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ABSTRACT

There has been significant research interest in topological materials in recent years due
to their demonstration of fundamentally novel physical phenomena. A distinguish-
ing feature of topological materials is the presence of protected surface states without
energy gaps, a characteristic that emerges from the nontrivial topology of bulk wave
functions. These materials could create novel quantum information technology devices
and applications. Kagome lattice crystal structures are promising for exploring topolog-
ical properties, including features such as Dirac, Weyl, and Nodal line characteristics
in topological semimetals. The electronic structure of a kagome lattice inherently in-
cludes Dirac fermions, flat bands, and van Hove singularities. Over the past decade,
the topological Weyl semimetals (WSMs) have experienced an increase in popularity in
research, leading to precise theoretical predictions, controlled material synthesis, and
advanced characterization techniques. These techniques include angle-resolved photoe-
mission spectroscopy, scanning tunneling microscopy, magnetotransport measurements,
and optical spectroscopy. In this thesis, we used density functional theory (DFT) simu-
lations to investigate a series of proposed compounds’ electronic, optical, magnetic, and
topological properties. Initially, we examined the electronic, magnetic, and topological
properties of the gapless systems CsyCo3S4 and LioFeszS4. Regarding topological fea-
tures, we were especially interested in exploring Weyl semimetallic characteristics and
related properties, including Berry curvature, anomalous Hall conductivity, and Fermi
arc surface states. We found Cs;Co3S4 to be a ferrimagnetic half-metal with a total spin
magnetic moment of about 3 up per formula unit. It shows an energy band gap of 0.36
eV in the majority-spin channel and a pseudo-gap at the Fermi level in the minority-spin
channel. We identified several sets of low-energy Weyl points and traced their depen-
dence on the direction of magnetization. The intrinsic anomalous Hall conductivity is
predicted to reach a magnitude of 500 Q~'cm™!, comparable to values obtained in other
celebrated Weyl semimetals. In addition, we calculate the Fermi arc surface states that
connect the Weyl points with opposing chirality. LipFesS4 also has Weyl semimetallic
characteristics with low energy Weyl points near the Fermi level. For gapped systems, we
found that RbyNi3S4, CsaNizS4, RboPd3Sy, and Cs;Pd3S4 exhibit nonmagnetic ground
state. Ni and Pd atoms constitute a kagome lattice in a two-dimensional plane. These
materials possess a semiconducting nature. Interestingly, a flat band was noticed below
the Fermi level, demonstrating one significant feature of the kagome lattice. Conversely,
K)yMn3S4 and RbyMn3S, display a magnetic ground state while maintaining a similar

semiconducting character. In the case of materials with a kagome structure, we con-

vi



ducted further studies on their optical properties, revealing optical activity in both the
visible and lower ultraviolet energy ranges. Based on these findings, gapless topologi-
cal Weyl semimetals may be suitable for use in high-mobility devices, spintronics, and
quantum computing. Kagome-gapped materials, on the other hand, may be possible for

optoelectronic device applications.

Keywords: kagome, electronic properties, magnetic properties, optical properties, Wan-
nier mapping, topology, Weyl semimetal, Weyl point, Berry curvature, anomalous Hall

conductivity, Fermi arc surface states
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CHAPTER 1

INTRODUCTION

1.1 Basics of the Topology in Quantum Mechanics

1.1.1 Classical and Quantum Hall Effects

The classical Hall effect, discovered by Edwin Hall in 1879, is caused by charged particle
motion in the presence of a magnetic field. When electrons in an x-direction that has
current (I,,) flowing along it and sample are subjected to a perpendicular magnetic field
(B;) along the z-direction, they experience a Lorentz force that deflects them. As aresult,
charge accumulates on one side of the sample, producing a voltage drop (V,,) across
the sample known as the Hall voltage, as shown in Fig. 1 (a) (Klitzing et al., 2020).
Understanding the Hall effect provides the foundation for understanding the quantum
Hall effect (QHE) (Tong, 2016). The QHE was first discovered in two-dimensional (2D)
electron gases subjected to high magnetic fields at extremely low temperatures (Klitzing
et al., 1980). These experiments proved that electrons in closed circular cyclotron orbits
create an energy gap, a phenomenon termed Landau quantization. As a result, the
quantum Hall system’s inside existed as an insulator. Charges, however, were able to
flow along the system’s edges in a single direction, indicating the quantized conductance
characteristic of one-dimensional transport (Hasan and Kane, 2010). The quantum Hall

system’s edge states were discovered to have an unusual feature called chirality, which

(a) (b)
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Figure 1: Schematic diagram: (a) Classical Hall effect and (b) Quantum Hall effect. This Fig.is based
on Ref. (Klitzing et al., 2020).




was dictated by the direction of the applied magnetic field. Because charge carriers on
the edge states can only travel in one direction, back-scattering events are effectively
suppressed. As a result, charge carriers in the edge states not only resist scattering but
may also be produced without wasting energy (Lee, 2017). Klitzing and his group made
an important finding about the quantum Hall conductance (o) (Klitzing et al., 1980).
In contrast to the classical Hall experiment, in which V,, is linearly proportional to
the applied magnetic field (B), they discovered a series of large plateaus at quantized
values, producing a staircase-like sequence. The quantum Hall conductance can be

mathematically represented as

e2

- (1.1)

Oxy = U

where v is an integer, e represents the electron charge, and h denotes Planck’s con-
stant. Equation (1.1) shows that the Hall conductance is a product of an integer and
a fundamental constant of nature, % = m A/V, irrespective of the system’s
dimension or imperfections. This behavior can be explained by the work of Thouless,
Kohmoto, Nightingale, and den Nijs (TKNN), which establishes a connection between
Hall conductivity and the topology of Bloch wave functions, we will discuss in the next
section (Thouless et al., 1982). The quantum Hall effect exhibits distinctive edge states.
It can only be observed in the presence of a strong external magnetic field that breaks
time-reversal symmetry (TRS).

1.1.2 Quantum Spin Hall Effect

Unlike quantum Hall systems, there is a new phenomenon called the quantum spin Hall
effect (QSHE), which maintains TRS and can be considered analogous to the QHE
(Kane and Mele, 2005a; Bernevig and Zhang, 2006). Given that a quantum spin Hall
state is made up of two copies of a quantum Hall state, the latter must have gapless
edge states (Hasan and Kane, 2010), as shown in Fig. 2. In the QSHE, electrons with
different spin orientations, travel in opposite directions along the edge states, resulting in
the generation of spin-polarized currents. This occurs due to the presence of spin-orbit
coupling (SOC) (Liu et al., 2016). These spin-polarized currents remain unaffected by
the presence of disorders and exhibit edge modes without a energy gap, as indicated in
Fig. 2 (b), in accordance with the principle of bulk-boundary correspondence. Initially, it
was proposed that graphene could exhibit the QSHE; however, the weak SOC of carbon
is too small to be measurable and thus prevented this from occurring. To achieve a
significant SOC effect, it is necessary to use heavy elements because SOC is a relativistic
phenomenon (Kane and Mele, 2005b). An experimental approach suggested to detect
the QSHE by creating 2D quantum well structures by sandwiching a thin layer of HgTe,

a semiconductor material with a robust SOC, between two CdTe barriers (Bernevig
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Figure 2: (a) The interface between an ordinary insulator and a Quantum spin Hall insulator. (b) The
graphene model’s edge state dispersion, where the propagation of up and down spins is opposite. This
Fig. is based on Ref. (Hasan and Kane, 2010)

and Zhang, 2006). This configuration provided a distinct method for manipulating the
electronic properties of the material. Shortly thereafter, an experiment validated this
prediction by observing the quantized conductance of 2e’/h even in the absence of a
magnetic field (Konig et al., 2007).

1.1.3 The TKNN Invariant

The TKNN formula proposed by Thouless, Kohmoto, Nightingale, and den Nijs, states
that the quantum Hall conductivity of a system is a topological invariant (Thouless et al.,
1982). This formula is significant because it helps to explain the robustness of the
integer QHE. The quantum Hall conductivity, represented by an integer value known
as the Chern number, cannot change continuously during deformations of the system.
Consequently, if the system is deformed, the quantum Hall conductivity remains fixed
at its integer value. Also, the TKINN formula demonstrated that the QHE is not only a
quantum mechanical phenomenon but also has a topological nature (Tong, 2016). The
TKNN invariant is also referred to as the first Chern number or the winding number.
It can be calculated by evaluating the Berry phase of the Bloch wave function around
the boundary of the Brillouin zone (BZ) and dividing it by 2x. The QHE can be
regarded as one of topological effects recognized by physicists. During quantization, the
energy spectrum becomes gapped due to Landau quantization, and the chemical potential
resides within this energy gap, resembling an insulator-like situation. In this scenario,
the TKNN invariant specifies the nontrivial topology of a 2D system with TRS. The
eigenfunctions of an electron in a periodic potential, satisfying the Schrodinger equation
Hy (1) = Eg (0, (r), can be represented as a product of a plane wave and a periodic

Bloch function, u,(r). These eigenfunctions can be written as wkn(r)=eik o

Uy, (1), where
n is the band index and k is the wave vector. The function uy,(r) possesses the same

periodicity as the underlying lattice. Using the Kubo formula, TKNN demonstrated



that the Hall conductivity of a 2D electron gas system can be expressed in terms of the
Bloch wave functions, is given by the following equation. The TKNN invariant or Chern

number (C) plays a crucial role in this expression (Lee, 2017):

i Oupy Oupy h
Czﬂgizdzk(a—h_ 5 )= 50 (1.2)
Above equation expresses the relationship between C, the Hall conductivity, and the BZ
integration. The summation is taken over the electron bands that are occupied, while
the integral is performed across the entire BZ. u,, is the periodic part of the Bloch wave
function. The BZ periodicity gives it a topological representation as a torus. Importantly,
C is solely determined by the Bloch wave functions and the integral always results in an
integer value when computed over the BZ. Thus, under the condition that there are no
partially filled bands, C must be an integer (Simon, 1983). The topological characteristics
of electronic states in a material are largely described by the Berry connection and the
corresponding Berry curvature; the quantized Hall conductance is connected to these

topological characteristics by the Chern number.

1.1.4 Berry Phase and Berry Curvature

The concept of Berry phase is important in the field of topological phases. In the fol-
lowing discussion, I will give a brief explanation of what Berry phase is and why it is

important. Michael Berry developed the first concept in 1985 (Berry, 1985).

