = 3.0 eV and J = 0.9 eV
adapted from a previous study on the same systems [29]. The
partial density of states (PDOS) is determined from collinear
calculations where the magnetization is limited to up- and
down-spin states. All other calculations are noncollinear in
which SOC is taken into account for the Fe and V atoms.

As depicted in Fig. 1, a 3 × 3 supercell with the experi-
mental lattice constant 3.16 Å [37] is employed to model the
adsorption of transition metal (TM) atoms on the MoS2 mono-
layer. We assume that the interaction between the adatom
and its periodic images is negligible due to the large dis-
tance between two TM adatoms in adjacent supercells (∼10
Å) and the height of the interlayer vacuum region (18 Å).
Momentum space is sampled on an 8 × 8 × 1 mesh using the
Monkhorst-Pack method. A biaxial tensile strain is applied
as a homogeneous in-plane expansion of the layer. When an
external electric field is applied normal to the layer plane, a
compensating dipole sheet is included according to the so-
called dipole correction method [38]. Structural relaxation is
iterated until the force on every atom becomes smaller than
0.01 eV/Å. The total energy convergence criterion is set to
10−5 eV.

We characterize the topological properties of the 2D sam-
ples by the gauge-invariant Berry curvature in the momentum
space, �z(k). To this aim, we employ the VASPBERRY code

FIG. 1. Top and side views of Fe or V adatoms (yellow spheres)
in their energetically most favorable adsorption configuration on the
MoS2 monolayer. The S and Mo atoms are represented by black and
red spheres, respectively. The 3 × 3 supercell used in our calculations
is indicated by dashed lines.

[39,40] which implements the Fukui method [41] to treat
the Kubo formalism [42] for a discretized 2D system. The
DFT computation output, including the self-consistent Bloch
eigenfunctions ψnk on the discretized Brillouin zone (BZ) and
the corresponding occupancies fnk and eigenenergies εnk, is
used in this postprocessing step. The Berry curvature of band
n is expressed in terms of off-diagonal elements of the velocity
matrix in the basis of the Bloch eigenfunctions,

�z
n(k) = −2Im

∑
m �=n

〈ψnk|vx|ψmk〉〈ψmk|vy|ψnk〉
(εmk − εnk )2

. (1)

The sum runs over all (occupied and unoccupied) states m but
is practically dominated by a few states with energies close
to εnk. Therefore, high peaks of Berry curvature are expected
to appear over the kx-ky space at the same points where small
gaps are opened by, e.g., SOC. Finally, integrating the band
Berry curvatures over the 2D BZ and summing over all the
bands up to some given band energy E , one calculates the
Chern number as

C(E ) = 1

2π

∑
n

(εnk�E )

∫
BZ

fnk�
z
n(k) d2k. (2)

