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In the present work, we investigate the electronic and elastic properties in equilibrium and under strain of the
type-1I Dirac semimetal NiTe, using density functional theory. Our results demonstrate the tunability of Dirac
nodes’ energy and momentum with strain and that it is possible to bring them closer to the Fermi level, while
other metallic bands are suppressed. We also derive a minimal 4-band effective model for the Dirac cones, which
accounts for the aforementioned strain effects by means of lattice regularization, providing an inexpensive way
for further theoretical investigations and easy comparison with experiments. On an equal footing, we propose the
static control of the electronic structure by intercalating alkali species into the van der Waals gap, resulting in the
same effects obtained by strain engineering and removing the requirement of in situ strain. Finally, evaluating
the wave-function’s symmetry evolution as the lattice is deformed, we discuss possible consequences, such as
Liftshitz transitions and the coexistence of type-I and type-II Dirac cones, thus motivating future investigations.

DOI: 10.1103/PhysRevB.103.125134

I. INTRODUCTION

The existence of quasiparticle excitations with no coun-
terpart in high energy physics became relevant, not only
due to mere scientific interest, but also for the possibility
of using their properties as building blocks for new elec-
tronic devices. From the description of the quantum spin
Hall effect in graphene by Kane and Mele [1,2] and the first
realization of three-dimensional topological band insulators
[3-9] to the proposal of topological metallic states [10—12],
as Weyl and Dirac semimetals [13], the existence of such
novel quasiparticles has drawn a heightened interest in the
last few years. Among their properties, one could highlight
the ultrahigh electronic mobility and conductivity [14—17],
negative/giant magnetoresistence [18-20], chiral anomaly
[21-24], and quantum anomalous Hall effect [25-27].

The simplest example of a Dirac material is graphene, for
which valence and conduction bands touch at discrete points
in the first Brillouin zone and disperse linearly in all momen-
tum directions [28,29]. In three dimensions, twofold (Weyl) or
fourfold (Dirac) symmetry-protected degenerate points host
bulk massless fermionic quasiparticle excitations and sur-
face spin-textures, robust against pertubations [30-34]. Thus,
breaking the twofold degeneracy ensured by either inversion-
or time-reversal symmetries, a Dirac cone will decouple into
a pair of opposite-chirality Weyl fermions [35-37].
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Different from their high energy physics counterparts,
massless quasiparticles in solids move at the Fermi velocity,
thus their dispersion is not effectively constrained by Lorentz
invariance. Therefore, the energy-momentum dispersion ex-
plicitly depends on its direction in momentum space [38].
The resulting tilted cones are the characteristic signature of
the so-called type-II Weyl and Dirac semimetals [39—44], and
show, for instance, anisotropic transport and magnetoresis-
tance properties [45—48], in contrast to type-I materials.

In this context, the transition metal dichalcogenide NiTe,
was recently rediscovered as a type-II Dirac semimetal
[49-51]. Transport measurements revealed a nonsaturating
linear magnetoresistance and quantum oscillations confirmed
the existence of a nontrivial Berry phase for the light mass
carriers [49]. The existence of topological surface states
with chiral spin-texture over a wide range of energies was
supported by spin- and angle-resolved photoemission spec-
troscopy [52]. Additionally, superconductivity was observed
in NiTe, under pressure [53] and with the intercalation of
Ti into the van der Waals gap (the space between two ad-
jacent chalcogenide layers) [50], and was also predicted in
atomically thin systems [54]. Moreover, the energy position
of its Dirac node, closer to the Fermi level when compared
with similar systems [42,55,56], combined with accessible
high-quality single crystals [57-59] substantiate the interest
on the material.

In the present work, we study, from first-principles calcu-
lations, strain effects on the electronic structure of NiTe,. Our
results show that it is possible to systematically tune both the
energy relative to the Fermi level and the point in the Brillouin
zone where the type-II Dirac cone is located, as illustrated

©2021 American Physical Society
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FIG. 1. Dirac cone tunability as a function of isostatic pressure
according to our effective model. The middle plot shows the Dirac
cone for the ground-state structure. The left and right plots show the
Dirac cone under compressive and tensile strain, respectively. Under
compressive strain the Dirac cone energy increases while the Dirac
node’s k,-component decrease, while the opposite happens under
tensile strain (indicated by the green arrows in both cases). It is
possible to see that the Dirac cone crosses the Fermi energy level
under tensile strain, making NiTe, an exciting platform for electronic
transport experiments.

in Fig. 1, which summarizes some of our findings. While the
the energy of the cone is relevant for enhancing/supressing
the effects of states with massless dispersion on transport
properties, its position in the Brillouin zone provides a route
to create artificial magnetic fields in this material [60,61].
Additionally, the evolution of the irreducible representations
for the electronic states under strain shows the appearance of
a type-I Dirac cone in the same pair of bands as the type-II
Dirac cone, establishing a hybrid pseudorelativistic topolog-
ical phase. Finally, we also demonstrate that alkali metal
intercalation into the van der Waals gap acts effectively as
a static chemical-pressure source inside the crystal-structure,
simulating the effects obtained by strain engineering.

