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Based on first principles calculations and the K -p effective model, we propose that alkali metal depo-
sition on the surface of hexagonal XNy (X = Cr, Mo, W) nanosheets induces topologically nontrivial
phases in these systems. When spin orbit coupling (SOC) is disregarded, the electron-like conduction
band from N-p, orbitals can be considered to cross the hole-like valence band from X-d? orbitals,
thereby giving rise to a topological nodal line state in lithium-functionalized XNo sheets (LioMoNy
and LisWNj). Such band crossing is protected by the existence of mirror reflection and time reversal
symmetry. More interestingly, the bands cross exactly at the Fermi level, and the linear dispersion
regions of such band crossings extend to as high as 0.9 eV above the crossing. For LisCrNs, the results
reveal the emergence of a Dirac cone at the Fermi level. Our calculations show that lattice compression
decreases the thickness of a LioCrNy nanosheet, leading to phase transition to a nodal line semimetal.
The evolution of the band gap of LisXNs at the I'" point indicates that the nontrivial topological
character of Lios XNy nanolayers is stable over a large strain range. When SOC is included, the band
crossing point is gapped out giving rise to quantum spin Hall states in LioCrNy nanosheets, while for
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LisMoNy, the SOC-induced gap at the crossing points is negligible.

Keywords topological semimetal, nodal-line states, Dirac cone, band inversion

PACS numbers 73.20.-r, 71.55.Ak, 73.20.At

1 Introduction

With the discovery of topological insulators [1-5], topo-
logical phases of matter have become the most active
topic in condensed matter physics and there has been a
tremendous amount of research in the search for novel
topological materials, resulting in the realisation of new
topological phases of matter such as topological semimet-
als [6-8]. In toplogical semimetals, the band inversion
gives rise to a linear crossing in the bulk which can be in
the form of zero-dimensional (0D) nodal points or a one-
dimensional (1D) nodal ring (or nodal lines) [9-14]. The
low-energy excitations of these symmetry protected band
crossings are linearly dispersing Weyl or Dirac fermions
[15-18]. The digeneracy and dimensionality of the band
touching can be used to classify topological semimetals
into Dirac semimetals [19], Weyl semimetals [20, 21] and
nodal line semimetals [22]. Dirac and Weyl semimet-
als have 0D band crossing points while in nodal line
semimetals the band touching points form a closed ring

in momentum space. The band touching points behave
as the sources or sinks of Berry curvature and have topo-
logically protected charges [23].

The topological invariant of the band touching points
can be identified based on the line integral of Berry con-
nection along any closed loop that surronds a nodal point
or threads the nodal line [23-26]. So far many materials
have been predicted to be 3D toplogical semimetals [26—
28] and some of them have been experimentally verified
in angle-resolved photoelectron spectroscopy(ARPES)
studies [29-36]. Research on topological semimetals re-
veals their exotic properties such as high charge carrier
mobility [37, 38], large magnetoresistance [37] and poten-
tial topological superconductivity [39-42]. Furthermore,
3D nodal line semimetals with high energy range of the
linearly dispersed bands and high Dirac fermion densities
enhance our knowledge of topological semimetals [43, 44].
After the comprehensive understanding of 3D topolog-
ical semimetals, considerable attention is now focused
on 2D topological nodal line semimetals. Graphene as a
first experimentally synthesized 2D material hosts Dirac
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points at the Fermi level in the presence of weak spin-
orbit coupling (SOC) and inversion symmetry. In fact
2D toplogical semimetals are fragile and are more chal-
lenging to be captured in real materials. However, Young
and Kane have shown the possibility for the existence of
2D topological semimetals that host symmetry-protected
2D Dirac points in the presence of SOC [45].

Nodal line semimetals have been predicted to exsit in
two-dimensional compounds XY (X = Ca, Srand Y =
As, Sb, Bi) [46], honeycomb-kagome lattices [47], mono-
layer transition-metal group VI compounds [48], two di-
mensional Lieb lattices [49] and surface-functionalized
XNy sheets (X = Mo, W) [50]. Recently Feng et al.
have imaged Dirac nodal loops in monolayer CusSi by
ARPES [51]. However, this expanding class of topologi-
cal semimetals is still under development and the prepa-
ration of new 2D nodal line semimetals with novel prop-
erties such as linear dispersion of the Dirac cone and
nearly flat surface states [46] offers a route to improve
our knowledge of Dirac and Weyl fermions, high-speed
nano devices and high-temperature super conductivity
[52]. Among two-dimensional materials, transition-metal
dichalcogenides (TMDCs) are particularly appealing due
to their potential for future nanoelectronics applications,
such as spintronics and valleytronics devices [53, 54]. Re-
cently a stable class of 2D TMDCs of composition MX,
(M = Mo, W; X = S, Se, Te) with hexagonal lattice
have been proposed as large band gap topological insu-
lators [55, 56]. Furthermore, ab inito calculations show
that surface termination can induce a Quantum spin Hall
(QSH) insulator state in XNy (X = Mo, W) nanolayers,
having structure similar to hexagonal MXs [57]. More ex-
citingly, experimental and theoretical results show that
adsorption of alkali metals on TMDCs results in 2D con-
duction channels (Quantum well states) and a nearly free
2D electron gas providing access to the conduction band
[58, 59].

Our previous calculations show that that adsorption
of alkali metal induces topological semimetals in 2D
nanosheets [50]. Motivated by these results, we sug-
gest here that adsorption of alkali metals can be a
route for creating topological semimetals in hexagonal
XNs nanossheet. We have used density functional the-
ory (DFT) and the K-p model to investigate the effect
of adsorption of alkali metal atom (Li) on the band stuc-
ture and electronic properties of hexagonal XNy (X =
Cr, Mo, W) and explored the possible existence of topo-
logical phases in these 2D materials. Our results show
that alkali metal atom (Li) deposition on the surface of
XN (Cr, Mo, W) nanosheets causes the appearance of
a parabolic conduction band near the Fermi level with
noticeable down-shift from CrNy to MoNs, resulting in
the realisation of a nodal line semimetal in a LioMoNy
(LigWN3) nanolayer. In other words, we demonstrate

