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Abstract
Recently discovered 2M phase of bulk WS2 was observed to exhibit superconductivity with a
critical temperature of 8.8 K, the highest reported among superconducting transition metal
dichalcogenides. Also predicted to support protected surface states, it could be a potential
topological superconductor. In the present study, we perform a detailed first-principles analysis
of bulk and bilayer 2M WS2. We report a comprehensive investigation of the bulk phase,
comparing structural and electronic properties obtained from different exchange correlation
functionals to the experimentally reported values. By calculation of the Z2 invariant and
surface states, we give support for its non-trivial band nature. Based on the insights gained
from the analysis of the bulk phase, we predict bilayer 2M WS2 as a new two-dimensional
topological material. We demonstrate its dynamical stability from first-principles phonon
computations and present its electronic properties, highlighting the band inversions between
the W d and S p states. By means of Z2 invariant computations and a calculation of the edge
states, we show that bilayer 2M WS2 exhibits protected, robust edge states. The broken
inversion symmetry in this newly proposed bilayer also leads to the presence of Berry
curvature dipole and resulting non-linear responses. We compute the Berry curvature
distribution and the dipole as a function of Fermi energy. We propose that Berry curvature
dipole signals, which are absent in the centrosymmetric bulk 2M WS2, can be signatures of the
bilayer. We hope our predictions lead to the experimental realization of this
as-yet-undiscovered two-dimensional topological material.

Keywords: topological materials, transition metal dichalcogenides, Berry curvature,
non-linear Hall effects

(Some figures may appear in colour only in the online journal)

1. Introduction

Transition metal dichalcogenides (TMDCs) have become the
focus of extensive research over the last decade due to their
layered nature and a wide range of interesting mechanical,
electronic, structural, optical and chemical properties [1–3].
Depending on the metal coordination to the chalcogen layers,
TMDCs exist in different phases—H phase (trigonal prismatic
coordination), T phase (octahedral coordination) and T′ phase
(distorted octahedral coordination). In conjunction with the
coordination (H, T, T′), composition (metal and chalcogen)

∗ Author to whom any correspondence should be addressed.

and the crystal structure and stacking, these materials exhibit a
diverse variety of electronic character, ranging from insulating
to superconducting [4].

H phases of NbX2 and TaX2 (X = S, Se) are well known
for their intrinsic superconducting nature [5] and NbSe2 with
a high Tc value of 7.3 K [6] is also widely studied due to the
co-existence of both a charge density wave state and super-
conductivity [7–9]. Until recently, this was the highest Tc for
intrinsic superconductors reported among the TMDC family.
Apart from intrinsic superconductivity, many TMDCs exhibit
unconventional superconductivity as a result of chemical dop-
ing, pressure, and electrostatic and field effect gating. For
example, alkali metal intercalated MoS2 is known to show
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superconductivity with a maximum Tc of 6.9 K [10, 11]. In
the case of 1T-TaS2, a superconducting phase is retained over
a pressure range of 3–25 GPa [12]. Ising superconductivity
with a maximum Tc as high as 10.8 K, was observed in MoS2

thin films as a result of application of a gate voltage [13]. Such
Ising superconductors are interesting because they are possible
platforms to create Majorana fermions.

These layered materials gathered more interest recently
when topological phases were discovered among their heav-
ier group members. WTe2 and MoTe2 were predicted [14, 15]
and later experimentally verified [16–18] to be type-II Weyl
semimetals in their bulk Td form, WTe2 being the first ever
material to be identified in this novel class [14]. Also, the
1T′ phase of monolayer MX2 compounds are quantum spin
Hall (QSH) insulators with edge states topologically pro-
tected from back scattering [19–22]. Coupled with strong spin
orbit coupling (SOC) interactions present in the transition
metal based systems, these materials are expected to be more
suitable for technological applications than other QSH insula-
tors discovered. The combination of strong Ising SOC, super-
conductivity and topological properties in TMDCs makes
them very feasible candidates for the realisation of topolog-
ical superconductors that can support and sustain Majorana
fermions [23].