III. RESULTS

To find the adsorption site of the adatoms on the MoS2

monolayer, we relaxed the complex structure starting from
several initial-guess positions close to the four symmetric
configurations where the TM atom sits on top of the Mo or
S atom or on the middle of the Mo-S bridge, or the cen-
ter of the hexagonal hollow. The Mo-top site (see Fig. 1)
turned out to be the energetically most favorable configuration
of both iron and vanadium-decorated layers, in agreement
with previous reports [29,43]. A systematic investigation
of stability of these structures requires molecular dynam-
ics simulations at finite temperature or analyzing phonon
dispersion. Here we only look at the adsorption energy,
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Eads = EMoS2 + ETM − ETM/MoS2 , which shows how favorable
the adsorption is. Note that if Eads > 0 then dissociation of
the adsorbed adatom from the layer costs some energy Eads,
indicating a favorable conformation. In the absence of exter-
nal electric field or strain, the adsorption energy of Fe and
V atoms on the Mo site turns out to be 1.03 and 1.14 eV,
respectively, based on our DFT calculations. Without Hub-
bard correction included, however, larger adsorption energies
were reported (2.30–2.43 eV and 2.46–2.60 eV for the Fe
and V system, respectively) [29,43]. It is evident that on-site
Coulomb repulsion reduces the binding tendency, although
adsorption of the TM atoms on the MoS2 layer is still fa-
vorable. Furthermore, the TM-decorated monolayers are both
(i) magnetic with a dipole moment of 2 µB per Fe atom and
5 µB per V atom, and (ii) Chern insulators with C = 1 and
−1, respectively. Compared to the magnetic dipole moment
of an isolated vanadium atom, i.e., 3 µB, the predicted 5 µB
per vanadium atom in a 3 × 3 supercell is surprisingly large.
The same value is reported for the V-decorated MoS2 4 × 4
supercell [29] or MoSe2 4 × 4 supercell [44]. The observed
coverage independence of the magnetic dipole moment im-
plies that the magnetization is localized around the vanadium
atom. To verify this, one may estimate atomic magnetic dipole
moments by, e.g., calculating the integral of spin density
within atomic basins such as spheres centered at the atomic
positions. Liu et al. [44] reported 3.33 µB as an estimation
of the dipole moment of a vanadium atom when adsorbed on
the MoSe2 monolayer. They attributed this small difference
from the dipole moment of an isolated vanadium atom (3 µB)
to the interorbital charge transfer within the vanadium atom.
Moreover, they showed that the adsorption of the V atom
on the MoSe2 monolayer also induces magnetizations to the
layer: 0.38 µB on the closest Mo atom and 0.11 µB on each
of the six next closest Mo atoms. This suggests that the layer
atoms (rather than the adsorbed V atom) are responsible for
the large induced magnetization after vanadium adsorption.

Next, we turn to the effect of an external electric field
or strain. The adsorption energy, as well as some relevant
interatomic distances, magnetic dipole moments, and Chern
numbers of nontrivial gaps of the Fe- and V-decorated mono-
layers in response to an external normal-to-plane electric field
are presented in Table I. First of all, note that the stronger the
electric field (within the examined range up to 1 V/Å), the
larger Eads and thus the stronger the binding of the TM atom
to the layer. Interestingly, no appreciable change is observed
in the Fe-decorated MoS2 monolayer for fields weaker than
0.8 V/Å. At this field strength, however, the iron adatom is
lifted by half an angstrom away from the Mo atom under-
neath while the iron-sulfur distance also increases slightly.
Simultaneously, the magnetic dipole moment jumps from 2
to 3.6 µB. This abrupt change in geometry and magnetism
coincides with a topological transition to normal insulator.
Only at 1 V/Å the system finds again a nontrivial gap with
C = +1. On the other hand, the distance of the vanadium atom
to the Mo atom underneath gradually increases also by 0.6
Å as the electric field increases to 1 V/Å. Similarly to the
Fe-decorated system, the magnetic and topological properties
of the V-decorated layer show a sudden change: once the field
strength reaches 0.7 eV/Å, the initial large magnetic dipole
moment (5 µB) decreases by 0.3 µB and, simultaneously, the

TABLE I. Adsorption energy, distance between the TM adatom
and the Mo and S atoms of the underlying layer, magnetic dipole
moment, and Chern numbers of nontrivial gaps for the Fe- and
V-decorated model systems depicted in Fig. 1 subject to a range of
electric fields.

Adatom Field (V/Å) Eads (eV) dMo (Å) dS (Å) μ/μB C

iron 0 1.03 2.55 2.15 2.0 +1
0.5 1.19 2.55 2.15 2.0 +1
0.6 1.10 2.56 2.16 2.0 +1
0.7 1.47 2.56 2.16 2.0 +1
0.8 1.80 3.02 2.32 3.6 0
0.9 2.16 3.01 2.32 3.5 0
1.0 2.57 3.01 2.32 3.4 +1

vanadium 0 1.14 2.90 2.32 5.0 −1
0.5 1.21 2.92 2.32 5.0 −1
0.6 1.30 2.93 2.33 5.0 −1
0.7 1.52 2.93 2.33 4.7 −1, −1
0.8 1.80 2.94 2.33 4.6 −1
0.9 2.16 2.95 2.33 4.5 −1, +1
1.0 2.56 2.96 2.35 4.4 +1

V-decorated layer gains a second nontrivial energy gap with
C = −1. The magnetic moment keeps decreasing slowly by
enhancing the field whereas only one of the two C = −1 gaps
survives under 0.8 eV/Å, and a new C = +1 gap is induced
under 0.9 eV/Å. The latter nontrivial state is preserved under
a 1 eV/Å field but the C = −1 state is no longer present.

