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ABSTRACT: Based on symmetry analyses and first-principles calculations,
we report the predictions of topological fermions and superconductivity in
Ni-intercalated transition metal chalcogenide NiTe. The self-intercalation of
Ni introduces nonsymmorphic symmetry operations, protecting a pair of ) '

Dirac points and three intersecting Dirac nodal lines near Fermi energy level o820 o o Mi J

(Eg), which generate spin-textured surface states across Eg. Moreover, the Ni- ¢ o o R >~
intercalation strongly enhances electron—phonon coupling in NiTe and ..} ole C( o0

makes it an anisotropic Bardeen—Cooper—Schrieffer superconductor with a © ©
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full superconducting gap and a critical temperature T, ~1.5 K. The
coexistence of topological surface states and superconductivity implies that NiTe is a potential material platform for exploring

topological superconductivity.

B INTRODUCTION

Topological quantum materials have recently become a
promising platform for the discovery of novel phenomena
with the exotic interplay between the electron, spin, and orbital
degrees of freedom."” These materials can support nontrivial
band crossings at discrete points in the momentum space
resembling the Dirac and Weyl fermions known from high-
energy physics,” > or quasiparticles do not have an analogy in
high-energy physics,”” such as the nodal lines® '* and their
exotic connections.'' "> The topologies of these fermionic
excitations result in spin-textured surface/edge states, offering
opportunities for exploring solutions to challenging problems in
condensed matter physics. One typical example is the
topological superconductivity that obeys non-Abelian statistics
and is the key to quantum computing,'®'” So far, the proof of the
existence of topological superconductivity is still inclusive.
Among the proposals to solve this problem, *~** one promising
direction is to utilize the superconducting topological semi-
metals, where the interaction of helical surface states and
superconducting Cooper pairs in the same material results in the
Majorana fermions on the surfaces.”””” This requires the
exploration of realistic material platforms hosting both nontrivial
topology and superconductivity at a finite temperature.
Recently, transition metal dichalcogenides (TMDs) family
has attracted increasing interest due to the advantages of
designing functionalities. Although the Dirac and Weyl fermions
have been observed in TMDs,”*~* the topological surface states
associated with these fermions are restricted to a narrow energy
window near the Dirac or Weyl points, where the low density of
states is difficult to support a strong electron—phonon coupling
(EPC) and hence the superconductivity. On the other hand, the
topological Dirac nodal lines are usually dispersive and
accompanied by the metallic phases within a wide energy
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window, supporting exotic surface states and a sizable density of
states promising for topological superconductivity. However,
the relativistic Dirac nodal lines are rarely found in TMDs, since
most metallic TMDs usually have the 1T-phase, which hosts the
symmorphic space groups and hence cannot protect the fourfold
degeneracy along lines in the momentum space.”””* Tt is
interesting if one can find a way to introduce nonsymmorphic
symmetry into TMDs to protect both Dirac points and Dirac
nodal lines, and modulate the electronic structure for a strong
EPC to support superconductivity at a finite temperature.

In this work, we demonstrate based on symmetry analyses and
first-principles density functional theory calculations, the Dirac
points, Dirac nodal lines, and superconductivity simultaneously
introduced in Ni-intercalated Ni, Te, (i.e., NiTe). For NiTe, Ni-
intercalation yields a nonsymmorphic space group P6;/mmc
hosting a glide symmetry and a screw symmetry, which protect
three straight Dirac nodal lines across the Fermi energy level
(Eg) and a pair of Dirac nodal points near Eg, respectively.
Moreover, the remodulation of the electronic structure by Ni-
intercalation results in a strong EPC. With the spin-textured
surface states induced by the topological fermions and the
predicted superconducting critical temperature (T.) of ~1.5 K,
the self-intercalated NiTe is a potential candidate for realizing
topological superconductivity.
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B METHODS

The first-principles calculations were performed based on
density functional theory (DFT)** as implemented in the
Vienna ab initio simulation package (VASP).’”’' The
generalized gradient approximation (GGA) according to the
Perdew—Burke—Ernzerhof (PBE)** type was used to describe
the exchange-correlation function. The plane-wave kinetic cutoff
energy was set as 500 eV in all first-principles calculations. Both
the lattice parameters and atomic positions were fully optimized
until the total energy and force convergence criteria were set to
be 107® eV and 0.001 eV/A, respectively. The Brillouin zone
(BZ) was sampled with 12 X 12 X 8 I"-centered k mesh. Van der
Waals (vdW) interactions were treated by using Grimme’s DFT-
D2 of the semiempirical method.”” Since these materials contain
transition metal elements (Ni), the possible correlation effect of
the d orbitals was tested using the GGA+U method,**** which
yielded almost the same results at Eg as that from the GGA
calculations (Figure S1). Spin-orbit coupling (SOC) was
included in all the electronic calculations. The irreducible
representations of electronic eigenstates were obtained via an in-
house code and the software package irvsp.*® The Fermi surfaces
were calculated by Wannier90 code®” utilizing the maximally
localized Wannier functions®**” and visualized by the program
XCrySDen." The topological surface states and associated spin
textures were calculated by using the Wannier Tools package.*'