A very recent addition to the list of different TMDCs is
a new monoclinic phase named the 2M phase, composed of
1T′ monolayers. Each monolayer is then stacked in a com-
pletely different way compared to all previously known struc-
tures of TMDCs. The recently discovered 2M WS2 [24] and
2M WSe2 [25] are the first among this class. This structure
exhibits very interesting novel properties. Intrinsic supercon-
ductivity was measured in this phase, with a transition tem-
perature of 8.8 K for 2M WS2, the highest among known
superconductors of the TMDC family at ambient pressure
[24, 26, 27]. Further, this phase is predicted to be topologi-
cally non-trivial with a single Dirac cone at the Brillouin zone
center [24, 28]. The presence of distinctive surface states were
recently confirmed using angle resolved photoemission spec-
troscopy measurements [29]. This makes 2M WS2 the first
candidate from TMDC family to be predicted as an intrin-
sic topological superconductor that can host Majorana states,
which could be potentially used as topological qubits for quan-
tum computation [28, 29]. The potential topological supercon-
ductivity in 2M WS2 can have key signatures. An important
one is the presence of Majorana zero modes (an emergent par-
ticle that is its own anti-particle). A recent study has found
zero energy peaks in magnetic vortex cores in 2M WS2, using
scanning tunneling spectroscopy measurements [27].

In this study, we investigate the properties of bulk and
bilayer 2M WS2 using first principles density functional cal-
culations. We begin with a detailed study of the bulk 2M WS2,
systematically exploring the structural properties obtained
from different types of exchange correlation functionals and
their comparison to the experimentally reported values. We
then present the electronic properties of the bulk phase com-
paring the effects of SOC. Next, we analyze the topological
nature of the bulk phase, including a computation of the topo-
logical invariant and the surface states. We then predict bilayer

2M WS2 as a new two-dimensional TMDC, which features
topological band inversions. We demonstrate the dynamical
stability of this new structure by means of ab initio phonon
calculations. We report the computed phonon modes and their
symmetries, which may assist in experimental identification
of this phase. We then present the electronic properties of this
new system, highlighting the band inversions between W d
states and S p states near the Brillouin zone center. We show
that bilayer 2M WS2 exhibits a non-trivial topology, by means
of the topological invariant computations and explicit calcula-
tion of the edge states. Further, we identify Berry curvature
dipole (BCD) in the system, arising as a result of the bro-
ken inversion symmetry of the bilayer. These BCD can lead
to non-linear responses in the system, which are experimen-
tally detectable, and can act as the experimental signature
of the proposed bilayer. We hope that our predictions lead
to the experimental realization of this new two-dimensional
topological material.

2. Computational details

First-principles calculations were carried out based on den-
sity functional theory (DFT) framework as implemented in
the quantum espresso code [30, 31]. Taking the experimental
lattice parameters as obtained by Fang et al [24], the bulk struc-
tures of 2M WS2 were relaxed using both local density approx-
imation (LDA) [32] and generalized gradient approximation
as given by Perdew–Burke–Ernzerhof (GGA-PBE) [33] for
the exchange-correlation functional. In addition, another set of
relaxations employing GGA-PBE along with semi-empirical
Grimme’s DFT-D2 [34] correction for the van der Waals forces
was also carried out. A kinetic energy cut-off of 750 eV was
used and all relaxations were performed until forces on each
of the atoms were less than at least 10−4 eV Å−1. The Bril-
louin zone was sampled over a uniform Γ-centered k-mesh of
2 × 8 × 6 for the bulk and 1 × 8 × 6 for the bilayer. Note that
a is the stacking direction of the layers. Starting with the exper-
imental bulk 2M WS2 structure, an isolated bilayer was con-
structed by incorporating vacuum along the a axis. The system
was modeled with at least 15 Å vacuum to avoid any spurious
interaction between the periodic images. The structure was fur-
ther allowed to relax until the forces on each atoms were less
than 10−4 eV Å−1.

SOC was included in all calculations, as W is a heavy ele-
ment. As we will see, the SOC effects can be important to
describe the electronic properties in this system.