The paper is organized as follows. Section II describes the
computational methods and numerical parameters used in the
first-principles electronic-structure calculations. In Sec. III,
we present a comprehensive investigation of the electronic
and elastic properties of the ground-state structure. Section IV
shows the key results related to the strain-engineering of the
electronic states of NiTe, in the vicinity of the Fermi level.
Finally, Sec. V is devoted to constructing a 4-band low-energy
effective model for the type-II Dirac cone.

II. COMPUTATIONAL METHODS

First-principles electronic-structure calculations were car-
ried out in the framework of the density functional theory
(DFT) within the Kohn-Sham scheme [62,63], using the
pseudopotential approach as implemented in QUANTUM
ESPRESSO [64,65] and auxiliary postprocessing tools [66,67].
The calculations were performed using a series of differ-
ent approximations for the exchange and correlation (XC)
functional, within its relativistic and nonrelativistic forms:

local-density-approximation (LDA) of Perdew-Zhang (PZ)
[68] and the generalized gradient approximation with the
Perdew-Burke-Ernzerhof (PBE) [69] parametrization and its
modified version, known as PBEsol [70]; as well as nonlocal
functionals, including the van der der Waals interactions [71],
namely vdW-DF [72,73], optB86b-vdW [74], and optB88-
vdW [75]. To guarantee the energy eigenvalues convergence
from the Kohn-Sham self-consistent solution, we adopted a
wave function energy cutoff of 260 Ry and a sampling of
16 x 16 x 8 k-points in the first Brillouin zone according
to the Monkhorst-Pack scheme [76]. To compute the elec-
tronic properties, a denser k-mesh grid was considered, with
32 x 32 x 16 k-points. All lattice parameters and internal de-
grees of freedom were fully relaxed to reach a ground-state
convergence of 107 Ry in total energy and 10~* Ry/ag (a9 ~
0.529 A) for forces acting on the nuclei.

The full second-order elastic stiffness tensor was obtained
from a set of deformations imposed on the underformed ref-
erence ground-state (n = 0) structures, as implemented in the
ELASTIC tool [77]. To obtain the six independent second-order
elastic constants of the trigonal symmetry, we used six dif-
ferent types of deformation, with 15 distorted structures each
and strain intensities in the range —0.05 < 1 < +0.05. The
macroscopic mechanical moduli and their crystallographic-
orientation dependence was derived from the stiffness tensor
[78]. Details on this topic are provided in Appendix A.

Finally, the effective model was constructed using QSYMM
[79]. We found a family of Hamiltonians up to second order
in momentum, satisfying the same set of discrete symmetries
as NiTe, and restricted to the orbitals forming the type-II
Dirac cone. The strain-dependency was implemented using a
lattice regularization scheme [61]. All free parameters were
then fitted with DFT data.

All code and data used to prepare this paper is freely
available on the Zenodo repository [80].

III. GROUND-STATE PROPERTIES
A. Elastic properties

NiTe, is a layered compound that crystallizes in a trigonal
centrosymmetric structure within Cdl,-prototype (spacegroup
P3m1, no. 164), as shown in Fig. 2. A Ni layer is sandwiched
between two Te layers, with the stacking of adjacent Te layers
mediated by weak van der Waals interactions [82]. The opti-
mized cell parameters and the relaxed Te-position degree of
freedom are presented in Table I. Regardless of the choice of
the exchange and correlation functional for the Kohn-Sham
Hamiltonian, the relative error, compared with the experi-
mental crystallographic data available, for both calculated
cell parameters and atomic positions does not exceed 3% in
our calculations. However, we observed that spin-orbit cou-
pling (SOC) effects are more expressive over the electronic
energy dispersion than van der Waals interactions between
adjacent layers. Thus, all the results presented in this paper,
except when explicitly mentioned, correspond to the PBE
parametrization including SOC effects.

The six independent second-order elastic constants cg,
calculated with different approximations for the exchange and
correlation functional, are listed in Table II and show good
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FIG. 2. (a) Trigonal unit cell of NiTe, alongside (b) a top view
of a3 x 3 x 1 supercell (blue: Te; red: Ni atoms). (c) First Brillouin
zone of NiTe,, with the path along high-symmetry points used to plot
the dispersion curves [81].

agreement when compared with the experimental data avail-
able. Elastic constants with a shear component, such as ci4
and cy44, are better predicted by the optB86b-vdW functional,
evidencing the weak interaction between the adjacent layers
of tellurium. However, when stronger interatomic bonds are
required by the deformation, such as Ni-Te and Ni-Ni bonds,
related to ¢y, c12, and ¢33, the GGA-type functionals provide
more accurate descriptions.

