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Abstract: The present work investigates the interfacial and atomic layer-dependent me-
chanical properties, SOC-entailing phonon band structure, and comprehensive electron-
topological–elastic integration of ZrTe2 and NiTe2. The anisotropy of Young’s modulus,
Poisson’s ratio, and shear modulus are analyzed using density functional theory with
the TB-mBJ approximation. NiTe2 has higher mechanical property values and greater
anisotropy than ZrTe2. Phonon dispersion analysis with SOC effects predicts the dynamic
stability of both compounds. Thus, the current research unifies electronic band structure
analysis, topological characterization, and elastic property calculation to reveal how these
transition metal dichalcogenides are influenced by their structural, electronic, and mechani-
cal properties. The results obtained in this work can be used in the further development of
spintronic and nanoelectronic devices.

Keywords: topological semimetals; ZrTe2 and NiTe2; spintronics and nanoelectronics;
elastic properties; density functional theory

1. Introduction
Transition metal ditellurides (TMTe2) are a subset of the broader class of transition

metal dichalcogenides (TMDs). At their core, these materials manifest as a layer of tran-
sition metal atoms sandwiched between two layers of tellurium (Te) atoms, providing
a foundational architecture that leads to distinctive electronic, optical, and mechanical
characteristics. Much like their counterparts in the TMD family, TMTe2 materials have a
layered constitution, individual layers of which are weakly bonded via van der Waals inter-
actions. This layered interplay offers researchers the flexibility to exfoliate them down to
monolayers, echoing the celebrated traits of graphene. Depending on the specific transition
metal involved, the electronic properties of TMTe2 can span the spectrum from metallic
to insulating. Exemplifying this diversity, compounds like MoTe2 lean toward semicon-
ducting behaviors, whereas other ditellurides might show a pronounced metallic behavior.
Beyond their electronic versatility, some TMTe2 compounds exhibit phase transitions. A
case in point, MoTe2 can oscillate between the semiconducting hexagonal (2H) phase and its
metallic orthorhombic (T’) counterpart, contingent on external factors such as temperature
and pressure.
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Transition metal dichalcogenides, defined by the chemical formula MX2, where ‘M’
encompasses metals like Zr, Ni, Ti, Mo, W, and Cr, among others, and ‘X’ signifies chalco-
gens, have attracted significant attention in recent years. Their potential for use in diverse
applications, supported by their exemplary performance under demanding conditions, is
noteworthy. Their structural composition, i.e., the X-M-X sandwich framework, facilitates a
vast array of electronic behaviors, from semiconductors and semimetals to superconductors
and topological phases [1–3]. As the wave of electronic topology research surges, the role
of TMDCs, and, by extension, TMTe2, as carriers of topologically protected electronic states
becomes even more pivotal [4–6].

Among the array of TMDCs, ZrTe2 and NiTe2 have attracted significant scientific
interest. Characterized by their trigonal crystalline structures and alignment with the
space group P-3m1 (No. 164) [7,8], these materials have a range of interesting properties
waiting to be explored. NiTe2, for instance, is architecturally defined by a Ni atomic
layer sandwiched by Te atomic layers, enabling it to adopt the unique 1T or 1H structural
forms [9]. Its stability and array of applications, coupled with the recent research attention
on its topological characteristics—notably, the presence of type-II Dirac points proximate to
the Fermi surface—are indicative of its potential [10,11].

Zirconium-based telluride compounds have gained attention due to their varied and
intriguing crystalline structures when combined with different ratios of tellurium. Notably,
compounds like ZrTe, ZrTe2, ZrTe3, and ZrTe5 show a range of compelling physical proper-
ties. These include phenomena such as charge density waves, superconductivity [12,13],
giant resistance anomalies, abnormal thermoelectric behavior [14], and Weyl phonons [15].
Recent angle-resolved photoemission spectroscopy (ARPES) studies have identified mass-
less Dirac fermions in the ZrTe2 bulk phase [16]. ZrTe2 is predicted by DFT calculations to
be a topological semimetal [17], indicating its potential for use in quantum device applica-
tions, while recent ARPES has confirmed its metallic nature [8]. The material exhibits both
semimetallic and metallic properties, influenced by factors such as the temperature, exter-
nal conditions, and the presence of tellurium vacancies, which can enhance its semimetallic
character and lead to superconductivity [18]. At the two-dimensional limit, single-layer
ZrTe2 shows semimetallic behavior with a low carrier density, potentially forming an
excitonic insulating ground state at low temperatures [19].

Topological semimetals (TSMs), which encompass both Weyl semimetals (WSMs)
and Dirac semimetals (DSMs) [6], are distinguished by the manner in which their energy
and conduction bands intersect at, or near, the Fermi level (EF). These TSMs are further
categorized into type-I, type-II, and type-III. In type-I, the EF intersects either the upper
or lower Dirac cone, whereas in type-II, it intersects both. The unique type-III category
is halfway between type-I and type-II, marked by a linear Fermi surface and a flattened
energy dispersion at the EF (see Figure 1). DSMs exhibit Dirac points that emerge when two
Weyl nodes with opposing chirality overlap at a specific k-point, making the Dirac point
four-fold degenerate. Notably, DSMs differ from WSMs in that they are safeguarded by
both time reversal and crystal (rotational) symmetries. Noteworthy 2D materials classified
as type-II DSMs include NiTe2 [11], ZrTe2 [20], ZrTe5 [21], and HfTe5 [22]. These 2D DSMs
not only display properties reminiscent of graphene but can also allow electronic device
miniaturization and reduced power consumption. Additionally, they could pave the way
for novel applications rooted in Weyl or Dirac fermions, such as highly fault-tolerant
quantum computing, high-frequency transistors, and ultrafast optoelectronics.
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Figure 1. A schematic representation illustrating the various types of DSMs: type-I, type-II, and 
type-III. Notably, in type-II, the Fermi level (EF) intersects both the upper and lower Dirac cones. 
Adapted from reference with permission. © 2021 AIP Publishing [23]. 
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trum. Their unique electronic band structures, augmented by strong spin–orbit coupling, 
endow them with pronounced spin Berry curvature. This makes them promising candi-
dates for charge-to-spin conversion, particularly in integrated topological and ferromag-
net spin–orbit torque (SOT) devices, given their noteworthy spin Hall conductivity [24,25]. 
A recent study [24] has demonstrated the anomalous Hall effect in ZrTe2 when placed 
near ferromagnetic materials such as Fe or Co. The magnetization of ZrO2 formed from 
the interfacial reaction between YIG (Y3Fe5O12, yttrium iron garnet) and ZrTe2 is a signifi-
cant factor in the high-temperature anomalous Hall effect seen in ZrTe2. This can be per-
ceived as a potential indicator of a quantum anomalous Hall effect (QAHE), especially in 
conjunction with topological and ferromagnetic materials. It is highly anticipated that, 
under these conditions, the achievement of a QAHE is viable. This revelation could pave 
the way for crafting efficient, magnet-free spintronic devices leveraging chiral edge 
modes, without the accompanying energy dissipation inherent to a QAHE system. Add-
ing another layer of intrigue, a recent theoretical investigation [26] positioned ZrTe2 as a 
potential topological semimetal, drawing insights from the newly forged framework of 
topological quantum chemistry [27]. 

In this study, we comprehensively examine the physical properties of ZrTe2 and 
NiTe2 using first-principal calculations based on the Kohn–Sham density functional the-
ory (KS-DFT). Previous theoretical, computational, and experimental research has 
touched upon these materials [8,16,28–30], addressing their structural, electronic, and op-
tical properties. However, there is a significant information gap that limits our under-
standing of their full potential and applications. To bridge this gap, we have undertaken 
an extensive investigation, with particular attention to the electronic structures, elastic 
constants, and topological phases of the ZrTe2 and NiTe2 compounds. Our DFT calcula-
tions, when considering spin–orbit coupling (SOC) for ZrTe2 and NiTe2, indicate a band 
inversion between the Te p, Zr, and Ni d characters at the Γ point and along the Γ-A sym-
metry direction. Based on these data, we suggest that ZrTe2 and NiTe2 can be identified as 
topological semimetals. 