The phonon computations were performed using the
phonopy package [35] interfaced with quantum espresso.
phonopy constructs a supercell for the system and employs
frozen phonon (finite displacement) approach to calculate the
forces between the atoms. The force constant matrix thus
obtained is further used to calculate the normal modes of the
system. A 1 × 4 × 4 supercell was constructed and an atomic
displacement distance of 0.01 Å was considered during the
calculation of normal modes associated with the bilayer sys-
tem. To study the surface and edge properties, a tight-binding
model was derived from our ab initio calculations using W d
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Figure 1. Structure of the 2M phase of WS2. The inter-layer distance is marked d and W–W zigzag chain separation is marked l. The
different types of W–S bonds are also marked in the enlarged structure in the right panel. Here the gray spheres depict the W atoms, while
the yellow spheres represent the S atoms.

and S p orbitals by computing the maximally localized Wan-
nier functions (MLWFs) using the wannier90 code [36]. To
obtain the surface spectrum, the method of calculating the sur-
face Green’s function using iterative Green’s function method
[37–39] was used, as implemented in the WannierTools code
[40]. Further analysis of these surface states and their underly-
ing topological properties was facilitated by the WannierTools
code [40].

To characterize the topological nature of our investigated
systems, we used the approach proposed by Yu et al [41]
and Soluyanov and Vanderbilt [42], which is a computation-
ally feasible method to calculate the Z2 topological invariant,
related to the Wannier charge centers (WCCs). We very briefly
summarize their method. In any unit cell R, Wannier functions
(WFs) are given by

|Rn〉 =
1

2π

∫ π

−π

dk e−ik(R−x)|unk〉, (1)

where |unk〉 is the periodic part of the Bloch state of band
n at momentum k. WCCs are obtained by taking an expec-
tation value of the position operator in the state |0n〉 cor-
responding to WFs in the unit cell R = 0. A tight bind-
ing Hamiltonian is derived based on our density functional
results, and is used to generate MLWFs using wannier90 code
[36]. The WCCs of these MLWFs are obtained, and the evo-
lution of these WCCs along the six time-reversal invariant
planes (in 3D) is tracked to compute the overall Z2 topological
invariant.

Even under time-reversal symmetry (TRS), non-
centrosymmetric systems were theorised to show a Hall
effect in the non-linear regime due to the presence of a BCD.
BCD is a measure of the first order moment of the Berry
curvature and is given by [43]

Dab =

∫
k

f 0
n(k)

∂Ωn
b

∂ka
dk. (2)

Here, f 0
n(k) is the equilibrium Fermi–Dirac distribution and

Ωn
b the Berry curvature. The Berry curvature, in turn, is given

by

Ωn
a(k) = 2ih̄2

∑
m�=n

〈n|v̂b|m〉〈n|v̂c|m〉
(εn − εm)2

, (3)

where εm and |m〉 are the energy eigenvalue and eigenvector of
the Hamiltonian, and v̂b and v̂c are the velocity operators along
b and c respectively. Here h̄ is the reduced Planck’s constant.
We used the Wannier-based tight-binding Hamiltonian to com-
pute the Berry curvature and BCD associated with it using the
wannier-berri code [44].

3. Bulk WS2

3.1. Structural properties

In this section, we begin with a detailed analysis of the struc-
tural properties of the newly discovered 2M phase of WS2.
We compare and contrast the results from different exchange-
correlation functionals that were used. 2M WS2 was experi-
mentally determined to form in the monoclinic C2/m space
group [24]. This phase is similar to the previously known
1T′ and Td phases of other TMDCs, since the basic units
are distorted octahedra of W and S, and yet it is different
in terms of the stacking along the long axis a. The stack-
ing is such that the adjacent WS2 monolayers are displaced
by a distance of a/2, as illustrated in figure 1. The primi-
tive unit cell consist of six atoms with four different types
of W–S bonds. We label these as W–S1, W–S2, W–S3,
W–S4, as shown in figure 1. The distorted 1T′ structure has
a characteristic in-plane W–W zigzag chain. We denote the
zigzag chain separation by l, while the interlayer separation is
labeled by d.