A biaxial tensile lattice strain also induces considerable ge-
ometric, magnetic, and topological changes in both samples,
as reported in Table II. The Fe-S and Fe-Mo bond lengths
and the magnetic dipole moment of the Fe system undergo
sharp increments (by 0.3 Å, 0.1 Å, and 1 µB, respectively)
already under 6% strain. Then, the Fe position and magnetiza-
tion remain almost unchanged by increasing the strain until a
10% strain changes the topological phase and induces a high
Chern number C = 2. On the other hand, the vanadium atom
is displaced slightly and the nontrivial gap with C = −1 is
preserved when the strain on the MoS2 layer increases grad-
ually to 10%. The magnetic moment, however, starts rapidly

TABLE II. Same as Table I but when biaxial tensile strain is
applied at zero electric field.

Adatom Strain Eads (eV) dMo (Å) dS (Å) μ/μB C

iron 0 1.03 2.55 2.15 2.0 +1
0.02 1.04 2.54 2.17 2.0 +1
0.04 0.52 2.52 2.19 2.0 +1
0.06 −0.47 2.82 2.31 3.0 +1
0.08 −1.87 2.80 2.31 2.9 +1
0.1 −3.72 2.78 2.32 2.9 +2

vanadium 0 1.14 2.90 2.32 5.0 −1
0.02 1.20 2.86 2.33 5.0 −1
0.04 0.68 2.83 2.35 5.0 −1
0.06 −0.32 2.85 2.38 4.6 −1, +2
0.08 −1.71 2.86 2.45 3.9 −1
0.1 −3.04 2.80 2.45 3.7 −1
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FIG. 2. Projected density of states (PDOS) from spin-polarized (no SOC) GGA+U calculations for Fe (top) and V-decorated MoS2

monolayer (bottom) subject to normal-to-plane electric field. Total DOS is shown by the light gray curves. For clarity, the contribution of
the TM 3d orbitals is magnified by a factor of 3 and shown in color. The TM dxz and dyz states are labeled as E1, the dxy and dx2−y2 states by
E2, and the singlet state dz2 by A. Fermi energy Ef is set to zero and indicated by the vertical gray line.

decreasing as the strain reaches 6%. A new C = 2 gap appears
at this strain. Note that, in contrast to electric field, tensile
strain greater than 2% leads to less favorable configurations;
in particular under 6% or higher strain, adsorption becomes
unfavorable (Eads < 0) and the adatom is likely disordered. It
should also be noted that without SOC, the strained systems
usually become metallic. Because of the essential role of SOC
in this case, the gap is sometimes called a SOC gap. Finally,
we do not observe a topological state change by applying
uniaxial tensile strains up to 15%.

IV. DISCUSSION

The results reported in Tables I and II indicate a correlated
behavior of geometry, magnetization, and topological state in
response to external electric field or strain. To explore the
abrupt change in magnetization by electric field, we show in
Fig. 2 the density of states projected on the 3d orbitals of the
TM adatom for the relevant electric field strengths, namely 0.7
and 0.8 V/Å for the Fe-decorated monolayer (top) and 0.5 and
1 V/Å for the V system (bottom). Note that because SOC re-
quires noncollinear magnetic calculations, we do not consider
SOC in this set of calculations to determine the spin-up and
spin-down contributions. Upon adsorption into the Mo-top
site of the MoS2 monolayer, the TM atomic orbitals adopt the
C3v symmetry of the crystal field at the Mo-top site. Therefore,
the original fivefold degenerate 3d orbitals of an isolated Fe or
V atom are now organized as three groups. The first group is
the dz2 state denoted by A, the second contains the two states
dxz and dyz denoted by E1, and the two states dxy and dx2−y2