The mechanical stability can be easily verified using the
Mouhat and Coudert criteria [85]. The elastic anisotropy and
mechanical moduli were also computed from the stiffness
tensor. Surprisingly, we found that NiTe, possesses a ductile
regime, favoring the strain-engineering route to manipulate its
low-energy excitations. These results are presented in detail in
Appendix A.

B. Electronic properties

The projected density of states (DOS) of NiTe; is presented
in Fig. 3(a). The populated Fermi level confirms the semimetal
nature of the compound. The total DOS at the Fermy energy
(EF)is 1.67 states/eV, with nearly 59% of the electronic states

TABLE 1. NiTe, fully optimized cell-parameters (a and c¢) and
atomic position degree of freedom of Te atoms (zr.) using different
XC functionals.

XC functional aA) c(A) v (A% 7T

PZ 3.814 5.105 64.31 0.2522
PZ + SOC 3.797 5.186 64.75 0.2511
PBE 3.894 5.372 70.54 0.2442
PBE + SOC 3.897 5.377 70.72 0.2452
vdW-DF 3.971 5.377 73.43 0.2369
optB88-vdW 3.902 5.331 70.29 0.2535
optB86b-vdW 3.863 5.277 68.20 0.2494
Expt. [57] 3.858 5.264 67.85 -

Calc. [83] 3.808 5.236 65.75 -

TABLE II. Independent second-order elastic constants (in GPa)
calculated for trigonal NiTe,.

C11 C12 C13 Cl4 C33 Ca4
PBE 110.8 38.20 22.90 —5.00 45.50 10.20
PBE + SOC 113.7 36.60 27.20 —6.50 4570 11.20
PZ + SOC 1455 54.00 4330 —1430 76.60 26.80
optB86b-vdW  127.4  47.10 26.80 —9.40 75.70 20.20
Expt. [84] 109.5 41.90 - —10.70 52.60 20.40
Calc. [83] 147.6 50.80 44.10 791 8390 17.58

derived from Te-5p orbitals and 34% from Ni-3d manifold.
Figure 3(b) shows the projected electronic band structure
along path in the first Brillouin zone shown in Fig. 2(c). There
are four distinct bands crossing the Fermi level, giving rise
to the four independent sheets of the Fermi surface shown in
Figs. 3(c) to 3(f).

Despite the layered quasi-two-dimensional nature of
NiTe,, weakly coupled along the ¢ direction, the Fermi
surface possesses a strong three-dimensional character. The
sheets consist of a closed [Fig. 3(a)] and an open [Fig. 3(b)]
hole pocket, and electron pockets [Figs. 3(c) and 3(d)] around
the M and K points. The hole pockets have a strong Te-p
character, whereas the electron pockets have a nearly equal
contribution from Ni-d and Te-p states.

The valence and conduction bands touch each other at a
discrete point along I'-A, as well as the point with oppo-
site momentum. The presence of inversion- and time-reversal
symmetry ensures that each band is doubly degenerate. There-
fore, the linear crossing of the valence and conduction bands
originate a pair of gapless Dirac nodes (fourfold degenerate)
located at kp = (0, 0, £0.665), in units of m/c. The tilted
Dirac cone lies at Ep, = 0.15eV. For comparison, the Pd- and
Pt-based dichalcogenides host Dirac points high above the
Fermi level, between 0.6 and 1.2 eV [42-44].

The trigonal crystal-field with the strong intralayer hy-
bridization between the Te-p manifold of different sites breaks
the original p-orbitals threefold degeneracy, resulting in bond-
ing and antibonding combinations of the in-plane (p., p,)
and out-of-plane (p,) states. The spin-orbit coupling further
splits the p-derived electronic states due to the double group
symmetry representation, including the spin degree of free-
dom. Since the I'-A direction preserves the C; rotational
symmetry (the system is invariant under rotations by 2w /3
around the z axis), the p-derived states will split into two
distinct irreducible representations, R4 and Rs ¢, with R4 being
bidimensional and Rs ¢ degenerate. The irreducible represen-
tations and their parities in high-symmetry points are shown
in Fig. 4.

The crossing between Rj[ and R;G states will lead
to the bulk type-II Dirac node (circled in Fig. 4). This
crossing is symmetrically allowed and is protected against
hybridization/gap-opening mechanisms due to the C; rota-
tional symmetry. On the other hand, the crossings between
RT and RT bands are not allowed, as they both share the
same symmetry and angular momentum. Therefore, due to
their opposite parities, their hybridization leads to a gap with
band inversion, establishing a Z, invariant. This single-orbital
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FIG. 3. (a) NiTe, projected density of states and (b) electronic band-structure with SOC. (c)—(f) The four independent sheets of the Fermi
surface. The color map shows the contributions of Te-5p (blue) and Ni-3d (red) manifold to the electronic wave function.

manifold mechanism of bulk Dirac cones is widely discussed
elsewhere [86-88].

Lastly, just above the Dirac point, located in close vicin-
ity of the Fermi level, there is another band crossing giving
rise to type-I Dirac fermions at kp = (0, 0, £0.388) with RﬁE
and R5 ¢ representations and energy Ep = 1.36 €V, an energy
level comparable to type-II Dirac nodes in Pd- and Pt-based
dichalcogenides [42—44].