2. Methodology 
To analyze the structural, elastic, and topological properties of ZrTe2 and NiTe2 bulks, 

we employed DFT calculations using the WIEN2K code (v21.2). This software addresses 
the Kohn–Sham equations through full potential linear augmented plane waves comple-
mented with local orbitals. For the exchange correlation functional, we implemented the 
Tran–Blaha-modified Becke–Johnson exchange potential approximation (TB-mBJ) [31], 

Figure 1. A schematic representation illustrating the various types of DSMs: type-I, type-II, and
type-III. Notably, in type-II, the Fermi level (EF) intersects both the upper and lower Dirac cones.
Adapted from reference with permission. © 2021 AIP Publishing [23].

ZrTe2 and NiTe2 stand out as topological materials with a diverse application spectrum.
Their unique electronic band structures, augmented by strong spin–orbit coupling, endow
them with pronounced spin Berry curvature. This makes them promising candidates for
charge-to-spin conversion, particularly in integrated topological and ferromagnet spin–
orbit torque (SOT) devices, given their noteworthy spin Hall conductivity [24,25]. A
recent study [24] has demonstrated the anomalous Hall effect in ZrTe2 when placed near
ferromagnetic materials such as Fe or Co. The magnetization of ZrO2 formed from the
interfacial reaction between YIG (Y3Fe5O12, yttrium iron garnet) and ZrTe2 is a significant
factor in the high-temperature anomalous Hall effect seen in ZrTe2. This can be perceived as
a potential indicator of a quantum anomalous Hall effect (QAHE), especially in conjunction
with topological and ferromagnetic materials. It is highly anticipated that, under these
conditions, the achievement of a QAHE is viable. This revelation could pave the way for
crafting efficient, magnet-free spintronic devices leveraging chiral edge modes, without the
accompanying energy dissipation inherent to a QAHE system. Adding another layer of
intrigue, a recent theoretical investigation [26] positioned ZrTe2 as a potential topological
semimetal, drawing insights from the newly forged framework of topological quantum
chemistry [27].

In this study, we comprehensively examine the physical properties of ZrTe2 and NiTe2

using first-principal calculations based on the Kohn–Sham density functional theory (KS-
DFT). Previous theoretical, computational, and experimental research has touched upon
these materials [8,16,28–30], addressing their structural, electronic, and optical properties.
However, there is a significant information gap that limits our understanding of their
full potential and applications. To bridge this gap, we have undertaken an extensive
investigation, with particular attention to the electronic structures, elastic constants, and
topological phases of the ZrTe2 and NiTe2 compounds. Our DFT calculations, when
considering spin–orbit coupling (SOC) for ZrTe2 and NiTe2, indicate a band inversion
between the Te p, Zr, and Ni d characters at the Γ point and along the Γ-A symmetry
direction. Based on these data, we suggest that ZrTe2 and NiTe2 can be identified as
topological semimetals.

2. Methodology
To analyze the structural, elastic, and topological properties of ZrTe2 and NiTe2 bulks,

we employed DFT calculations using the WIEN2K code (v21.2). This software addresses the
Kohn–Sham equations through full potential linear augmented plane waves complemented
with local orbitals. For the exchange correlation functional, we implemented the Tran–Blaha-
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modified Becke–Johnson exchange potential approximation (TB-mBJ) [31], factoring in the
effects of SOC. For the calculation of elastic constants, we utilized the IRELAST code [32].
Additionally, the ELATOOLS code (v1.7.3) [33] was employed for the analysis of elastic
constants and mechanical properties. Van der Waals (vdW) interactions were not explicitly
included in these calculations. This study focuses on electronic, elastic, and topological
properties, which are primarily influenced by covalent and metallic bonding. For in-plane
elastic constants, such as C11, C12, and C14, vdW forces have minimal impact, and the
results align well with values reported in the literature. While vdW interactions could
affect out-of-plane constants, such as C33 and C13, their omission does not significantly
alter the accuracy of the results presented here.

The phonon dispersion of ZrTe2 and NiTe2 materials was calculated using the Gener-
alized Gradient Approximation (GGA) exchange correlation functional implemented in
the Quantum ESPRESSO software (v7.0) [34], in combination with the Phonopy package
(v2.9.0) [35]. The Rappe–Rabe–Kaxiras–Joannopoulos ultrasoft (rrkjus) pseudopotentials
were also used. A 3 × 3 × 2 supercell was employed for the phonon band structure
calculations to ensure adequate convergence of the phonon modes.

In the full potential linearized augmented plane wave (FP-LAPW) method computa-
tional approach, each unit cell is divided into muffin-tin spheres with RMT radii and an
interstitial region, where electrons in the muffin-tin spheres are treated separately from the
electrons in interstitial region. Electrons in muffin-tin spheres, which are tightly bound
and not significantly involved in chemical bonding, are typically treated using atomic-like
wavefunctions within the atomic spheres. These muffin-tin sphere Kohn–Sham wave
functions are expressed in spherical harmonics and are solved using a spherical poten-
tial. Kohn–Sham wave functions in interstitial region are expressed in plane waves. To
guarantee the convergence of energy eigenvalues within the Kohn–Sham self-consistent
framework, we set a cut-off energy threshold of 10−5 Ry. A separation energy of −6 Ry was
established for both compounds, leading to the classification of electrons into core, valence,
and quasi-core groups.

We carried out a series of tests to determine the best cut-off parameters for the cal-
culations. For RMTKmax, which represents the product of the smallest muffin-tin radius
and the largest reciprocal lattice vector, we tested values ranging from 6 to 12 (a.u.)−1.
Based on these tests, RMTKmax = 10 (a.u.)−1 was selected because it provided stable results,
with changes in total energy falling below 10−5 Ry. This ensured a good balance between
accuracy and computational efficiency. The magnitude of the G vector in the reciprocal
lattice (Gmax) was fixed at 16.5 (Ry)1/2, a value that we found to be consistent with sta-
ble convergence in energy and property calculations. For k-point sampling, we used a
20 × 20 × 10 mesh in the first Brillouin zone, which was dense enough to ensure accurate
descriptions of both the electronic band structures and the elastic constants. The muffin-tin
radii (RMT) were chosen as 2.20, 2.20, and 2.35 (a.u.) for Zr, Ni, and Te, respectively, based
on atomic radii and convergence requirements.

3. Result and Discussion
3.1. Structural Properties

Both ZrTe2 and NiTe2 have trigonal structures with the space group P-3m1 (No. 164).
The crystal structure of these compounds is shown in Figure 2.

Table 1 presents the calculated lattice constants and the bulk modulus (B) for both com-
pounds. The bulk modulus is a crucial parameter that characterizes the physical properties
of a material. It quantifies a material’s resistance to volume change or compression, essen-
tially gauging its rigidity. In simpler terms, a higher bulk modulus signifies that a material
requires more energy to undergo deformation. From our results, it can be observed that the
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bulk modulus for NiTe2 is greater than that of ZrTe2, indicating that ZrTe2 is comparatively
more compliant or softer than NiTe2.
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Figure 2. Crystal structures of ZrTe2 and NiTe2, both aligned with the P-3m1 space group, which
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view: this depicts the layered structure characteristic of the 1T phase, with alternating Te-Ni/Zr-Te
layers. Green spheres represent Ni (or Zr for ZrTe2) atoms, and yellow spheres represent Te atoms.
This figure emphasizes the trigonal prismatic coordination of Ni/Zr atoms with Te atoms.

When comparing the lattice parameters and c/a ratios for ZrTe2 and NiTe2 with
their respective experimental values [10,16,36,37], there is a notable consistency between
our computational findings and the experimental data. This suggests that the TB-mBJ
approximation is aptly suited for determining structural attributes like lattice parameters.

It can be observed that the lattice parameter tends to enlarge with the increment of the
atomic number of the constituting atoms. Consequently, the c/a ratio for NiTe2 is less than
that for ZrTe2. The parameter c/a refers to the ratio of the out-of-plane lattice constant (c)
to the in-plane lattice constant (a), providing a measure of the structural anisotropy in
layered materials like ZrTe2 and NiTe2.

Table 1. Comparison of optimized lattice parameters (with a = b and c given in Å), cell volume (V0),
and bulk moduli (B) for ZrTe2 and NiTe2 compounds, compared to relevant experimental data and
previously reported calculations.

Compound a [Å] c [Å] c/a V0 [Å3] B [GPa]

ZrTe2 3.97 7.03 1.77 86.69 16.46

Exp. 3.94 a 6.62 a 1.68 a 89.27 a —

Others 3.90 a 6.74 a 1.72 a 89.31 a 21.90 b

NiTe2 3.89 5.31 1.36 66.10 76.64

Exp. 3.85 c 5.26 c 1.37 69.03 e 53.30 f

Others 3.79 d 5.93 d 1.56 73.98 d 224.6 d

a [16], b [8], c [10], d [38], e [39], f [40].

