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The coupling between electron orbital momentum and spin momentum, known as spin-orbit coupling (SOC),
is a fundamental origin of a multitude of fascinating physical phenomena, especially it holds paramount
significance in the realm of topological materials. In our paper, we have predicted the topological phase in
Hg-based chalcopyrite compounds using the first-principles density functional theory. The initial focus was
on HgSnN,, revealing it to be a nonmagnetic Weyl semimetal, while HgSnP, displayed characteristics of a
strong topological insulator. What makes our study truly unique is that despite both compounds having the
same SOC strength, arising from Hg, they exhibit distinct topological phases due to the distinct hybridization
effect of the Hg-5d and X-p bands. This finding can address a significant factor, i.e., the effect of the band
hybridization in deriving distinct topological phases, keeping the symmetry aspect intact. Our results indicate
that due to the presence of band hybridization between the dominant X -np orbitals n = 2 and 3 for X = N and
P respectively and a minor contribution from Hg-5d, we can tune the topological phase by manipulating SOC
strength, which equivalently achievable by chemical substitutions. This investigation stands as a remarkable
illustration of the unique roles that hybridization plays in sculpting the topological properties of these compounds

while simultaneously preserving their underlying symmetries.
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I. INTRODUCTION

The coupling between spin and orbital angular momentum
in the relativistic framework, known as spin-orbit coupling
(SOC), is closely intertwined with the emergence of novel
phases in quantum materials [1-4]. This fascinating do-
main of SOC has broadened to encompass a plethora of
phenomenon like Kitaev spin liquid systems [5-7], uncon-
ventional magnetism in heavy elements [8], superconductivity
[9,10], Rashba splitting [11-13], chiral magnetic interaction
[14-17], spin-orbit torque (SOT) [18-26], spin Hall effect
[27,28], spin-orbit qubits [29], topological phases of matter
[30—41], and many more. The importance of SOC in relation
to topological phases is thoroughly recognized and metic-
ulously documented, especially the incorporation of SOC
introduces a band gap and leads to band inversion [42—46]
and even SOC notably plays a significant role in instigat-
ing the breakage of band degeneracy [41]. The strength of
SOC is an atomic property that is directly proportional to the
fourth power of atomic number; nonetheless, some possible
approaches, such as doping Pb;_,Sn,Se [47] and designing
heterostructures [48,49], have been highly appreciated to en-
gineer the effects of SOC and utilize in topological-based
spintronics devices [3,50]. Furthermore, both the magnitude
and sign of the SOC strength can be manipulated as ex-
perimentally demonstrated in thallium nitride (TIN) [51].
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However, the precise and definitive connection between topo-
logical phases and SOC at a material-specific level remains
a subject yet to be fully explored. Especially in the context
of intermetallic compounds, the hybridization between bands
originating from distinct chemical elements can effectively
account for the influence of SOC. In this scenario, the identi-
fication of the topological phase is not exclusively dictated by
the particular element demonstrating high SOC. Instead, the
compelling impact of hybridization with other elements, even
those with lower SOC strength, comes into play, influencing
the determination of the topological signatures.

To understand the direct impact of SOC in driving the
topological phases, we have selected two sister compounds,
HgSnN, and HgSnP,, having the same crystalline symmetry,
valence electrons, and heavy element (Hg), which accounts
for the dominance of SOC strength. The rationale behind such
a choice of compounds is to ensure everything that determines
the topology of the materials is the same except for the choice
of the anion (N/P). Here it is crucial for meaningful com-
parisons in our investigation. Moreover, the study of SOC
effects in topological phases of Hg-based heavy elements has
found promising platforms in several cases, including HgTe
quantum well, which has similarity with chalcopyrite [52],
MTI1sTes (M = Cd, Hg) [53], Jacutingaite family [M>NX;3
(M = Ni, Pt, and Pd; N = Zn, Cd, and Hg; and X = S,
Se, and Te)] [54], two-dimensional M3C, (M = Zn, Cd, and
Hg) [55], Hg-based materials HgS, HgSe, and HgTe [56]
etc., from both theoretical and experimental standpoints. Ad-
ditionally, they provide insights that can aid in predicting
potential Hg-based topological materials in our case. More-
over, it is also crucial to consider the experimental feasibility
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of compounds for a sensible choice of quantum material. The
sibling compounds based on N and P in the chalcopyrite
class have already been synthesized successfully, including
ZnSiP; [57], ZnGeP; [58,59], ZnSnP, [60], CdSiP; [61,62],
CdGeP, [63], CdSnP, [64,65], MgSiP, [66], ZnSnN, [67],
II-Sn-N, (I = Ca, Mg, Zn) [68], MgSnN, [69], MgZrN,
[70], MnSiN,; [71], and many more. While our specific com-
pound has not been experimentally synthesized yet, there is
a significant likelihood of achieving experimental synthesis
for these compounds in the future. It is worth highlight-
ing the added advantages of small gap semiconductors with
broken inversion symmetry have the potential to serve as
promising candidates for various applications, including pho-
tovoltaic cells, optoelectronics (such as light-emitting diodes
and lasers), thermoelectricity, and nonlinear optical properties
[72-74]. Additionally, the ability to engineer a wide range of
band gaps offers opportunities for developing band gap tuning
devices driven by SOC.