Starting from the experimentally-reported geometry, we
performed three separate relaxation calculations using LDA,
GGA-PBE and GGA-PBE with Grimme’s DFT-D2 correction.
We extracted the different structural parameters for all the three
relaxed structures and compared them to the crystal structure
obtained experimentally. In table 1 we present the inter-layer
distance (d), W–W bond length and W zigzag chain separation
(l) obtained for the four structures. The inter-layer distance was
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Table 1. Comparison of structural properties—inter-layer
distance (d), W–W bond length and W zigzag chain separation
(l)—of bulk 2M WS2 obtained from experiment and from
first-principles computations employing different exchange
correlation functionals—LDA, GGA-PBE and GGA-PBE with
Grimme’s DFT-D2 correction. All distances are in Angstrom.
Experimental structural data is taken from reference [24].

d W–W bond length l

Experiment 6.0580 2.7940 3.7940
LDA 6.0611 2.7764 3.8153
GGA-PBE 6.0674 2.7919 3.7990
GGA-PBE (DFT-D2) 6.0644 2.8078 3.7813

Table 2. Comparison of different W–S bond lengths in bulk 2M
WS2 obtained from experiment and from first-principles
computations employing different exchange correlation
functionals—LDA, GGA-PBE and GGA-PBE with Grimme’s
DFT-D2 correction. All distances are in Angstrom. Experimental
structural data is obtained from reference [24].

Bond lengths

W–S1 W–S2 W–S3 W–S4

Experiment 2.4570 2.5150 2.3960 2.4150
LDA 2.4418 2.5056 2.3756 2.3968
GGA-PBE 2.4637 2.5118 2.3982 2.4205
GGA-PBE (DFT-D2) 2.4617 2.5080 2.3988 2.4183

calculated as perpendicular distance between the two planes
occupied by W layers (see figure 1).

Comparing the three cases, from table 1, it can be noted
that all three calculations give similar inter-layer distances d,
with an error of less than 0.2% compared to the experimentally
reported value. In case of the different bond lengths obtained,
LDA over-binds and GGA under-binds the atoms when com-
pared to experimentally observed values, as is traditionally
expected [45]. From table 2, it can be inferred that GGA-
PBE gives a marginally closer estimate of experimental bond
length than LDA does. All W–S bond lengths obtained using
GGA-PBE functional (both with and without Grimme’s DFT-
D2 correction) are less than 0.5% off of the experimentally
determined bond lengths. This is also true for the case of l and
W–W separation, presented in table 1.

3.2. Electronic properties

After an analysis of the structural properties of bulk 2M WS2,
we next move on to the study of its electronic properties.
We begin by examining the band structure with and with-
out SOC. A comparison of the band structures obtained using
the three different exchange correlation functionals is shown
in figure 2. We find that different choices of the exchange-
correlation functional leave the band structure around the
Fermi level nearly unchanged. For all three functionals, we
find that the system is a semi-metal, with a narrow electron
pocket aroundΓ and a wider hole pocket along N1-Z. A smaller
hole pocket is also present along the Z–Y direction. Includ-
ing SOC effects retains the electron and hole pockets but the
fundamental bandgap increases, with a 0.05–0.08 eV bandgap

Figure 2. A comparison of band structures obtained without (above)
and with (below) SOC effects employing different exchange
correlation functionals—LDA, GGA-PBE and GGA-PBE with
Grimme’s DFT-D2 correction. The system is semi-metallic both
without and with SOC.

induced away from Γ. Including SOC effects also split the
band crossings around−0.2 eV below Fermi level at Z. All the
three functionals (LDA, GGA-PBE and GGA-PBE including
Grimme’s DFT-D2 van der Waals correction), capture these
effects around the Fermi level in a similar way, but the fun-
damental bandgap and inverted bandgap at Γ decrease as one
goes from LDA to GGA-PBE as summarized in table 3. We
note that our calculated value of inverted bandgap is similar
to previous calculations [19] for 1T′ WS2 which places this
value to be around 0.2 eV. This is expected since the bulk 2M
WS2 is constituted of 1T′ monolayers. Including SOC effects
increases the bandgap of the system, as mentioned above, and
reduces the inverted bandgap at Γ.