that a LioCrNy nanosheet hosts QSH states with an en-
ergy gap of 17.5 meV while LioMoNy (LiaWN3) is a new
topological nodal line semimetal with a Dirac cone at
Fermi level. The band inversion, which is a crucial sign
of the nontrivial band topology is observed between the
X-d orbitals and the N-p, orbital due to the crystal field
effect. The results strongly discourage the use of different
exchange-correlation functional approximations. Indeed,
to avoid the underestimation of the fundamental gap,
we have checked the band crossing by using the hybrid
functional HSE06 [60, 61] as well as the modified Becke-
Johnson (mBJ) functional [62]. More interestingly, the
linear dispersion regions of band crossings extend to as
high as 0.9 eV above the crossing, making LioMoNs (Mo,
W) an ideal platform to study Dirac and Weyl physics as
well as device design based on 2D topological semimet-
als. Our results suggest a new route to design topological
semimetals and an ideal platform to investigate their ex-
otic properties. Due to the common features shared by
LioMoNs and Lis WN», we will focous in this work mainly
on the topological properties of LisMoNy and LioCrNo.
In Section 2 we introduce briefly the calculation meth-
ods. Section 3 is devoted to the results of the study, fo-
cusing on the structural and electronic properties of sur-
face functionalized hexagonal XNy (Cr, Mo, W). Finally
we summarise our results and present some concluding
remarks.

2 Calculation method

For high accuracy electronic structure calculations, the
structural optimization and electronic properties are
modeled by using the all-electron full potential linearized
augmented plane wave (FP-LAPW) method as imple-
mented in the WIEN2k code [63] and the FHI-aims code
package, the latter of which is an all-electron full poten-
tial electronic structure code including numerical atom-
centered orbitals [64]. The generalized gradient approx-
imation of Perdew—Burke-Ernzerhof (PBE) is used for
the exchange-correlation potential [65]. The k-point sam-
pling grid in the electronic calculations was 20 x 20 x 1.
For each configuration, the atomic positions and lat-
tice parameters are optimized until the maximum resid-
ual force on each atom becomes less than 10~* eV/A.
The SOC is included self-consistently within the second-
variational method. A 18 A thick vacuum layer is used
to avoid interactions between nearest layers. It is well
known that generalized gradient approximation (GGA)
functionals systematically underestimate the band gap.
Therefore, to avoid the possible underestimation of the
band gap within PBE functional, we have also employed
the hybrid density functional (HSE06) [60, 61] and the
mBJ potential [62].
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Fig. 1 (a) Top view of the crys-
tal structure of LiaMoN (red line
shows an armchair edge). (b) The
possible sites (upper panel) for sur-
face termination are A (on top of the
N site) and B (on the top of Mo site).
The mirror reflection plane is shown
by M.. Top view (lower panel) of the
crystal structure of MoNs.

3 Results and discussion

3.1 Structural properties

We first characterize the crystal structure of hexagonal
XNy (Cr, Mo, W) nanolayers. The nansheet XNy has
a similar structure to MoSs [55, 56] which is composed
of repeated MoS, square and hexagon units. It crystal-
lizes in hexagonal space group P6/m (No. 175) and each
unit cell contains 6 transition metal (Cr, Mo, W) and
12 Nitrogen (N) atoms (Fig. 1). In XNy nannsheet, tran-
sition metal atoms make a plane sandwiched between
two N atomic layer. Liu et al. have shown that hydro-
genation could enhance the structural stability of XNg
(Mo, W) [57]. Their calculation shows that Hydrogen
(H) atoms are located on top of the N atoms to make
layering sequence of H-N-X-N-H. These structures host
QSH states due to band inversion between X-d,, /dy2_,2
and X-d2 bands. To explore the effects of alkali metal on
the structural properties of XNy, the bare surfaces of
XNy nanosheet are terminated by Lithium (Li) atoms.
As shown in Fig. 1, there are two possible adsorption
sites on each surface, namely A and B. In fact, Li atoms
can be located on the top of the N atoms (A) or on the
top of the X (Cr, Mo, W) atoms (B). For each case,
the crystal structure of LioXNy is fully optimized and
its total energy is calculated. Our calculations show that
the B-site Lithium-functionalization of XNs obtains the
lowest energy and is more stable than the A-site. Fig-
ure 1 show that Li atoms on the top of the X atoms
bound to nearest N atoms to make a ring, causing reduc-
tion in total energy. The decorated atoms pull out the
N atoms which results in larger thickness for XNy layer.
Compared to HoXNs sheet, the Lis XNy has larger thick-

ness. Interestingly, we note that this structure (XNj)
resembles the structure of a mixed lattice composed by
Kagome and honey comb lattices such as HgzAss which
has been recently proposed as 2D nodal line semimetal
[47]. By replacing As (Hg) atoms with a triangle of X
atoms (dimer of N atoms), the structure of XNy can be
obtained (Fig. 1). In order to check the structural stabil-
ity of LioXNs nanosheets, we calculated a set of phonon
dispersions. As Fig. 2 shows, all branches over the en-
tire Brillouin zone have positive frequencies, indicating
that these structures are dynamically stable. The highest
phonon frequency in Lip XNy is around 700 cm ™! which
is higher than that for MoSy 475 cm ™" [66].

3.2 Electronic structure

After describing the lattice structure of Lio XNy nanolay-
ers, we turn to investigate their electronic and topolog-
ical properties. Since the band structures of LizMoN,
and LioWNy are qualitatively the same, the electronic
band structures of LisMoNs and LioCrNy are shown in

Li,MoN,

Frequency (cm1)

Fig. 2 The phonon dispersions for optimized Li2CrN» (a)
and LizMoN3 (b) nanosheets.
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Fig. 3. The results for LiosWNs are given in the Supple-
mental Material [67]. As shown in Fig. 3, when SOC is
not considered, the topmost valence band and the low-
est conduction band of LisCrNs touch at the I' point
around which the valence and conduction bands are
both parabolic. This shows that Lio CrNs is semimetallic.
For the LisMoN> nanosheet, the valence and conduction
bands cross each other at Femi level, making a nodal ring
around the I' point. The projected band structures onto
the d orbitals of the X (Cr, Mo) atoms and the p orbitals
of the N atoms are shown in Fig. 4.