In our investigation, we have followed the ab initio first-
principles method to identify two previously unexplored
topological materials, namely HgSnN, and HgSnP,. To the
best of our knowledge, no previous investigations have been
conducted to examine the topological properties of these
compounds. Our findings reveal that HgSnN, identified as a
nonmagnetic Weyl semimetal, showcasing essential topologi-
cal features such as band inversion, Fermi arc, chirality, etc., in
the presence of SOC. Similarly, the HgSnP, shows the charac-
teristics of a strong topological insulator with a Z, number of
[1,000] and an odd number of Dirac cones in its surface spec-
tral function when SOC is incorporated. The distinctive aspect
of our research lies in the fascinating observation that despite
the atomic SOC strength being identical for both compounds,
they showcase distinctly different topological phases: one is
gapless, and another is gapped. Such disparity of nontrivial
phase arises from the band hybridization of N/P elements
with Hg, resulting in their unique behavior of gapless or gaped
band structure. To explore the tangible impact of SOC on
hybridized bands, we have artificially modulated the strength
of SOC in the original Hamiltonian. Intriguingly, our inves-
tigations revealed that by escalating the strength of SOC in
HgSnN,, we could induce a gap in the Weyl crossing, leading
to a topological phase similar to that of the parent compound
HgSnP,. In a parallel] manner, when we decrease the SOC
strength in HgSnP,, we observed the band gap closing, result-
ing in a Weyl crossing akin to the parent HgSnN, compound.
This comparative analysis sheds light on the distinct roles
played by hybridization in shaping their topological proper-
ties. The importance of our present paper lies in the fact that,
as per the usual notion, the crossover from gap less to gaped
topological phases can be achieved by tuning the governing
symmetries; however, in the present case, we demonstrate
how tuning SOC and hybridization can lead to the gapless to
gap crossover in the nontrivial topological phases.

II. CRYSTAL STRUCTURE

HgSnX, (X = N, P) is a noncentrosymmetric inter-
metallic alloy belonging to the chalcopyrite class with
space group I42d (space group no. 122). The unit cell
possesses the body-centered tetragonal structure having a

TABLE I. A showcasing of the optimized lattice parameters
a and ¢ for both HgSnN, and HgSnP,. The data provided includes
our calculations and the corresponding values found in the literature,
with appropriate references.

Material a(A) c(A) Ref.
HgSnN, 5.19 9.90 our calculations

6.46 [87]

4.96 9.65 [88]
HgSnP, 5.98 11.77 our calculations

6.17 [87]

5.87 11.47 [88]

5.95 11.83 [89]

5.91 [90]

tetrahedral unit with the cation Hg, Sn, and the anion
X (X = N, P) as depicted in Fig. 1(a). The optimized
lattice parameters are listed in Table 1. The Wyckoff po-
sitions of the three atoms are assigned the position as Hg
atom at (0, 0, 0), Sn atom at (0, 0, 0.5), and X atom at
(x, 0.25, 0.125), where x referred as the anion displacement
parameter. For HgSnN, and HgSnP,, the values of x are
0.7921 and 0.7548, respectively. We have observed slight
deviations in the lattice parameters of both compounds in the
literature compared to our optimized values, which we listed
in Table I. Therefore, we have examined the lattice param-
eters versus energy plot very carefully and confirmed that
the lattice parameters listed in Table I are energetically lower
compared to any other choice of lattice parameters reported
so far, as demonstrated in Figs. S1(a) and S1(b) within the
Supplemental Material (SM) [76] for HgSnN,. Similar analy-
ses have been conducted for HgSnP,, as shown in Figs. S1(d)
and S1(e) within the SM [76]. The calculated formation en-
ergies for HgSnN, and HgSnP, are —1.6374 eV/f.u. and
—6.91705 eV /f.u., respectively, which show that the HgSnP,
is more stable than HgSnN,. Since this compound has yet
to be synthesized experimentally, the choice of lattice pa-
rameters is critical for the chalcopyrites class, especially in
addressing the topological properties [77] and exploring its
dynamical stability and thermodynamic characteristics is of
utmost importance. We have calculated the phonon density of
states and confirmed the absence of any negative frequency
phonon DOS. The negative Helmholtz free energy as a func-
tion of temperature and positive entropy, depicted in the inset
of Fig. S1(c) within the SM [76], further supports the thermo-
dynamic stability of HgSnN,. Similarly, Fig. S1(f) within the
SM [76] illustrates the phonon density of states without any
negative frequency region and the temperature-dependent pos-
itive evolution of Helmholtz free energy for HgSnP,. These
calculations assure the stability of our structure from a ther-
modynamic standpoint.