are grouped together as E2. Density of states near the Fermi

level, located within the MoS2 band gap, is mainly attributed
to these d states of the TM adatom as seen in Fig. 2 with a 3×
magnification for clarity. As the field strength increases from
0.7 to 0.8 V/Å, the majority spin channel of state E1 of the Fe
atom gains an occupied high peak while an occupied peak in
the same spin channel of state A disappears. Overall, the occu-
pation of the majority spin channel of the Fe system increases
with respect to the minority spin channel and the E1 state
of the Fe adatom is responsible for the enhanced magnetic
moment from 2 to 3.6 µB, as reported in Table I. In the case of
the V-decorated monolayer, shown in Figs. 2(c) and 2(d), the
strong electric field slightly suppresses the occupation peaks
of E1 and E2 majority spin channels close to the Fermi energy
while the MoS2 layer states drain electrons in the opposite
spin channel. The resulting 0.6 µB reduction of the magne-
tization of the V-decorated MoS2 in Table I is attributed to
demagnetization of both V adatom and the layer Mo atoms.

Similarly, tensile strain leads to rather significant magnetic
effects. As seen in Fig. 3(a) for the Fe-decorated system in
the absence of strain, the total DOS shows an occupation
peak close to the Fermi energy only in the majority spin
channel. This peak is entirely originated from the Fe atom
A and E2 states and responsible for the magnetic moment of
2 µB according to the noncollinear calculations; see Table II.
In the Fe system strained by 6%, as seen in Fig. 3(b), the iron
atom E1 state also contributes appreciably to the mentioned
spin-up peak and induces a jump in the magnetic moment
from μ = 2 to 3 µB. On the other hand, in the absence of
strain the V-decorated system is highly magnetized. As seen
in Fig. 3(c), all three 3d states of the vanadium atom con-
tribute to the spin-up peaks close to the Fermi energy. It is
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FIG. 3. Same as Fig. 2 but the samples are subject to biaxial tensile strain.

clear that the total DOS (gray curve, not magnified 3×) is
larger than the sum of the PDOS of these three states. As
mentioned earlier, the layer Mo atoms also contribute sig-
nificantly in the magnetization of the V system. Figure 3(d)
shows that the contribution of the vanadium A state is sup-
pressed under 6% strain while the layer is also demagnetized,
in agreement with the reduction of the magnetic moment
by 0.4 µB according to noncollinear calculations reported in
Table II.

We now investigate the electronic band structure of the two
model systems subject to electric field, as presented in Fig. 4.
Note that the contribution of the TM 3d orbital is illustrated by
the color bar on the right: a band that is dominantly originated

from the TM 3d orbital is identified by a red color while a dark
blue band is assigned to the MoS2 orbitals without hybridiza-
tion to the TM 3d orbitals. If SOC is not taken into account,
the two E1 states are degenerate at the � point although the
degeneracy is lifted at any other k point; the same holds true
for the E2 states. By considering the SOC for the Fe and V
atoms, the so-called SOC gaps appear at the � point, as seen
in the zoom-in windows in Fig. 4, first column. The zoomed
view indicates a gap (36 meV) at the � point on the E2 bands
of the Fe-decorated monolayer although the E2 bands now
approach each other (down to 10 meV) along the �-K path.
Similarly, the zoomed view on the lower panel shows that the
vanadium SOC also opens a tiny gap (5 meV) on the E1 band

FIG. 4. Electronic energy band structure of the MoS2 monolayer decorated by Fe (top) or V adatoms (bottom) adsorbed on the Mo-top site
(see Fig. 1), in the absence of an external electric field (first column) or subject to normal electric field of strength 0.7 to 1 eV/Å (columns two
to five, respectively). The color bar indicates the relative contribution of the d orbital of the TM adatom labeled as E1, E2, and A (see the text
or the caption of Fig. 2). The dots represent the really calculated data while the continuous lines that connect the dots are meant to help the eye
to follow the bands. Zoomed-in views of windows of height 0.1 eV are also shown in the first columns to better identify the tiny gaps. SOC is
taken into account for the Fe and V atoms.
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FIG. 5. Same as Fig. 4 but for applying an external in-plain tensile strain on the Fe- (top) or V-decorated MoS2 monolayer (bottom). The
energy axis is enlarged so that the inversion of the TM E2 and Mo dz2 bands at the � point become better visible.