Given the reasonable performance of the GGA-PBE func-
tional and considering that the layers are held together by weak
van der Waals forces, semiempirical Grimme’s DFT-D2 cor-
rections were included for all following calculations of bulk
and bilayer WS2 along with GGA-PBE exchange-correlation
functional, including SOC effects.
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Table 3. The fundamental bandgap (with SOC) and inverted bandgap at
Γ calculated using different exchange correlation functionals—LDA
and GGA-PBE and GGA-PBE with Grimme’s DFT-D2 correction. All
energies are in eV.

Fundamental gap Inverted gap at Γ

Without SOC With SOC

LDA 0.082 0.234 0.208
GGA-PBE 0.050 0.230 0.195
GGA-PBE (DFT-D2) 0.055 0.229 0.190

Figure 3. (a) Total and projected DOS for bulk 2M WS2. Around the Fermi level, nearly all contributions are from the W d and S p states.
(b) W d and S p states projected onto electronic bands, zoomed around Γ and Z points. Note the band inversions occurring around both these
points.

The inverted band features around Γ and Z are sugges-
tive of possible topological nature of this material. The den-
sity of states (DOS) around Fermi level (figure 3(a)) confirms
the (semi)metallic nature of the material with the states hav-
ing a larger S p character (green) below Fermi level and W d
character (maroon) above Fermi level. Overall, most part of
the valence states and low energy conduction states are dom-
inated by W d states and S p states. Keeping this in mind,
the presence of band inversion can be investigated by project-
ing these underlying atomic-like orbitals onto the bands. As
shown in figure 3(b), around the Fermi level, the W d states
(in maroon) and S p states (in green) are inverted both at Γ and
Z. The band inversions at Γ is different from the one at Z in
the sense that these occur between two different pairs of band.
Hence, this is an indication that the system is a strong topo-
logical material, rather than a weak one, which was further
confirmed from the topological invariant calculation, as we
will discuss next.

To characterize the topological nature of bulk 2M WS2

we use the WCCs, employing the methodology described
in section 2. The WCCs for different momentum planes are
shown in figure 4(a). Each panel in figure 4(a) refers to each
of the three different time reversal invariant planes—kx = 0,
ky = 0 and kz = 0—along which we track the evolution
of WCCs. The line (red dashed) drawn parallel to k axis

intersects the WCCs (black dotted) an odd number of times
in all the kx = 0, ky = 0 and kz = 0 planes. Similar plots for
kx = π, ky = π and kz = π planes reveal an even number of
such intersections. Our overall calculated topological invariant
is (1000), which confirms that the system is indeed a strong
topological material. The odd principal topological invariant
also means that there exist topologically protected states on
the surface of the material. These are another important sig-
nature of the non-trivial topological nature of a material. We
used MLWFs derived from the density functional calculations
to compute the surface spectrum on the (100) surface, using a
recursive Green’s function method (see section 2). The result is
plotted in figure 4(b). Indeed, we find that there exists a surface
state close to the Fermi level. Around Γ it takes the form of a
Dirac cone, which merges into bulk states as one moves away
from the Brillouin zone center. Hence, consistent with previ-
ous computations [24], we confirm that the new monoclinic
phase of WS2 should harbor topologically non-trivial surface
states.

4. Bilayer 2M WS2

Upon the discovery of the new 2M phase of bulk WS2, sev-
eral natural questions arise: what are the properties of few
layer 2M phases? Are they topological in nature? In this
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Figure 4. Topological nature of bulk 2M WS2. (a) Wannier charge
centers plotted along (top to bottom) kx = 0, ky = 0, kz = 0 planes.
Any line (red) drawn parallel to k axis intersects the Wannier charge
centers an odd number of times revealing an odd principal Z2
invariant. (b) Surface states on the (100) surface. The system has a
strong topological character with a surface Dirac cone at Γ.

section we explore these questions focusing on the proper-
ties of bilayer 2M WS2. The unit cell of the 2M structure
comprises of monolayers shifted by a/2 along the stacking
direction. So, the smallest few layer unit we consider is the
bilayer.