Additionally, we have depicted the phonon dispersion of
HgSnN, and HgSnP, in Figs. S2(a) and S2(b) within the
SM [76], respectively, with two distinct modes—acoustic and
optical—that is, respective to the lowest and the highest fre-
quencies observed at the I" point in the phonon dispersion. To
enhance comprehension of both optical and acoustic modes,
we have provided a visual representation of displacement
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FIG. 1. (a) The crystal structure of HgSnX, [X = N, P] is depicted, where Hg, Sn, and X atoms are represented by blue, green, and red
spheres, respectively. We utilized the VESTA package with a ball-and-stick representation to visualize the three-dimensional crystal structure
[75]. (b) and (c) display the calculated orbital projected density of states (DOS) of HgSnX,, where X = N and P, respectively. The green, blue,
and red lines represent the partial DOS for Hg-5d, Sn-5p, and X-np (n = 2 and 3 for X = N and P respectively), respectively. The energy scale

is referenced to the Fermi energy (E(), which is set at zero.

vectors within the primitive cell arrangement. In Fig. S2(a)
within the SM [76], the acoustic mode registers a frequency of
0.016 THz, while the optical mode is observed at 18.97 THz.
Interestingly, no phonon bands are within the frequency range
of 6.48 THz to 8.80 THz. Examining the acoustic mode of
HgSnN,, we note that mainly cations (Hg and Sn atoms)
exhibit prominent displacement vectors along the negative
X and positive Y directions, with no displacement in the
Z direction. The specific components of displacement vectors
associated with each atom are detailed in Table II, and the
corresponding displacement vector is illustrated in Fig. S2(c)
within the SM [76]. Conversely, in the optical mode, cations
(Hg and Sn atoms) display no displacement vector. Within this
mode, anions (N) predominantly contribute to the vibrations.
The detailed components of displacement vectors are listed
in Table III, and the corresponding displacement vector is
depicted in Fig. S2(d) within the SM [76].

In the phonon dispersion of HgSnP,, illustrated in
Fig. S2(b) within the SM [76], the acoustic mode manifests at
a frequency of 0.010 THz, while the optical mode is discerned
at 9.71 THz. Notably, there are no phonon bands within the
frequency range 4.52-7.20 THz. Upon closer examination
of the acoustic mode in HgSnP,, it is observed that cations

(Hg and Sn atoms) prominently exhibit displacement vectors
along the Z direction with tiny displacement of anions (P).
The specific components of these displacement vectors are
comprehensively outlined in Table II, with the corresponding
visual representation of the displacement vector provided in
Fig. S2(e) within the SM [76]. Conversely, in the optical
mode, cations (mainly Sn atoms) showcase relatively less dis-
placement vector compared to anions (P). Within this mode,
anions (P) play a predominant role in contributing to the
vibrations dynamics. The intricate details of the displacement
vectors are cataloged in Table III, and the corresponding dis-
placement vector is portrayed in Fig. S2(f) within the SM [76].
The notable resemblance between the two sibling compounds
lies in the dominance of cations (Hg and Sn) contributions
in the acoustic mode. Also, in the optical mode, the partic-
ipation is primarily from anions, with X (where X = N/P)
playing a major role. A significant disparity is observed in the
displacement vectors in the acoustic mode for HgSnN, Hg,
and Sn shows displacement along X and Y directions, but for
HgSnP,, it is in the Z direction. Another crucial observation is
Sn has taken part in optical mode only for HgSnP,. We have
also determined the elastic stiffness constants by assessing the
energy variation by applying minor strains to the equilibrium

TABLE II. The component of displacement vectors corresponding to Hg, Sn, and X (where X = N or P) are presented in the acoustic mode

with the lowest frequency at the I" point.

HgSnN, Component of HgSnP, Component of
(0.016 THz) displacement vector (A) (0.010 THz) displacement vector (A)
Hg (-0.11, 0.15, 0.00) Hg (-0.01, -0.01 0.18)
Sn (=0.09, 0.12, 0.00) Sn (-0.01, -0.00, 0.14)
N (-0.03, 0.04, 0.00) P (=0.00, -0.00, 0.07)
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TABLE III. The component of displacement vectors correspond-
ing to Hg, Sn, and X (where X = N or P) are presented in the optical
mode with the highest frequency at the I" point.