at the � point. The V E2 band is also split (12 meV) at the �

point with the vanadium SOC, as clearly seen in Fig. 5(c).
So far, we have shown that the band gap opening in the E2

state, originated from the iron and vanadium adatom SOC,
leads to Chern insulator states with C = 1 or −1, respec-
tively. In the following we investigate how the change of
the topological properties of the two samples subject to the
electric field or strain, as reported in Tables I and II, can be
explained in terms of band inversion. Figure 4 demonstrates
the evolution of the band structures of the Fe- and V-decorated
samples as a function of the field strength. The Fe system
undergoes band inversion and becomes a normal insulator
under a field strength of 0.8 V/Å. This transition to the trivial
C = 0 phase coincides with a considerable elongation of the
Fe-Mo bond by ∼0.5 Å; see Table I. Accordingly, the iron E2

bands become reddish brown in the band structure diagram,
meaning that this orbital is no longer hybridized with the layer
atomic orbitals. Moreover, the iron E2 bands become almost
k-independent.

Despite these implying a chemical decoupling between the
Fe atom and the layer, 1 V/Å induces a C = 1 topological
insulator phase. In contrast to the iron system, on the other
hand, all the 3d states of the V adatom (E1, E2, and A)
lie within the MoS2 layer gap as seen in the bottom row
of Fig. 4 (also clearly seen in Fig. 2 without SOC). The
SOC-induced nontrivial gap between the vanadium E2 bands
remains open and the corresponding C = −1 topological state
is preserved unless the field is as strong as 1 V/Å. As reported
in Table I, another nontrivial gap with C = −1 is induced at
field strength 0.7 V/Å, which can be attributed to the band
inversion observed on the E1 bands. A similar effect but with
C = +1 is present under 0.9 V/Å. The opposite signs of the
two possible Chern numbers at this field strength guarantee
that the direction of dissipationless edge currents is selectable

by tuning the Fermi energy to the corresponding nontrivial
gap. Finally, at 1.0 V/Å, a nontrivial C = +1 state is obtained
where the vanadium A band involves band inversion.

The effect of tensile strain on the topological state is also
interesting because it leads to Chern numbers larger than 1.
As shown in Figs. 5(a) and 5(b) for the Fe-decorated system,
the minimum gap between the E2 states comes back to the �

point in the presence of 8%–10% biaxial strain. Nevertheless,
regardless of the Fe-SOC gap opening, the band inversion
between the iron E2 states and one or two of the MoS2 states
leads to C = 1 at 8% or C = 2 at 10% strain, respectively. In
fact, the availability of two nearly degenerate dz2 states from
the substrate molybdenum atoms has made it possible to gain
a band-inversion-induced high-C phase. Very similar band in-
version is observed for the V-decorated layer under 6% biaxial
tensile strain. As shown in Fig. 5(d), a high Chern number
C = 2 state is achieved if the Fermi energy lies below the E1

band. The gap above he E1 band is also nontrivial and leads to
a nonzero Chern number with an opposite sign, C = −1. The
same Chern number is predicted for the unstrained vanadium
system for the gap between the E2 and A states, as seen in
Fig. 5(c).

For two representative nontrivial cases, the unstrained Fe-
decorated layer with C = 1 and V-decorated layer strained by
6% with C = 2, the distribution of the Berry curvature within
the Brillouin zone (BZ)

�z
E (k) =

∑
n

(εnk�E )

fnk�
z
n(k) (3)

is plotted in Fig. 6. The BZ corresponds to the 3 × 3
supercell shown in Fig. 1 so that, apart from some asym-
metry induced by the numerical noise, the Berry curvature
shows the same C3v symmetry as the atomic structure. More
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FIG. 6. Distribution of the Berry curvature �z in the momentum
space for the MoS2 monolayer: (a) strained by 8% and decorated by
iron or (b) strained by 6% and decorated by vanadium, corresponding
to Figs. 5(a) and 5(d) with C = 1 and 2, respectively. The indicated
Brillouin zone corresponds to the 3 × 3 supercell shown in Fig. 1.

importantly, large positive peaks are established in both cases.
The peaks are responsible for the nonvanishing Chern num-
bers C(E ) = (1/2π )

∫
BZ �z

E (k) d2k.
Note that the sum in Eq. (3) is truncated once εnk > E .