Due to the existence of point group Cg, at the T’
point, the d orbitals are categorized into three groups
(duysdyp2—y2), (dys,dy.) and d2. Similarly, the p or-
bitals are split into two group (pz,py) and p,. The
orbital-character analysis and projected partial densi-
ties of states show that the bands near Fermi level are

(2) (b)

1 =3

Energy (eV)

composed mostly of X-d orbitals and N-p, orbital. For
LisCrNy, the degenerate bands at Fermi level mainly
composed of X-d? orbital. Above these degenerate states
at the I' point, there is a parabolic band from N-p, or-
bital centered at I' point. The next conduction band at
the I' point is mainly contributed by the X-d,,/dg2_,»2
orbitals as shown by the band projections in Fig. 4.
For the LisMoNs nanosheet, the electron-like conduction
bands from the N-p, orbitals cross the hole-like valence
band from the Mo-d? orbital at Fermi level. In compari-
son to LisCrNs, the state of N-p, orbital shifts downward
the Fermi energy while the states of Mo-d? orbital move
above Fermi level with a 343 meV inversion gap. The
stacking sequence of X, N and Li atomic planes within
the unit cell is Li-N-X-N-Li which preserves space inver-
sion symmetry. Therefore, the X atomic plane is a mirror
plane of the structure under mirror operation R, that

Energy (eV)
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Fig. 3 The band structure of LioCrN; (a) and LisMoN; (c) calculated without spin-orbit coupling (SOC). (b) Momentum
distribution of the nodal loop at the Fermi level in LizMoN3. (d) The band structure of LioCrN2 with/without SOC.
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Fig. 4 The orbital-projected band structures and density of states of LioCrN2 (a) and Li2MoN> (b) into the X-d2 (red line),
N-p. (green line) and X-dyy/d,2_,2 (blue line) orbitals where “4-” and “—” represent the even and odd parity eigenvalues,

respectively.
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changes z to —z. Because of this in-plane mirror sym-
metry, the structure has C; point group along I'-M and
I'-K, which has two one-dimensional irreducible represen-
tations: A’ and A”. The inverted two bands along I'-M
and I'-K belong to different irreducible representations.
The band constructed from X-d? belong to I'y(A”) while
the band constructed from N-p, belong to I’y (A"). There-
fore, the intersection of the two bands is protected by
mirror reflection symmetry, making a continuous closed
loop on the mirror plane k, = 0 [68]. We have calculated
the Fermi surface to consider the momentum distribution
of gapless nodal points in the Brillouin zone. As Fig. 3
(part b) shows, the inverted bands form a node-line loop
due to band crossing at Fermi level.

It is noteworthy that the two bands crossing the Fermi
level have the same parity so the band crossing does not
lead to a parity exchange between the occupied and un-
occupied bands at the I" point. We have checked the elec-
tronic structures by using the hybrid functional HSE06
[60, 61] as well as the modified Becke-Johnson (mBJ)
functional [62]. Our results show that they give a similar
band gap (Fig. 3).

In order to determine the accuracy of DFT results, we
use the effective K-p Hamiltonian near the band inver-
sion to check the existence of nodal line structure around
the T' point; see Supplemental Materials [67] for details.
The result indicates that the band crossing in 2D mo-
mentum space forms a closed loop, which is in good
agreement with the first-principles result. Motivated by
the existence of the quantum spin Hall (QSH) effect in
HoXNs (Mo, W), we have calculated the z topological
invariant (v) of Lips XNy (Mo, Cr, W) nanolayers. Since
the Lis XNy nanolayers have the inversion symmetry, its
7o topological invariant can be simply calculated by eval-
uating the parity eigenvalues of occupied states at time
reversal-invariant momentum (TRIM) points of the Bril-
louin zone [69, 70]. Following the method proposed by Fu
and Kane [69, 70], topological invariant v is evaluated as

N
(ki) = T &n(ka),
n=1
4
(-1 = [T o0k,
i=1
where &,(k;) is +1 (—1) for even (odd) parity of the
nth occupied band at time-reversal invariant momentum
k; and N is the total number of occupied bands. The
topological invariant v = 1 (v = 0) corresponds to non-
trivial (trivial) topological phase. Hexagonal monolayer
Lis XNy has one TRIM point at I'(0,0) and three TRIM
points at M; (0,0.5), Mz (0.5,0) and M3 (0.5,0.5) which
have the same parities. The parity analysis of the occu-
pied bands at TRIM points shows that the zo topologi-
cal invariant v is 1, indicating the nontrivial topological

phase.

As shown in Fig. 3, upon considering the SOC, for
LioCrNy, the degeneracy of the topmost valence band
and the lowest conduction band at Fermi level is lifted,
introducing a finite energy gap of 17.5 meV and the sys-
tem becomes a topological insulator. Figure 3 shows the
SOC-induced W-shaped conduction band, which is a sign
of a nontrivial phase. The SOC opens a band gap ap-
proximately 7.3 (22) meV along nodal line of LioMoNs
(LiaWN3) which is negligible and smaller than the SOC-
induced gap opening in the most reported nodal line
semimetals [39].

Another remarkable feature of nontrivial topological
phases is the emergence of topological edge states. To
calculate the edge states of LioCrNy (LisMoNy), we have
constructed a nanoribbon with an armchair edge with
approximately 51 (53) A width to minimize the interac-
tion between two edges of nanoribbons. As Fig. 5 shows,
there is a nearly flat surface (red line) within the bulk
band gap of LiosMoN, which is a common feature of nodal
line semimetals and have been reported for 2D nodal line
CagAs [46]. For Li;CrNy, the emergent edge states (red
lines) connect the conduction and valence bands to form
a single Dirac cone at I' point.

3.3 Band inversion mechanism

As illustrated before, for LioCrNs, the SOC just opens a
tiny gap at I' point without any band inversion, implying
that the band inversion has occurred before turning on
SOC. To get insight into physical mechanism for band in-
version, we take LioCrNy as an example and change the
distance between neighboring atoms while analyzing the
band order associated with atomic orbitals. In the stable
structure of HoXNy (X = Mo, W), H atoms are located
on the top of N atoms [57]. So the band composed of N-p,
orbital is located at N-H bond (along vertical direction

Fig. 5 Energy and momentum-dependent local density of
states for Lio XNy (X = Cr, Mo) on the armchair edge. (a)
For LioCrNay, the edge states (red line) that connect the bulk
valence and conduction band edges form a single Dirac cone
at the I" point. (b) The nearly flat surface band (red line) is
nestled within the projected bulk band structure (brown line)
in LioMoN3. The Fermi energy is located at zero energy.
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Fig. 6 (a) The evolution of N-N and X-X (X = Cr, Mo) distances in LioCrNy (solid line) and LioMoN; (dashed line)
under lattice strain. (b) The orbital-projected band structure for —10% strained LioCrNg into the X-d2 (red line), N-p,
(green line) and X-dyy /d,2_,2 (blue line) orbitals. (c) The evolution of closest bands to the Fermi level under lattice strain

for LioCrNo.