Component of Component of

HgSnN, displacemoent HgSnP, displacerrlent
(18.97 THz) vector (A) (9.71 THz) vector (A)

Hg (0.00, 0.00, 0.00) Hg (0.01, 0.01, 0.00)
Sn (0.00, 0.00, 0.00) Sn (-0.07, -0.05, —0.00)
N (0.15, 0.00, -0.09) P (0.12,-0.05,-0.11)

(0.05, 0.15, 0.09)
(=0.05, -0.15, 0.09)
(-0.15, -0.00, -0.09)

(-0.01,0.13,0.11)
(-0.01,0.13,-0.11)
(0.12,-0.05, 0.12)

lattice configuration to ensure the elastic stability of HgSnX,
(X = N/P). The count of elastic stiffness constants increases
as the symmetry of the crystal structure is reduced. In the
case of our system, which belongs to the tetragonal group,
there are six independent elastic stiffness constants namely
Ci1, Cia, Cy3, Cs3, Cyg, Cgg [78,79]. The values of the elastic
constant are tabulated in Table IV. A material is considered
elastically stable when the elastic constants meet the below
criteria (1) to (4) for a tetragonal structure with the space
group 122. We have found that both compounds satisfy the
four necessary and sufficient conditions, which ensures the
mechanical stability of these two compounds,

Cii > |Cal, ()
(Ci1 + C12)Cs3 > 2(C13)*, 2
Cis > 0.0, 3)
Ces > 0.0. 4)

III. CALCULATION METHODOLOGY

We conducted electronic structure calculations based on
density functional theory (DFT) using the Vienna Ab-initio
Simulation Package (VASP) with a plane-wave basis set
and pseudopotential framework [80,81]. The calculations
employed the Perdew-Burke-Ernzerhof (PBE) prescription,
which is a generalized gradient exchange-correlation approx-
imation (GGA) functional [82]. The influence of SOC was
considered by applying a relativistic correction to the original
Hamiltonian. A cut-off energy of 600 eV was used for the
plane-wave basis. We relaxed the internal atomic positions to
optimize the structure until the Hellman-Feynman force was
less than 0.001 eV /A. The Brillouin zone was sampled using
an 8 x 8 x 6 k-point mesh, and the electronic convergence cri-
teria were set at 10~° eV for self-consistent calculations. We
constructed a tight-binding model using the Wannier function

basis set to study the topological properties. This energy-
selective method mainly addresses the low-energy, few-band
model Hamiltonian defined in the effective Wannier function
basis. Using a renormalization method, we integrated out the
irrelevant degrees of freedom to keep the orbitals that are
solely responsible for topological effects. In the down-folding
calculations, we considered only the Hg-5d, Sn-5p, X-np,
X-ns (n=2, 3 for X = N/P) orbitals as active degrees
of freedom for HgSnN, and HgSnP, respectively, while
other degrees of freedom were down-folded as they made
less significant contributions in determining the topological
properties. To analyze the topological aspects, we calculated
the topological index (Z, number), examined the surface
states, studied the distribution of normalized Berry curva-
ture in the 2D momentum plane, and investigated the Fermi
arc at the particular chemical potential of Weyl crossing.
These calculations were performed using Wannier90 [83—85]
and WannierTool [86], starting from the full converged self-
consistent DFT outputs.

IV. ELECTRONIC STRUCTURE

The GGA density of states (DOS) for HgSnX, (X =
N, P) in the nonmagnetic state has been successfully deter-
mined using first-principles density functional theory, shown
in Figs. 1(b) and 1(c). By analyzing the DOS of HgSnN, in
Fig. 1(b), it becomes evident that it exhibits a semimetallic
nature due to the absence of a noticeable gap in DOS at the
Fermi energy, primarily influenced by the significant p-orbital
contribution of N. However, upon replacing N with P, the
contribution from the p orbital of P shifts slightly away from
the Fermi energy, as depicted in Fig. 1(c), opening a small gap
at Fermi energy in DOS. In both cases, the DOS shows that
the main contributions near the Fermi energy originate from
Hg-5d, Sn-5p, and X-np (n = 2, 3 for X = N/P) orbitals, with
minor contributions from Sn-5s, and X-ns (n = 2, 3 for X =
N/P) orbitals. However, these minor parts are not shown in
the DOS plots. Notably, X-np (n =2, 3 for X = N/P) orbitals
dominate over Hg-5d orbitals near the Fermi energy, and the
presence or absence of states in DOS near the Fermi energy
is mostly determined by the p-orbital contribution from the X
atom, which is further crucial for understanding the electronic
band structure.

To gain a comprehensive understanding of the topological
aspects, we have analyzed the electronic band structure of
HgSnX, (X = N, P). We have plotted the band structures of
HgSnX, (X = N, P) using both the GGA and GGA + SOC
methods, focusing on the few high-symmetry points, as shown
in Fig. 2. A typical connection of both bands is the removal
of degeneracy in the GGA bands in the presence of SOC,
which leads to the involvement of these bands in generating
nontrivial topological signatures and forming a gapless state

TABLE IV. The six independent elastic stiffness constants for HgSnN, and HgSnP, shows the elastic stability of the materials.