Mathematical Formulation: Mathematical formulation taken one-to-one from the
(Ando, 2013) paper. Assuming a collection of time-varying parameters denoted by R(t),
which can be viewed as a vector in the parameter space, we can represent the Hamiltonian
of a system determined by H(R(t)), and its n’" eigenstate as |n, R(¢)). The Schrodinger

equation for this system is
H(R(1))In,R(1)) = Ex(R(2))|n, R(1)) (1.3)

Let’s consider a scenario where the parameter R undergoes an adiabatic change starting
from its initial value at t = 0, denoted as Ry. The time evolution of the state can be

described as follows

H(R(D)|n, 1) = ih%m, ) (1.4)



The state at time t is given by:
l' t
) = exp( [ LRI R®) (15

where,
L,(R(1)) = ihR(1).(n, R(1)|Vg|n, R(1)) = E,(R(1)). (1.6)

This can be confirmed through putting equation 1.5 into the right hand side of equation

1.4 and then using L, (R(t)) in equation 1.6, one may write the time-dependent state as,

1) = exp(= [ (RWNAr-(n, RO el RO RO)xexp( [ arE,(R)
(1.7)

The initial exponential term in the expression represents the nontrivial impact of the
quantum-mechanical phase that accumulates during the time evolution. On the other
hand, the final exponential term is considered trivial and is referred to as the dynamical
term. When the parameter R undergoes a closed loop C, starting from t = 0 and returning
to its original position at t = T, denoted as R(T) = Ry, the Berry phase denoted as vy, (C)
for this loop C is defined as follows:

n(© = [ R 0, RO, R()) (1.8)
= j{CdR.i(n,RWRln, R) (1.9)
- ?i dR.A,(R) (1.10)
_ —jidS.Bn(R). (L11)

The final equivalence is a result of applying Stokes’ theorem. In this context, we

introduce the Berry connection as follows:

A, (R) = —i(n, R|Vg|n, R), (1.12)



and its rotation is the Berry curvature

Q. (R) = Vg X Au(R). (1.13)

By examining equations 1.7 and 1.8, we can understand that the Berry phase represents
the accumulated phase factor experienced by a quantum-mechanical system upon com-
pleting a closed trajectory in the parameter space. Analogously, the Berry connection
can be seen as a gauge field defined on this parameter space, much like the vector

potential for electromagnetic fields in physical space.

1.2 Topological Materials

Topological materials form a new class of quantum materials, characterized by their
unique properties derived from the principles of topology, a mathematical field con-
cerned with properties that remain constant during smooth deformations. These ma-
terials possess properties that are invariant under topological transformations, making
them highly interesting and significant for scientific exploration. Notable examples of
topological materials include topological insulators, Dirac semimetals, Weyl semimet-
als, sodal line semimetals, and topological superconductors. These materials are formed
by combining Dirac, Weyl, and Majorana fermionic electron states with the intrinsic
magnetism of the materials. Topological Insulators are unique in that they are insulating
in their bulk but exhibit conductivity on their surface (Bhardwaj and Chatterjee, 2020).
In contrast, another class of topological materials is comprised of semimetals, where
the valence and conduction bands intersect near the Fermi level. Depending on whether
these bands are singly or doubly degenerate, these materials are referred to as Topologi-
cal Weyl semimetals or topological Dirac semimetals, respectively. Due to their property
of dissipationless transport, topological materials show great potential for practical ap-
plications in quantum computing and spintronics devices, making them an exciting field
of research with promising technological implications (Kumar et al., 2020). For the
detailed discussion of the topological materials see in later subsection. Recently, topo-
logical properties are observed in a material that have 2D kagome structure. The word
“kagome" is made up of “kago" and “me": “kago", means bamboo basket, and “me,”
means woven pattern, comes from Japanese community (Mekata, 2003). This pattern
has gained popularity in the magnetism community; the kagome structure is attractive
due to its peculiar magnetic ground states of, e.g., the related Heisenberg model. It is
also interesting due to its geometrical frustration that produces peculiar band structures.
It has been found that some kagome materials having special topological states, mainly
caused by magnetism and SOC. For instance, it has been discovered that the kagome
ferromagnet Fe3Sn, displays a spin-polarized Dirac cone with a gap generated by SOC

(Ye et al., 2018). Co3Sn;S,, a ferromagnetic Weyl semimetal, the antiferromagnets
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Mn3Sn and Mn3Ge have also shown a significant intrinsic anomalous Hall effect as a
result of their large Berry curvature (Wang et al., 2018; Liu et al., 2018; Kiibler and
Felser, 2014; Nakatsuji et al., 2015). Additionally, the kagome material is a potential
candidate to study the interaction between lattice geometry, electron correlation, and
band topology, according to these interesting experimental advances. A new type of
kagome RMngSng family (where R is a trivalent rare earth element) has recently gained
significant interest (Yin et al., 2020; Wang et al., 2021; Asaba et al., 2020; Ma et al.,
2021). Particularly, Chern gapped Dirac fermions were discovered in the ferrimagnetic
order of TbMngSng (Yin et al., 2020).

1.2.1 Topological Insulators

In condensed matter physics, "Topological Insulators" (TIs) describes materials that
have metallic boundary states but insulating bulk. The bulk band structure ensures that
these boundaries are composed of 1D electronic edge or 2D surface states containing
electrons with spin polarization. Taking into account spin orbit coupling, the spin and
momentum of these boundary state electrons are locked together (Eschbach et al., 2017,
Hasan and Kane, 2010). Due to these features, TI is highly desirable for use in spin-
tronics (Hsieh et al., 2009). The presence of metallic surface states is an advantageous
feature of 3D TIs because their surface always possesses these states as long as the
topological indices are preserved (Eschbach et al., 2017). Furthermore, the nontrivial
Z; topology of bulk electronic wave functions in TIs gives rise to topologically protected
Dirac surface states (Breunig and Ando, 2022). The characterization of 3D TIs as strong
or weak is determined by four Z, invariants (vo;vi, v2, v3). A material is classified
as a strong TT if vy equals 1, while a weak TI has vo equal to O and at least one of
the indices (vy, vz, v3) equal to 1 (Fu et al., 2007; Moore and Balents, 2007; Ghimire
and Richter, 2017). (Eschbach et al., 2017). From the experimental view, transport
measurements, angle-resolved photoemission spectroscopy (ARPES), scanning tunnel-
ing microscopy/spectroscopy (STM/STS), magneto-optical spectroscopy, and ultra-fast
optics measurements are a few of the experimental methods that have been utilized to
characterize TIs. The prediction of BiyTes being both a STI and a Topological Chern
insulator (TCI) was a first, and this material was termed a dual TI due to its exhibition of
two topological properties (Rauch et al., 2014). KHgSb is an another 3D WTI with hon-
eycomb lattice, reported on the basis of ab initio calculations (Yan et al., 2012). Fig. 3
shows the schematic diagram of edge and surface states of TIs with Dirac dispersions
(Ando, 2013).
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Figure 3: (a) A 1D helical edge state in a 2D TI. (b) The energy dispersion of the spin non-degenerate
edge state in a 2D TI, forming a 1D Dirac cone. (c) A real-space picture of the 2D helical surface state
in a 3D TI. (d) The energy dispersion of a spin non-degenerate surface state in a 3D TI, forming a 2D
Dirac cone. This Dirac cone arises from the helical spin polarization, and it prevents back-scattering from
occurring between momentum states k and -k. This Fig. is based on Ref. (Ando, 2013).

1.2.2 Dirac Semimetals

In 3D solid materials with both time reversal (T) and inversion (I) symmetry, the topolog-
ical phase boundary between a normal insulating phase and a topological insulator phase
gives rise to Dirac semimetals (DSMs) (Murakami, 2007). For this, Dirac Hamiltonian

can be represented in the following form (Gao et al., 2019).

m vk.o
E =H(k) = =vk.oTy + mty, (1.14)
vk.oo -m

where k = (ky, ky, k;) is momentum, v is velocity (considered as a Fermi velocity),
and m is mass. The sets of Pauli matrices, o = (o, 0y,0;) and 7 = (7, 7y, 7;), can
be interpreted as representing spin and orbital degrees of freedom, respectively. The
topological properties of the system are determined by the mass parameter, m. A change

in the sign of m results in a change in the topology of the system’s ground state, indicating

a transition from a normal insulator to a TT at a T symmetry-invariant momentum. This



transition is marked by a band inversion in above equation. At the critical point of
the transition (when m = 0), the system’s energy spectrum becomes gapless at k = 0,
leading to the formation of a fourfold-degenerate point node with linear dispersion. This
critical point is characterized by low-energy electronic excitation that are described by a
massless Dirac equation. There are two mechanisms for generating stable Dirac points.
The first type is called nonsymmorphic DSMs, related to the nonsymmorphic nature of
the crystal space group; Dirac points appear at high-symmetry points on the boundary
of the BZ (Young et al., 2012). The second type is referred to as topological DSMs,
which depend on a band inversion in the presence of an n-fold rotational symmetry
axis with n = 3, 4, and 6. In this case, the Dirac points occur in pairs on the rotation
symmetry axis, but away from a high-symmetry point. It is worth noting that the stable
Dirac points responsible for defining 3D DSMs remain stable even in the presence of
SOC. This is in contrast to 2D graphene, which is TI once the effects of SOC are
considered (Young and Kane, 2015). The realization of nonsymmorphic DSMs in real
materials requires that the four fold-degenerate Dirac point is situated at or near the Fermi
level, with low-energy electrons originating solely from the Dirac nodes. Identified S-
cristobalite BiO; as a symmetry-enforce DSM that satisfies these requirements, with
fourfold-degenerate band crossings exhibiting linear dispersion at the X points shown in
the first-principles band structure of -cristobalite BiO; (Young et al., 2012). However,
confirming the DSM phase experimentally in BiO; has proven challenging due to its
chemical instability. Several other material candidates, including BiZnSiOy4, BiCaSiOy,
BiAlInOy4, and BiMgSiOy, a cluster compound family AMo3 X3 with A = (Na, K, Rb,
In, T1) and X = (Se, Te), and Hfl3 have been proposed, but no experimental evidence has
been achieved yet (Steinberg et al., 2014; Gibson et al., 2015). A group of compounds
called alkali pnictides A3Bi (where A can be Na, K, or Rb) and Cd3As; suggested
as potential topological DSMs (Wang et al., 2013a). ZrBeSi and BaAgBi have also
been identified as potential topological DSMs, with band inversions that produce Dirac
points in a similar manner to NazBi (Du et al., 2015). While the materials mentioned
so far are centrosymmetric, noncentrosymmetric crystals without I symmetry can also
exhibit topological DSMs. By analyzing these semimetals and found that rotation
axes with little groups isomorphic to the Cy4, and Cg, point groups can lead to stable
four fold degenerate crossings (Gao et al., 2018). Hexagonal ABC materials with
LiGaGe-type structure and polar space group 186, such as SrHgPb and LiZnBi, were
proposed as material realizations of noncentrosymmetric DSMs (Cao et al., 2017). The
previously mentioned DSMs are all nonmagnetic and maintain T symmetry. However,
progress has been made in studying magnetic systems. Investigated the possibility of
stable Dirac points in magnetic systems by demonstrating that an antiferromagnetic spin
arrangement that preserves both TR and I symmetry (Tang et al., 2016). Magnetic

CuMnAs was predicted by first-principles calculations to be an antiferromagnetic DSM.



Other materials have since been discovered, such as EuCd,As,, which is protected by
C; rotation symmetry, and CeSbTe, which is believed to have both Dirac and Weyl states
(Hua et al., 2018; Schoop et al., 2018).

1.2.3 Weyl Semimetals

If two non-degenerate bands cross or touch in a single, separated point in k-space, this is
called a Weyl point (WP). WPs are topologically protected and are robust against small
perturbations and they exist in pairs with opposing chiral charges (Zheng et al., 2019).
Non-degenerate bands, which are required for the existence of WPs, are present if IS or
TRS or both are broken (Hosur and Qi, 2013).