Calculations of EPC were performed based on DFT and
density functional perturbation theory (DFPT) as implemented
in the QUANTUM ESPRESSO package.*” The cutoff energies
of the charge density and wave functions were set as 500 and 50
Ry, respectively. The BZ was sampled on a 12 X 12 X 8 mesh of
k-points, ensuring that the convergence criterion for energy
(force) is less than 107% Ry (10> Ry/A). The Gaussian
smearing method was used to calculate the charge density with a
smearing parameter of 6 = 0.005 Ry. For EPC calculations,
where a denser 24 X 24 X 16 k-points grid and a 6 X 6 X 4 g-
points grid were employed. We employ the Superconducting-
Toolkit package™** based on the DFT for superconductors
(SCDFT)** to calculate the momentum-resolved super-
conducting gap and EPC strength.

B RESULTS AND DISCUSSION

1T-NiTe, is a layered vdW compound hosting a CdI,-type
hexagonal structure. A pair of type-II Dirac points was found in
this material protected by the symmorphic space group of
P3m1.”**” The superconductivity is absent in NiTe, due to the
weak EPC."" It was found that the isolated Ni atoms can be
intercalated into the vdW gap of NiTe,, forming a centrosym-
metric and nonmagnetic NiTe. As shown in Figure 1, the
intercalated Ni atom (denoted as Ni2) locates at the center of
the two nearest original Ni atoms (denoted as Nil) in the
vertical direction. The nonsymmorphic space group P6;/mmc of
NiTe contains a twofold screw axis S, = {C,, | £,} and a glide
mirror G, = {M, | ,} which connect Nil and Ni2 atoms, where
C,, is a twofold rotation around the z-axis, M, is a mirror
perpendicular to the z-axis, and t, is a half-unit-cell translation
along the z-direction. Moreover, it has a threefold rotation C;,
and three mirrors M parallel to the z-axis, as depicted in Figure
1.

Figure 2a shows the band structure of NiTe. Four bands are
crossing Ep, leading to a complex Fermi surface that consists of
two-hole pockets around the A point, a lantern-shaped
hexagonal hole pocket in the center of BZ, a gear-shaped
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Figure 1. Side view and top view of the crystal structure of NiTe. Nil
represents the Ni atoms of the original NiTe, sandwich layer, and Ni2
represents the intercalated Ni atoms. The symmetric operations such as
the glide mirror G, and screw axis S,, as well as the mirror M| parallel to
the z-axis are marked.

electron pocket at the boundary of the k, = 0 plane, and six small
electron pockets around the K point (Figures 2d and S2).
Projected density of states (PDOS) suggests that the bands close
to Ep are mainly contributed by Ni-3d orbitals and Te-5p
orbitals, and the contribution of Ni-3d orbital at Eg is
significantly larger than that of Te-Sp orbitals, as shown in
Figure 2¢. Comparing the electronic structure of NiTe with that
of NiTe, (Figure S3), we find that the intercalation of Ni
significantly enhances the Ni-3d electronic state and the p—d
orbital hybridization at Ey. in NiTe.

The nonsymmorphic symmetry induced by Ni-intercalation
brings in nontrivial band crossings in NiTe. Each band is doubly
degenerate in BZ, which is enforced by the inversion and time
reversal symmetry. There is a band crossing located slightly
above Eg in the '—A direction (k, > 0), forming a fourfold
degenerate Dirac point (denoted as DP in Figure 2b,e). And
there is another Dirac point located at the same energy in the I'—
A direction for k, < 0 by symmetry. This is due to the line of k, =
k, = 0 is invariant to the S,, symmetry, which can protect the
fourfold degeneracy of the bands.”'® We denote the two bands
forming the Dirac point in the '—A direction by different colors
and their irreducible representations in Figure 2b. The band
crossing near Ep is inevitable, since the A, (yellow) and A
(green) bands belong to different irreducible representations.
We also find that the band crossing leading to this Dirac point is
dominated by Te-Sp orbitals (Figure S4), consistent with the
case in other TMDs where the band inversions are usually from
the chalcogen p orbitals.”**°