IV. STRAIN ENGINEERING

We now turn to investigate how different strain states mod-
ify the electronic properties of NiTe,. To this end, calculations
were performed with three types of strain: uniaxial deforma-
tion along the [001] direction (z axis); biaxial deformation
within the basal plane, perpendicular to the z direction; and an
isostatic deformation. For each type, at least six deformations
were performed, going from —5% to +5% with respect to the
ground-state structure.

A. Effects of strain in the band structure

Figure 5 shows selected strained band structures taking
into account spin-orbit coupling effects. We observe that
strain drives the hybridization of atomic orbital states and the

dispersion of the bands. With compressive strain, the in-
tralayer and interlayer couplings increase, enhancing the
hybridization of electronic wave functions. In this way, the
hopping parameters increase, culminating in bands with high
effective velocities, as can be seen in Figs. 5(a), 5(c) and
5(e). Otherwise, as we move the atoms away from each other
with tensile strain, the overlap between the wave functions
decreases, resulting in bands with lower velocities, as shown
in Figs. 5(b), 5(d), and 5(f). Consequently, it is possible to
tune the tilt parameter of the Dirac cone, promoting controlled
changes in the anisotropic transport properties. The Dirac
point energy with respect to the Fermi level is also tunable.
We can also check that some non-Dirac bands crossing
the Fermi level are suppressed when the structure is ex-
panded, and extra bands become part of the Fermi surface
when the structure is compressed. To illustrate this, the veloc-
ity operator projected onto the Fermi surface under isostatic
deformation is shown in Fig. 6. When the structure is com-
pressed [Fig. 6(a)], an additional branch, corresponding to the
irreducible representation R4, shows up in the Fermi surface
along the I'-A direction. On the other hand, by separating the
adjacent layers [Fig. 6(b)], we suppress the crossing along
the A—L direction and create an intersection along '-A. As
aresult, we will have a disconnected holevpocket and an elec-
tronvpocket surrounding the I" point and two electron-pockets
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FIG. 4. Detailed electronic band structure with irreductible rep-
resentations and parity analysis along the I'—A direction. The type-II
Dirac cone is circled in red.

surrounding the K point, with lower Fermi velocity. As ex-
pected, the type-II Dirac point appears in the contact between
the electron pocket and the hole pocket that are located around
I' as we bring the chemical potential to E = Ep. If we lower
the chemical potential further, the surfaces disconnect again
and the electron pockets will gradually decrease in size. From
this perspective, the isoenergetic surfaces will evolve rapidly
and undergo a sudden change in their topology due to lattice
deformations, paving the way for Lifshitz transitions [89,90].

B. Dynamically controlling the Dirac cone

In Fig. 7 we show the type-II Dirac node evolution under
strain. For a biaxial strain, the Dirac cone moves towards the
Fermi level and closer to A in k-space, at the border of the
Brillouin zone, crossing the chemical potential at approxi-
mately n = 2%. For a state of compression, the cone departs
from the Fermi level, reaching around 0.6 eV at —5%, and
approaches the center of the BZ. The opposite effect is ob-
served for the deformation (0, 0, n). In this situation, the cone
will cross Er around —2%, coming close to 0.4 eV at +5%.
Hence, for an isostatic deformation, the type-II Dirac point
dynamics could be described as a combination of uniaxial and
biaxial deformations. The crossing at the Fermi level occurs
only close to +4%, and the curve suggests that a compression
greater than 5% brings the cone below the Fermi energy. It
is also worth noticing that, extrapolating both the Dirac node
energy as well as the position in k-space of non-Dirac bands
(see Fig. 5), there is a parameter range for which only the
Dirac bands cross the Fermi level, and the node is just a few
hundreds of meV below it.

It is also possible to observe regions in the parameter space
with the coexistence of type-1I and type-I Dirac cones, as
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FIG. 5. Projected band structure of NiTe, for some selected de-
formed structures. Strain states are indicated below each plot. Red
points indicate the Ni-d orbital contribution and blue points, the
Te-p derived states. The coexisting type-I and type-II Dirac cones
in (a) and (c) are circled in orange.

shown in Fig. 8. The state '} is nearly insensitive to isostatic
pressure, while I's ¢ decreases monotonically. Combined, both
behaviors result in a crossing between the bands with differ-
ent irreducible representations. Thus, a new pair of no tilted
(type-I) Dirac cones is created close to I' for approximately
n=—3%and E — Er = 0.8¢V [see Fig. 5(a)]. The same ef-
fect is found for uniaxial and biaxial deformations. In the case
of (n,n,0), for example, the type-I Dirac pair will form at
n ~ —4.2% [see Fig. 5(c)]. Thus, under strain NiTe; harbors
both type-I and type-II Dirac fermions in the same pair of
energy bands.