An integer Chern number is obtained when E is set to within
an energy band gap. In fact, the truncation is determined by
the Fermi energy E f because the occupancies fnk vanish for
εnk > E f . In other words, since the sum in Eq. (3) practically
runs over the occupied bands only, one can tune the Chern
number of a material to some desired integer value by posi-
tioning the Fermi energy inside an appropriate energy gap.
In particular, the realization of the high-C states reported in
this study requires a downward shift of the Fermi energy by
∼0.3–0.5 eV. Such an amount of Fermi energy shift is exper-
imentally accessible by means of, e.g., hole doping [45,46].
Based on DFT calculations, for example, a homogeneous
hole doping of concentration ∼3.6 × 1013 e/cm2 decreases
the Fermi energy level of the pristine MoTe2 monolayer by
0.2 eV [47]. The E f of a MoS2 monolayer is pushed down by
0.45 eV if an underneath graphene substrate adsorbs oxygen
adatoms [48].

In the past, a number of different approaches have suc-
cessfully led to generating high-C states. For example, in the
presence of a biaxial strain and SOC, the intrinsic half-Chern
insulator Ni2I2 becomes a half semiconductor, or a combined
state of a half metal and a high Chern insulator is gained
[49]. Achieving a C = 2 Chern insulator state in NiRuCl6 by
applying a compressive biaxial strain has also been observed
[50]. The on-site Coulomb repulsion U or in-plane strain have
been shown to change the direction of the dissipationless edge
current in LaPdO3 and LaPtO3 bilayers [51]. Note also that
high Chern numbers and Mott insulating phases have been

predicted for BaFe2(PO4)2 by tuning the SOC and Coulomb
repulsion strength [52]. We focused in this work on electric
field and strain as externally driven parameters and showed,
e.g., that electric field can switch the Chern number sign and
strain may induce high Chern number states.

V. CONCLUSIONS

To conclude, two Chern insulators without band inversion,
Fe- and V-decorated MoS2 monolayers, are exposed to in-
plane strain or normal-to-plane electric field. We investigated
their electronic and topological properties in terms of pos-
sible band inversions close to the Fermi energy level. The
induced geometric deformations are shown to lead to band
inversion. Band inversions lead to a trivial insulator phase of
the Fe-decorated MoS2 monolayer when the applied electric
field is strong enough to change considerably the iron adatom
position with respect to the neighboring Mo and S atoms.
Simultaneously, the 3d orbital occupancy and thus the atomic
magnetization change. In contrast, strong fields produce new
Chern numbers in the V-decorated MoS2 monolayer without
inducing geometric changes but only reducing its magnetiza-
tion. We identified also band inversions resulting in a high
Chern number C = 2 if 6% or 10% biaxial tensile strain is
applied to the vanadium- or iron-decorated layers, respec-
tively. The geometry and magnetization change in almost the
same way as by an electric field, but the band inversion is
somewhat different, and is attributed to the inversion between
the molybdenum dz2 state and the originally degenerate vana-
dium dxy and dx2−y2 states. Note that the Hall conductivity of
the C = 2 quantum anomalous Hall phase is twice that of a
C = 1 one. It is worth noting that although the structures are
stable under electric fields up to 1 eV/Å according to our DFT
calculations, experimentally realization of such large electric
fields is not straightforward. We did not observe high-C states
even under such strong fields. The topological character of the
two Chern insulators is not affected also by uniaxial tensile
tension. Overall, applying an in-plane biaxial tensile strain is
suggested as a promising route of search for designing high
Chern number insulators.
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