Quasiparticles near the WPs demonstrate characteristics similar to massless relativistic
Weyl fermions. Materials possessing WPs in the 3D BZ are termed as topological Weyl
semimetals (WSMs)

Now the Hamiltonian in the case of low energy expansion around a generic degeneracy

point k, can be expanded to linear order in momentum space is given by,

Hyyoy1(6k) = €, (ko) +v,.0k + Z vi.0kor (1.15)

i=xyz

The parameters v, and v; = (vy, vy, v;) describe the linear dispersion near the degeneracy
point, while o, oy, and o, are the Pauli matrices. The second term v,.6k controlling
the transition between the two semimetallic phase, type-I and type-1I. The third term
encodes the topological properties of the Weyl point (Gao et al., 2019). Nielsen and
Ninomiya established a no-go theorem in 1981, implies that on a lattice, the number
of charges of monopoles is equivalent to the number of anti-monopoles (Nielsen and
Ninomiya, 1981). This can be explained in terms of Berry curvature near the degenerate
point. In general, Weyl points behaves as either source or sink of Berry curvature, which

1S
'75 Q,(k).dS =2nrC, (1.16)
av

over a closed volume (V) surrounding the node, gives the Chern number of the Weyl
node. Periodicity requires that the Berry curvature flux via opposite surfaces should be
identical when such a closed surface is expanded to completely occupy the BZ, which
implies that the total enclosed chiral charge has to be zero (Ivanov, 2021). Each Weyl
node needs a partner with the opposing chirality in order to cancel the entire amount of
chiral charge in the BZ. Unlike Dirac point, Weyl point can not remove through a mass
perturbation, they can only create and annihilate with opposite chirality (Burkov and
Balents, 2011; Wan et al.,2011). Moreover, Berry curvature is odd under TRS, TQ,,(k)=-
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Q,,(-k) and even under IS, 1Q,,(k)=Q,,(-k). Total number of Weyl points in a TRS and IS
broken symmetry system has multiples of two and four, respectively (Gao et al., 2019). In
non-magnetic WSMs, only IS is broken, important and extensively investigated examples
are TaAs family, layered transition metal dichalcogenides WTe,, MoTe;, TalrTe4 and the
alloy Mo, W_,Te, (Weng et al., 2015b; Lv et al., 2015; Soluyanov et al., 2015; Haubold
etal.,2017;Sunetal.,2015; Deng et al., 2016; Chang et al., 2016; Karki et al., 2022). In
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Figure 4: (a) Energy dispersion of electronic bands along high symmetry paths without and with the
SOC of Co3Sn,S; in a hexagonal setting. (b) Schematic diagram of Weyl nodes connected by Fermi arc
in the bulk band structure. This Fig. is based on Ref. (Bernevig, 2015)

magnetic WSMs, either TRS or both TRS and IS are broken due to the intrinsic magnetic
characteristics of the system. A pyrochlore iridate (Y,Ir,O7) is the first theoretically
predicted magnetic WSM (Wan et al., 2011). After that HgCr,Ses, TioMnAl, Co3Sn;S,,
YbMnBi,, CooMnGa, Mn3Sn/Mn3;Ge and GdPtBi as well as certain Co-based Heusler
compounds predicted to host the TRS-breaking Weyl phase (Xu et al., 2011; Shi et al.,
2018; Morali et al., 2019; Ghimire et al., 2019; Borisenko et al., 2019; Kiibler and Felser,
2016; Kuroda et al., 2017; Hirschberger et al., 2016; Kiibler and Felser, 2016; Wang
et al., 2016b). In recent years, magnetic WSMs are receiving more and more attention.
Because they have several advantages over nonmagnetic WSMs. For example, the
position of WPs in the reciprocal space and their energy can be tuned by rotating the
magnetization of a ferromagnet in an external magnetic field. In this way, the related
intrinsic anomalous Hall conductivity and the anomalous Nernst conductivity are also
tuned. Further, systems with both TRS and IS broken can by application of an external
magnetic field be prepared in a state where the Shubnikov group contains only the
identity element. In such a case, pairs of WPs become energy-split and give access
to chiral electromagnetic responses (Ray et al., 2022). Co3Sn,S, with TRS breaking,
which has six WPs at 60 meV above the Fermi level, is a magnetic WSM that has been
extensively examined and investigated both experimentally and theoretically (Liu et al.,
2018). Fig. 4 (a) Electronic band structure of Co3zSn,S; showing that spin up spin down
channel without SOC and single channel for SOC. (b) Schematic diagram as shown in

Fig. 4 denote the two Weyl nodes which are connected by Fermi arc in 3D momentum
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space (Bernevig, 2015). One node behave as a source while another node as a sink of

Berry curvature.

1.2.4 Topological Nodal Line Semimetals

Topological nodal-line semimetals (TNLSMs) are materials that possess linearly touch-
ing conduction and valence bands, forming 1D loops or line in 3D momentum space
(Burkov et al., 2011). Topological materials exhibit nontrivial topological properties,
and various topological invariants can be associated with them. For instance, each nodal
line can be linked to a specific topological invariant, which depends on the symme-
try group responsible for preserving the nodal-line structure. The presence of various
symmetry groups that protect nodal lines leads to the emergence of distinct types of
topological invariants. The Z, Berry phase, monopole charge, topological charge for
nodal lines protected by both TI symmetries, a Z-invariant for nodal lines protected by
mirror-reflection symmetry, and a Z-invariant for nodal lines enforced by nonsymmor-
phic symmetries are all included in this group of invariants (Chiu and Schnyder, 2014;
Yu et al., 2015; Fang et al., 2016). TNLSMs exhibit distinctive surface states, when
projected onto the surface, can be found in the energy region between the conduction
and valence bands. These surface states are known as "drumhead" surface states be-
cause of a distinctive property they have: a flat dispersion (Weng et al., 2015a). These
drumhead surface states contribute to a high surface density of states at the Er, mak-
ing them potential candidates for the realization of phenomena like high-temperature
superconductivity or surface magnetism, as well as other intriguing correlated effects
on the surface of TNLSMs (Heikkild et al., 2011; Heikkild and Volovik, 2011). It is
important to note that these drumhead surface states are not inherently topologically
protected. The flatness of the surface bands can be broken by even small surface per-
turbations. Both in the bulk and at the surface, TNLSMs unique electronic structures
give rise to exciting phenomena in the areas of transport and optics. Some predicted
effects include a non-dispersive Landau-level spectrum, unique collective modes, and
a quasi-topological electromagnetic response (Rhim and Kim, 2015; Yan et al., 2016;
Ramamurthy and Hughes, 2017). These phenomena are a consequence of the specific
properties of TNLSMs and offer opportunities for exploring novel transport and optical
behaviors in these materials. In recent times, there has been an increasing recognition of
different types of TNLSMs that can be distinguished based on various characteristics of
their nodal lines. These characteristics include the crystal symmetry or the mechanisms
responsible for their generation. Additionally, distinctions can be made based on factors
such as the degeneracy of the band crossing, the slope and order of band dispersion, as
well as the linking structure of multiple nodal lines. In the absence of SOC, NLSMs can
generally be classified into two main categories based on their characteristics. These

categories are: (i) TI-symmetry protected NLSMs: Several materials have been theoret-
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ically proposed. These materials include CuzPdN, graphene networks, CaTe, the CaP3
family, LaX (X=N, P, As, Sb, Bi), WHM (W=Zr, Hf, or La; H= Si, Ge, Sn, or Sb; M=0,
S, Se, and Te), and Mg3Bi; (Kim et al., 2015; Weng et al., 2015a; Du et al., 2017; Quan
etal.,2017;Zeng et al., 2015; Schoop et al., 2016; Zhang et al., 2017). Taking CuzPdN
as an example, without considering SOC, band inversion occurs at the R point, resulting
in the formation of three nodal rings that are perpendicular to each other (see Ref. (Yu
et al., 2015)). On the [0 0 1] surface of CuzPdN, there are nearly flat surface bands
known as drumhead surface states. (ii) Mirror Symmetry protected NLSMs: In this
category, the presence of mirror symmetry, which encompasses mirror reflection and
mirror glide, helps to stabilize nodal lines on the mirror plane. TaAs is an example of this
type of NLSMs. In this case, the band inversion phenomenon gives rise to the formation
of twelve nodal rings located within the two mirror planes. These nodal rings enable
the two intersecting bands to possess distinct irreducible representations, emphasizing
the unique electronic structure and properties of TaAs as a mirror symmetry-protected
NLSMs. Other materials that exhibit similar characteristics include CazP;, CaAgAs,
and HfC (Xie et al., 2015; Yamakage et al., 2016; Yu et al., 2017). When consider-
ing the effect of SOC, two distinct types of nodal lines can be identified in TNLSMs.
These types are mirror-symmetry-protected WNLSMs and nonsymmorphic symmetry-
enforced DNLSMs. Materials such as HgCr,Seq, KCusEuTes and InNbS, exhibit the
characteristics of mirror-symmetry-protected WNLSMs (Xu et al., 2011; Bian et al.,
2016; Yang et al., 2018). In these materials, the presence of mirror symmetry plays a
crucial role in stabilizing Weyl nodal lines. On the other hand, materials such as SrIrOs3,
BaMX3; (M=V, Nb, or Ta; X=S or Se), IrF4, and InBi belong to the category of nonsym-
morphic symmetry-enforced DNLSMs (Chen et al., 2015; Liang et al., 2016; BzduSek
et al., 2016; Ekahana et al., 2017). In these materials, the nodal lines are protected
by nonsymmorphic symmetries, which involve a combination of lattice translations and
rotations. These symmetries enforce the presence of Dirac nodal lines in the electronic

band structure.

1.2.5 Topological Superconductor

Majorana fermions were initially proposed by Ettore Majorana in 1937 as a concept in
elementary particle physics (Majorana, 1937). In condensed matter physics, the idea
of Majorana fermions has been extended to quasiparticles, which are superpositions of
electron and hole excitations. If the creation operator y+ and annihilation operator y- of
a quasiparticle are identical, the particle can be considered a Majorana fermion. Topo-
logical superconductors (TSCs) have gained significant attention in recent years because
they possess protected Majorana surface states (Yupeng and Xu, 2019). The Read-Green
model proposes that the Bogoliubov quasiparticles, which are neutral excitations found

in superconductors, can be identified as Majorana fermions with a dispersive nature in
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the bulk (Read and Green, 2000). These Majorana fermions can form bound states with
defects at zero energy, known as Majorana bound states or Majorana zero modes (MZMs)
(Wilczek, 2009; Beenakker, 2013). Theoretical predictions suggest that MZMs local-
ized at defects exhibit exotic exchange statistics, similar to non-Abelian anyons. This
means that interchanging the positions of MZMs can cause a change in their quantum
states. This property of MZMs is particularly appealing as it enables nontrivial trans-
formations within a degenerate ground-state manifold, representing a noncommutative
operation that is topologically protected. The specific method or execution details of the
exchange do not matter; the outcome remains the same. This topologically protected
operation has potential applications in quantum gates and topological quantum comput-
ing, as it relies solely on the exchange statistics of quasiparticles. In general, TSCs can
be categorized into two types: time-reversal breaking TSCs and time-reversal-invariant
TSCs (Ando and Fu, 2015). An example of a time-reversal breaking TSC is SrpRuQy,
which is often considered a representative case. Experimental evidence supporting the
presence of an internal magnetic field in the superconducting state, which breaks TRS,
has been obtained through nuclear magnetic resonance measurements and muon spin
rotation experiments (Ishida ef al., 1998; Luke et al., 1993). Another approach to real-
izing time-reversal breaking TSCs involves constructing semiconductor/superconductor
heterostructures. In such heterostructures, Majorana zero modes (MZMs) can be local-
ized at the ends of semiconductor nanowires, leading to the emergence of time-reversal
breaking TSCs (Mourik ef al., 2012). On the other hand, time-reversal-invariant TSCs
require strong SOC to induce odd-parity pairing. Cu,BirSes; has been proposed as a
promising candidate for this type of TSC (Fu and Berg, 2010).