Material C1; (GPa) Cy, (GPa) C\; (GPa) Cs; (GPa) Cy (GPa) Ces (GPa)
HgSnN, 206.294 74.055 64.916 223.207 101.362 48.705
HgSnP, 338.194 ~26.859 54115 124.782 57.694 30.692
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FIG. 2. (a) and (c) depict the calculated bulk electronic band structures for HgSnN, and HgSnP,, respectively, employing the GGA (blue
lines) and GGA + SOC (red lines). The inset images in (a) and (c) provide a zoom version of the gapless and gapped states in the GGA 4 SOC
band structures for HgSnN, and HgSnP,, respectively. (b) and (d) illustrate the calculated orbital projected band structures with GGA 4 SOC
for the Hg and X (X = N, P) atoms, showing the band inversion. The Brillouin zone (BZ) is shown in the lower inset of (c). The energy scale

is referenced to the Fermi energy (E), which is set at zero.

(band crossing) or band gap. Specifically, in Fig. 2(a), we
have noticed that the incorporation of SOC has a fascinating
effect on the degeneracy of the GGA band structure. SOC has
broken the twofold bands in both the valence and conduction
bands near Fermi energy. Subsequently, a noteworthy occur-
rence takes place when a particular section of those valence
and conduction bands come close to each other and again
form a point degeneracy in the band structure, which leads to
Weyl crossing protected by two-fold degeneracy at a nonhigh-
symmetry point in momentum space. These coordinates are
found to be (-0.05534, 0.07620, —0.04912) along the path
from S_O to I'. It is important to highlight that the significant
role played by SOC is the creation of point degenerate Weyl
crossing for HgSnN,, while the gapped band structure for
HgSnP,.

Additionally, by examining the orbital-projected bands,
we have found that the major contribution in the Hg atom
(like T'g) comes from the Hg-6s orbital, which is lower in
energy than the major contribution from the N-2p orbital (like
I'g). This observation leads to a negative band gap at the
I'-symmetry point, supporting a nontrivial topological phase.
We have also observed a contribution from the N-2s orbital
in addition to the Hg-6s orbital, as depicted in Fig. S3(a)

within the SM [76]. The p orbitals of N (2p, and 2p;) are also
marked in Figs. S3(b) and S3(c) within the SM [76], respec-
tively. Therefore, conducting a detailed investigation of the
band-crossing phenomenon is crucial in light of the relevant
topological signatures. In the case of HgSnP,, an interesting
observation was made when incorporating the SOC strength.
It led to the elimination of the twofold band degeneracy in
both the valence and conduction bands; consequently, the
specific regions of these bands come close to each other, re-
sembling the behavior observed in HgSnN,. However, unlike
HgSnN,, the bands in HgSnP, do not exhibit a Weyl crossing.
Instead, a notable distinction was noticed where a global band
gap of approximately 14 meV emerges between the valence
and conduction bands at the I point, as illustrated in Fig. 2(c).
There is still band inversion at the high-symmetry I" point,
where the major contribution comes from the s orbitals of Hg
and P (I'g), which are lower in energy than the major p orbital
contribution (I'g), as shown in Fig. 2(d) and Figs. S3(d), S3(e),
and S3(f) within the SM [76]. The point to be noted is that it is
essential to acknowledge that the presence of SOC primarily
alters the characteristics of the GGA bands. The introduction
of SOC leads to the breaking of degeneracy in the GGA
bands for both compounds, resulting in a state with either no
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FIG. 3. (a) The calculated Fermi arcs, with a chemical potential positioned approximately 7 meV above the Fermi energy (E), establish
connections between the opposite chiral Weyl points in the momentum space. These Weyl points are indicated by red (source) and blue (sink)
filled circles in the K,—K, momentum plane. In the same momentum plane, (b) illustrates the corresponding distribution of normalized Berry
curvatures in the outward (source) and inward (sink) direction of fluxes between the two opposite chiral Weyl points. Displayed in (c) is the
flow of the Wannier charge centers (WCC) that move in opposite directions for source and sink points.

energy gap or a noticeable gap in the GGA + SOC bands. This
intriguing observation prompts us to conduct a more in-depth
analysis of the topological characteristics exhibited by both
compounds and, simultaneously, to see the impact of SOC on
their respective topological phases. Interestingly, although the
strength of SOC is identical in both compounds, but they still
display distinct topological phases. Therefore, in the next sec-
tion, our investigation aims to uncover the underlying reasons
behind this disparity, and the anticipation regarding the role of
SOC also demands further exploration.

V. TOPOLOGICAL INVESTIGATION

In this section, we have extensively examined the topo-
logical properties of both compounds by implementing an
ab-initio-derived model Hamiltonian approach. Our main
objective was to discern and understand the distinctive topo-
logical traits displayed by these materials.