In our study, we found that the c/a ratio for NiTe2 was smaller than that for ZrTe2.
This difference reflects the stronger in-plane bonding in NiTe2, which comes from the
smaller atomic radius of Ni compared to Zr. We also noticed that the structural parameters
for the TB-mBJ method closely matched experimental measurements. That said, it is worth
mentioning that our computational values were calculated at absolute zero temperature
and pressure, while the experimental data were obtained in ambient conditions.
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3.2. Elastic Properties

Elastic constants play a pivotal role in assessing the structural and mechanical stability
of materials. They are integral in numerous technological applications, as these constants
are intricately linked to fundamental properties like Debye temperature, thermal expan-
sion, and the Grüneisen parameter. Indeed, by leveraging the elastic constants of single
crystals, a variety of elastic attributes can be discerned. Given that both ZrTe2 and NiTe2

have a trigonal crystal structure, they possess six distinct elastic constants: C11, C33, C44,
C12, C13, and C14. To ensure mechanical stability, these constants must satisfy specific
stability criteria for trigonal systems, which are detailed in Appendix A. The formulas
for calculating elastic moduli, such as the Voigt and Reuss approximations, as well as
the derivations for Young’s modulus and Poisson’s ratio, are provided in Appendix A.
Although single-crystal elastic constants are foundational in deriving various elastic prop-
erties, the challenges of synthesizing single crystals make polycrystalline data relevant to
many practical applications.

Single-crystal elastic constants (Cij) offer a foundation for determining various types
of elastic moduli, indices, and Poisson’s ratio. Producing single-crystal specimens, how-
ever, presents challenges. These specimens are often difficult to synthesize and, in many
scenarios, are impractical for large-scale use. Given these constraints, obtaining elastic
constant data for polycrystalline samples becomes crucial, especially when considering
real-world applications.

The elastic constants for ZrTe2 and NiTe2 compounds have been computed and are
presented at zero pressure. Table 2 details these six independent elastic constants compared
to prior computational findings. The differences in elastic constants between our results
and previous studies can be explained by variations in computational approaches. These
include choices concerning exchange correlation functionals, pseudopotentials, how van
der Waals interactions are handled, convergence criteria, and other settings. Reference [8]
uses CASTEP with LDA and GGA functionals. Since LDA often underestimates lattice
constants, this can lead to differences in the calculated elastic constants when compared to
GGA and mBj. Reference [41] employed the PAW method in VASP, which treats core and
valence electrons differently and thus affected the results. Reference [42] uses PBE + SOC,
which includes spin–orbit coupling and thus impacted the elastic constants. Reference [43]
provides experimental values, which naturally differ from computational predictions.
Reference [44] also used the CASTEP code, contributing to variations due to different
computational setups and parameters.

The choice of exchange correlation functionals (LDA, GGA, or mBj) also impacts the
elastic constants. LDA typically underestimates lattice constants, while GGA improves
on LDA by considering density gradients, and mBj offers enhanced electronic structure
predictions. Additionally, variations in k-point sampling, energy cut-offs, and conver-
gence criteria further contribute to discrepancies, with higher k-point density and energy
cut-offs generally yielding more accurate results. The GGA is particularly well suited
to the calculation of elastic constants due to its ability to incorporate density gradients,
providing a more accurate representation of the exchange correlation energy. Unlike the
local density approximation (LDA), which often underestimates lattice constants, GGA
accounts for variations in electron density, resulting in improved predictions of structural
and mechanical properties. This makes GGA a reliable choice for studying materials where
precise lattice parameters and elastic constants are critical.
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Table 2. Comparison of elastic constants (Cij in GPa) for ZrTe2 and NiTe2 compounds with previous
computational findings.

Compound C11 [GPa] C12 [GPa] C13 [GPa] C14 [GPa] C33 [GPa] C44 [GPa] Ref.

ZrTe2

68.00 13.60 6.30 −1.30 31.30 8.40 This work
(mBj)

62.397 10.95 2.613 −1.779 11.742 6.735 This work
(GGA)

67.65 12.95 8.07 1.07 32.30 6.94 [8]

69.00 — — — 26.00 31.00 [41]

NiTe2

121.40 39.27 42.82 −7.50 72.20 16.92 This work
(mBj)

112.735 41.583 26.675 −5.498 50.948 16.391 This work
(GGA)

113.7 36.60 27.20 −6.50 45.70 11.20 [42]

109.50 41.90 — −10.70 52.60 20.40 [43]

147.60 50.80 44.10 7.91 83.90 17.58 [44]

We chose the full-potential linear augmented plane wave method with local orbitals
(FP-LAPW + lo) because it provides a more precise calculation of elastic constants compared
to other methods. Unlike approaches that use pseudopotentials, this method handles the
full electron density and potential without approximation. It divides the unit cell into
two regions: muffin-tin spheres around the atoms, where wave functions are described
using spherical harmonics, and the interstitial space between atoms, where plane waves are
used. This setup allows FP-LAPW to accurately capture the interactions between electrons,
which is critical in calculating elastic constants. It is particularly effective for materials like
ZrTe2 and NiTe2, where anisotropy plays an important role.

Of the independent single-crystal elastic constants, C11 and C33 measure the crystal’s
resistance to mechanical stresses aligned with the a- (or b-) and c-crystallographic axes,
respectively. As observed in Table 2 for both ZrTe2 and NiTe2 compounds, C11 surpasses
C33. This implies a more densely packed structure along the c-direction compared to the
a-direction. Consequently, under an applied stress, the c-axis would be more susceptible
to contraction and would exhibit greater strain. The layered nature of these compounds
suggests that the bonds within the ab-plane are stronger than those perpendicular to the
plane [8,41–44].

Furthermore, all the elastic constants of ZrTe2 and NiTe2 compounds fulfill the condi-
tions for mechanical stability, underscoring the inherent mechanical robustness of these
TMDCs. Intriguingly, the minimal negative values observed for C14 in both ZrTe2 and
NiTe2 do not compromise their mechanical stability, potentially hinting at minor internal
strains in their optimal crystalline configurations.

The fact that C44 is smaller than both C11 and C33 suggests that these compounds
can more easily deform under shear stress than when compressed along any individual
crystallographic axis. The other elastic constants, C12, C13, and C14, can be regarded as
off-diagonal shear components and are indicative of the structural integrity in response to
diverse deformations.

Table 2 also includes findings from other computational studies. Notably, while the
C11 values appear consistent across studies, there is notable variance in the data for other
elastic constants as reported by different research groups [8,41–44]. This variance likely
stems from the different computational techniques and methodologies employed by each
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group. The derived values for bulk modulus (B), shear modulus (G), Pugh’s ratio (B/G),
Young’s modulus (E), and Poisson’s ratio (ν) are presented in Table 3. Here, BV and BR

represent the Voigt and Reuss bulk moduli, respectively, which are averaged to obtain the
bulk modulus (B).

Table 3. Calculated elastic moduli (in GPa) for ZrTe2 and NiTe2 compounds, including Voigt bulk
modulus (BV), Reuss bulk modulus (BR), bulk modulus (B), shear modulus (G), Young’s modulus (E),
Pugh’s ratio (B/G), and Poisson’s ratio (ν), compared with previously reported computational results.

Compound BV
[GPa]

BR
[GPa]

B
[GPa]

GV
[GPa]

GR
[GPa]

G
[GPa] E [GPa] B/G ν Ref.