1.3 Rational of the Study

In kagome A,T3S4, most of the compounds have been experimentally synthesized, and
their crystal information data, including lattice parameters and Wyckoff positions, are
available. Additionally, electronic and magnetic properties have been predicted (using
DFT calculations) and measured (experimentally) for some of them. However, to the
best of our knowledge, no reports on its topological properties have been explored to
date. Thus, based on the density functional theory approach, we have systematically

investigated the electronic, magnetic, and topological Weyl properties of AT3S4.

1.4 Objectives of the Study

1.4.1 General Objective

The general aim and objective of my research work is to explore the kagome A;T3S4,

and also find its possible application to the modern science and technology.
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1.4.2 Specific Objectives

The specific objectives of my research work are:

(a) to investigate the structural stability of proposed system.

(b) to study the electronic, magnetic and optical properties.

(c) to compute the Wannier band mapping.

(d) identification of Weyl points.

(e) calculation of Chern number to confirm the Weyl points.

(f) calculation of topological Fermi arc surface states.

(g) to study the Berry curvature properties.

(h) calculation of intrinsic anomalous Hall conductivity.
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CHAPTER 2

LITERATURE REVIEW

2.1 Theoretical/Computational Based Literature Review

Dirac introduced the Dirac equation, initially used to describe spin-1/2 particles in the
context of relativistic quantum mechanics (Dirac, 1928). Weyl presented his equation, a
simplified version of the Dirac equation. However, due to its violation of parity, Wolf-
gang Pauli challenged Weyl’s equation in 1933 (Weyl, 1929). It’s interesting to note that
Pauli himself had proposed the neutrino as a new elementary fermion to explain beta de-
cay three years earlier. Later, the neutrino was finally described using the Weyl equation.
Herring proposed that Weyl fermions might exist as quasiparticles in condensed matter
(Herring, 1937). In 1956, neutrinos were experimentally discovered, demonstrating their
extremely low mass (Bilenky, 2005). In the same year, provided experimental proof that
weak interaction violated parity, effectively challenging Pauli’s earlier criticism (Wu
et al., 1957). Neutrino’s helicity was determined in 1958. The Weyl equation regained
interest after later experiments revealed no proof of neutrino mass. As a result, it was
assumed that neutrinos were Weyl fermions while developing the Standard model (Gold-
haber et al., 1958). An Italian physicist Pontecorvo, first suggested that neutrinos might
have masses and oscillations, but it wasn’t until 1998 that the Super-Kamiokande exper-
iment verified the existence of neutrino mass, proving that neutrinos cannot be entirely
explained by the Weyl equation since it can only account for massless particles. After this
confirmation, research on topological properties in condensed matter has been initiated
(Pontecorvo, 1957; Fukuda et al., 1998). Fang et al. shows that magnetic monopoles
can appear in the crystal momentum space of a solid in the accessible low-energy range
(-0.1 to 1 eV) in the context of the anomalous Hall effect. They provide experimental
evidence in the ferromagnetic crystal SrRujz along with first-principle calculations. This
study provides the basic evidence that Weyl nodes might exist as magnetic monopoles
(Fang et al., 2003). Avron et al. provide a comprehensive analysis of the quantum Hall
effect from a topological perspective. Their research highlights that the remarkably
accurate quantization of Hall conductance in a 2D electron gas can be comprehended by

considering a topological property referred to as the Chern number (Avron et al., 2003).
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Kane and Mele investigated the influence of spin-orbit interactions on the low-energy
electronic structure of a single plane of graphene. They discovered that the edge states
in graphene are nonchiral. The study also delves into the calculation of spin and charge
conductances within these edge states (Kane and Mele, 2005a). Bernevig and Zhang
made a prediction about the quantized spin Hall effect in the absence of a magnetic
field. They proposed that the intrinsic spin Hall conductance could be quantized in
units of 2%. This phenomenon could be achieved through the creation of degenerate
quantum Landau levels (Bernevig and Zhang, 2006). Roy demonstrated the presence of
topological phases in 3D Bloch insulators with time-reversal symmetry. These phases
are distinguished by topological Z; invariants, and their stability is analyzed through
band-touching arguments (Roy, 2009). Wan et al. theoretically proposed that pyrochlore
iridates A,Ir,O7, specifically Y,Ir,O7, can be classified as a WSM with a total of 24
WPs. This material showcases notable topological properties through surface states in
the form of Fermi arcs, highlighting the unique nature of pyrochlore iridates in terms of
their topological characteristics (Wan et al., 2011). Xu et al. based on DFT calculations,
proposed that a ferromagnetic compound HgCr;Se, has the potential to exhibit a unique
quantum state. This quantum state is characterized by the presence of a single pair of
Weyl fermions that are spatially separated in momentum space. Notably, they realize the
quantum Hall effect even without the application of an external magnetic field (Xu et al.,
2011). Young and Kene present a new class of 2D Dirac semimetals that are protected
by symmetry. These semimetals possess Dirac cones located at specific high-symmetry
points in their electronic band structure. Notably, these Dirac cones remain ungapped
even in the presence of spin-orbit interactions. These 2D Dirac semimetals are distinct
from that of both graphene and 3D Dirac semimetals (Young and Kane, 2015). Yan and
Felser reviewed topological materials and WSMs. In their review article, they discuss
the basic concept of topological materials and WSMs as topological materials. They
also provide a refined concept of types of semimetals and their properties. This article
can provide the strong foundation to start research on WSMs (Yan and Felser, 2017).
Shi et al. predicted a magnetic WSMs in the inverse Heusler Ti;MnAl. Despite the van-
ishing net magnetic moment, they calculate a large intrinsic anomalous Hall effect (Shi
et al., 2018). Ghimire et al. demonstrated, via density functional electronic structure
calculations Co3zSn,S,, that Weyl nodes can be created and annihilated through magne-
tization rotation. In this study they further calculated the anomalous Hall conductivity
and Nernst conductivity (Ghimire et al., 2019). Lv et al. provided an overview of the
recent advancements in 3D TSMs. They discussed the presence of different topological
semimetal phases, highlighting the significance of nontrivial surface states, including
Fermi arcs observed in Dirac and WSMs. Additionally, the authors explored the unique
transport and optical responses exhibited by these materials, such as the chiral anomaly-

induced negative magnetoresistance in both Dirac and WSMs (Lv et al., 2021). Karki et
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al. by means of density-functional theory calculations to explore the influence of hydro-
static pressure on the electronic structure of two phases, namely the 7d and 17" phases,
of the WSM Moy s Wy sTe,. The authors suggest that Moy s W sTe, holds great potential
as a material for two significant technological applications: phase-change memory tech-
nology and superconductivity (Karki et al., 2022). Sun et al. investigated the properties
of the ferromagnetic WSM in BaCrSe,, specifically focusing on the distribution of WPs.
Through their research, they confirmed the presence of a long-distance distribution of
WPs in the material. Also Chern number and analysis of Fermi arc surface states were
conducted. They found only 2 pairs of WPs (Sun et al., 2023).

2.2 Experimental Based Literature Review

Till date several experimental studies have investigated the topological characteristics
of materials, including Dirac and Weyl fermions, as well as their surface properties.
Klitzing et al. conducted measurements on a 2D electron gas using a silicon metal-
oxide-semiconductor field-effect transistor. They observed specific values of the Hall
voltage at well-defined surface carrier concentrations. Importantly, these values were
independent of the device’s geometry and solely dependent on fundamental constants
(Klitzing et al., 1980). Zhang et al. conducted an experimental study on magneto-
transport in a single layer of high-mobility graphene. They manipulated the chemical
potential using the electric field effect and made a notable observation. This led to the
discovery of an atypical phenomenon known as the half-integer quantum Hall effect
(Zhang et al., 2005). Lv et al. presented experimental evidence for the existence of a
Weyl semimetal in the material TaAs. They employed ARPES to observe the forma-
tion of Fermi arcs in the surface states of TaAs. These experimental findings were in
excellent agreement with their first-principles calculations (Lv et al., 2015). Deng et
al. presented experimental findings supporting the existence of topological Fermi arcs
in the predicted type-II Weyl semimetal MoTe;. They provided evidence for these topo-
logical surface states by directly observing them using both bulk and surface-sensitive
ARPES (Deng et al., 2016). Haubold et al. presents experimental evidence for a type-1I
noncentrosymmetric Weyl state in TalrTe4, as recently predicted theoretically. They
found direct correspondence between ARPES data and calculated electronic structure
both in the bulk and the surface. They clearly observed exotic surface states supporting
quasi-one-dimensional Fermi arcs that connect only four WPs (Haubold ef al., 2017).
Ye et al. studied the d-electron kagome metal FezSny. They observed a temperature-
independent intrinsic anomalous Hall conductivity that persists above room temperature,
suggesting the presence of Berry curvature from time-reversal symmetry-breaking elec-
tronic bands in the kagome lattice (Ye et al., 2018). Borisenko et al. used a combination

of ARPES, magnetization measurements, and magneto-optical microscopy to investi-
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gate the electronic properties of the time-reversal symmetry-breaking type-II Weyl state
in the material YbMnBi;. They observed WPs and a Fermi arc on the Fermi surface
through both experimental and theoretical calculations using semi-infinite-slab models
(Borisenko et al., 2019). Kanget al. conducted a study on the kagome metal CoSn using
a combination of ARPES and band structure calculations. Their investigation revealed
the existence of topological flat bands in CoSn, providing evidence that flat bands de-
rived from the kagome lattice have the potential to serve as a promising platform for the
emergence of novel phases of matter, combining strong correlation effects and topolog-
ical properties (Kang et al., 2020). Li et al. studied on kagome YMngSng, combining
ARPES measurements with theoretical calculations. They observed the presence of a
Dirac point and a flat band near the Fermi level. These features were found to arise
from a spin-polarized band with intrinsic Berry curvature, potentially explaining the
anomalous Hall effect observed in transport measurements (Li e al., 2021). Wu et
al. provided spectroscopic evidence revealing a distinctive interplay between topology
and correlation effects in the kagome superconductor CsV3Sbs. They observed the
presence of topologically nontrivial surface states near the Fermi energy, indicating that
the system’s topological physics may become active upon entering the superconducting
state. Additionally detected flat bands (Wu et al., 2022). Sakhya et al. utilized ARPES
in combination with density functional theory calculations to identify CeAlSi as a novel
noncentrosymmetric magnetic WSM. Additionally, surface-sensitive vacuum ultraviolet
ARPES measurements provided conclusive evidence of the presence of surface Fermi
arcs in CeAlSi (Sakhya et al., 2023).