The coexistence of type-I and type-II Dirac cones pro-
vides a route to unique and unexplored magnetoresistive and
transport signatures, barely understood until now. While Dirac
type-I semimetals exhibit a negative magnetoresistance in all
directions [15,17], the transport properties in Dirac type-1I
semimetals are expected to be anisotropic and present a nega-
tive magnetoresistance only in directions where the potential
component of the energy spectrum is higher than the kinetic
component [38]. PdTe, [56] and the family of compounds
CaAgBi [91] are the few materials in which the coexistence
of Dirac cones of type-I and type-II is expected to occur
in the same pair of bands. However, the type-II Dirac node
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FIG. 6. Fermi surfaces of NiTe, under isostatic strain. Strain
states are indicated below each plot. The color map indicates the
magnitude of the Fermi velocity.

on NiTe, is much closer to the Fermi level, and, also, their
momentum separation is smaller, providing a better platform
to investigate interaction between quasiparticles with different
pseudorelativistic signatures.

The type-II Dirac cone strain-engineering seems an excit-
ing route for electronic transport experiments. For example,
magnetoresistance for conventional metals grows quadrati-
cally at low fields and tends to a saturation value at high fields.
However, in materials where conventional charge carriers and
Dirac fermions coexist and populate the Fermi surface, the
magnetoresistance curve as a function of the applied mag-
netic field reveals an additional (and predominant) linear term
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FIG. 7. Type-II Dirac node energy and momentum evolution as
a function of the following: (i) biaxial deformation (squares) within
the x-y plane (7, n, 0); (ii) uniaxial strain (triangles) along the z-axis,
(0, 0, n); and (iii) isostatic pressure (circles), (1, , 7). A and I are
atk, = /c and k, = 0, respectively.

E-Ef (eV)

E-Er (eV)

E-Er (eV)

FIG. 8. Energy evolution of the irreductible representations I'}\,
[§e Asg, and A} for the deformations (7,7, 1), (n,7n,0), and
(0,0,n).

[92,93]. Thus, it is expected that, with the presence of Dirac
cones at the Fermi level, the contributions of these quasi-
particles to the magnetoresistance will be accentuated. Also,
in many topological semimetals it is possible to observe a
pronounced growth of the resistivity curve as temperature
goes down at high fields. Enhancing the contribution from
pseudorelativistic carriers, combined with the suppression of
carriers derived from the other nonrelativistic metallic bands,
it is expected that this signature will be evidenced, resulting,
invariably, in a significant increase in the magnetoresistance.

C. Statically controlling the Dirac cone: Chemical doping

Here, we show that it is possible to deform the struc-
ture without causing significant hybridization effects in the
low-energy states by increasing the interlayer gap with the
intercalation of alkali species. As a proof of concept, we per-
formed first-principle calculations using the supercell method
for Li,NiTe, varying the Li content in the range 0 < x <
1. Figure 9(a) presents the electronic density of states of
LiNiTe; projected onto Te-5p, Ni-3d, and Li-2s 4 2p orbitals.
In fact, the Li-2s and Li-2p states are negligible, with a very
small hybridization with Te-5p and Ni-3d manifolds at the
Fermi level. Considering a homogeneous, perfectly randomly
disordered distribution of Li atoms in the lattice, all irre-
ducible representations are conserved with Li intercalation, as
shown in Fig. 9(b), preserving the type-II Dirac cones and its
topology, reproducing, therefore, the strain-modulated effects
discussed in Sec. IV A. For instance, in the hypothetical situ-
ation of a full sheet into the van der Waals gap, type-II Dirac
node goes below the Fermi level, at approximately —0.2 eV.
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FIG. 9. (a) Electronic density of states of LiNiTe, projected onto Te-5p (blue), Ni-3d (red), and Li-2s + 2p (green) orbitals. (b) Irreducible
representations and parity symmetry of the low-energy electronic states of LiNiTe, along I'-A. The arrows point to distinct irreducible
representations in A. (c) Evolution of the a (circles) and ¢ (squares) lattice parameters as a function of Li content in Li,NiTe, system. The
arrows in (c) indicate the corresponding axis for each curve. The inset shows the positions of the Li atoms (in green).

Interestingly, the R5 , symmetry representation is nearly flat
and close to the Fermi level, opening the way for strong
correlations [94-96].

We can see in Fig. 9 a monotonic change in both lattice pa-
rameters as a function of Li content, reflecting the expansion
of the cell in all axes. At x = 0.25, which is an experimentally
feasible doping level [97-101], we achieve 3% of deformation
on the ¢ axis and 1.2% of deformation on the a direction.
Additionally, at the same composition, Na and K atoms will
promote greater deformations in the lattice as they possess
a larger atomic radii than Li. Hence, it is possible to access
different strain states by controlling the type and the quantity
of the dopant species.