to the nanosheet) and does not contribute to bands near
the Fermi level. For LioCrNy, Li atoms are located on the
top of Cr atoms, leading to overlap between Cr-d? and
N-p, orbitals near the Fermi level. As a result, the energy
bands near Fermi level are from the bonding interactions
between the Cr-dy, ,2_y2, Cr-d2 and N-p, orbitals and
are sensitive to variations of Cr-Cr and N-Cr distances
(thickness of nanosheet). Our calculations show that N-
P, orbitals mostly contribute to two bands above Fermi
level (labelled A, C). Other bands near the Fermi energy
(labelled B, D and E) are composed from Cr-dg, /52,2
and Cr-d? orbitals (see Fig. 4). The double degenerate
states of d? orbitals at I' point are odd and split to two
states with different parities (labeled + and —) by band
dispersion along I'-M, resulting “—" and “+” for the par-
ity products of occupied states at M and I" point respec-
tively. The evolution of energy levels of band near to
Fermi energy and X-X (N-N) bond length under lattice
strain is depicted in Fig. 6. As the compressive strain
is increased, the vertical distance between two N layers
(the distance between X atoms) is increased (decreased).
Therefore, the interaction between N-N atoms and hy-
bridization between N-p, and Cr-d? orbitals (Cr-d? and
Cr-dyy /22 —y2) will be weakened (enhanced); which low-
ers (raises) the energy of two bands A and C (B, D and
E). By compressing the lattice constant a (Fig. 6), the
band C (D) shift down (up) the Fermi level and the first
band inversion happens at strain of about —1%, which
does not change the parity products of occupied states at
I" point. This band inversion causes the phase transition
from a QSH state to nodal line semimetal in LioCrNs.
When further compressing the lattice, the second band
inversion happens between A and E which leads to par-
ity exchange the occupied and unoccupied bands, includ-
ing a topological semimetal to trivial insulator phase in
LioCrNy at strain of about —9.5% (see Fig. 6).

137309-6

4 Strain effects

Now we focus on the role of strain on the topological
properties of a Lis XNy monolayer. To explore the pos-
sibility of a topological phase transition, we have calcu-
lated the direct band gap at I'" as a function of lattice
strain. To do so, the lattice constant a is compressed or
extend and for each fixed volume, the internal atomic co-
ordinates are fully optimized. As mentioned before the
applied strain modifies the interaction between N-p,, X-
Ayy/a2—y2 and X-d? orbitals, changing the energies of
bands near to Fermi level. The calculation results are
shown in Fig. 7. For LisCrNy, when decreasing the lat-
tice constant, the band composed of N-p, orbital shift
downward below the Fermi level and crosses X-d? band,
making a nodal ring. In other words, lattice compression
decreases the thickness of nanosheet, leading to phase

E Topological insulator

Normal insulator

|
[y}
[=3
(=]
|

Nodal line semimetal
=400

Energy (meV)

—600

800 T T T T
-10 8 -6 4 -2
Strain (%)

© [

Fig. 7 The calculated direct band gap at the I' point as a
function of lattice strain for LioCrN2 (blue dashed line) and
Li2MoN; (solid line).
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transition to nodal line semimetal. The topological nodal
line semimetal is stable until the strain reaches —9.5%,
where LioCrNy changes into a normal insulator (trivial
insulator). As Fig. 7 shows, when the lattice constant a
increases, the QSH feature of Lio CrNs survives, although
its direct band gap at I' becomes smaller. The evolution
of the band gap of the LisMoNy at the I' point indi-
cates that LisMoNs nanosheet is a nodal line semimetal
within the strain range of —11%-3.5%. When the lat-
tice constant is increased by more than 3.5%, Li;MoN,
becomes a QSH system. Therefore, the nontrivial topo-
logical character of LisXNs nanolayers is stable over a
large strain range, making them highly adaptable in var-
ious pressure environments.

5 Summary and conclusions

In this work, based on density-functional theory (DFT)
and a K-p effective analysis, we report the existence
of a topological nodal line semimetal in LioXNs (X =
Mo, W) nanosheets which crystallizes in the hexagonal
space group P6/m. Our calculations show that the band
inversion happens between X-d? (X = Mo, W) and N-
p orbitals stemming from a crystal field effect in the
nanosheet. The nodal ring is under the protection of re-
flection symmetry. The large energy range for the linear
dispersion of the bands involved in the crossings makes
Li;XNy (X = Mo, W) nanosheets an ideal platform to
study Dirac and Weyl physics as well as for device de-
sign based on 2D topological semimetals. Our calcula-
tions show that the topmost valence band and the lowest
conduction band of LioCrNs touch at the Fermi level,
making a Dirac coneat the I' point. In the presence of
SOC Li2CrNy hosts QSH states with an energy gap of
17.5 meV.

Electronic supplementary material Supplementary material
is available in the online version of this article at https://doi.org/
10.1007/s11467-018-0815-x and is accessible for authorized users.

References and notes

1. M. Z. Hasan and C. L. Kane, Topological insulators,
Rev. Mod. Phys. 82(4), 3045 (2010)

2. K. He, Topological insulator: Both two- and three-
dimensional, Front. Phys. 7(2), 148 (2012)

3. D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J.
Cava, and M. Z. Hasan, A topological Dirac insulator
in a quantum spin Hall phase, Nature 452(7190), 970
(2008)

4. Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A.
Bansil, D. Grauer, Y. S. Hor, R. J. Cava, and M. Z.

10.

11.

12.

13.

14.

15.

16.

17.

Hasan, Observation of a large-gap topological-insulator
class with a single Dirac cone on the surface, Nat. Phys.
5(6), 398 (2009)

. S. Y. Xu, C. Liu, N. Alidoust, M. Neupane, D. Qian, I.

Belopolski, J. D. Denlinger, Y. J. Wang, H. Lin, L. A.
Wray, G. Landolt, B. Slomski, J. H. Dil, A. Marcinkova,
E. Morosan, Q. Gibson, R. Sankar, F. C. Chou, R. J.
Cava, A. Bansil, and M. Z. Hasan, Observation of a
topological crystalline insulator phase and topological
phase transition in Pbi_Sn;Te, Nat. Commun. 3(1),
1192 (2012)

. S. Y. Xu, C. Liu, S. K. Kushwaha, R. Sankar, J. W.