2.3 Research Gap

The study of topological Weyl properties has attracted many physicists in the present day
due to extensive applications and its potential as a foundation for future technologies.
One interesting aspect is the interplay between magnetism and topology in magnetic
materials, giving rise to unusual quantum phenomena. Based on a review of the liter-
ature, it is evident that there has been a significant time gap between the discovery of
the Weyl equation in 1929 and the theoretical/experimental prediction of WSMs. From
2011 until now, only a limited number of Weyl materials have been discovered both
experimentally and theoretically. Among these discoveries, the prediction and observa-
tion of kagome WSMs are particularly rare. This has sparked our interest in exploring
the Weyl semimetallic properties in the kagome A;T3S4 series, as we believe they may

exhibit such properties.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Theoretical Background

Investigation of the fundamental properties of quantum mechanical systems at their low-
est energy state is a formidable challenge. While the Hydrogen atom, which involves
two interacting particles, can be mathematically solved, the same is not true for Helium.
Solving the Helium atom problem analytically is not possible. Alternatively, small quan-
tum systems can be solved numerically using methods such as matrix diagonalization.
However, the difficulty arises from the fact that the dimension of the parameter space
increases exponentially with the size of the system. Consequently, computational lim-
itations are quickly encountered. Walter Kohn, a prominent figure in the development
of density functional theory (DFT), addressed this issue in his Nobel prize lecture. He
estimated that the parameter space required to describe a system comprising 100 inter-
acting particles would surpass the number of baryons (subatomic particles like protons
and neutrons) in the entire universe. He referred to this limitation as the “exponential
wall" (Kohn, 1999). Hence, intricate many-body systems, such as solids, necessitate
alternative approaches for their solution. Among these approaches, DFT is widely rec-
ognized. In this section, we provide a straightforward overview of DFT. We follow
Refs. [(Tsuneda, 2014) and (Martin, 2020),] to develop the concepts of Hartree method,

Hartree-Fock method and Thomas-Fermi-Dirac approximation.

3.1.1 Hartree and Hartree-Fock Method

In 1928, just two years after the publication of the Schrodinger equation, Hartree pro-
posed the Hartree method-a technique for solving this equation for multiple-electron

systems, based on fundamental physical principles, the Hartree method (Hartree, 1928).

Before discussing the Hartree method, let us know the charge density and the equations
determining the one-particle wave functions. Charge density, measures the electric
charge per unit volume at a given point in space. It describe how charge is distributed in

aregion of space. It can be expressed in terms of the wave functions of the electrons in
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a material. For a single electron in a potential V(r), the time-independent Schrodinger

equation is:
HY(r) = E¥Y(r) (3.1)

2

H=—v?+V(r) (3.2)
2m
where £ is the planck constant, v is the Laplacian operator and E is the energy eigenvalue

associated with the wave function W(r).

Hartree postulated that electrons move within the averaged potential resulting from
electrostatic interactions with neighboring electrons. He proposed the independent
electron approximation, wherein the averaged potential is approximated as an effective
potential. So, the wavefunction can be represented as the product of two one-particle

electronic wavefunctions,

W(ri,r) = ¢1(r1)g2(r2) (3.3)

Hartree developed the self-consistent field (SCF) method. In this method, the average
field is calculated iteratively until it converges to a self constant solution. The self

interaction energy is,

1 ,n(ryn(r’
Enaree = 5 / Prad ) (3.4)

However, as time went on, it became apparent that the energies obtained using this
method were inaccurate to be useful in analyzing chemical processes and characteristics.
It has been found that the primary reason of the inaccuracies was missing the presence
of electron-electron exchange interactions (Tsuneda, 2014). The Hartree-Fock method,
established in 1930 by Fock (Fock, 1930), is a commonly used technique in many-
particle theory. It involves constructing an appropriately antisymmetrized determinant
wavefunction for a specified number (N) of electrons. Finding the unique determinant
that reduces the total energy related to the full interacting Hamiltonian is the aim. In
the absence of spin orbit coupling, a Slater determinant (Slater, 1929) can be used to

express the determinant wavefunction as follows:
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¢3(ri,om)  ¢3(ra,00) @3(r3,03) ... (3.5)
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¢

where, the ¢;(r;, 07;) are single particle spin-orbitals. Without spin orbit interaction case,
¢i(rj, o) can be expressed as a product of function of position, ¢ (r;) and a function of
the spin variable, a; (o). Note thatin closed-shell cases, ¢;(r, o) is independent of spin
o . This assumption is corresponding to the spin-restricted Hartree—Fock approximation
in open-shell systems. When the spin functions are quantized on an axis, the Hartree-

Fock equations are obtained by varying w?"* (r) for each spin

| =452+ Ve (1) 21, [ a0 W7 0 i | ()

lr=r']

-2, / dryf (i () _1r,|w§‘ (r) = &y (1) (3.6)
J

the equation adds up the exchange term for all similar spin orbitals, including when i =

j. This eliminates an unwanted self-term present in the direct term. By adjusting the

exchange term using a multiplication and division involving ¥ (r), equation (3.6) can

be written in a way similar to the non-interacting (Hartree-like) electron approximation.

The key difference is that the effective Hamiltonian is an operator that relies on the

specific state.

. h? Ny

A, i (r) = | - 2—m€v2 + VoL () W] (r) = €97 (), (3.7)
with

Vil (r) = Vet (r) + Vitariree (r) + V27 (1), (3.8)

the exchange operator term is given by

1 i)
r =1y (r)

Vir(ry == / dr'y (r () (3.9)
J

Thus, for each orbital ¢, the equation is expressed in relation to the exchange opera-

tor Vex(r), which includes an integral incorporating ¢ and all other t//;.f of the same
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spin. Unlike independent Hartree-like equations, HF equations are routinely solved
in all available quantum chemical codes for large molecules or clusters. Ignorance of
electron correlation is one of the main drawbacks of the Hartree-Fock approximation.
Additionally, the basis set selection has a significant impact on the accuracy of HF predic-
tions. Results from different basis sets can differ significantly, and large computationally

expensive basis sets are frequently needed to achieve high accuracy.

3.2 Density Functional Theory

3.2.1 Thomas-Fermi-Dirac Approximation

The Hartree-Fock technique was the first attempt in condensed matter physics to im-
prove the incorporation of electron correlation in models defining electronic motion
states. However, until the 1980s, the huge amount of processing time needed to perform
quantum-mechanical calculations restricted their practical applicability to theorists’ trial
usage. These computational difficulties were overcome with the advent of DFT in the
1990s, which was a groundbreaking development. Since then, DFT has become widely
accepted and is now the most commonly used theory in condensed matter physics
research publications (Tsuneda, 2014). The core concept of DFT is to describe the
potential by looking at the electron density instead of the orbital wave function. This
approach enables quick calculations for systems with many electrons. The idea emerged
just a year after the development of the Schrodinger equation and the introduction of the
Hartree method in 1927. Thomas established this fundamental idea of DFT to address
the electronic motion states of solid crystals within the context of the Schrodinger equa-
tion (Thomas, 1927). According to his theory, the Schrodinger equation can be solved
based on the electron density in the electronic state of a uniform electron gas. It also
states that the external potential, which is the same as the nuclear-electron interaction
potential in the absence of an electromagnetic field, depends only on the distances, which
are defined by nuclear charge and electron density, from the nuclei. Next, the electron
density n(r) kinetic energy functional is developed, expanding upon these suppositions,

which is given by following equation,

TTF = Cp / &*rod3(r), (3.10)

3 22/3
-3 3.11
Cr 10( ) (3.1
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Using Fermi statistics at zero temperature, Fermi independently developed the same
kinetic energy functional as Thomas in the next year (1928). After this was finished,
the Hartree approach was extended and became known as the Thomas-Fermi method
(Fermi, 1928). The Thomas-Fermi method, while interesting in its representation of
the Hamiltonian operator as a functional of the electron density, is not very useful for
electronic state computations in practice, even when used for qualitative considerations.
Dirac ascribed this constraint to the lack of exchange energy, a theory put forth by Fock
in the same year (Fock, 1930). Also, presenting the first exchange functional of electron

density n(r) (Dirac, 1930), which is described as follows:

3 /(3 1/3
EXLDA:_Z(;) /da,,n4/3(r), (3.12)

This functional has been identified as the precise exchange functional within the frame-
work of Local Density Approximation (LDA). Additionally, von Weizsdcker (Weizsécker,
1935) introduced a correction term that incorporates the gradient of electron density for

the Thomas Fermi kinetic energy functional.

W_l/ 3 lvn(n)P?
=g [ e (3.13)

Parr and Yang (1994) proved that the 1/9 th value for this term is accurate and serves
as the exact correction term for the Thomas-Fermi kinetic energy functional (Parr and
Weitao, 1994). This correction term is recognized as the first example of a generalized
gradient approximation (GGA) since it involves the gradient of the electron density n(r).
The Thomas-Fermi approach has been refined many times, but none of these attempts
have been effective in proving the reliability of the system. The method was widely
ignored until the mid-1960s due to its inability to replicate structures of atoms and
binding of molecules qualitatively and the lack of a physical basis for the existence of

density functional and the uniqueness of solutions.

3.2.2 The Hohenberg-Kohn Theorems

Density functional theory is framed by Hohenberg and Kohn as an accurate representa-
tion of many-body systems (Hohenberg and Kohn, 1964). This formulation is applicable
to any system of interacting particles within an external potential V,,,(r), including elec-

tron and fixed-nuclei problems, where the Hamiltonian can be expressed as,

A h? ) 1 2
H = _2me Zvi +Zvext(ri) + E; |}",' ~r . (314)

Theorem I
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In any system of interacting particles within an external potential V,,;(r), the potential
Vext(r) is uniquely determined, with the exception of a constant term, based on the
ground-state particle density no(r). This unique determination of the potential allows for
the determination of the many-electron wave functions. Consequently, all characteristics
and features of the system can be fully determined solely based on the ground state density
no(r). Suppose we have two different external potentials V! (r) and V2, (r) that differ
by more than a constant, but lead to the same density n(r). Here, two external potential
belong to two distinct Hamiltonian H;(r) and Ha(r), which gives rise to distinct ground
state wave-functions /| and ¥, respectively. Also that are hypothesized to have the same

ground state density ny(r).

Since ¥; is not the ground state of Hj(r), it follows that

Ey = (Yi|Hily1) < (YalHilyo) (3.15)

The strict in-equality follows if the ground state is non-degenerate. Because of the
identical ground state density for the two Hamiltonian, the last term of above equation

can be written as

WalH[Y2) = (2| Ha|2) + (2| Hy — Ha|y2) (3.16)
=/fnwmm—wmmMWﬁ (3.17)

so that
a<&+/£4wmm—wmmmwo (3.18)

By considering the E, in exactly the same way,

@<&+/£4me—wwmmwo (3.19)

Now if we add equation 3.16 and 3.17 we get,

E,+E, < Er+ E;q (320)
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Which is obviously a contradiction. so our initial assumption must be wrong that means
two different potential can not yield the same ground state density. This means that the

external potential is uniquely determined by the density within a constant.
Theorem II

The universal functional for the energy, denoted by E[n], can be defined in terms of the
density n(r), which is valid for any external potential V,,,(r). For a given V,,,(r), the
exact ground state energy of the system is the minimum value of this functional, and
the density n(r) that minimizes the functional is the exact ground state density ng(r).
Therefore, the functional E[n] alone is enough to determine both the exact ground state

energy and density of the system.