V. MINIMAL EFFECTIVE MODEL FOR TYPE-II
DIRAC CONES

With the information collected from the first-principle cal-
culations presented in Sec. III, we construct an effective model
that describes the type-II Dirac cones. First, we note that a
minimal Hamiltonian should include NiTe, discrete symme-
tries, namely, Cs rotations, inversion, reflection along the x
axis and time-reversal. We restrict the Hilbert space to Te-p
orbitals, based on the orbital-projected band structure shown
in Fig. 3 and fix the representation with the corresponding
angular momentum states:

J=1/2,1.=1)2
i=12.0.=-12

V=1 s=320=32 | (M
J=3/2,0. =32

We then search for a family of Hamiltonians compati-
ble with the symmetry group with QSYMM [79]. We also
restrict to a k - p model up to second order. The family of

Hamiltonians is

M) 0 iAk, Bk,
_ 0 M&)  Bk_ iAk_
HIlg=elOl+1 e B, -mM& 0 |
Bk.  —iAk, 0 —M(Kk),

@)

with
e(k) =€ + e (k +K7) + e2k2, A3)
M(K) = Mo + M, (k; + k) + Mok, 4)
ki = ky % iky. 5)

Finally, fitting the DFT data, we find My = 0.562eV, M| =
—1.33meV A2, M, = —5.10eV A%, ¢ =0.873eV,¢ =
—3.38eV A% e = —6.58eV A% andA = B =3.82¢eV A,

The dispersion around the Dirac cone obtained with the
effective model is shown in Fig. 10, where we clearly see
the characteristic tilt of type-II Dirac cones. Furthermore, it
is straightforward to check that the Dirac nodes are located
at kp = (0,0, £9), with Q@ = \/—My/M, and at the energy
Ep=¢y+e QZ.

Investigating the third-order terms in momentum, avail-
able in the Supplemental Material [80], we noticed a slight
difference with respect to the description of a similar sys-
tem, PtSe, [55]. The reason is that the model used in that
case is compatible with A3Bi systems [35], which show Cg
rotation symmetry, whereas both NiTe, and PtSe, present C3-
symmetry, lacking Cg. The model with Cg rotation symmetry
is also derived in our Supplementary Material for the sake of
comparison [80]. Moreover, we also noticed that, as expected,
a gap opens at the Dirac node when C; symmetry is broken,
as discussed in Appendix B.

We also capture the effects of strain in the type-II Dirac
cones with the effective model. We build a model restricted to
strain states keeping all discrete symmetries, such that Eq. (2)
holds, but with different parameter values. Thus, we restrict
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FIG. 10. Dispersion around the Dirac cone obtained by diagonal-
izing Eq. (2). The characteristic tilt of type-II Dirac cones is visible.
The colors indicate the absolute value of the velocity at each point.

strain states to (1, 1y, 1;), with n, = 1, = n,,. To recover the
notion of a crystal we perform lattice regularization, and then
all Hamiltonian parameters are expanded up to first order on
strain (more details in Appendix C). Finally, we performed a
k - p expansion to find that the Hamiltonian is modified as

4M, u . 2M;
MO = MO + ~_277xy,3xy ~2 ﬁ Nzs (6)
a
461 € 2¢ € €
€ — €+ ?”xyﬂxy + ?ﬁz Nz, @)
My = (1= Blny )M, ®)
€1 = (1 ,Wr/xy)ela (9)
My — (1= BYn.)M,, (10)
e > (1 — Bn.)e, (1)
AB) > (1= 2P,y )AB), (12)

where @ = (1 + 1yy)a and & = (1 4 n;)c are the lattice pa-
rameters under strain and the fitted Griineisen parameters
from DFT data are fg = —5875, 5, = —0.354, M =

10.9, ,B;y =5.14, ﬂfy(B) = 0.083. Moreover, the Dirac cone
location in the Brillouin zone is shifted as

2M1ﬂ%nxy _ :3?4’72 (13)
M2QZC~l2 QZEZ s

Qr Q<1 -
while the Dirac node energy changes as

4eq . 2e; . .
Ep+— Ep + ?nxyﬂxy + ?ﬂz n; + (1 - .Bz nz)€2Q~ (14)

The Dirac cone tunability with isostatic pressure is shown in
Fig. 1, which summarizes the effects, on the position of the
Dirac cone, of strain states that do not break the Cs rotation
symmetry.

In the present work, we considered only uniform strain
states, but it is worth to emphasize effects of nonuni-
form strain. Equation (13) suggests that, in this case, a
local dependency of the Dirac cone momentum, generating
pseudo-Landau levels, with direct consequences to transport
properties [60]. Furthermore, when combined with electro-
magnetic fields, it results in a chiral anomaly [61]. With
nonuniform strain, however, Eq. (2) hardly holds, since
nonuniform strain will likely break some of the discrete sym-
metries. However, the Dirac cone will split into two Weyl
cones and the observable consequences will still be present
[60,61].

It is worth mentioning that the model derived here, in-
cluding the effects of strain, is not restricted to NiTe,, but
works for any system within the same symmetry group, for
example, other TMDs which are type-II Dirac semimetals,
such as PtSe,, PdSe,, and PtTe, [42,55,56].