A. Topological signatures of HgSnN,

In HgSnN,, we have successfully identified a band cross-
ing phenomenon in the band structure along the Sy to
[' path, as illustrated in Fig. 2(a), which exhibits all the
characteristic features of a time-reversal symmetry protected
Weyl semimetallic phase. In a Weyl semimetal, there exists a
Fermi arc connecting two Weyl crossings of opposite chirality
in momentum space. These Weyl crossings occur in pairs
and can be viewed as magnetic monopoles in momentum
space. For HgSnN,, we discovered a similar outcome that two
Weyl crossings, WP+ with a momentum space coordinate of
(=0.0553, 0.0762, —0.0491) and WP- with a coordinate of

(-0.0550, 0.0759, 0.0493), which are connected by a Fermi
arc in the K,—K; momentum plane, as depicted in Fig. 3(a),
specifically around an energy contour close to the chemical
potential, approximately 7 meV above the Fermi energy level.
The opposite chirality of the Weyl crossings is clearly evident
from their normalized Berry curvature distribution, as dis-
played in Fig. 3(b) in the same momentum plane. The Berry
curvature near the blue-filled circle is inward, acting as a sink
in momentum space, while the filled-red circle represents a
source with an outward field line direction. To validate our
analysis further, we examined the evolution of the Wannier
charge center (WCC) throughout the Brillouin zone (BZ).
Our analysis revealed that the average position of the WCC,
calculated using the Wilson-loop method, shows a discontin-
uous jump marked by a double-headed arrow. Notably, the
average position of the WCC for the sink (upper panel) is in
the opposite direction compared to the source (lower panel).
We have enlisted the coordinates of the Weyl crossing with its
chirality and energy positions with respect to the Fermi level
in Table V.

TABLE V. In the momentum space, the Weyl node coordinates
(in unit of 1/A) of HgSnN, with their chemical potentials relative to
the Fermi energy, and chiralities are listed.

Coordinates Chemical
Compound in K-space (1/A) potential (meV) Chirality
HgSnN,  -0.0550 0.0759 0.0493 6.8 -1 (WP-)
—-0.0553 0.0762 —0.0491 7.9 +1 (WP+)
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We have also calculated the spectral function using the
slab model approach as implemented in WannierTool [86] and
found that two Weyl points are connected by a Fermi arc-
related band in the surface state, as shown in Fig. S5(a) within
the SM [76]. Collectively, all these findings in HgSnN, firmly
establish it as a nonmagnetic Weyl semimetal, possessing all
the key topological characteristics. Due to the proximity of
Weyl crossing to the Fermi energy, this compound can be
regarded as an excellent candidate for an Hg-based ideal Weyl
semimetal [91], making it highly suitable for experimental in-
vestigations of the Fermi arc. Furthermore, the Weyl crossing
observed in this compound is sufficiently distinct and isolated
from the surrounding bulk bands, facilitating experimental
observations and analysis.

B. Topological signatures of HgSnP,

The presence of a narrow band gap of 14 meV and a
band inversion between the ['¢ and I'g bands, as depicted in
Figs. 2(c) and 2(d), prompted us to investigate the topological
properties of HgSnP,. While we did not observe any band
crossings similar to its sister compound HgSnN,, the exis-
tence of band inversion with a small band gap between the
maxima of valence and minima of the conduction band is
a significant indication that could be categorized as a topo-
logical insulator. Following standard practices for studying
topological behaviors, we examined the evolution of the WCC
along the K, direction of the Brillouin zone (BZ) in K, = 0.0
plane, as shown in Fig. 4(a). We found that the WCC exhibits
continuity, indicative of its nontrivial topological nature. Ad-
ditionally, we plotted the same quantities, i.e., WCC, along
different directions in the BZ plane, as shown in Fig. S5(b)
within the SM [76] other momentum planes in the K, = 0.5,
K, =0.5, and K; = 0.5, which are discontinuous. Based on
these findings, we conclude that HgSnP, possesses a nonzero
topological index with a Z, number [1,000], which falls under
the category of strong topological insulator.

To further support our conclusions, we calculated the spec-
tral function or surface state in the [001] and [100] direction,
scanning the entire BZ at time-reversal invariant momenta
(TRIM) points. The analysis revealed a gapless surface state
with an odd number of Dirac crossings, as illustrated in
Figs. 4(b) and 4(c). We analyzed the spectral distribution at
the surface of the semi-infinite slab of HgSnP,. The presence
of a Dirac-type gapless crossing in the spectral function serves
as a crucial indicator for identifying the topological state. This
observation aligns with our earlier findings related to bulk
bands, affirming the consistency of our results. We utilized
Green'’s function techniques, employing the WannierTool [86]
to extract the tight-binding model through maximally pro-
jected Wannier functions (WFs). In our visual representation,
the red bands correspond to surface bands against a blue back-
ground of bulk bands. For example, no crossing is observed at
the M high-symmetry point of the bulk band, approximately
—0.15 eV. However, in the surface bands, we identified a
Dirac-like band crossing. These crossings are denoted as SS1,
SS2, and SS3, with SS1 located at the N high-symmetry
point, SS2 at the I' high-symmetry point, and SS3 at the
M high-symmetry point along the [001] and [100] direction.
Since SS1 is not very clear along the [001] direction, we have