ZrTe2

24.41 20.79 22.60 18.21 13.45 15.83 38.50 1.43 0.22 This work
(mBj)

18.76 9.81 14.29 15.86 9.72 12.79 29.55 1.12 0.16 This work
(GGA)

25.09 21.90 23.49 17.47 11.78 14.62 36.34 1.60 0.24 [8]

NiTe2

62.76 59.22 60.99 27.65 27.98 27.81 56.37 2.19 0.30 This work
(mBj)

51.81 43.07 47.44 25.77 21.16 23.47 60.43 2.02 0.29 This work
(GGA)

— — 70.12 — — 28.75 5.095 2.439 0.3196 [44]

Table 3 shows that the bulk modulus (B) estimated from the elastic constants at zero
pressure aligns well with the values derived from the Birch–Murnaghan equation presented
in Table 1. This correspondence underscores the reliability of our computational results,
which harmonize effectively with experimental findings. The shear modulus (G) serves
as a significant index of a crystal’s hardness [45]. It gauges the crystal’s resistance to
plastic deformation, while the bulk modulus (B) is an indicator of its resilience against
fractures [46]. The B/G ratio offers insight into the ductility or brittleness of materials.
Specifically, when B/G surpasses 1.75, the material tends to be ductile. On the contrary,
values below this threshold denote brittleness [45]. Our computations ascertain that at
zero pressure, the B/G ratios for ZrTe2 and NiTe2 stand at 1.43 and 2.19, respectively. This
implies that while ZrTe2 exhibits brittleness, NiTe2 leans towards ductility.

Additionally, Poisson’s ratio (ν) gauges a material’s responsiveness to deformation—
either through expansion or contraction—when subjected to a perpendicular load. A ν

value of 0.5 signifies no volumetric changes during elastic deformation. For ZrTe2 and
NiTe2, the respective Poisson’s ratios are 0.22 and 0.30, both considerably lower than 0.5.
This suggests that substantial volume alterations accompany their elastic deformations.
When ν values hover below (or above) 0.26, the material is categorized as brittle (or ductile).
Consequently, ZrTe2’s brittleness and NiTe2’s malleability corroborate the inferences made
from the Pugh ratio.

Furthermore, Poisson’s ratio offers clues about the dominant interatomic forces within
solids [47,48]. Values ranging between 0.25 and 0.50 hint at a prevailing central force
interaction. Conversely, values outside this range point towards the dominance of non-
central forces. Hence, NiTe2 likely has central forces taking precedence. In solids, a ν value
approximating 0.33 suggests a predominantly ionic bond. In stark contrast, a value near
0.10 indicates a purely covalent bond. Given their ν values, both ZrTe2 and NiTe2 seem
to favor ionic bonding. This suggests that within TMDC compounds, bonding typically
comprises a blend of covalent and ionic characteristics. Poisson’s ratio also serves as a
metric for the material’s shear plasticity, with higher values signifying increased ductility.
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Lastly, Young’s modulus stands as a pivotal parameter, encapsulating a material’s resistance
to uniaxial tension.

The pronounced anisotropy in the mechanical properties, especially the shear modulus,
is closely tied to the layered structure of ZrTe2 and NiTe2. This anisotropy arises from the
difference between the strong in-plane bonding interactions and the weaker out-of-plane
interactions in these materials. In NiTe2, the stronger in-plane bonding, a result of the
enhanced hybridization of Ni d-states and Te p-states, contributes to the material’s higher
mechanical anisotropy and greater shear modulus. In contrast, ZrTe2, with weaker in-plane
interactions, exhibits less pronounced anisotropy.

Table 4 shows a comparison of the elastic and mechanical properties of ZrTe2 and NiTe2

in both their bulk and monolayer forms. For the bulk materials, the elastic constants (C11,
C12, C66), Young’s modulus (E), and Poisson’s ratio (ν) were calculated in this work using
the GGA functional and are expressed in GPa. For the monolayer forms, the properties
were obtained from the literature and include in-plane elastic constants (C11, C12, C66),
Young’s modulus (E), and Poisson’s ratio (ν) expressed in N/m.

Table 4. Elastic constants (C11, C12, C66), Young’s modulus (E), and Poisson’s ratio (ν) for ZrTe2 and
NiTe2 compounds in bulk (calculated in this work using GGA) and monolayer forms (obtained from
the literature).

Compound Type C11 C12 C66 E ν Reference

ZrTe2

Bulk [GPa] 62.40 10.95 25.73 29.55 0.16 This work (GGA)

Monolayer [N/m] 28.00 16.25 5.88 — — [49]

NiTe2

Bulk [GPa] 112.73 41.58 35.58 60.44 0.29 This work (GGA)

Monolayer [N/m] 28.08 10.58 8.75 24.09 0.38 [50]

The comparison highlights clear differences between the bulk and monolayer forms.
For NiTe2, C66 decreases from 35.58 GPa in the bulk to 8.75 N/m in the monolayer, reflecting
the greater flexibility of the monolayer. Additionally, Poisson’s ratio (ν) in NiTe2 increases
from 0.29 in the bulk to 0.38 in the monolayer, indicating improved stretchability. Similarly,
ZrTe2 shows significant changes in its monolayer properties, with C66 decreasing from
25.73 GPa in the bulk to 5.88 N/m in the monolayer. These results demonstrate how
the mechanical properties of ZrTe2 and NiTe2 are influenced by dimensionality, offering
important insights into their potential applications in van der Waals heterostructures,
flexible electronics, and strain-engineered devices.

The anisotropic behavior of ZrTe2 and NiTe2 is effectively illustrated through the
analysis of their 3D elastic property plots. For isotropic materials, the 3D representation of
Young’s modulus forms a perfect sphere, with projections onto planes appearing as perfect
circles. Deviations from these ideal shapes indicate anisotropy, a characteristic expected in
materials with layered structures such as ZrTe2 and NiTe2. Figure 3 provides insights into
the similarities and differences in the elastic properties of these materials.

Figure 3a illustrates both the 2D and 3D directional dependence of Young’s modulus
for ZrTe2 and NiTe2. The green curves in the 2D polar plot exhibit a circular shape,
confirming isotropic elastic behavior in the (001) plane. The constant radius of the green
curves indicates that Young’s modulus has no directional dependence within the (001) plane
for either material. In the 3D visualization, deviations from a spherical shape highlight the
anisotropic elastic behavior of the materials. ZrTe2 exhibits more pronounced deviations
from a spherical shape compared to NiTe2, indicating a higher degree of mechanical
anisotropy. This is further supported by the universal anisotropy index (AU), which
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is 4.0740 for ZrTe2 and 1.2915 for NiTe2, quantitatively confirming that ZrTe2 is more
anisotropic than NiTe2.
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Figure 3. Three-dimensional visualization and corresponding 2D view of the calculated (a) Young’s
modulus, (b) Poisson’s ratio, and (c) shear modulus for ZrTe2 and NiTe2. In (a), the green circular
curves in the 2D view indicate isotropic elastic behavior in the (001) plane, with no directional
dependence on Young’s modulus. In (b), the blue (green) curve represents the maximum (mini-
mum) positive Poisson’s ratio, while the X-axis corresponds to the [100] direction and the Y-axis
to the [010] direction, as labeled in the Figure. Deviations from a spherical shape in the 3D plots
illustrate mechanical anisotropy, which is more pronounced in ZrTe2 compared to NiTe2. In (c), the
blue curve represents the maximum shear modulus, while the green curve indicates the minimum
shear modulus.
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Figure 3b depicts Poisson’s ratio for each material. ZrTe2 exhibits moderate anisotropy,
with values ranging from 0.1 to 0.4 depending on the orientation. In contrast, NiTe2 shows a
wider range, from 0.14 to 0.56, indicating a more directionally dependent response in lateral
deformation to axial stress. This suggests that NiTe2 undergoes more significant variation
in its lateral deformation based on direction compared to ZrTe2. The shear modulus, as
illustrated in Figure 3c, ranges from approximately 5 GPa to 30 GPa for ZrTe2, with notable
directional dependence, while NiTe2 shows higher values, ranging from 10 GPa to 40 GPa,
also exhibiting considerable orientation-dependent variation. The higher shear modulus
values for NiTe2 reflect its stronger resistance to shear deformation compared to ZrTe2.

Both materials exhibit significant anisotropy in their mechanical properties, with
variations in Young’s modulus, Poisson’s ratio, and shear modulus depending on the
crystallographic orientation. While the anisotropy itself is expected due to the layered
lattice structure of the 1T phase, the quantitative differences between ZrTe2 and NiTe2

provide valuable insights into their mechanical behavior. NiTe2 generally demonstrates
higher values for all three properties, indicating stronger and more directionally dependent
mechanical behavior, which could have implications for their use in specific technological
applications. These findings support the understanding that deviations from spherical or
circular shapes in 3D plots reflect the directional dependence of elastic properties, with
NiTe2 showing a more pronounced directional mechanical response compared to ZrTe2.