Krizan, I. Belopolski, M. Neupane, G. Bian, N. Ali-
doust, T. R. Chang, H. T. Jeng, C. Y. Huang, W. F.
Tsai, H. Lin, F. Chou, P. P. Shibayev, R. J. Cava, and
M. Z. Hasan, Observation of Fermi arc surface states in
a topological metal, Science 347(6219), 294 (2015)

. Z. Wang, H. Weng, Q. Wu, X. Dai, and Z. Fang, Three-

dimensional Dirac semimetal and quantum transport in
CdsAsa, Phys. Rev. B 88(12), 125427 (2013)

. B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao,

J. Ma, P. Richard, X. C. Huang, L. X. Zhao, G. F. Chen,
Z. Fang, X. Dai, T. Qian, and H. Ding, Experimental
discovery of Weyl semimetal TaAs, Phys. Rev. X 5(3),
031013 (2015)

. C. K. Chiu and A. P. Schnyder, Classification of

reflection-symmetry-protected topological semimetals
and nodal superconductors, Phys. Rev. B 90(20), 205136
(2014)

J. Behrends, J. W. Rhim, S. Liu, A. G. Grushin, and J.
H. Bardarson, Nodal-line semimetals from Weyl super-
lattices, Phys. Rev. B 96(24), 245101 (2017)

T. Bzdusek, Q. Wu, A. Ruegg, M. Sigrist, and A. A.
Soluyanov, Nodal-chain metals, Nature 538(7623), 75
(2016)

H. Weng, X. Dai, and Z. Fang, Topological semimet-
als predicted from first-principles calculations, J. Phys.:
Condens. Matter 28(30), 303001 (2016)

B. Bradlyn, J. Cano, Z. Wang, M. G. Vergniory, C.
Felser, R. J. Cava, and B. A. Bernevig, Beyond Dirac
and Weyl fermions: Unconventional quasiparticles in
conventional crystals, Science 353(6299), aaf5037 (2016)

H. Weng, C. Fang, Z. Fang, and X. Dai, Coexistence
of Weyl fermion and massless triply degenerate nodal
points, Phys. Rev. B 94(16), 165201 (2016)

G. T. Volovik, Momentum space topology of fermion
zero modes brane, JETP Lett. 75(2), 55 (2002)

S. M. Young, S. Zaheer, J. C. Y. Teo, C. L. Kane, E.
J. Mele, and A. M. Rappe, Dirac semimetal in three
dimensions, Phys. Rev. Lett. 108(14), 140405 (2012)

M. Dadsetani and A. Ebrahimian, Breaking inversion
symmetry induces excitonic peak in optical absorption
of topological semimetal, J. Phys. Chem. Solids 100, 161
(2017)

Ali Ebrahimian and Mehrdad Dadsetani, Front. Phys. 13(5), 137309 (2018)

137309-7

@
&
o
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=



https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1007/s11467-012-0248-x
https://doi.org/10.1007/s11467-012-0248-x
https://doi.org/10.1038/nature06843
https://doi.org/10.1038/nature06843
https://doi.org/10.1038/nature06843
https://doi.org/10.1038/nature06843
https://doi.org/10.1038/nphys1274
https://doi.org/10.1038/nphys1274
https://doi.org/10.1038/nphys1274
https://doi.org/10.1038/nphys1274
https://doi.org/10.1038/nphys1274
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1103/PhysRevB.88.125427
https://doi.org/10.1103/PhysRevB.88.125427
https://doi.org/10.1103/PhysRevB.88.125427
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevB.90.205136
https://doi.org/10.1103/PhysRevB.90.205136
https://doi.org/10.1103/PhysRevB.90.205136
https://doi.org/10.1103/PhysRevB.90.205136
https://doi.org/10.1103/PhysRevB.96.245101
https://doi.org/10.1103/PhysRevB.96.245101
https://doi.org/10.1103/PhysRevB.96.245101
https://doi.org/10.1038/nature19099
https://doi.org/10.1038/nature19099
https://doi.org/10.1038/nature19099
https://doi.org/10.1088/0953-8984/28/30/303001
https://doi.org/10.1088/0953-8984/28/30/303001
https://doi.org/10.1088/0953-8984/28/30/303001
https://doi.org/10.1126/science.aaf5037
https://doi.org/10.1126/science.aaf5037
https://doi.org/10.1126/science.aaf5037
https://doi.org/10.1126/science.aaf5037
https://doi.org/10.1103/PhysRevB.94.165201
https://doi.org/10.1103/PhysRevB.94.165201
https://doi.org/10.1103/PhysRevB.94.165201
https://doi.org/10.1134/1.1466475
https://doi.org/10.1134/1.1466475
https://doi.org/10.1103/PhysRevLett.108.140405
https://doi.org/10.1103/PhysRevLett.108.140405
https://doi.org/10.1103/PhysRevLett.108.140405
https://doi.org/10.1016/j.jpcs.2016.10.002
https://doi.org/10.1016/j.jpcs.2016.10.002
https://doi.org/10.1016/j.jpcs.2016.10.002
https://doi.org/10.1016/j.jpcs.2016.10.002

»
9
o
7
>
=
="
[
=]
»
R
2]
.5
=
e
R
=

RESEARCH ARTICLE

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. M. Dadsetani and A. Ebrahimian, Optical distinctions
between Weyl semimetal TaAs and Dirac semimetal
NasBi: An ab initio investigation, Journal of Elec., Ma-
teri. 45, 5867 (2016)

Z. Wang, Y. Sun, X. Q. Chen, C. Franchini, G. Xu,
H. Weng, X. Dai, and Z. Fang, Dirac semimetal and
topological phase transitions in AsBi (A = Na, K, Rb),
Phys. Rev. B 85(19), 195320 (2012)

A. A. Burkov, Topological semimetals, Nat. Mater.
15(11), 1145 (2016)

X. Wan, A. M. Turner, A. Vishwanath, and S. Y.
Savrasov, Topological semimetal and Fermi arc surface
states in the electronic structure of pyrochlore iridates,
Phys. Rev. B 83(20), 205101 (2011)

A. A. Burkov, M. D. Hook, and L. Balents, Topological
nodal semimetals, Phys. Rev. B 84(23), 235126 (2011)

M. Z. Hasan, S. Y. Xu, I. Belopolski, and S. M. Huang,
Discovery of weyl fermion semimetals and topological
fermi arc states, Annu. Rev. Condens. Matter Phys.
8(1), 289 (2017)