First we define the functional from the Hamiltonian:
Epg[n] = T{n] + Eqne[n] + / Veu(rn(r)dr + Epy (3.21)

= Fuk/([n] + / Veu (r)n(r)d’r + Eyp, (3.22)

where T[n] + E;;[n] = Fgg[n] encompasses all internal energies, such as kinetic
and potential energies of electrons within the interacting system. Furthermore, it is
inherently universal in design, as the kinetic and interaction energies of electrons are
solely dependent on the density. Last term E;; denote the interaction energy between
the nuclei.

Suppose nj(r) is the ground state density of the system and corresponding potential
is V1 (r). The Hohenberg-Kohn functional is equal to the expectation value of the

Hamiltonian in the unique ground state having wave function i
Ey = Epk[ni] = (Y1 |H[Y) (3.23)

and ny(r) is the another density of Vezxt(r) correspond to ¢,

E\ = Epg[ni] = (Y1|H[Y1) < (2|H|Y2) = Epg[n2] = Es. (3.24)

Consequently, if the functional Fyx[n] were identified, minimizing the system’s total
energy, as per equation (3.22), with respect to variations in the density function n(r),

would lead to the determination of the precise ground-state density and energy.
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3.2.3 Constrained Search Formulation of Density Functionals

Levy and Lieb provide a more comprehensive and intuitive explanation of the functional
(Levy, 1979,9; Lieb, 2002). They formalize the functionals definition and give clarity
to its physical relevance. This modification enables an in-principle method for exactly
calculating the functional, resulting in the same ground-state density and energy as the
Hohenberg-Kohn analysis at the minimum. Furthermore, their technique is appropriate
even in the presence of degenerate ground states. Levy and Lieb propose a two-step
minimization process that starts with the general expression for energy in relation to
the many-body wavefunction . The concept involves initially minimizing the energy
with respect to all variables in the wavefunction ¢ to find the ground state. However,
they suggest an alternative approach by first examining the energy for a specific set of
many-body wavefunctions ¢ that have the same density n(r). For any wavefunction total

energy can be express as

E = (y|T|¥) + (¢ |Vie| ) + / Ve (r)n(r). (3.25)

If one minimizes the above energy equation over the class of wavefunctions with the

same density n(r), one can define the unique lowest energy for that density,

Ere(m) = Tim [@ITI¥) + (o 1Viul¥)] + / &rVeu(n(r) + En (3.26)

= Fr[n] +/ rV (rin(r) + Epy, (3.27)

where Levy-Lieb functional of the density defined by

Filnl = tim (1T + V%) (3.28)

3.2.4 The Kohn-Sham Ansatz

Hohenberg and Kohn’s formulation of DFT has two main limitations. Firstly, the specific
form of the functional Fyx[n] is generally unknown, making it impossible to use a simple
variational approach to directly find the ground state density. Secondly, while there exists
a unique relationship between the ground state density and the properties of a solid,
there is currently no known method to extract these properties directly from the density.
In 1965, Kohn and Sham proposed a method to simplify the full interacting many-
body problem by introducing a non-interacting auxiliary problem (Kohn and Sham,

1965). Their approach is based on the assumption that the ground state density of the
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interacting system can be described using the ground state density of a carefully chosen
non-interacting system. The crucial idea is to reintroduce orbitals for non-interacting
electrons and reformulate the many-body problem in terms of an exchange-correlation
functional that depends on the density. By doing so, the Hohenberg-Kohn functional
Fyi[n] is reduced to the kinetic energy of these non-interacting fictitious electrons.
The auxiliary Kohn-Sham Hamiltonian for the independent-particle system, replacing

equation 3.23, is defined as follows

1
HYg = —Ev2 + Vi (r) (3.29)

where o indicates the spin-index.

The N = NT + N| electrons occupy orbitals i (r), where i represent the orbital index.
These orbitals are determined by solving the Schrodinger-like Kohn-Sham equations to

obtain the lowest eigenvalues:
(Hgs— € )yi (r) =0 (3.30)

where ¢; are the corresponding Kohn-Sham eigenvalues. The density of the Kohn-Sham

system is given by the sums of squares of the orbitals for each spin

o
n(r)= > n(r,o)= > > i ()P (3.31)

loa o =1

and the Kohn-Sham independent particles kinetic energy is given by

N N
A IONCGATSE s> [ s P (3.32)

o i=1

The energy associated with the classical Coulomb interaction of the electron density

with itself is given by the Hartree energy

1 ' ,
Etartreeln] = 5 / Md%d% (3.33)

Kohn and Sham chose to write the total energy of full interacting many-body problem

with the Hohenberg-Kohn expression for the ground-state energy functional in the form

Egs =T; [l’l] + Efartree [I’l] + / Vext(r)n(r)dr +Ej+Exc [l’l] (334)
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where, V., (r) represents the external potential arising from the nuclei and other external

fields, while E;; denotes the interaction among the nuclei.

3.3 Exchange-Correlation Functional

To summarize, the Kohn-Sham ansatz provides an exact method for determining the
ground-state density and total energy without any initial approximations. However, the
exchange-correlation functional, which is necessary for the calculation, is not known
precisely. The Kohn-Sham equations have been introduced as a way to overcome
the challenges associated with solving the full many-body problem. These equations
enable the accurate calculation of most of the electron system’s total energy. Only a
small portion, known as the exchange-correlation energy, needs to be approximated.
Two different approaches can be distinguished for developing these approximations:
empirical and non-empirical. Empirical functions are constructed to closely match
experimental data, while non-empirical functions are based on established physical

constraints that the functional must adhere to.

3.3.1 The Local Spin Density Approximation (LSDA)

In their influential paper, Kohn and Sham highlighted the notion that solids can be
viewed as approaching the limit of a homogeneous electron gas. At this limit, the
influence of exchange and correlation is recognized to be locally defined. Consequently,
they introduced the concept of the local density approximation (LDA) or, more broadly,
the local spin density approximation (LSDA). In these approximations, the exchange-
correlation energy is represented as an integral across all space, with the assumption that
the exchange-correlation energy density at each point is similar to that of a homogeneous

electron gas with the corresponding density,

ELSPAL pl] = / () (n(r) "o (), nM(r) (3.35)

ELSDA[LT ] = / () (n(r) [l (r), nb(r) + €l (), 0t (1], (3.36)

The exact form of the correlation component is currently unknown and thus requires an
approximation. Initially, approximations based on perturbation theory were developed
(Gunnarsson and Lundqvist, 1976; von Barth and Hedin, 1972). However, modern

approaches parameterize the correlation part using data obtained from quantum Monte
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Carlo simulations of the homogeneous electron gas (Ceperley and Alder, 1980). Since
the homogeneous electron gas resembles a perfect metal, the LDA is particularly well-
suited for metallic solids. Surprisingly, LDA also yields satisfactory results for other
systems like molecules due to systematic error cancellation (Capelle, 2006). However,
LDA tends to overestimate binding energies, leading to shorter bond lengths. Examples
of LDA exchange-correlation functionals include the Vosko, Wilk, and Nusair (VWN)
or Perdew and Wang (PW) implementations (Vosko et al., 1980; Perdew et al., 1996).

3.3.2 Generalized Gradient Approximation (GGA)

In actual systems, the distribution of electrons is typically non-uniform, resulting in
the presence of density gradients. The LDA can be viewed as a basic estimate
based solely on the local electron density value, without accounting for its deriva-
tives. Therefore, to improve on the LDA, additional functions are needed that consider
not only the local electron density value but also its gradients. Attempts to incorpo-
rate higher-order corrections, such as |vn(r)| and |v2n(r)|, through gradient expan-
sion approximations have generally been unsuccessful in improving the accuracy of
results. However, a significant breakthrough occurred when a more comprehensive
functional, known as the generalized gradient approximations was introduced. Unlike
the previous power series expansions, the GGA considers a broader range of terms
involving both n(r) and its gradient vn(r). Mathematically this can be written as
EGOA 0] = [ & (r)(n(r)ec(nl,nb, |[val], [vrl], )

= / > (r)(n(r))erm Fee(n, nt, |val), [vnl], ) (3.37)

where F). is dimensionless, ef"m

is the exchange energy of the unpolarized gas GGA
functions are particularly beneficial when dealing with systems characterized by a non-
uniform electron density. One widely employed GGA function in the field of solid-state
physics is the Perdew, Burke, and Ernzerhof (PBE) implementation (Perdew et al., 1996).
The PBE function addresses the issue of overestimating binding energies found in the
LDA, but it tends to slightly overestimate bond lengths in a systematic manner. Several
functions, including the PBE function, are considered non-empirical in nature, meaning

they are not derived from experimental measurements.

3.3.3 Hubbard-Corrected DFT Energy Functionals: DFT+U

The Hubbard model is one of the simplest models developed to provide a semi-
quantitative explanation for the physics of correlated materials (Hubbard, 1964). This
model is especially suitable to describe systems in which electrons are confined on

atomic orbitals, according to its real-space second-quantization formalism (Hubbard,
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1965). It includes the “on-site repulsion,” which results from electrons within the same
atomic orbitals repulsion toward each other via Coulomb forces. As a result, the Hub-
bard model can explain how the conducting and insulating characteristics seen in these
systems change. With this model, an additive Hubbard term that takes electronic inter-
actions into account directly can be included, creating a new Hamiltonian. The additive
Hubbard Hamiltonian can be represented in its simplest form as follows (Cococcioni,
2012):

Huw =t ) (Cl,Cig+hec)+U Y nin,l (3.38)
{i,j).0 i

The two terms, ¢ and U, are where the Hubbard Hamiltonian depends, as expected.
The nearest-neighbor atomic sites are denoted by (i, j) , and the electronic creation,
annihilation, and number operators, which correspond to the spin electrons on site i,
are denoted by cj, cj, and n;, respectively. The hopping amplitude, 7, has a direct
proportionality to the valence electrons’ bandwidth, or dispersion. At the same time,
the product of the occupation numbers of atomic states on the same site determines
the on-site Coulomb repulsion term, U. The insulating nature of the system emerges
when electrons lack the necessary energy to overcome the repulsive potential posed
by electrons on neighboring sites, specifically when the hopping amplitude (¢) is much
smaller than the on-site (U). The accuracy of the DFT in predicting electronic properties
is reliable when ¢ is much larger than U. However, for substantial U values, DFT notably
falls short compared to the HF method. The HF method describes the electronic ground
state using a variationally optimized single determinant, but it fails to capture the physics
of Mott insulators in such instances (Pavarini et al., 2012; Austin and Mott, 1970). One
of the most straightforward corrective techniques developed to increase the accuracy of
DFT functionals in defining the ground state of correlated systems is the LDA+U or
GGA+U. Its basic idea is to represent “strongly correlated" electronic states (usually
localized d or f orbitals) using the Hubbard Hamiltonian, while treating the remaining
valence electrons at the "standard" level of approximation (Anisimov and Gunnarsson,
1991; Anisimov et al., 1997). The main reasons for the DFT+U method’s success are its
simplicity of use, its relatively low computing cost, and having the capacity to predict
the accurate magnetic ground state of Mott insulators (Anisimov et al., 1997; Tancogne-
Dejean et al., 2017). The total energy of a system within DFT+U can be expressed as
follows (Pavarini et al., 2012):