The differences in the structural, electronic, and mechanical properties of ZrTe2 and
NiTe2 come from their unique atomic and electronic configurations. Structurally, ZrTe2 has
a slightly larger lattice constant than NiTe2, which suggests weaker interatomic bonding
in ZrTe2. This weaker bonding contributes to its lower elastic constants and mechanical
stiffness compared to NiTe2. Electronically, both materials behave as semimetals, but NiTe2

has a higher density of states near the Fermi level. This stronger electronic bonding in NiTe2

results in higher elastic constants and better mechanical strength. The heavier Ni atom in
NiTe2 also enhances spin–orbit coupling effects, which further improves its mechanical
stability. Mechanically, ZrTe2 shows greater anisotropy in its elastic properties due to
its weaker in-plane bonding, making it more sensitive to directional stress. In contrast,
NiTe2 has relatively stronger bonding both within and between layers, resulting in reduced
anisotropy and a more mechanically stable response. These structural and electronic
differences explain the variations in their mechanical behavior and elastic properties.

3.3. Electronic Band Structure and Topological Phase

The investigation of the electronic properties of compounds requires the calculation
and analysis of the electron density of states and band structures. Employing the TB-mBJ
approach, we have explored the band structures and the electron density of states for ZrTe2

and NiTe2. These calculations provide insights into the conductive or insulating behavior
of compounds based on the electron density of states.

By incorporating SOC, we have calculated the electron density of states for ZrTe2 and
NiTe2, with the results presented in Figure 4. In these diagrams, the zero-energy level
corresponds to the Fermi energy. The higher and lower Fermi energy levels are indicative
of the conduction and valence bands, respectively. As depicted in Figure 4a for ZrTe2 and
Figure 4b for NiTe2, both compounds exhibit metallic behavior. This observation is due to
the Fermi level intersecting the electron density of states, thus resulting in the absence of
a band gap. Furthermore, the relatively low electron density of states at the Fermi level
suggests that ZrTe2 and NiTe2 are poor conductors.
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the Fermi level highlights the semimetallic character of these compounds.

The DOS at the Fermi level has a direct impact on the mechanical properties of ZrTe2

and NiTe2. A higher DOS at the Fermi level in NiTe2 correlates with stronger electronic
interactions within the material. These interactions contribute to NiTe2’s greater mechanical
strength, as evidenced by its higher shear modulus. In contrast, the lower DOS at the
Fermi level in ZrTe2 indicates weaker bonding interactions, which explains its lower shear
modulus and reduced mechanical resistance. This correlation suggests that the electronic
structure, particularly the density of states, plays a significant role in determining the
material’s mechanical stability.

Figure 4a suggests that, prior to reaching the Fermi level, the d-orbital of the Zr atom
has a significant contribution, while, post the Fermi level, the p-orbital of the Te atom domi-
nates. For NiTe2, the d-orbital of the Ni atom contributes predominantly below the Fermi
level. Above it, the Te atom’s p-orbital slightly overshadows, with no significant contribu-
tion from the Ni atom. Our TB-mBJ + SOC calculations indicate the strong hybridization of
TM (Zr, Ni) d- and Te p-like states in the near-Fermi region of the valence band of ZrTe2

and NiTe2. Similar hybridization effects have been observed in other TM-bearing tellurides,
such as Cu2HgGeTe4 [51].

Bonding characteristics, particularly the hybridization of d-orbitals from the transition
metals (Zr, Ni) with Te p-orbitals, play a crucial role in defining the mechanical properties
of these materials. In NiTe2, the stronger hybridization of Ni d-states with Te p-states leads
to more robust bonding within the layers. This strong bonding is reflected in NiTe2’s higher
shear modulus, which indicates a greater resistance to shear deformation. In contrast, ZrTe2,
with weaker Zr-Te hybridization, exhibits a lower shear modulus, demonstrating reduced
mechanical strength. This comparison highlights how electronic bonding interactions
directly impact the material’s mechanical behavior.

Figure 5 presents the phonon dispersion curves for ZrTe2 and NiTe2, calculated us-
ing density functional theory. The phonon frequencies are plotted as a function of the
wavevector along high-symmetry directions in the Brillouin zone, specifically following
the Γ-M-K-Γ-A path. Notably, the absence of imaginary frequencies (soft phonon modes)
in both materials confirms their dynamic stability. The dispersion curves illustrate how
phonon modes vary with the wavevector, providing insights into the vibrational prop-
erties of ZrTe2 and NiTe2. This analysis is crucial in understanding the thermal and
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mechanical behavior of these compounds, as well as their potential applications in various
technological fields.
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(soft phonon modes) confirms the dynamic stability of these compounds.

The electronic band structure illustrates energy variations along symmetrical paths.
Figure 6 shows the electronic band structures of ZrTe2 and NiTe2 along high symmetry
directions (Γ-M-K-Γ-A) within the first Brillouin zone, computed using the mBJ approach
with and without the inclusion of SOC at zero pressure. In this figure, the Fermi level is
depicted as a horizontal line set at 0 eV. From our analysis, as shown in Figure 6a, ZrTe2

experiences a band inversion between the Zr d-states and Te p-states at the Γ point. For
ZrTe2, the Zr d-state approaches the valence band, even making contact at the Γ point.
In the presence of SOC, this band inversion in ZrTe2 becomes more pronounced: the Te
p-state advances to the conduction band, and the Zr d-state ascends further within the
valence band.

In contrast, the electronic band structure of NiTe2, as influenced by SOC and shown in
Figure 6b, demonstrates band inversion at the Fermi level along the Γ-A symmetry direction,
a hallmark of its topological nature. The topological properties of NiTe2 and ZrTe2 are well
documented as type-II Dirac semimetals. In this study, we avoided redundant analyses,
and we refer readers to previous research for detailed information [20,52–57].

The topological characteristics of NiTe2, particularly the band inversion near the Fermi
level, have a direct influence on its mechanical stability. The presence of this band inversion
along the Γ-A symmetry direction strengthens the material’s resistance to deformation,
as reflected in its higher shear modulus. This topological feature enhances the bonding
interactions within the material, contributing to NiTe2’s superior mechanical stability
compared to ZrTe2. The electronic band structure thus plays a dual role, not only defining
the material’s electronic properties but also impacting its mechanical robustness, which is
vital in applications that demand both mechanical durability and electronic functionality.
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Figure 6. Bulk band structures of (a) ZrTe2, highlighting band inversion at the Γ point and (b) NiTe2, il-
lustrating the intersection of valence and conduction bands at the Fermi level along the Γ-A symmetry
path. The band structures are shown with and without SOC considerations for comparison.

To evaluate the thermodynamic stability of the structures, we calculated the cohesive
energy (EC). This represents the amount of energy required to decompose the solid into
its constituent atoms in their stable states. The cohesive energy is determined using the
following equation [58]:

EC =
ETot

Bulk − NTeETot
Te − NZr/NiETot

Zr/Ni

NTe + NZr/Ni
, (1)

In this equation, ETot
Bulk represents the total energy of the bulk material, while

ETot
Te , ETot

Zr/Ni are the total energies of each individual element. Additionally, NTe, NZr/Ni

denote the number of atoms of each element within the unit cell. The cohesive energies
calculated for the ZrTe2 and NiTe2 compounds are −4.69 and −3.47 eV/atom, respec-
tively. The negative values of these cohesive energies indicate that these structures are
thermodynamically stable.

The electronic and structural properties of ZrTe2 and NiTe2 demonstrate their potential
for use in practical applications in spintronic and nano-electronic devices. NiTe2, with
strong spin–orbit coupling and a higher density of states near the Fermi level, is well suited
to spintronic technologies. These properties enhance spin polarization and enable efficient
charge–spin conversion, making NiTe2 an excellent candidate for components such as spin
filters and spin transistors. ZrTe2 exhibits semimetallic behavior and anisotropic mechan-
ical properties, making it ideal for nano-electronic applications that require directional
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conductivity or flexibility. The layered structure and mechanical robustness of ZrTe2 make
it particularly suitable for flexible and wearable electronic devices, including bendable
systems. The unique combination of electronic precision, mechanical stability, and topo-
logical robustness positions ZrTe2 and NiTe2 as promising materials for next-generation
device applications.

4. Conclusions
Our comprehensive investigation of ZrTe2 and NiTe2 using density functional theory

calculations yielded several important insights into their electronic, topological, elastic, and
vibrational properties. Our study led to several novel contributions:

• We revealed significant anisotropy in the orientation-dependent mechanical properties
of both compounds, with NiTe2 exhibiting more pronounced variations and generally
higher values for Young’s modulus, Poisson’s ratio, and shear modulus compared
to ZrTe2.