C. Fang, Y. Chen, H. Y. Kee, and L. Fu, Topologi-
cal nodal line semimetals with and without spin-orbital
coupling, Phys. Rev. B 92(8), 081201 (2015)

Y. X. Zhao, A. P. Schnyder, and Z. D. Wang, Unified
theory of PT and CP invariant topological metals and
nodal superconductors, Phys. Rev. Lett. 116(15), 156402
(2016)

R. Yu, Z. Fang, X. Dai, and H. Weng, Topological nodal
line semimetals predicted from first-principles calcula-
tions, Front. Phys. 12(3), 127202 (2017)

H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and
X. Dai, Weyl semimetal phase in noncentro-symmetric
transition-metal monophosphides, Phys. Rev. X 5(1),
011029 (2015)

Q. D. Gibson, L. M. Schoop, L. Muechler, L. S. Xie,
M. Hirschberger, N. P. Ong, R. Car, and R. J. Cava,
Three-dimensional Dirac semimetals: Design principles
and predictions of new materials, Phys. Rev. B 91(20),
205128 (2015)

M. Neupane, S. Y. Xu, R. Sankar, N. Alidoust, G. Bian,
C. Liu, I. Belopolski, T. R. Chang, H. T. Jeng, H. Lin,
A. Bansil, F. Chou, and M. Z. Hasan, Observation of a
three-dimensional topological Dirac semimetal phase in
high-mobility CdsAsz, Nat. Commun. 5(1), 3786 (2014)

S. Borisenko, Q. Gibson, D. Evtushinsky, V. Zabolot-
nyy, B. Biichner, and R. J. Cava, experimental realiza-
tion of a three-dimensional Dirac semimetal, Phys. Rev.
Lett. 113(2), 027603 (2014)

Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng,
D. Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X.
Dai, Z. Hussain, and Y. L. Chen, Discovery of a three-
dimensional topological Dirac semimetal, NasBi, Sci-
ence 343(6173), 864 (2014)

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. S. Y. Xu, C. Liu, S. K. Kushwaha, R. Sankar, J. W.
Krizan, 1. Belopolski, M. Neupane, G. Bian, N. Ali-
doust, T. R. Chang, H. T. Jeng, C. Y. Huang, W. F.
Tsai, H. Lin, P. P. Shibayev, F. C. Chou, R. J. Cava, and
M. Z. Hasan, Observation of Fermi arc surface states in
a topological metal, Science 347(6219), 294 (2015)

G. Bian, T. R. Chang, R. Sankar, S. Y. Xu, H. Zheng,
T. Neupert, C. K. Chiu, S. M. Huang, G. Chang, L.
Belopolski, D. S. Sanchez, M. Neupane, N. Alidoust,
C. Liu, B. Wang, C. C. Lee, H. T. Jeng, C. Zhang,
Z. Yuan, S. Jia, A. Bansil, F. Chou, H. Lin, and M.
Z. Hasan, Topological nodal-line fermions in spin-orbit
metal PbTaSes, Nat. Commun. 7, 10556 (2016)

Y. Wu, L. L. Wang, E. Mun, D. D. Johnson, D. Mou,
L. Huang, Y. Lee, S. L. Bud’ko, P. C. Canfield, and A.
Kaminski, Dirac node arcs in PtSny, Nat. Phys. 12(7),
667 (2016)

L. M. Schoop, M. N. Ali, C. Straler, A. Topp, A.
Varykhalov, D. Marchenko, V. Duppel, S. S. P. Parkin,
B. V. Lotsch, and C. R. Ast, Dirac cone protected
by non-symmorphic symmetry and three-dimensional
Dirac line node in ZrSiS, Nat. Commun. 7, 11696 (2016)

M. Neupane, I. Belopolski, M. M. Hosen, D. S. Sanchez,
R. Sankar, M. Szlawska, S. Y. Xu, K. Dimitri, N.
Dhakal, P. Maldonado, P. M. Oppeneer, D. Kac-
zorowski, F. Chou, M. Z. Hasan, and T. Durakiewicz,

Observation of topological nodal fermion semimetal
phase in ZrSiS, Phys. Rev. B 93(20), 201104 (2016)

T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. J. Cava, and
N. P. Ong, Ultrahigh mobility and giant magnetore-
sistance in the Dirac semimetal Cd3As2, Nat. Mater.
14(3), 280 (2015)

Y. Zhao, H. Liu, C. Zhang, H. Wang, J. Wang, Z. Lin,
Y. Xing, H. Lu, J. Liu, Y. Wang, S. M. Brombosz, Z.
Xiao, S. Jia, X. C. Xie, and J. Wang, Anisotropic Fermi
surface and quantum limit transport in high mobility
three-dimensional Dirac semimetal CdgAsz2, Phys. Rev.
X 5(3), 031037 (2015)

H. Wang, H. Wang, H. Liu, H. Lu, W. Yang, S. Jia,
X.J. Liu, X. C. Xie, J. Wei, and J. Wang, Observation
of superconductivity induced by a point contact on 3D
Dirac semimetal CdsAss crystals, Nat. Mater. 15(1), 38
(2016)

H. Weng, Y. Liang, Q. Xu, R. Yu, Z. Fang, X. Dai, and
Y. Kawazoe, Topological node-line semimetal in three-
dimensional graphene networks, Phys. Rev. B 92(4),
045108 (2015)

R. Yu, H. Weng, Z. Fang, X. Dai, and X. Hu, Topolog-
ical node-line semimetal and Dirac semimetal state in
antiperovskite CusPdN, Phys. Rev. Lett. 115(3), 036807
(2015)

Y. Kim, B. J. Wieder, C. L. Kane, and A. M. Rappe,
Dirac line nodes in inversion-symmetric crystals, Phys.
Rev. Lett. 115(3), 036806 (2015)

Ali Ebrahimian and Mehrdad Dadsetani, Front. Phys. 13(5), 187309 (2018)