There are four isolated doubly degenerate bands in the '—A
direction that merge into 2 fourfold degenerate bands along the
A—L direction in k, = 0.5 plane near Eg, forming the Dirac nodal
lines (denoted as NL1 and NL2 in Figure 2b,e). This is also
reflected by the difference in eigenvalues between the doubly
degenerate bands near Eg in k, = 0.5 plane, where the eigenvalue
difference is absent along three A—L directions (Figure SS).
These three intersecting Dirac nodal lines are enforced by G,
Mj;, and C,,, as the anticommutation relation {Mj, G} = 0 for k,
=0and k, = 0.5 results in a Dirac nodal line in this direction, and
the application of C;, operation to this Dirac nodal line

generates additional two Dirac nodal lines for k, = +/3 ky and

k, = 0.5, as shown in Figure 2e.

A typical property of the topological fermions is the exotic
surface states and Fermi arcs. Here, we show the surface states
for the (010) surface of NiTe in Figure 3a,b. For both Ni- and
Te-terminated surfaces, we find that there are surface states
connecting a pair of Dirac points close to Eg, and surface states
crossing Ey, appear between Dirac nodal lines in the A — L — A
direction. These surface states carry exotic spin textures as
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Figure 2. Electronic structure of NiTe. (a) Band structure for NiTe. The four energy bands crossing Ej; are marked with different colors. (b) Zoom-in
band structure near Ey, along the '—A—L direction. The Dirac point, Dirac nodal lines, and irreducible representations of bands are indicated. (c)
Projected density of states for NiTe. (d) Fermi surfaces of four bands crossing E. The high-symmetry points are marked. (e) Schematic figure
describing the distribution of Dirac points and nodal lines in momentum space. High-symmetry points are marked.

(a) 1.0

e
n

~
o
N
et
>
AN

1.0, '

Energy (eV)
=3
=3

Energy (eV)

,x L4 05f 1

\

0.0 0.0
05 -05-\\ v v / 0.5
", P O
1oL L J 10k L ST L S I
A T Iy L A A T A
c T T T d »1 T ‘/\ T T T
( )2. Y ( )2.0!EF+0 R\ 1 20¢f
L ' g A E
15p 4 15t 155 N Lan 4 15}
N I M @7 N “T! M l T ™
= LofliE ¥ 1 ot l | o) e 0L T Lol Jx( I
_SiSon N\ e | &) = e
0.5¢ 0.5 f Ll > 05} 1 05F ) b < 1
b /) /4 _% _— Ny | A 4 sh DuuE X
0.000 5 1.0 il 2.0 . 3|0 0.000 f 1.0 1 2.0 . m 0'000 . 1.0 v 2.0 . 3.0 0‘000 . 1.0 s 2.0 . 3}0
k. . k. . . . k. . X X . k. . .

Figure 3. Calculated the Ni-terminated (a) and Te-terminated (b) (010)-projected surface state spectra of NiTe with SOC along the different
directions. Bright-colored red lines mean the topological surface states. Constant energy slices on Ni-terminated (c) and Te-terminated (d) surfaces of
the (010) slab. Here, we include the constant energy slices for the chemical potential 4 of 0 and 0.4 €V, since the surface states generated by the Dirac
points are concealed by the bulk state for 42 = 0 eV but can be clearly seen for s = 0.4 eV. The yellow arrows in the insets denote the corresponding spin
textures of topological surface states. The k-space range is defined by the green dotted box.

evidenced by the surface Fermi arc calculation in Figure 3c,d.
Spin-helical topological surface states propagating along
opposite directions are with opposite spin polarizations. We
also find that the spin textures of surface states crossing Eg
generated between Dirac nodal lines exhibit chirality, which can
be seen in Figure S6 of the zoomed-in spin textures. The chiral
nature of these states protects the spin of the carriers. The chiral
spin textures, together with conventional s-wave interactions,
lead to topological superconductivity and non-Abelian Major-
ana fermions.”” The surface states of NiTe prove the nontrivial
topologies of the Dirac points and the Dirac nodal lines, which
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can be observed easily in angle-resolved photoemission
spectroscopy (ARPES) experiments and may be reflected in

the transport properties.

Next, we investigate the potential superconductivity of NiTe.
Figure 4a shows the phonon dispersion of NiTe, where the
absence of imaginary frequencies in the whole BZ indicates the
dynamical stability of NiTe. The strength of EPC can be
estimated by calculating the EPC constant A(®) as

https://doi.org/10.1021/acs.jpcc.2c08143
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Figure 4. EPC properties of NiTe with SOC. (a) Phonon dispersions weighted by the magnitude of the EPC strength. (b) Eliashberg spectral function
o*F(w) and the integrated strength of EPC A(®). (c) Phonon density of states (PhDOS) in NiTe. The green-shaded zone indicates the total PhDOS.