VI. CONCLUSION

We presented the elastic behavior of NiTe, and its elec-
tronic structure dependency on the strain state. By analyzing
the electronic states’ irreducible representations at high-
symmetry points in the first Brillouin zone, we concluded that
a type-II Dirac cone is formed by a single-orbital manifold
band-inversion mechanism. Furthermore, we showed that bulk
NiTe, possesses a ductile regime, making it a candidate for
electronic structure strain-engineering. Our first-principle cal-
culations show that it is possible to tune the type-II Dirac point
to the Fermi energy, making it a suitable platform for trans-
port experiments when compared with materials of the same
class [55]. It is important to highlight that strain-engineering
is achievable in real electronic devices using piezoelectric
actuators, even in mechanically delicate samples [102]. We
also proposed a method for a static tunability with alkali-metal
intercalation, a process already exhaustively tested in TMDs,
removing the requirement of in situ strain control. All these
effects were captured by an effective model, providing an
inexpensive way for further theoretical investigations and easy
comparison with experiments. In addition, the static approach
with Li doping shows the formation of dispersionless bands
close to the Fermi level, favoring strong-correlation effects.
Moreover, with finite strain it is possible to access hybrid
type-1I and type-II topological Dirac phases and promote Lif-
shtz transitions. Therefore, our work puts forward NiTe, as
an ideal assaying platform for exploring coexisting electronic
correlations and topological phenomena.

VII. SUPPLEMENTAL MATERIAL

All code and data used to prepare this paper is freely
available on Zenodo [80], with instructions to properly open
the PYTHON codes as JUPYTER notebooks. We also added a
Binder link to our Zenodo page.
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TABLE III. Bulk modulus (B), shear modulus (G), Young modulus (£), and Poisson’s ratio (v) for NiTe, according to the Voigt-Heuss-Hill
approximation. All values are in GPa (except dimensionless quantities).

BV BR BH GV GR GH B/G EV ER EH Vy VR VH
PBE 48.34 38.60 4347 23.54 15.60 19.57 222 60.75 4124  51.04 029 032 030
PBE + SOC 50.58  40.56  45.57 24.34 16.05 20.19 2.26 62.93 42.53 52779 0.29 0.33 0.31
PZ 4+ SOC 72.09 64.26 68.17 34.98 27.80 31.39 2.17 90.34 72.90 81.65 0.29 0.31 0.30
optB86b-vdW  59.12  53.84 = 56.48 31.44 2541 28.43 1.99 80.11 65.88 73.03 0.27 030 028
Calc. [83] - - 70.12 - - 28.75 2.44 - - 50.95 - - 0.32
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APPENDIX A: ELASTIC ANISOTROPY AND
MECHANICAL PROPERTIES

The second-order elastic constants c,g provide valuable
information about the mechanical response of a compound to
a certain applied strain condition. The c;; and c33 constants,
for instance, represent the resistance to an unixial defor-
mation along the [100] and [001] directions, respectively,
while the cy44 elastic constant is related to the resistance to
a shear deformation in the (7k0) planes. Therefore, NiTe, has
a low resistance to shearing in planes parallel to the tellurium
sheets, with c44 = 20.2 GPa, according to the optB86-vdW
functional. Nevertheless, in [100] and [001] crystallographic
directions we find Ni-Te and Ni-Ni bonds, offering, there-
upon, greater resistance to structural changes along these
directions. Thus, the constant c¢;; = 110.8 GPa reflects a
strong intralayer interaction, whereas the value of 45.5 GPa
for c33 indicates that the van der Waals gap will undergo
a significant structural change when strain is applied in the
[001] direction. On the other hand, nickel and tellurium will
continue to interact to establish ionic/covalent bonds, preserv-
ing the mechanical stability and exerting some resistance.

The mechanical properties within the Voigt-Reuss-Hill ap-
proximation [103] are shown in Table III. It is interesting to
note the B/G ratio, used as a general measure of ductility

[104], for different exchange and correlation functionals. Val-
ues higher than 1.75 indicate the compound is ductile, while
smaller than 1.75 indicate a brittle behavior. The calculated
value, therefore, shows that NiTe,, presents a good ductibility
for an intermetallic compound. This assessment is consistent
with a Poisson ratio higher than 0.26 [105]. However, the PBE
+ SOC approach, as expected, overestimate the ductile regime
when compared to the optB86b-vdW values. This result estab-
lishes that NiTe, is a decent candidate for strain engineering.
Knowledge of the degree of anisotropy in the single-crystal
elastic properties is essential to strain engineering. The re-
ciprocal linear compressibility (B.) and Young’s modulus (E)
directional dependencies for several exchange and correlation
functionals are shown in Fig. 11, showing large anisotropies
for B, and E. We observe a large resistance to elastic deforma-
tion in the [110] direction and a slight resistance along [001].
Such mechanical manifestations occur due to, as discussed
based on the second-order elastic constants, the weak van der

B; |B;
|
\
By By ]
(a) PBE+SOC (b) optB86b-vdW
I
50 100 150 200 250 300
B (GPa)
E;
(c) PBE4SOC (d) optB86b-vdW
I
20 0 40 50 60 70 80 % 100 110

E (GPa)

FIG. 11. Directional dependence of the reciprocal linear com-
pressibility (a, b) B. and (c, d) Young’s modulus E for NiTe, (in
GPa) using different exchange and correlation functionals.
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FIG. 12. Polar plot of the Young’s modulus E (in GPa) in the
(110) crystallographic plane.