Eprru[n(r)] = Eprr[n(n] + Egup [0l 1~ Eqc[n'7] (3.39)
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In this formula, the term Ep,;, denotes the Hubbard Hamiltonian component that in-
cludes electron-electron interactions. Because this correction is additive, it becomes
necessary to eliminate the part of interaction energy that is already included in Ezub
from the (approximate) DFT energy functional, E; p 4, in order to avoid double-counting.
This is achieved by subtracting the “double-counting" (dc) term, E4., which simulates
the contribution to the DFT energy arising from correlated electrons in a mean-field
approximation to Ep,,. The dc term is not uniquely defined because there isn’t an
exact diagrammatic expansion of the DFT total energy, hence several formulations and
implementations will be used (Anisimov et al., 1997). It should be noted that the Hub-
bard correction only affects the system’s localized states. As projections of occupied
Kohn-Sham orbitals () onto the states of a localized basis set (gb,ln), it is essentially a

functional dependent on occupation numbers:

o =3 f <¢f§fvl¢fn»> (Wi, l¢h) (3.40)
kv

The Fermi-Dirac occupations of the KS states, denoted as fy,, are crucial in this context
(where k and v represent the k-point and band indexes, respectively). When these
occupations, as defined in equation (3.40), are applied to the functional in equation
(3.38), it involves replacing the number operators from equation (3.39) with their mean-
field averages over the occupied manifold of the system. While this substitution is
essential for implementing the Hubbard model in current DFT implementations, it’s
worth noting that the choice of the localized basis set is not unique. Popular options

include atomic orbitals or maximally localized Wannier functions (Pavarini et al., 2012).

3.3.4 Modified Becke-Johnson Functional: GGA+mBJ

Becke and Johnson (BJ) introduced a notably simple effective local potential for ex-
change, and its value at a specific point, denoted as r, depends only on densities evaluated
at that same point (Becke and Johnson, 2006). Despite its simplicity, this local potential
provides a good approximation to the potential derived from the nonlocal Fock operator.
In 2007, an exchange potential proposed by Becke and Johnson, designed to mimic the
shape of the exact exchange optimized effective potential of atoms. Their findings indi-
cated that this potential outperforms LDA and GGA potentials in describing band gaps.
However, when the BJ potential is used in conjunction with LDA correlation, it still
significantly underestimates band gaps, indicating a need for improvement (Tran et al.,
2007). In addressing this, Tran and Blaha in 2009 introduced a simple modification by
incorporating the parameter ‘c’ to the original BJ exchange potential, termed the mBJ

potential. This modification aims to enhance the accuracy of the potential in predicting
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band gaps (Martin, 2020). The mathematical expression as

VMBI (1) = cVER(r) + (Bc - 2)1\/5\ /Mr), (3.41)
7N 12\ n(r)

where, VBR(r) represents the local potential as defined by Becke and Roussel (Becke

and Roussel, 1989), closely related to the Slater potential, and when c=1, it corresponds
to the original BJ potential. Moreover, V5% (r) stands as a semilocal potential, making
it significantly more computationally efficient compared to hybrid functionals. By
selecting a value for ¢ within the range of 1.1 to 1.3, it has been observed that the
resulting band gaps exhibit remarkable agreement with experimental data (Waroquiers
et al., 2013).

3.4 Wannier Function

We strictly follow the Refs. [(Vanderbilt, 2018; Taherinejad et al., 2014)] to develop

concepts of Wannier function.

We define Wannier function for the isolated band and relate for the multi band system.
For this we have isolated band E,, (k) which is smooth and periodic function of k in 3D

reciprocal space. The Fourier transform of E,, (k) to real space is ,

Veeli / _it R 3
E.pr=—— WRE v d’k 3.42
R= 05 ) ¢ k (3.42)

where,
Enk = ZRelk'REnR

The two orthogonal identities supports the consistency between these two pair of equa-

tions,
/B ) k- RR) B = %5”, (3.43)
o
and
S ST (3.44)

Here we can say E, (k) is smooth in k-space and E, to be large only for few lattice
vector R near the origin otherwise decays rapidly with increasing |§ |. Now we choose a

smooth and periodic gauge for the Bloch function |¢/,,; ) associated with this band. Then
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the Fourier transform of this becomes,

V. -
i) = ot [ e R0k (3.45)

where,
|¢nk> = Z:Reik'Rl""'nR>

The Fourier-transform partner of the Bloch wave function in above two equation are

called the Wannier function associated with band n.

3.5 Computational Tool

3.5.1 Full Potential Local Orbital Code

Full potential local orbital (FPLO) code is a computational code based on density func-
tional theory that is widely used for electronic structure calculations. It is known for its
high accuracy, ease of use, and stable numerics. The code is built upon the framework of
the Kohn-Sham (KS) and Kohn-Sham-Dirac equations, and offers both non-relativistic
and relativistic versions, including a four-component Dirac version (Koepernik and Es-
chrig, 1999). In the non-relativistic version of FPLO, extended states are represented
as a linear combination of local orbitals. These orbitals are solutions to an atom-like
Schrodinger equation with a spherically averaged potential. The orbitals are classified
as either core states or valence states, depending on whether they are treated to be over-
lapping or non-overlapping between different sites. FPLO also features four modes of
treating relativistic effects: non-relativistic, two categories of scalar relativistic, and full
relativistic. It offers two exchange-correlation potential functionals: the Perdew-Burke-
Ernzerhof functional (GGA) and the Local Spin Density Approximation (LSDA). For
highly correlated systems, FPLO implements the LSDA+U and GGA+U functionals. In
FPLO, atomic position optimization can be performed via force calculation, which is
implemented in the scalar relativistic modes. Fixed spin moment calculations are avail-
able for all four relativistic modes, making FPLO a comprehensive tool for electronic
structure studies. Wannierization of the FPLO band structure enables post-processing
and model extraction, specifically the computation of topological characteristics, topo-
logical surface states, dHVA spectra, and more through the use of the built-in PYTHON
interface (pyfplo). To make the most of the FPLO code, it is important to be familiar

with its various features and options. These are explained in more detail below.

1. FEDIT

It is input file editor which generates =.in file as input file.
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2. XFPLO

It is used for the visualization of structures and Fermi surface and the Brillouin zone. It
also helps for the splitting of structure, generation of supercell, structure, and symmetry
manipulation.

3. FPLO

It performs the Kohn-sham calculation. Final output provides information on the system

such as energy, charge density, magnetic moment, energy band gap, etc.

4. XFBP
It is the graph plotting tool. It helps to plot graph of different calculations such as: band
structure, DOS, dielectric function, optical conductivity, loss function etc.

3.6 Calculation Scheme

In the results and discussion section, we employed a rigorous methodology to analyze the
electronic, magnetic, and topological characteristics of A;T3S4. Our approach involved
utilizing the full-potential local-orbital code (Koepernik and Eschrig, 1999) along with a
localized basis and full potential treatment. By conducting calculations based on density

functional theory, we accurately determined the electronic structure of the material.

3.6.1 Electronic and Magnetic Properties Calculation

To perform the DFT calculations, we used the FPLO, version 18.00-52. The standard
GGA based on the parameterization by Perdew, Burke, and Ernzerhof (PBE) was used
for the exchange-correlation potential. A linear tetrahedron method with a k-mesh of
12 x 12 x 12 points in the Brillouin zone was applied for the integration in reciprocal
space. Self-consistent calculations were conducted in both scalar relativistic and four
component full relativistic modes of FPLO. In the full relativistic mode that includes
spin-orbit coupling in all orders, the direction of magnetization was fixed by a global
setting of the spin quantization axis. To ensure accuracy, the convergence criteria for
self-consistency were set to 10~8 Hartree for energy and 10~ e/(Bohr radii)® for the
charge density. During the structural optimization, a force convergence of 10> eV/A
was applied. The flowchart in Fig. 5 illustrates the step-by-step process for calculating
the electronic and magnetic properties in detail. For the optical property calculations,
we have used the FOPTICS module of FPLO. A finer k-mesh subdivision of 32 x 32 x 32

was employed.
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Figure 5: Flowchart for the electronic and magnetic properties calculations.

3.6.2 Topological Properties Calculation

We apply Wannier fitting to examine the topological features of the system. The flowchart
in Fig. 6 illustrates the step-by-step process for calculating the topological properties in
detail. Utilizing Wannier functions produced from a basis set of local orbitals allows
for this transformation. We specifically carry out the Wannier fitting using the local
orbitals of each atom. We then derive the Wannier Hamiltonian, which enables us to
determine the Weyl points, Chern number, Berry curvature, Fermi surface and anomalous
Hall conductivity. Weyl points are found by using a modified algorithm developed by
Takahiro Fukui and colleagues (Fukui et al., 2005). The algorithm can be summarised
through the following bullets:

* At first we define a box which defines grid where the Weyl points are to be

computed.



‘—

Selection of Band

Figure 6: Flowchart for the topological properties calculations.

On all the grid points the Hamiltonian is diagonalized.

For each micro cell of the grid the berry curvature is integrated over the surface
of the cell.

The integration gives the chirality of the Weyl points if the box contains the Weyl

points.

For all cells which has non zero result subsequent bisections is performed until the
finest value is reached. All the resulting boxes with non-zero chirality are written

to be weyl points.