(d,e) Integrated EPC distributions for the plane of g, = 0 (d) and the plane of g, = 0.5 (e).
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@ where N(Eg) is the electronic DOS at Ey, 7, is the phonon

2
L(a)) dw linewidth defined by
)

0 (1)
dk
is the EPC constant T = 277.'qu E / lg o })lz " 5(€kl T
L ij BZ

contributed by the vth mode at the wave vector q, and *F(w) is

Mo) =D 1y =2

where @ is the phonon frequency, 4

the Eliashberg spectral function (€k+q’j ~ Er) ®)

5 1 Yo where g, is the EPC matrix element. We decorate the

aF(w) = ZIIT(E) Z 8o — wqy)m magnitude of Ay, in the phonon dispersion (Figure 4a), which
B ¥ @) is estimated by
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A, =—2
4 nle(EF)a)cfy (4)

Obviously, a low @, can result in a strong EPC. Therefore,
several soft acoustic modes around the M, L, and H points
significantly contribute to the total EPC (Figure 4a). This can be
also seen in the distributions of total 4 in the g, = 0 and 0.5 planes
of the BZ (Figure 4d,e).

We predict the superconducting transition temperature T of
NiTe based on the Allen—Dynes-modified McMillan formula:>*

oo P (_ 1.04(1 + 1) ]
T ()

A — p*—0.624u*
the logarithmically averaged characteristic phonon frequency
@, is defined as

Wyoq = exp(% /d;wazF(w)log w) ©

We calculate T, by using different Coulomb pseudopotential
u* values to evaluate the superconductivity (Figure S7) and find
with increasing y*. Here, we adopt a
typical * value of 0.1.°*>* The calculated A = 0.48 and Wyoq =
149.3 K resulting in T of 1.5 K for NiTe. We note the vibration
of Ni atoms contributed mostly to the phonon density of states
(PhDOS) of NiTe (Figure 4c). Since PhDOS and o’F(w)
(Figure 4b) have similar shapes, we conclude that a larger Ni
concentration of NiTe compared to that of nonsuperconducting
NiTe, directly results in stronger EPC for observable super-
conductivity in the self-intercalated NiTe.

Figure Sa plots the momentum-resolved superconducting gap
A, on four sheets of the Fermi surface (denoted as FSi where i =
1,2, 3, 4) for NiTe. We find A, is finite over all Fermi sheets,
indicating that the Fermi surface is fully gapped below the
critical temperature. The distributions of A on FS1 and FS4 are
nearly isotropic. On the other hand, A, on FS2 and FS3 are
highly anisotropic and vary over the wide range of 0.035—0.080
and 0.038—0.063 meV, respectively (Figure Sb). We find Ay on
FS2 is significantly larger than that on other sheets. The largest
Ay occurs at the parts of FS2 with the smallest radius

= ki + k; (Figure Sa). Figure Sc,d shows the distribution

of electronic strength A on the Fermi surface, which is
consistent with that for Ay shown in Figure Sa. Therefore, NiTe
is an anisotropic Bardeen—Cooper—Schrieffer (BCS) super-
conductor with a full superconducting gap.

The coexistence of the topological surface states and
superconductivity in NiTe implies the possibility of topological
superconductivity. Below superconducting T, the super-
conducting gap is opened on all the Fermi surfaces, and thus,
topological superconductivity may be induced in the topological
surface states by the proximity effect. In this situation, helically
spin-polarized electrons on the topological surface states can
form superconducting pairs and bound Majorana fermions in
the vortices.”"””> The convenient sample preparation and the
finite superconducting T, of NiTe imply the possible
experimental verification of the topological superconductivity
under a normal experimental condition.

B CONCLUSIONS

In summary, based on the symmetry analyses and first-principles
calculations, we predict that the self-intercalated NiTe hosts
simultaneously topological fermions and superconductivity.

4307

NiTe is prepared by inserting a Ni atom into the vdW gap of
NiTe,, where the self-intercalation of Ni introduces non-
symmorphic symmetry operations, protecting topological Dirac
points and Dirac nodal lines near Ep which generate spin-
textured surface states. Moreover, Ni-intercalation strongly
enhances EPC, making NiTe an anisotropic BCS super-
conductor with a full superconducting gap and a finite T, of
~1.5 K. The coexistence of the topological surface states and
superconductivity implies that NiTe is a potential material
candidate to explore the topological superconductivity. We hope
that our predictions will stimulate experimental investigations of
self-intercalated TMDs and the associated phenomena.
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