• Using the TB-mBJ method, we confirmed the type-II Dirac semimetal nature of both
materials, observing distinct band inversion characteristics: ZrTe2 showed inversion
between Zr d and Te p states at the Γ point, while NiTe2 exhibited band inversion
along the Γ-A symmetry direction near the Fermi energy.

• Our analysis demonstrated the crucial role of spin–orbit coupling in enhancing the
topological features of these materials, particularly in accentuating the band inversions.

• Phonon dispersion calculations confirmed the dynamic stability of both ZrTe2 and
NiTe2, an essential consideration in their potential applications.

• By comparing ZrTe2 and NiTe2 side by side, we highlighted key differences in their
mechanical and electronic properties, providing valuable insights for use in material
selection in various applications.

These findings have significant implications for the field of spintronics and next-
generation electronic devices. The unique combination of a layered structure, non-trivial
band topology, and anisotropic mechanical properties in ZrTe2 and NiTe2 opens up new
possibilities for tailored material design in advanced applications.

The mechanical properties of ZrTe2 and NiTe2, particularly their anisotropy and shear
modulus, are strongly influenced by their electronic structures. The higher DOS at the Fermi
level in NiTe2, along with its stronger d-p hybridization and topological band inversion,
result in greater mechanical strength and resistance to deformation. In contrast, the weaker
bonding interactions in ZrTe2, as indicated by its lower DOS and weaker hybridization, lead
to reduced mechanical stability. These findings demonstrate that the electronic structure,
particularly the DOS and bonding interactions, plays a crucial role in determining the
mechanical behavior of these materials. This correlation has important implications for
optimizing the mechanical and electronic performance of ZrTe2 and NiTe2 in electronic and
spintronic devices.

Our work highlights the importance of considering multiple factors—including
orientation-dependent mechanical properties, electronic structures, and vibrational
dynamics—when evaluating these materials for practical applications. This holistic ap-
proach provides a more comprehensive understanding of ZrTe2 and NiTe2, paving the way
for their optimized use in future technological innovations. Future research directions could
include the experimental validation of the predicted anisotropic properties, the exploration
of heterostructures involving these materials, and the investigation of their behavior under
various external stimuli, such as strain or electric fields.



Nanomaterials 2025, 15, 148 16 of 19

Author Contributions: Conceptualization, Y.F. and Z.N.; Methodology, Z.N.; Software, Y.F., Z.N.
and S.Y.; Validation, Y.F., Z.N. and D.V.; Formal analysis, Y.F., Z.N. and D.V.; Investigation, Y.F., Z.N.
and D.V.; Resources, Z.N.; Data curation, Y.F. and S.Y.; Writing—original draft, Y.F.; Writing—review
& editing, Z.N., S.Y. and D.V.; Visualization, S.Y.; Supervision, Z.N.; Project administration, Z.N.
and D.V.; Funding acquisition, D.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Science Foundation (NSF) under grant number
CBET-2110603.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
According to reference [59], these stability criteria for a trigonal crystal system are

as follows:

C11 − C12 > 0 (C11 + C12)C33 − 2C2
13 > 0 (C11 − C12)C44 − 2C2

14 > 0. (A1)

From the aforementioned independent elastic constants, we can derive a theoretical
elastic modulus. Two established methods for this calculation are the Voigt and Reuss
approximations. Specifically for trigonal crystals, the bulk modulus in the Voigt (BV) and
Reuss (BR) approaches are represented as follows [60]:

BV =
1
9
(2(C11 + C12) + C33 + 4C13), (A2)

BR =
(C11 + C12)C33 − 2C2

13
C11 + C12 + 2C33 − 4C13

. (A3)

Furthermore, the shear modulus values, GV and GR, derived using the Voigt and
Reuss methods for trigonal crystals, are formulated as follows [61]:

GV(trigonal) =
1

30
(7C11 − 5C12 + 2C33 − 4C13 + 12C44), (A4)

GR(trigonal) =
15
2

[
2C11 + 2C12 + 4C13 + C33

C33(C11 + C12)− 2C2
13

+
3C11 − 3C12 + 6C44

C44(C11 − C12)− C2
14

]−1

. (A5)

We can also calculate the shear modulus (G) and bulk modulus (B) as follows [62]:

G =
1
2
(GR + GV), (A6)

B =
1
2
(BR + BV). (A7)

Young’s modulus (E) and Poisson’s ratio (ν) for these elastic constants are then calcu-
lated using the following equations [63]:

E =
9BG

3B + G
, (A8)

ν =
3B − 2G
6B + 2G

. (A9)
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semiconductor nanocavity lasers with ultralow thresholds. Nature 2015, 520, 69–72. [CrossRef]
4. Hasan, M.Z.; Kane, C.L. Colloquium: Topological insulators. Rev. Mod. Phys. 2010, 82, 3045. [CrossRef]
5. Yan, B.; Felser, C. Topological materials: Weyl semimetals. Annu. Rev. Condens. Matter Phys. 2017, 8, 337–354. [CrossRef]
6. Armitage, N.; Mele, E.; Vishwanath, A. Weyl and Dirac semimetals in three-dimensional solids. Rev. Mod. Phys. 2018, 90, 015001.

[CrossRef]
7. Zhang, J.-F.; Zhao, Y.; Liu, K.; Liu, Y.; Lu, Z.-Y. First-principles study of the crystal structure, electronic structure, and transport

properties of NiTe 2 under pressure. Phys. Rev. B 2021, 104, 035111. [CrossRef]
8. Mahamudujjaman, M.; Afzal, M.A.; Islam, R.; Naqib, S. First-principles insights into mechanical, optoelectronic, and thermo-

physical properties of transition metal dichalcogenides ZrX2 (X = S, Se, and Te). AIP Adv. 2022, 12, 025011. [CrossRef]
9. Chia, X.; Sofer, Z.; Luxa, J.; Pumera, M. Unconventionally layered CoTe2 and NiTe2 as electrocatalysts for hydrogen evolution.

Chem. A Eur. J. 2017, 23, 11719–11726. [CrossRef]
10. Xu, C.; Li, B.; Jiao, W.; Zhou, W.; Qian, B.; Sankar, R.; Zhigadlo, N.D.; Qi, Y.; Qian, D.; Chou, F.-C. Topological type-II Dirac

fermions approaching the Fermi level in a transition metal dichalcogenide NiTe2. Chem. Mater. 2018, 30, 4823–4830. [CrossRef]
11. Ghosh, B.; Mondal, D.; Kuo, C.-N.; Lue, C.S.; Nayak, J.; Fujii, J.; Vobornik, I.; Politano, A.; Agarwal, A. Observation of bulk states

and spin-polarized topological surface states in transition metal dichalcogenide Dirac semimetal candidate NiTe2. Phys. Rev. B
2019, 100, 195134. [CrossRef]

12. Ganose, A.M.; Gannon, L.; Fabrizi, F.; Nowell, H.; Barnett, S.A.; Lei, H.; Zhu, X.; Petrovic, C.; Scanlon, D.O.; Hoesch, M. Local
corrugation and persistent charge density wave in ZrTe3 with Ni intercalation. Phys. Rev. B 2018, 97, 155103. [CrossRef]

13. Okada, S.; Sambongi, T.; Ido, M. Giant resistivity anomaly in ZrTe5. J. Phys. Soc. Jpn. 1980, 49, 839–840. [CrossRef]
14. Zhang, J.; Wang, C.; Guo, C.; Zhu, X.; Zhang, Y.; Yang, J.; Wang, Y.; Qu, Z.; Pi, L.; Lu, H.-Z. Anomalous thermoelectric effects of

ZrTe5 in and beyond the quantum limit. Phys. Rev. Lett. 2019, 123, 196602. [CrossRef] [PubMed]
15. Li, J.; Xie, Q.; Ullah, S.; Li, R.; Ma, H.; Li, D.; Li, Y.; Chen, X.-Q. Coexistent three-component and two-component Weyl phonons in

TiS, ZrSe, and HfTe. Phys. Rev. B 2018, 97, 054305. [CrossRef]
16. Kar, I.; Chatterjee, J.; Harnagea, L.; Kushnirenko, Y.; Fedorov, A.; Shrivastava, D.; Büchner, B.; Mahadevan, P.; Thirupathaiah, S.