137309-8


https://doi.org/10.1103/PhysRevB.85.195320
https://doi.org/10.1103/PhysRevB.85.195320
https://doi.org/10.1103/PhysRevB.85.195320
https://doi.org/10.1103/PhysRevB.85.195320
https://doi.org/10.1038/nmat4788
https://doi.org/10.1038/nmat4788
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.84.235126
https://doi.org/10.1103/PhysRevB.84.235126
https://doi.org/10.1146/annurev-conmatphys-031016-025225
https://doi.org/10.1146/annurev-conmatphys-031016-025225
https://doi.org/10.1146/annurev-conmatphys-031016-025225
https://doi.org/10.1146/annurev-conmatphys-031016-025225
https://doi.org/10.1103/PhysRevB.92.081201
https://doi.org/10.1103/PhysRevB.92.081201
https://doi.org/10.1103/PhysRevB.92.081201
https://doi.org/10.1103/PhysRevLett.116.156402
https://doi.org/10.1103/PhysRevLett.116.156402
https://doi.org/10.1103/PhysRevLett.116.156402
https://doi.org/10.1103/PhysRevLett.116.156402
https://doi.org/10.1007/s11467-016-0630-1
https://doi.org/10.1007/s11467-016-0630-1
https://doi.org/10.1007/s11467-016-0630-1
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevB.91.205128
https://doi.org/10.1103/PhysRevB.91.205128
https://doi.org/10.1103/PhysRevB.91.205128
https://doi.org/10.1103/PhysRevB.91.205128
https://doi.org/10.1103/PhysRevB.91.205128
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1126/science.1245085
https://doi.org/10.1126/science.1245085
https://doi.org/10.1126/science.1245085
https://doi.org/10.1126/science.1245085
https://doi.org/10.1126/science.1245085
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1126/science.1256742
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/nphys3712
https://doi.org/10.1038/nphys3712
https://doi.org/10.1038/nphys3712
https://doi.org/10.1038/nphys3712
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1103/PhysRevB.93.201104
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1103/PhysRevX.5.031037
https://doi.org/10.1103/PhysRevX.5.031037
https://doi.org/10.1103/PhysRevX.5.031037
https://doi.org/10.1103/PhysRevX.5.031037
https://doi.org/10.1103/PhysRevX.5.031037
https://doi.org/10.1103/PhysRevX.5.031037
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1038/nmat4456
https://doi.org/10.1103/PhysRevB.92.045108
https://doi.org/10.1103/PhysRevB.92.045108
https://doi.org/10.1103/PhysRevB.92.045108
https://doi.org/10.1103/PhysRevB.92.045108
https://doi.org/10.1103/PhysRevLett.115.036807
https://doi.org/10.1103/PhysRevLett.115.036807
https://doi.org/10.1103/PhysRevLett.115.036807
https://doi.org/10.1103/PhysRevLett.115.036807
https://doi.org/10.1103/PhysRevLett.115.036806
https://doi.org/10.1103/PhysRevLett.115.036806
https://doi.org/10.1103/PhysRevLett.115.036806

RESEARCH ARTICLE

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

J. Zhang, M. Gao, J. Zhang, X. Wang, X. Zhang, M.
Zhang, W. Niu, R. Zhang, and Y. Xu, Transport evi-
dence of 3D topological nodal-line semimetal phase in
ZrSiS, Front. Phys. 13(1), 137201 (2018)

L. M. Schoop, M. N. Ali, C. Straler, A. Topp, A.
Varykhalov, D. Marchenko, V. Duppel, S. S. P. Parkin,
B. V. Lotsch, and C. R. Ast, Dirac cone protected
by non-symmorphic symmetry and three-dimensional
Dirac line node in ZrSiS, Nat. Commaun. 7, 11696 (2016)

S. M. Young and C. L. Kane, Dirac semimetals in two
dimensions, Phys. Rev. Lett. 115(12), 126803 (2015)

C. Niu, P. M. Buhl, G. Bihlmayer, D. Wortmann, Y.
Dai, S. Bligel, and Y. Mokrousov, Two-dimensional
topological nodal line semimetal in layered XY (X =
Ca, Sr, and Ba; Y=As, Sb, and Bi), Phys. Rev. B 95(23),
235138 (2017)

J. L. Lu, W. Luo, X. Y. Li, S. Q. Yang, J. X. Cao, X.
G. Gong, and H. J. Xiang, Two-dimensional node-line
semimetals in a honeycomb-Kagome lattice, Chin. Phys.
Lett. 34(5), 057302 (2017)

Y. J. Jin, R. Wang, J. Z. Zhao, Y. P. Du, C. D. Zheng,
L. Y. Gan, J. F. Liu, H. Xu, and S. Y. Tong, The pre-
diction of a family group of two-dimensional node-line
semimetals, Nanoscale 9(35), 13112 (2017)

B. Yang, X. Zhang, and M. Zhao, Dirac node lines
in two-dimensional Lieb lattices, Nanoscale 9(25), 8740
(2017)

A. Ebrahimian and M. Dadsetani, Dependence of topo-
logical and optical properties on surface-terminated
groups in two-dimensional molybdenum dinitride and
tungsten dinitride nanosheets, Phys. Chem. Chem.
Phys. 19(45), 30301 (2017)

B. Feng, B. Fu, S. Kasamatsu, S. Ito, P. Cheng, C. C.
Liu, Y. Feng, S. Wu, S. K. Mahatha, P. Sheverdyaeva,
P. Moras, M. Arita, O. Sugino, T. C. Chiang, K. Shi-
mada, K. Miyamoto, T. Okuda, K. Wu, L. Chen, Y.
Yao, and I. Matsuda, Experimental realization of two-
dimensional Dirac nodal line fermions in monolayer
CuzSi, Nat. Commun. 8(1), 1007 (2017)

N. B. Kopnin, T. T. Heikkila, and G. E. Volovik, High
temperature surface superconductivity in topological
flat-band systems, Phys. Rev. B 83(22), 220503 (2011)

Z.Y. Zhu, Y. C. Cheng, and U. Schwingenschlégl, Gi-
ant spin-orbit-induced spin splitting in two-dimensional
transition-metal dichalcogenide semiconductors, Phys.
Rev. B 84(15), 153402 (2011)

D. Xiao, G. B. Liu, W. Feng, X. Xu, and W. Yao,
Coupled spin and valley physics in monolayers of MoS»
and other group-VI Dichalcogenides, Phys. Rev. Lett.
108(19), 196802 (2012)

Y. Ma, L. Kou, X. Li, Y. Dai, and T. Heine, Two-
dimensional transition metal dichalcogenides with a
hexagonal lattice: Room-temperature quantum spin
Hall insulators, Phys. Rev. B 93(3), 035442 (2016)

56

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

. P. F. Liu, L. Zhou, T. Frauenheim, and L. M. Wu,
New quantum spin Hall insulator in two-dimensional
MoSs, with periodically distributed pores, Nanoscale
8(9), 4915 (2016)