4.1. Structural properties

The first question that then arises is whether the bilayer is
structurally stable or not. To answer this question, we carried
out phonon calculations using the frozen-phonon approach
as described in section 2). Our calculated phonon bands
are presented in figure 5. Most notably, we find that the
phonon frequencies are real across the phonon momenta. This
means that the bilayer of 2M WS2 is dynamically stable.
The analysis of the projected phonon DOS (see figure 5,

Figure 5. Phonon dispersion and projected phonon DOS for bilayer
2M WS2. Absence of any imaginary frequencies indicates that the
bilayer structure is dynamically stable. The projected phonon DOS
reveals a larger contribution of W displacements at lower phonon
frequencies, while S atoms contribute more at higher frequencies.

right panel) shows that the displacement of the heavier W
atoms contributes strongly to the phonon modes up to fre-
quencies of around 6 THz. Contribution from the lighter S
atoms is larger from 6 THz to the top of the dispersion range
(∼13 THz). The zone center (Γ) optical phonon frequencies
and the associated irreducible representations (IRRs) are listed
in table 4. The 33 optical phonon modes are classified into
22 A′ and 11 A′′ modes, with all of those listed being both
Raman and infrared active. These signatures can be help-
ful in facilitating experimental identification of the bilayer
2M WS2 structure.

4.2. Electronic properties

Having established the structural stability of the 2M WS2

bilayer, we next investigate its electronic properties. The elec-
tronic band structure and Fermi surface reveals the bilayer
to be similar to the bulk with a semi-metallic character. The
bilayer displays a zero indirect bandgap but finite direct gap at
every k-point (see figure 6). A comparison between the band
structures with and without SOC effects reveals that several
band degeneracies are lifted in both the valence and conduc-
tion bands (see figures 6(a) and (b)). An electron pocket around
Γ vanishes upon inclusion of SOC, while the bandgap of
∼ 0.1 eV remains almost unchanged at the Brillouin zone cen-
ter. To ascertain the orbital nature of bands around the Fermi
level and look for possible band inversions in the bilayer sys-
tem, we carried out a projected bands analysis. Understanding
that, similar to the bulk, both W d states and S p states con-
tribute most around the Fermi level, the projection of these
states onto the electronic band structure is a straight-forward
method to identify band inversions. The projected bands along
the Y –Γ–Y direction, as shown in figure 6(c), reveal a clear
inversion between W (maroon) and S (green) bands around
Γ. The inversion of states, even though small, is similar to
the ones present in the bulk, hence leading to the suggestion
that even in lower dimensions, the 2M phase has topologically
non-trivial edge states.

6
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Table 4. Optical phonon frequencies (ν) at Γ point for bilayer 2M WS2.
The modes are classified into 22 A′ and 11 A′′ symmetry modes, with all
33 modes being both infrared and Raman active. Here IRR stands for
irreducible representation.

No. IRR ν (THz) No. IRR ν (THz)

1 A′ 0.595 18 A′′ 8.099
2 A′′ 0.724 19 A′′ 8.187
3 A′ 0.867 20 A′ 8.241
4 A′′ 3.148 21 A′ 8.336
5 A′′ 3.435 22 A′′ 8.484
6 A′ 3.731 23 A′′ 8.512
7 A′ 3.838 24 A′ 9.278
8 A′ 5.180 25 A′ 9.328
9 A′ 5.584 26 A′ 9.880
10 A′′ 6.161 27 A′ 9.888
11 A′′ 6.163 28 A′ 10.676
12 A′ 6.907 29 A′ 10.850
13 A′ 6.930 30 A′ 11.744
14 A′′ 7.000 31 A′ 11.913
15 A′′ 7.085 32 A′ 12.810
16 A′ 7.883 33 A′ 12.933
17 A′ 8.044