Wannier Charge Centre (WCC)
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FIG. 4. (a) Depicts the flow of average Wannier charge centers
(WCC) position for the highest occupied valence band of HgSnP,,
obtained through the Wilson-loop method. Notably, the flow show-
cases a continuous trajectory of the WCC. (b) The surface spectral
function across the surface Brillouin zone (BZ) is represented in
this figure for HgSnP,. A green circle highlights the presence of
the odd numbers of the Dirac crossing. (c) shows the Dirac cone at
I' point shown along [100] for clear visualization. The energy scale
is referenced to the Fermi energy (Ey), which is set at zero.

identified it clearly in the [100] directions. We have put an
image along [100] to show the Dirac cone at I" point for clear
visualization in Fig. 4(c). Consequently, our analysis indicates
an odd number of Dirac cones in the surface state, providing
valuable insights into the topological characteristics of the
system.

The Z, number [1,000] and the existence of an odd number
of Dirac cones unequivocally establish HgSnP, as a strong
topological insulator, characterized by a bulk band gap and
a metallic surface state protected by time-reversal symmetry.
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FIG. 5. Calculated GGA + SOC band structure for (a) HgSnN, and (b) HgSnP, with different SOC strength (A). (c) and (d) represent the
projected band structures, which show the band inversion at 3A (§ = 3) and 0.3 A (§ = 0.3) for HgSnN, and HgSnP, respectively. Here A is
the original SOC strength, and £ is the scaling factor of SOC. The energy scale is referenced to the Fermi energy(E/), which is set at zero.

We have also observed spin momentum locking, as shown in
Fig. S5(c) within the SM [76]. While the chalcopyrite class
offers numerous examples of topological insulators, our cur-
rent understanding suggests a lack of comprehensive studies
focusing on the topological aspects of Hg-based chalcopyrites
in the existing literature. In a nutshell, the relevant signature
indicates that HgSnP, is a strong topological insulator.

VI. EFFECT OF SOC MODULATION

The primary focus revolves around comprehending the
fundamental factors that give rise to the distinct (gap and
gapless) topological phases observed in two closely related
compounds, namely, HgSnN, and HgSnP,, which have the
same chemical composition except for the anion (N/P). These
compounds share the same space group with broken inver-
sion symmetry and preserving time-reversal symmetry. In this
context, it is essential to emphasize that Hg has strong atomic
SOC strength, while atomic N or P does not contribute to SOC
strength significantly. Interestingly, despite both compounds
having the same atomic SOC strength, they still display dif-
ferent topological phases, which prompts us to delve deeper
into the underlying reasons behind this nonidentical behavior.

To reinforce our analysis further, we have taken into ac-
count a £ term in the relativistic Hamiltonian, Hgoc = £X ZS,
where L and S represent orbital and spin angular momentum,
respectively as followed by the prescription [92,93] and A
is the original SOC strength while £ serve as a modulating
factor of original SOC strength. Generally, SOC is an inherent
atomic property of the element that remains unaltered with the
same nominal valance state. However, we can artificially tune
the SOC by scaling the relativistic term in the DFT calcula-
tions. Indeed, the artificial increase or decrease of SOC is not
factually correct and does not represent the physical picture.
However, such model calculations will be very effective in un-

derstanding the impact of the SOC in comparison to the other
energy scales involved in the materials. In the case of original
SOC strength & = 1, but we can arbitrarily vary the value of
& to probe its effect. We have explored the consequences by
sequentially scaling up and down the value of & in Hg-based
materials. The strength of the SOC is dependent on the fourth
power of the atomic number, meaning that the effect of SOC
becomes more dominant as we move down the periodic table
and very strong for Hg. For HgSnN,, we have utilized values
of 1.2A (i.e., § = 1.2) and 3 (i.e., § = 3), while for HgSnP,,
the effect has been reduced to 0.8\ (i.e., & = 0.8) and 0.3\
(i.e., £ = 0.3). Remarkably, we have observed that we can
artificially calibrate multiple topological phases by scaling up
and down & parameter in both materials.

Now, we investigated the effect of varying SOC strength on
the Weyl crossing in HgSnN,. In Fig. 5(a), we increased the
strength of SOC (&), say, up to three times the original SOC
strength (34) and observed that at 1.2, the gapless feature
disappears, and a small gap begins to form, which becomes
more prominent at 31. These two artificial SOC-driven band
structures at 1.2A and 31 in HgSnN, indicate that relativistic
SOC indeed plays a crucial role in maintaining the gapless
nature of the band structure. We performed a similar analysis
on HgSnP, for cross validation, as shown in Fig. 5(b). In this
case, we reduced the strength of SOC, say, to 0.8A and 0.3A.
We found that the band gap at the same momentum coordinate
vanishes. At 0.81, the band gap between the valence and
conduction bands is reduced; at 0.3A, it becomes gapless.
However, it is essential to note that the band structure at 0.3A
in HgSnP, is already artificially influenced in terms of SOC,
so further verification of its topological characteristics is not
meaningful. However, from first-principles DFT calculations,
we can verify the nontrivial properties by observing the band
ordering in terms of orbital contributions, whether they are
normal or inverted. We observed that in HgSnN, at SOC
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FIG. 6. The GGA + SOC orbital projected hybridized band
structure of HgSnN, with major N-p (grey) and minor Hg-5d (blue)
orbitals. The energy scale is referenced to the Fermi energy (Ej),
which is set at zero (E; = 0.0 eV).