P. F. Liu, L. Zhou, T. Frauenheim, and L. M. Wu, Two
dimensional hydrogenated molybdenum and tungsten
dinitrides MN2H2 (M = Mo, W) as novel quantum spin
hall insulators with high stability, Nanoscale 9(3), 1007
(2017)

N. Alidoust, G. Bian, S. Y. Xu, R. Sankar, M. Neupane,
C. Liu, I. Belopolski, D. X. Qu, J. D. Denlinger, F.
C. Chou, and M. Z. Hasan, Observation of monolayer
valence band spin-orbit effect and induced quantum well
states in MoXs, Nat. Commun. 5(1), 4673 (2014)

K. Dolui, I. Rungger, C. Das Pemmaraju, and S. San-
vito, Possible doping strategies for MoS2 monolayers:
An ab initio study, Phys. Rev. B 88(7), 075420 (2013)

J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid
functionals based on a screened Coulomb potential, J.
Chem. Phys. 118(18), 8207 (2003)

K. Hummer, J. Harl, and G. Kresse, Heyd-Scuseria-
Ernzerhof hybrid functional for calculating the lat-
tice dynamics of semiconductors, Phys. Rev. B 80(11),
115205 (2009)

F. Tran and P. Blaha, Accurate band gaps of semi-
conductors and insulators with a semilocal exchange-
correlation potential, Phys. Rev. Lett. 102(22), 226401
(2009)

P. Blaha, K. Schwarz, G. Madsen, D. Kvasicka, and J.
Luitz, WIEN2k, An Augmented Plane Wave Plus Lo-
cal OrbitalsProgram for Calculating Crystal Properties,
TU Vienna, Vienna, 2001

V. Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X.
Ren, K. Reuter, and M. Scheffler, Ab initio molecular
simulations with numeric atom-centered orbitals, Com-
put. Phys. Commun. 180(11), 2175 (2009)

J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized
gradient approximation made simple, Phys. Rev. Lett.
77(18), 3865 (1996)

X. Zhang, X. F. Qiao, W. Shi, J. B. Wu, D. S.
Jiang, and P. H. Tan, Phonon and Raman scattering of
two-dimensional transition metal dichalcogenides from

monolayer, multilayer to bulk material, Chem. Soc. Rewv.
44(9), 2757 (2015)

See the Supplemental Material.

G. Bian, T. R. Chang, H. Zheng, S. Velury, S. Y. Xu,
T. Neupert, C. K. Chiu, S. M. Huang, D. S. Sanchez,
I. Belopolski, N. Alidoust, P. J. Chen, G. Chang, A.
Bansil, H. T. Jeng, H. Lin, and M. Z. Hasan, Drum-
head surface states and topological nodal-line fermions
in T1TaSea, Phys. Rev. B 93(12), 121113 (2016)

L. Fu, C. L. Kane, and E. J. Mele, Topological insulators
in three dimensions, Phys. Rev. Lett. 98(10), 106803
(2007)

L. Fu and C. L. Kane, Topological insulators with in-
version symmetry, Phys. Rev. B 76(4), 045302 (2007)

Ali Ebrahimian and Mehrdad Dadsetani, Front. Phys. 13(5), 137309 (2018)

137309-9

@
&
o
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=



https://doi.org/10.1007/s11467-017-0705-7
https://doi.org/10.1007/s11467-017-0705-7
https://doi.org/10.1007/s11467-017-0705-7
https://doi.org/10.1007/s11467-017-0705-7
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1038/ncomms11696
https://doi.org/10.1103/PhysRevLett.115.126803
https://doi.org/10.1103/PhysRevLett.115.126803
https://doi.org/10.1103/PhysRevB.95.235138
https://doi.org/10.1103/PhysRevB.95.235138
https://doi.org/10.1103/PhysRevB.95.235138
https://doi.org/10.1103/PhysRevB.95.235138
https://doi.org/10.1103/PhysRevB.95.235138
https://doi.org/10.1088/0256-307X/34/5/057302
https://doi.org/10.1088/0256-307X/34/5/057302
https://doi.org/10.1088/0256-307X/34/5/057302
https://doi.org/10.1088/0256-307X/34/5/057302
https://doi.org/10.1039/C7NR03520A
https://doi.org/10.1039/C7NR03520A
https://doi.org/10.1039/C7NR03520A
https://doi.org/10.1039/C7NR03520A
https://doi.org/10.1039/C7NR00411G
https://doi.org/10.1039/C7NR00411G
https://doi.org/10.1039/C7NR00411G
https://doi.org/10.1039/C7CP05844F
https://doi.org/10.1039/C7CP05844F
https://doi.org/10.1039/C7CP05844F
https://doi.org/10.1039/C7CP05844F
https://doi.org/10.1039/C7CP05844F
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.1103/PhysRevB.83.220503
https://doi.org/10.1103/PhysRevB.83.220503
https://doi.org/10.1103/PhysRevB.83.220503
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevB.84.153402
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevB.93.035442
https://doi.org/10.1103/PhysRevB.93.035442
https://doi.org/10.1103/PhysRevB.93.035442
https://doi.org/10.1103/PhysRevB.93.035442
https://doi.org/10.1039/C5NR08842A
https://doi.org/10.1039/C5NR08842A
https://doi.org/10.1039/C5NR08842A
https://doi.org/10.1039/C5NR08842A
https://doi.org/10.1039/C6NR08923B
https://doi.org/10.1039/C6NR08923B
https://doi.org/10.1039/C6NR08923B
https://doi.org/10.1039/C6NR08923B
https://doi.org/10.1039/C6NR08923B
https://doi.org/10.1038/ncomms5673
https://doi.org/10.1038/ncomms5673
https://doi.org/10.1038/ncomms5673
https://doi.org/10.1038/ncomms5673
https://doi.org/10.1038/ncomms5673
https://doi.org/10.1103/PhysRevB.88.075420
https://doi.org/10.1103/PhysRevB.88.075420
https://doi.org/10.1103/PhysRevB.88.075420
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevB.80.115205
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1039/C4CS00282B
https://doi.org/10.1039/C4CS00282B
https://doi.org/10.1039/C4CS00282B
https://doi.org/10.1039/C4CS00282B
https://doi.org/10.1039/C4CS00282B
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1103/PhysRevB.93.121113
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1103/PhysRevLett.98.106803
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.76.045302

	Introduction
	Calculation method
	Results and discussion
	Structural properties
	Electronic structure
	Band inversion mechanism

	Strain effects
	Summary and conclusions
	References and notes