To further understand the topological nature of bilayer
2M WS2, we calculated the Z2 topological invariant for our
system. Similar to the bulk, we constructed a tight-binding
model based on Wannier functions employing the W d and
S p states. Using this tight-binding model, we tracked the
WCCs along the kx = 0 plane (figure 7(a)). As shown in figure
7(a), we discover that the line (red dashed) drawn parallel
to k axis intersects the WCCs (black dotted) an odd num-
ber of times. Thereby we obtain that the bilayer 2M WS2

has an odd Z2 number (ν0 = 1) and is therefore topologi-
cally non-trivial. To characterize the edge spectrum of the
bilayer, we consider a semi infinite one-dimensional ribbon
geometry and compute the edge spectrum using the recursive
Green’s function technique. Figure 7(b) shows the edge sates
associated with the bilayer. We find clear signatures of the
edge states close to the Fermi level. The edge states around
0.05 eV above the Fermi level lie close to the Brillouin zone
center. Remarkably, it inherits a shape similar to the surface
Dirac cone observed in the bulk phase. Interestingly, we find
another edge band crossing around 0.05 eV below the Fermi
level can be attributed to a Rashba-like splitting of bands,
due to the broken inversion symmetry in the bilayer. There-
fore, based on first-principles calculations, we have success-
fully predicted a new two-dimensional topological material
in the TMDC family.

4.3. Berry curvature dipole in bilayer 2M WS2

Recent theories have suggested that materials having reduced
symmetry display Hall effect in the non-linear regime, even
while TRS remains preserved [43]. Such a non-linear response
was attributed to a dipole moment in the momentum space
associated with the Berry curvature. In systems that break
inversion symmetry, a dipole moment can arise due to separa-
tion of positive and negative Berry curvatures along different

momentum directions. This BCD leads to several non-linear
response phenomena, whose signatures have been recently
measured experimentally [46].

The bulk structure of 2M WS2, with its monoclinic C2/m

space group, preserves inversion symmetry. The coexistence
of inversion symmetry and TRS leads the Berry curvature
and hence, the associated BCD, to vanish. The transition
from bulk to bilayer breaks this inversion symmetry, and the
space group is reduced to Cm. The weakly broken inver-
sion symmetry is reflected in the band structure as degen-
eracy of bands being lightly lifted along Γ− Y and Γ− M
and also from the Rashba-like splitting observed in the sur-
face bands. This non-centrosymmetric structure leads to the
formation of BCD in the bilayer and sets it apart from the
parent bulk 2M WS2. The only symmetry element present
in the bilayer is a mirror plane My : y →−y. The symmetry
is important in determining the non-zero components of the
BCD tensor and the resulting non-linear anomalous Hall effect
(NLAHE) [47–49].

We start by examining the distribution of the Berry cur-
vature in the non-centrosymmetric bilayer. Figure 8(a) shows
the distribution of Berry curvature along Y –Γ–Y and M–Γ–M
directions (red and blue colors indicate the positive and neg-
ative values respectively). The Berry curvature is enhanced
and mostly concentrated around the regions where the bands
almost cross. The monoclinic crystal lattice of the bilayer is
such that the x and y Cartesian axes align with the a and
b lattice vectors (figure 8) and the c vector has components
along both x and z direction. As a result of this structure and
due to the mirror plane My present in the bilayer, all com-
ponents of BCD except Dxy, Dyx , Dyz and Dzy vanish. Figure
8(b) shows the four non-zero components of the BCD ten-
sor as a function of the Fermi level. The Dyx displays oscil-
lating behavior with energy, while other components have a
slightly more smoother variation. The figure shows that BCD
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Figure 6. Electronic band structure of bilayer 2M WS2. The band structure (a) without and (b) with SOC. Similar to the bulk, bilayer also
shows a semi-metallic character. (c) The bands projected onto W d states (maroon) and S p states (green) clearly show band inversion at Γ.
(d) The Fermi surface plot in the kx = 0 plane showing the electron and hole pockets. The double dumbbell-like feature arises due to the
electron pocket, while the dumbbell-like feature along with the cap structures above and below the electron pocket come from the hole
pocket.