Waals interactions between adjacent Te layers and a stronger
in-plane electronic density.

It is also important to depict the changes in the elas-
tic anisotropy profiles for different exchange and correlation
functionals. Figure 12 shows a planar projection of the
Young’s modulus using PBE + SOC and optB89B-vdW for
directions in (110) crystallographic planes. The different me-
chanical resistance between the [001] and [110] directions
is clear. The Young’s modulus projection curve within (110)
plane is visibly tilted. The origin of this elastic behavior is the
opposite positions of the Te atoms in the unit cell, generating
this anisotropy. Since different exchange and correlation func-
tionals provide different force and energy minimizations to
the Te atomic position degree of freedom, as well as different
interatomic interactions and effective electronic densities, the
net effect is a rotation of the Young’s modulus projection,
changing its tilting angle and its absolute values.

APPENDIX B: EFFECTS OF C; SYMMETRY BREAKING

In Sec. V we considered only strain states that break no
discrete symmetry in the system. Here, we briefly discuss
the consequences of breaking the C; rotation symmetry. The
procedure is straightforward: We follow the same approach
as before, but we remove the constrain of 3-fold rotations.

The new family of Hamiltonians, then, has four additional
parameters:

e(k) > (k) + eskyk. . M(K) > M(K) + Mskk., (B1)
0 0 Ck.  iDk.
0 0 —iDk, —Ck,
HO) > HOIO+ | o oy 0 0
—iDk, —Ck. 0 0
(B2)

2.0

1.5¢
1.0
0.5

0.0

\

E (eV)

—0.5¢

—1.0}

—15 \

PYIAN  Qur P,

r M K T A L A

FIG. 13. Projected electronic band structure of NiTe, under in-
plane uniaxial strain n = (0.05, 0, 0). It is possible to see the gap
opening at the former Dirac node position due to the C;-broken
symmetry. The color map shows the contribution of Te-5p (blue) and
Ni-3d (red) manifold to the electronic wave function.

Is is noticeable then that there is a gap opening that is pro-
portional to Q+/C? + D?. We confirm that this is indeed the
case by performing DFT calculations with uniaxial strain, as
shown in Fig. 13, that should be compared to Fig. 3(b).

APPENDIX C: LATTICE REGULARIZATION AND
EFFECTS OF STRAIN IN THE DIRAC CONE

To take into account the effects of strain without deriving
a full tight-binding Hamiltonian, i.e., keeping the simple 4-
band model presented in Sec. V, we first need to restore the
idea of a lattice model. This is done via lattice regularization,
implemented using the following transformations [61]:

1
ki > — sin(k;L;),
— i sin(k;L;)

1

(ChH

2
kK > E[l — cos(kiL)],

l

(C2)

where L, = L, = a and L; = c in the new tetragonal lattice.
Thus, the Hamiltonian is now rewritten as

H(K) = e(k)1
M (k) 0 iA~+ (kp)+ B~+(kll)
0 M(k) B_(ky)  iA_(k)
—iA_(ky) Bk M) o |
B_(k))  —iA (ky) 0 —M(K)
(C3)
where

M(K) = My — M, [cos(k;a) + cos(kya)] — M, cos(k,c),

(C4)

€(k) = &y — & [cos(k,a) + cos(kya)] — & cos(k.c), (C5)
Ay = %[sin(kxa) + isin(kya)l, (Co6)

B, = g[sin(kxa) + isin(kya)l, (C7)
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and
_ 4M,  2M,
My=Mo+—+—, (&)
a C
. oM
Ml = _2 ) (C9)
a
_ o 2M,
iy= =5 (C10)
C
4e 2e
G=é+—+—5 (€11
a
. 2¢
&="5. (C12)
a
2
2= (C13)

It is straightforward to see that Eq. (2) is recovered if we take
the k - p expansion of Eq. (C3).

Now we consider strain states (1, xy, 17;), that keep all
the discrete symmetries of NiTe,, and, therefore, preserves the
Hamiltonian form of Eq. (2). Then, we expand all parameters
up to first order on strain as

ai > o(1— njﬁj"'), (C14)

where ,3; are the correspoding Griineisen constants for param-
eter «; relative to a strain state along the j direction. Finally,
taking a k - p expansion of the Hamiltonian, we obtain Eqs. (6)
to (14).
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