Metal-chalcogen bond-length induced electronic phase transition from semiconductor to topological semimetal in ZrX2 (X = Se
and Te). Phys. Rev. B 2020, 101, 165122. [CrossRef]

17. Mattheiss, L.F. Band structures of transition-metal-dichalcogenide layer compounds. Phys. Rev. B 1973, 8, 3719. [CrossRef]
18. Correa, L.E.; Ferreira, P.P.; de Faria, L.R.; Fim, V.M.; da Luz, M.S.; Torikachvili, M.S.; Heil, C.; Eleno, L.T.; Machado, A.J.

Superconductivity in Te-Deficient ZrTe2. J. Phys. Chem. C 2023, 127, 5162–5168. [CrossRef] [PubMed]
19. Gao, Q.; Chan, Y.-h.; Wang, Y.; Zhang, H.; Jinxu, P.; Cui, S.; Yang, Y.; Liu, Z.; Shen, D.; Sun, Z. Evidence of high-temperature

exciton condensation in a two-dimensional semimetal. Nat. Commun. 2023, 14, 994. [CrossRef] [PubMed]
20. Tsipas, P.; Tsoutsou, D.; Fragkos, S.; Sant, R.; Alvarez, C.; Okuno, H.; Renaud, G.; Alcotte, R.; Baron, T.; Dimoulas, A. Massless

dirac fermions in ZrTe2 semimetal grown on InAs (111) by van der Waals epitaxy. ACS Nano 2018, 12, 1696–1703. [CrossRef]
21. Zheng, G.; Lu, J.; Zhu, X.; Ning, W.; Han, Y.; Zhang, H.; Zhang, J.; Xi, C.; Yang, J.; Du, H. Transport evidence for the three-

dimensional Dirac semimetal phase in ZrTe5. Phys. Rev. B 2016, 93, 115414. [CrossRef]
22. Singh, S.; Kumar, N.; Roychowdhury, S.; Shekhar, C.; Felser, C. Anisotropic large diamagnetism in Dirac semimetals ZrTe5 and

HfTe5. J. Phys. Condens. Matter 2022, 34, 225802. [CrossRef]
23. Fragkos, S.; Tsipas, P.; Xenogiannopoulou, E.; Panayiotatos, Y.; Dimoulas, A. Type-III Dirac fermions in HfxZr1−xTe2 topological

semimetal candidate. J. Appl. Phys. 2021, 129, 075104. [CrossRef]
24. Khang, N.H.D.; Ueda, Y.; Hai, P.N. A conductive topological insulator with large spin Hall effect for ultralow power spin–orbit

torque switching. Nat. Mater. 2018, 17, 808–813. [CrossRef] [PubMed]
25. Wang, Y.; Ramaswamy, R.; Yang, H. FMR-related phenomena in spintronic devices. J. Phys. D Appl. Phys. 2018, 51, 273002.

[CrossRef]
26. Vergniory, M.; Elcoro, L.; Felser, C.; Regnault, N.; Bernevig, B.A.; Wang, Z. A complete catalogue of high-quality topological

materials. Nature 2019, 566, 480–485. [CrossRef] [PubMed]
27. Bradlyn, B.; Elcoro, L.; Cano, J.; Vergniory, M.G.; Wang, Z.; Felser, C.; Aroyo, M.I.; Bernevig, B.A. Topological quantum chemistry.

Nature 2017, 547, 298–305. [CrossRef]
28. Zhao, Q.; Guo, Y.; Si, K.; Ren, Z.; Bai, J.; Xu, X. Elastic, electronic, and dielectric properties of bulk and monolayer ZrS2, ZrSe2,

HfS2, HfSe2 from van der Waals density-functional theory. Phys. Status Solidi B 2017, 254, 1700033. [CrossRef]

https://doi.org/10.1126/science.1194975
https://www.ncbi.nlm.nih.gov/pubmed/21292974
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature14290
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1146/annurev-conmatphys-031016-025458
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/PhysRevB.104.035111
https://doi.org/10.1063/5.0073631
https://doi.org/10.1002/chem.201702753
https://doi.org/10.1021/acs.chemmater.8b02132
https://doi.org/10.1103/PhysRevB.100.195134
https://doi.org/10.1103/PhysRevB.97.155103
https://doi.org/10.1143/JPSJ.49.839
https://doi.org/10.1103/PhysRevLett.123.196602
https://www.ncbi.nlm.nih.gov/pubmed/31765179
https://doi.org/10.1103/PhysRevB.97.054305
https://doi.org/10.1103/PhysRevB.101.165122
https://doi.org/10.1103/PhysRevB.8.3719
https://doi.org/10.1021/acs.jpcc.2c08836
https://www.ncbi.nlm.nih.gov/pubmed/36960103
https://doi.org/10.1038/s41467-023-36667-x
https://www.ncbi.nlm.nih.gov/pubmed/36813811
https://doi.org/10.1021/acsnano.7b08350
https://doi.org/10.1103/PhysRevB.93.115414
https://doi.org/10.1088/1361-648X/ac5d19
https://doi.org/10.1063/5.0038799
https://doi.org/10.1038/s41563-018-0137-y
https://www.ncbi.nlm.nih.gov/pubmed/30061731
https://doi.org/10.1088/1361-6463/aac7b5
https://doi.org/10.1038/s41586-019-0954-4
https://www.ncbi.nlm.nih.gov/pubmed/30814710
https://doi.org/10.1038/nature23268
https://doi.org/10.1002/pssb.201700033


Nanomaterials 2025, 15, 148 18 of 19

29. Jiang, H. Structural and electronic properties of ZrX2 and HfX2 (X = S and Se) from first principles calculations. J. Chem. Phys.
2011, 134, 204705. [CrossRef]

30. Fazeli, Y.; Etesami, Z.; Nourbakhsh, Z.; Vashaee, D. Unveiling the properties of transition-metal dichalcogenides: A comprehensive
study of WTe2, WSe2, ZrTe2, and NiTe2 in bulk and monolayer forms. J. Mater. Sci. 2023, 58, 10023–10042. [CrossRef]

31. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
[PubMed]

32. Jamal, M.; Bilal, M.; Ahmad, I.; Jalali-Asadabadi, S. IRelast package. J. Alloys Compd. 2018, 735, 569–579. [CrossRef]
33. Yalameha, S.; Nourbakhsh, Z.; Vashaee, D. ElATools: A tool for analyzing anisotropic elastic properties of the 2D and 3D materials.

Comput. Phys. Commun. 2022, 271, 108195. [CrossRef]
34. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo, I.

QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys. Condens.
Matter 2009, 21, 395502. [CrossRef] [PubMed]

35. Togo, A.; Tanaka, I. First principles phonon calculations in materials science. Scr. Mater. 2015, 108, 1–5. [CrossRef]
36. Delphine, S.M.; Jayachandran, M.; Sanjeeviraja, C. Pulsed electrodeposition and characterisation of tungsten diselenide thin films.

Mater. Chem. Phys. 2003, 81, 78–83. [CrossRef]
37. Lee, C.H. Tungsten Ditelluride (WTe2): An Atomic Layered Semimetal. Master’s Thesis, The Pennsylvania State University,

University Park, PA, USA, 2015.
38. Saminu, M.; Saleh, S.I.; Musa, S.I.; Ahmed, G.; Idris, M. First-principles Investigation of Structure and Electronic Properties of

NiTe2 Fermi Crossing Type-II Dirac Semimetal. Asian J. Res. Rev. Phys. 2021, 4, 27–33. [CrossRef]
39. Kohn, W.; Sham, L.J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 1965, 140, A1133. [CrossRef]
40. Qi, M.; An, C.; Zhou, Y.; Wu, H.; Zhang, B.; Chen, C.; Yuan, Y.; Wang, S.; Zhou, Y.; Chen, X. Pressure-driven Lifshitz transition in

type-II Dirac semimetal NiTe2. Phys. Rev. B 2020, 101, 115124. [CrossRef]
41. Bastos, C.M.; Besse, R.; Da Silva, J.L.; Sipahi, G.M. Ab initio investigation of structural stability and exfoliation energies in

transition metal dichalcogenides based on Ti-, V-, and Mo-group elements. Phys. Rev. Mater. 2019, 3, 044002. [CrossRef]
42. Ferreira, P.P.; Manesco, A.L.; Dorini, T.T.; Correa, L.E.; Weber, G.; Machado, A.J.; Eleno, L.T. Strain engineering the topological

type-II Dirac semimetal NiTe2. Phys. Rev. B 2021, 103, 125134. [CrossRef]
43. Sato, M.; Abe, K. Acoustic phonon dispersion in NiTe2. J. Phys. C Solid State Phys. 1979, 12, L613. [CrossRef]
44. Lei, J.-Q.; Liu, K.; Huang, S.; Mao, X.-C.; Hou, B.-S.; Tan, J.; Zhou, X.-L. Theoretical study of isostructural compounds MTe2 (M =