Figure 7. Non-trivial topology in bilayer 2M WS2. (a) WCCs plotted for kx = 0 plane. A line (red) drawn parallel to k axis intersects the
WCCs an odd number of times resulting in an odd topological invariant. Hence, the material is topologically non-trivial. (b) Calculated edge
states in the system. The brighter bands indicate the higher DOS along the edges of the material. Note that the edge states are mixed heavily
with bulk states.
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Figure 8. Berry curvature and its dipoles. (a) The Berry curvature of bilayer 2M WS2 along M–Γ–M and Y –Γ–Y directions. Here red and
blue colors indicate positive and negative values respectively. (b) The BCD associated with bilayer 2M WS2. The BCD tensor, in this case,
has four non-zero components—Dxy, Dyx , Dyz and Dzy. The dotted line marks the BCD associated with bulk. (c) NLAHE in bilayer 2M WS2.
When an electric field, Ey, is applied along the y axis, a non-linear Hall-like voltage Vnl is generated perpendicular to it.
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dips and is negative near Fermi level for the Dyx and Dzy

components, while it slightly peaks and is positive for
Dxy and Dyz components. The estimated values of BCD at
Fermi level are 2.10 × 10−4, −3.52 × 10−4, 4.15 × 10−4 and
−4.97 × 10−4 for Dxy, Dyx , Dyz and Dzy respectively.

BCDs are interesting since they are associated with several
non-linear responses such as non-linear Hall currents, second
harmonic generation and photocurrents from circular photo-
galvanic effect [43, 49–51]. An application of electric field
along the y axis, parallel to the generated BCD, i.e. along
the direction of W–W zig-zag chain (figure 8(c)), leads to
a non-linear Hall-like voltage Vnl generated perpendicular to
the field, i.e. along c. The NLAHE exist without breaking
the TRS and has been previously predicted in similar layered
systems such as monolayer WTe2 and MoTe2 [48], resulting
from the formation of BCD due to breaking of inversion sym-
metry. Further, we find that this NLAHE signal obtained is
strongly anisotropic. We hope that these non-linear responses
and BCD can be measured experimentally for our system, as
was recently done for bilayer WTe2 [49].

Hence, we predict a dynamically stable, two-dimensional
bilayer form of 2M WS2, which has topological properties. In
reference [24], only the bulk system was investigated. We also
point out that even though the topological nature of both the
bilayer and bulk are somewhat similar, the bilayer, due to its
broken inversion symmetry, displays several other properties
absent in the bulk. The existence of BCD in the bilayer leads to
several interesting non-linear phenomenon which are distinct
from the bulk 2M WS2. We mention in passing that it would
be interesting to determine experimentally, whether such low-
dimensional phases of 2M WS2 also exhibit superconductivity
and whether they retain the relatively high superconducting
critical temperature of their parent bulk phase. If found to be
superconducting, they could become an intriguing playground
to study the interplay of topology, superconductivity and prox-
imity effects in reduced dimensions [52–57]. We hope that
our predictions lead to the experimental realization of this new
two-dimensional topological material.

5. Summary

In summary, we investigated the properties of bulk and bilayer
2M WS2 using first-principles density functional calculations.
We systematically investigated the structural properties of the
bulk compound, obtained using different types of exchange
correlation functionals and their comparison to the experimen-
tally reported values. We presented the electronic properties of
the bulk phase highlighting the effects of SOC. We analyzed
the topological properties of the bulk phase, and demonstrated
its non-trivial topological nature. We predicted bilayer 2M
WS2 as a new two-dimensional TMDC, which features topo-
logical band inversions. We demonstrated the dynamical sta-
bility of this new structure and presented the computed phonon
modes and their symmetries, which may assist in experimen-
tal identification of this phase. We investigated the electronic
properties of this new system, highlighting the band inversions
between W d states and S p states near the Brillouin zone
center. We showed that bilayer 2M WS2 exhibits a non-trivial

topology, by means of topological invariant computations and
explicit calculation of the edge states. We also demonstrate
that the BCD in the bilayer system is non-zero due to the bro-
ken inversion symmetry, in contrast to the bulk. We calculated
its variation with the Fermi energy and propose a setup to
measure it.
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