strength 3, the major Hg-6s orbital contribution (I'¢) is lower
than the major N-p orbital contribution (I'g) as shown in
Fig. 5(c). Furthermore, the involvement of the N-2s orbital
has been identified alongside the Hg-6s orbital, illustrated in
Fig. S4(a) within the SM [76]. The N-2p orbitals (2p, and
2p.) have also been designated in Figs. S4(b) and S4(c) within
the SM [76] correspondingly. Hence, a negative band gap is
present at the high-symmetry point (I"), similar to the original
band structure as shown in Fig. 2(b). Similarly, in HgSnP, at
0.3A, the major Hg-6s orbital contribution from the Hg atom
([¢) is lower than the major P-3p orbital contribution (I'g) as
shown in Fig. 5(d). We have observed an additional involve-
ment of the P-3s orbital alongside the Hg-6s orbital, which is
illustrated in Fig. S4(d) within the SM [76]. The 3p orbitals of
P, namely 3p, and 3p,, have also been indicated in Figs. S4(e)
and S4(f) within the SM [76], respectively. Notably, both band
structures at artificially modified SOC strengths also exhibit
band inversion. The study of these sister compounds enables
us to examine the role of SOC in driving the topological
phase in quantum materials from a modeling perspective.
Another critical perspective is that we have noticed a striking
resemblance between the gapped band structure of HgSnN,
at 0.3A and the parent band structure of HgSnP, at its orig-
inal SOC strength. Similarly, a comparable equivalence can
be established for HgSnP,, where the gapless band structure
at 31 closely resembles the parent state of HgSnN, at its
original SOC strength. In summary, by modulating the SOC
strength, we observe the crossover from gapped to gapless
and vice-versa topological phases can emerge in these two
sister compounds, which can also be achievable by tuning the
chemical composition via N or P.

Ideally, both the compound HgSnN, and HgSnP, should
be the same in terms of SOC. To correlate such a strong
effect of SOC in these compounds, we found a notable fea-
ture that the band crossing or Weyl crossing observed in
HgSnN, mainly arises from the hybridization of the major

N-p orbital and minor Hg-5d orbital states, as shown in
Fig. 6. This hybridization plays a crucial role in explaining the
topological characteristics of the respective compounds. The
SOC strength is particularly effective in the hybridized band
due to the presence of Hg-5d orbitals. The minor contribution
from Hg-5d orbitals may modify the band dispersion without
substantial changes in the overall band structure. The impact
of SOC on the topological phase is widely recognized, but this
study has elegantly illuminated the crucial role of hybridiza-
tion in modifications to the topological phase.

VII. SUMMARY AND CONCLUSIONS

In this paper, we have undertaken a comprehensive
ab-initio analysis of two topological materials, namely
HgSnN, and HgSnP,, highlighting their intriguing topolog-
ical properties driven by SOC. We confirmed the structural
stability of the compounds by the absence of phonon-negative
frequency modes. In our investigation, we found that HgSnN,
exhibits characteristics of a nonmagnetic Weyl semimetal, and
the Weyl crossing is protected by a point band degeneracy. In
the case of HgSnP,, we found a similar band inversion even
after the N is replaced by P. This change in chemical com-
position effects the topological properties, mainly opening a
small band gap. In particular, HgSnP, is identified as a strong
topological insulator. The point to be noted is that although
both the compounds offer the same atomic SOC strength,
but the hybridization of bands between the elements present
in our compounds plays a critical role in deciding whether
the topological phase is a topological insulator or semimetal.
Furthermore, we have observed that by adjusting the strength
of SOC in the model calculation, for the case of HgSnN,, it is
possible to generate equivalent topological signatures to those
of the parent HgSnP,, and vice versa. Such tuning of SOC can
be accomplished through doping, substitution, and the design
of heterostructures in the quantum materials [47—49].

Exploring topological properties in Hg-based chalcopyrite
has been relatively less reported compared to other chalcopy-
rites. We have observed that chalcopyrites based on N and
P have been successfully synthesized, including the forma-
tion of single crystals [61,63]. In contrast, both structures
lack inversion symmetry but preserve time-reversal symmetry,
making our study simple to capture the dependence of SOC
effectively. This type of study can be further extended for
any suitable choice of such sibling magnetic compounds to
capture the interplay of topology and magnetism. Further-
more, the remarkable proximity of the Weyl crossings to the
Fermi energy in the case of HgSnN, suggests the potential
for experimental detection. These findings pave the way for
exciting advancements in these fields.
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