Ni, Pd and Pt) on structure and thermodynamic properties under high pressures. Chem. Phys. Lett. 2017, 687, 250–257. [CrossRef]
45. Feng, L.-P.; Li, N.; Yang, M.-H.; Liu, Z.-T. Effect of pressure on elastic, mechanical and electronic properties of WSe2: A

first-principles study. Mater. Res. Bull. 2014, 50, 503–508. [CrossRef]
46. Pugh, S. XCII. Relations between the elastic moduli and the plastic properties of polycrystalline pure metals. Lond. Edinb. Dublin

Philos. Mag. J. Sci. 1954, 45, 823–843. [CrossRef]
47. Greaves, G.N.; Greer, A.L.; Lakes, R.S.; Rouxel, T. Poisson’s ratio and modern materials. Nat. Mater. 2011, 10, 823–837. [CrossRef]

[PubMed]
48. Anderson, O.L.; Demarest, H.H., Jr. Elastic constants of the central force model for cubic structures: Polycrystalline aggregates

and instabilities. J. Geophys. Res. 1971, 76, 1349–1369. [CrossRef]
49. Zhang, Y. A comparison study of the structural, electronic, elastic, dielectric and dynamical properties of Zr-based monolayer

dioxides (ZrO2) and dichalcogenides (ZrX2; X = S, Se or Te) as well as their Janus structures (ZrXY; X, Y = O, S, Se or Te, Y ̸= X).
Phys. E Low-Dimens. Syst. Nanostruct. 2021, 134, 114855. [CrossRef]

50. Ku, R.; Yan, L.; Xue, K.; Zhang, J.; Pang, K.; Sha, M.; Wang, B.-T.; Jiang, Y.; Zhou, L.; Li, W. NiX2 (X = S, Se, and Te) monolayers:
Promising anodes in Li/Na-ion batteries and superconductors. J. Phys. Chem. C 2022, 126, 6925–6933. [CrossRef]

51. Gabrelian, B.; Lavrentyev, A.; Vu, T.V.; Kalmykova, K.; Ananchenko, L.; Tkach, V.; Parasyuk, O.; Khyzhun, O. Valence-band
electronic structure and main optical properties of Cu2HgGeTe4: Theoretical simulation within a DFT framework and experimental
XPS study. Mater. Today Commun. 2020, 23, 100828. [CrossRef]

52. Esin, V.D.; Shvetsov, O.O.; Timonina, A.V.; Kolesnikov, N.N.; Deviatov, E.V. Interface Superconductivity in a Dirac Semimetal
NiTe2. Nanomaterials 2022, 12, 4114. [CrossRef]

53. Zhang, J.; Huang, G. The superconductivity and topological surface state of type-II Dirac semimetal NiTe2. J. Phys. Condens.
Matter 2020, 32, 205702. [CrossRef]

54. de Lima, B.; de Cassia, R.; Santos, F.; Correa, L.; Grant, T.; Manesco, A.; Martins, G.; Eleno, L.; Torikachvili, M.; Machado, A.
Properties and superconductivity in Ti-doped NiTe2 single crystals. Solid State Commun. 2018, 283, 27–31. [CrossRef]

55. Wen, X.; Lei, W.; Li, X.; Di, B.; Zhou, Y.; Zhang, J.; Zhang, Y.; Li, L.; Chang, H.; Zhang, W. ZrTe2 Compound Dirac Semimetal
Contacts for High-Performance MoS2 Transistors. Nano Lett. 2023, 23, 8419–8425. [CrossRef]

56. Ou, Y.; Yanez, W.; Xiao, R.; Stanley, M.; Ghosh, S.; Zheng, B.; Jiang, W.; Huang, Y.-S.; Pillsbury, T.; Richardella, A. ZrTe2/CrTe2: An
epitaxial van der Waals platform for spintronics. Nat. Commun. 2022, 13, 2972. [CrossRef] [PubMed]

https://doi.org/10.1063/1.3594205
https://doi.org/10.1007/s10853-023-08545-w
https://doi.org/10.1103/PhysRevLett.77.3865
https://www.ncbi.nlm.nih.gov/pubmed/10062328
https://doi.org/10.1016/j.jallcom.2017.10.139
https://doi.org/10.1016/j.cpc.2021.108195
https://doi.org/10.1088/0953-8984/21/39/395502
https://www.ncbi.nlm.nih.gov/pubmed/21832390
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1016/S0254-0584(03)00136-6
https://doi.org/10.9734/ajr2p/2021/v4i130135
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.101.115124
https://doi.org/10.1103/PhysRevMaterials.3.044002
https://doi.org/10.1103/PhysRevB.103.125134
https://doi.org/10.1088/0022-3719/12/16/002
https://doi.org/10.1016/j.cplett.2017.09.022
https://doi.org/10.1016/j.materresbull.2013.11.016
https://doi.org/10.1080/14786440808520496
https://doi.org/10.1038/nmat3134
https://www.ncbi.nlm.nih.gov/pubmed/22020006
https://doi.org/10.1029/JB076i005p01349
https://doi.org/10.1016/j.physe.2021.114855
https://doi.org/10.1021/acs.jpcc.2c00049
https://doi.org/10.1016/j.mtcomm.2019.100828
https://doi.org/10.3390/nano12234114
https://doi.org/10.1088/1361-648X/ab6f84
https://doi.org/10.1016/j.ssc.2018.08.014
https://doi.org/10.1021/acs.nanolett.3c01554
https://doi.org/10.1038/s41467-022-30738-1
https://www.ncbi.nlm.nih.gov/pubmed/35624122


Nanomaterials 2025, 15, 148 19 of 19

57. Wang, H.; Chan, C.H.; Suen, C.H.; Lau, S.P.; Dai, J.-Y. Magnetotransport properties of layered topological material ZrTe2 thin film.
ACS Nano 2019, 13, 6008–6016. [CrossRef]

58. Yalameha, S.; Nourbakhsh, Z.; Ramazani, A.; Vashaee, D. Promising bialkali bismuthides Cs(Na, K)2Bi for high-performance
nanoscale electromechanical devices: Prediction of mechanical and anisotropic elastic properties under hydrostatic tension and
compression and tunable auxetic properties. Nanomaterials 2021, 11, 2739. [CrossRef] [PubMed]

59. Mouhat, F.; Coudert, F.-X. Necessary and sufficient elastic stability conditions in various crystal systems. Phys. Rev. B 2014,
90, 224104. [CrossRef]

60. Voigt, W. Lehrbuch der Kristallphysik: (Mit Ausschluss der Kristalloptik); BG Teubner: Leipzig, Germany, 1910; Volume 34.
61. Pham, D.C. Asymptotic estimates on uncertainty of the elastic moduli of completely random trigonal polycrystals. Int. J. Solids

Struct. 2003, 40, 4911–4924. [CrossRef]
62. Hill, R. The elastic behaviour of a crystalline aggregate. Proc. Phys. Soc. Sect. A 1952, 65, 349. [CrossRef]
63. Zeng, F.; Zhang, W.-B.; Tang, B.-Y. Electronic structures and elastic properties of monolayer and bilayer transition metal

dichalcogenides MX2 (M = Mo, W; X = O, S, Se, Te): A comparative first-principles study. Chin. Phys. B 2015, 24, 097103.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsnano.9b02196
https://doi.org/10.3390/nano11102739
https://www.ncbi.nlm.nih.gov/pubmed/34685179
https://doi.org/10.1103/PhysRevB.90.224104
https://doi.org/10.1016/S0020-7683(03)00141-0
https://doi.org/10.1088/0370-1298/65/5/307
https://doi.org/10.1088/1674-1056/24/9/097103

	Introduction 
	Methodology 
	Result and Discussion 
	Structural Properties 
	Elastic Properties 
	Electronic Band Structure and Topological Phase 

	Conclusions 
	Appendix A
	References