For the calculation of the AHC the berry curvature is integrated over the torus
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multiplied by the occupation number. 300 x 300 x 300 k- grid was used for
the integral of AHC. For the calculation of surface property, we used the pyfplo
model of FPLO. The script fs.py, which calculates the surface spectral function
for E=0 in the surface Brillouin zone (the Fermi surface equivalent). We set up
a semi-infinite slab with a (0 0 -1) surface. We set the anchor slightly above 0.
The cell whose semi-infinite repetition will make up the semi-slab. Note that the
c-axis points downwards. Hence, the surface is the lower face of the cell, while
the infinite side grows on the upper cell face (not shown). If we had chosen the
(0 0 1) surface, the c-axis would have pointed upwards. Number of layers to be
constructed from the layered cell. For semislab, the smallest possible number
should be chosen. Note that the number of layers is set to 7. We set up the surface
BZ and a mesh which represents the upper right quadrant of the surface BZ. We
set the Fermi surface values -6 meV, 0 meV, and +6 meV. After the calculation
finishes, we execute xfbp fs.xpy. It read the ‘slabifyres/+fssf.spinl’. We separately
picked this file and plot from Python and got those three states (Fermi arc surface

states).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Structural, Electronic, Magnetic and Topological Properties of Cs;Co03S4

4.1.1 Structural Properties

CsCo03S4 is a compound synthesized in 1988 (Bronger ef al., 1988a). Though syn-
thesized, there are no reports yet on its electronic and related properties studied to our
knowledge. Thus, on the basis of DFT approach we have systematically investigated the
electronic, magnetic and topological Weyl properties. CsyCo3S4 crystallizes in a body
centered orthorhombic Bravais lattice with the centrosymmetric space group Ibam (SG
72) and two formula units per primitive unit cell. Experimental lattice parameters and
atomic positions were determined both by XRD and by ND. While the ND data were ob-
tained at a temperature of 4.2 K, XRD was presumably performed at room temperature.
The experimental lattice parameters obtained by room-temperature XRD are a = 5.712
A,b=11.231 A, and ¢ = 13.879 A. According to the same experiment, Cs and S atoms
occupy the 8j and 16k sites at (0.234, 0.121, 0) and at (0.223, 0.367, 0.159), respectively,
while the Co atoms occupy the 8g sites, denoted as Co(I), at (0, 0.232, 0.250) and the 4b
sites, denoted as Co(II), at (0.500, 0, 0.250). The structure is shown in Fig. 7. The Cs
atoms are centered within distorted cubes of S atoms, and the Co atoms are surrounded
by S tetrahedra. The related shortest bond lengths amount to 3.54 A for Cs - S, 2.31 A
for Co(I) - S, and 2.34 A for Co(II) - S. The experimental lattice parameters obtained by
low-temperature ND amount to a = 5.663 A, b=11.160 A and ¢ = 13.708 A. They are
somewhat smaller than the related room-temperature parameters, in accordance with a
positive thermal expansion coefficient. Atomic site positions obtained by ND are Cs-§;
(0.234,0.115, 0), S-16k (0.814, 0.369, 0.140), Co(1)-8g (0, 0.235, 0.250), and Co(1I)-4b
(0.500, 0, 0.250). These positions agree well with those determined by XRD with the
exception of the sulfur position. The latter results in a Cs-S interatomic distance of 1.98
A, which is only somewhat more than half of the expected value of about 3.60 A. Thus,
we consider the ND-value of the S-16k atomic position as incorrect and use the XRD

atomic positions in all DFT calculations.
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Figure 7: Crystal structure of Cs,Co3S4 in the conventional elementary cell. Violet (blue, green, yellow)
balls denote Cs (Co(I), Co(II), S) atoms.

Figure 8: Considered spin configurations. From left to right, different ferrimagnetic (FIM), antiferro-
magnetic (AFM), and ferromagnetic (FM) arrangements are depicted in ascending order of their energy
according to our calculations using experimental room-temperature lattice parameters. Only Co atoms
are shown. Different colors denote different spin orientations.

4.1.2 Electronic and Magnetic Properties

We started our calculations with a search for the stable magnetic ground state of
CsyCo3S4. Based on ND data, a collinear antiferromagnetic (AFM) order was sug-
gested to be the stable magnetic state at 4.2 Kelvin. In this state, four of the Co(I)
sites show a spin orientation opposite to the spin orientation of the four other Co(I)
sites and two of the Co(Il) sites show a spin orientation opposite to the spin orienta-
tion of the two other Co(Il) sites (see Fig. 8). Permutation of the spin orientations of
these four groups of sites yields eight different combinations. Two of the combinations
are equivalent by symmetry to other combinations. We investigated the six remaining
combinations, shown in Fig. 8. They include ferromagnetic (FM), two different AFM,
and three ferrimagnetic (FIM) arrangements. Tab. 1 compiles the relative total energies
and spin magnetic moments, obtained by means of calculations in a scalar relativistic
mode and using both low-temperature ND and room-temperature XRD lattice parame-
ters. Different from the experimental result, the arrangement FIM-1 is found to be the
lowest-energy state. However, both FIM-2 and the experimental ground state AFM-1 are
further low-energy solutions with energies of 2 meV per atom or less above the computed
ground state. All other considered arrangements have much higher total energies. In

order to make sure that the obtained solutions with atomic spin moments of about 2 ug
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are the only stable solutions of the given arrangements, we performed two tests. First,
FSM calculations were done for the case of FM order. They showed that there is no
other (meta)stable FM state in the possible range of local moments. Second, calcula-
tions for the AFM-1 order were performed with larger than usual initial spin splittings
of 4 and 5 ug. Both calculations converged to the same state as obtained with default
initial splitting of 2 ug and shown in Tab. 1. The question arises why the experimental
ground state AFM-1 is found higher in energy than the state FIM-1 in the calculations.
To get an idea about a possible reason, we performed additional calculations for the
states FIM-1 and AFM-1 with slight doping of 0.1 electrons (holes) per unit cell of 18
atoms. As a result, the original energy difference between FIM-1 and AFM-1 of 36.5
meV (ND lattice parameters) was reduced by 1.3 meV (enhanced by 1.4 meV). This
means, a strong electron doping would be needed to change the order of the two states,
which would only be possible by significant modification of the stoichiometry in the
order of a few percent. We cannot rule out this possibility, nor can we rule out the
applied approximation to the exchange-correlation functional GGA to be responsible
for the disagreement between calculated and experimental ground states. In any case,
the two discussed states are relatively close in energy. Thus, it should be possible to
prepare FIM-1 either by appropriate modification of the stoichiometry (improved prepa-
ration or intentional electron doping) or by application of a moderate external magnetic
field. The latter option would be very interesting, since also the state FIM-2 is close
to AFM-1. Thus, a competition between three different phases could occur. Next, we
carried out full relativistic calculations including spin-orbit coupling. Here, we focus on
the calculated ground state FIM-1 and on the experimental ground state AFM-1. The
results are presented in the upper part of Tab. 2. By spin-orbit coupling, the total energy
depends on the direction of magnetization. Here, we consider the three in-equivalent
orthorhombic directions [1 0 0], [0 1 0], and [0 O 1]. Among these, the lowest energy
is found for the configuration FIM-1 with [1 O O] orientation of the magnetization. In
the configuration AFM-1, the lowest energy is achieved if the magnetization is oriented
along [0 O 1]. This is in agreement with the easy axis measured by ND. The maxi-
mum value of the magnetic anisotropy energy (MAE), which is the energy difference
between unlike orientations of the magnetization, amounts to about 2.50 meV per unit
cell in both configurations. The total magnetic moments per Co atom are not much
enhanced in comparison with the scalar relativistic results, due to the relatively small
orbital moments that do not exceed 10% of the spin moments. This finding is at variance
with the experimental magnetic moments of about 3.7 ug, obtained by ND. We note,
however, two important caveats. First, the title system is a (half)metal with a relatively
broad Co-d band of about 3 eV. As such, it is expected that the Co orbital moment is
ruled by itinerant behavior and, thus, much smaller than the large-moment limit of the

d” atomic configuration, 3 ug. Second, there exists a generic problem to define the local
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moment of atoms in an AFM configuration, since the total moment of the unit cell has
to be zero. In the present AFM-1 configuration, Co atoms with antiparallel magnetic
moments are less than 2.9 A away from each other, which is only 15% more than the
distance in densely packed metallic Co. Thus, it is possible to define very different local
projections of the magnetization density which add up to the same total magnetization
density. Further, we applied so-called orbital polarization corrections (OPC) to GGA.
These corrections improve the compliance of GGA and similar approximations to the
exchange-correlation functional of DFT with Hund’s second rule. (Eschrig et al., 2005)
Related results are compiled in the lower part of Tab. 2. We note that the spin magnetic
moments are merely unchanged in comparison with those obtained by scalar relativistic
or full relativistic calculations without OPC. The orbital magnetic moments, however,
are enhanced with respect to the data of the latter calculations by factors between two
and four. As a result, the total moments amount up to about 2.7 ug. This value is still
significantly below the numbers reported in Tab. 1, but much larger than cobalt moments
commonly known from other metallic systems. Further, the lowest-energy directions
of magnetization remain unchanged by OPC for the two considered configurations: [1
0 0] for the configuration FIM-1 and [0 O 1] for AFM-1. This fact is reassuring since
AFM-1 [0 O 1] is the experimental ground state. Here, by applying GGA+OPC, this
state is found to be only less than 1 meV per atom higher in energy than the state FIM-1
[1 0 0]. We conclude this section by stating that we identify the state FIM-1 [1 0 0] as
the ground state of the title compound, treated in relativistic GGA without or with OPC,
with exact stoichiometry and free of defects. Since this state is very close in energy to
the experimental ground state AFM-1 [0 O 1], we think that it can be obtained either
directly by refined sample preparation or by application of a moderate external magnetic

field. Thus, our further investigations will be focused on FIM-1.

Table 1: Scalar relativistic energies and spin moments. Calculated relative total energies E, given per
primitive unit cell with 18 atoms and local and total spin magnetic moments M for the six considered
configurations depicted in Fig. 8. ND and XRD indicate the results obtained by using low-temperature
ND and room-temperature XRD lattice parameters, respectively.

E [meV/unit cell] M (Co(D)) [uB] M (Co(Il)) [ugB] M (unit cell) [ug]

Configuration ND XRD ND XRD ND XRD ND XRD
FIM-1 0 0 2.01 2.11 -1.77 -1.91 5.94 5.99
FIM-2 19.6 204 1.98,-1.67 2.09,-1.82 2.03,2.05 2.13,2.16 5.96 6.00
AFM-1 36.5 23.1 1.87,-1.87  2.00,-2.00 2.00,-2.00 2.14,-2.14 0 0

FIM-3 171 161 2.01,2.04 2.17,-220 -1.71,2.13 -1.80,2.28 10.87 11.58
AFM-2 157 165 1.81,-1.81 1.97,-197 195,-195 2.09,-2.09 0 0

FM 367 388 1.92 2.04 1.92 2.04 1426 1479

All results of this and the following sections were obtained by using room-temperature
XRD structure data. Fig. 9 (a) shows the total and partial densities of states (PDOS)
for the ground state FIM-1 configuration in scalar relativistic mode. Majority and
minority spin channels are indicated with up- and down-arrows, respectively. The

related scalar relativistic band structure on high-symmetry lines is depicted in Fig. 9
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Table 2: Full relativistic energies, spin and orbital moments. Calculated relative total energies E, given
per primitive unit cell with 18 atoms, and local spin, orbital, and total magnetic moments (M, M;, and
Mo, resp.) of the Co atoms. The two numbers in each column refer to Co(I) and Co(Il). The upper
part shows results of full relativistic calculations with different orientations of the magnetization for the
configurations FIM-1 and AFM-1, the lower part shows results of full relativistic calculations with orbital
polarization correction. Low-temperature ND lattice parameters were used for all calculations.

With s-o

Configuration Direction of magnetization E [meV/unit cell] M (Co) [uB] M;(Co) [uB] M1 (Co) [up]

FIM-1 [100] 0 2.00, -1.76 0.17,-0.14 2.17,-1.90
[010] 2.7 2.00, -1.77 0.15,-0.15 2.15,-1.92
[001] 2.5 2.00, -1.76 0.16, -0.15 2.16,-1.92

AFM-1 [100] 374 + 1.86, + 1.99 +0.15,£0.16 +201,+2.15
[010] 37.7 + 1.86, + 1.99 +0.14,£0.16  +2.00,+2.15
[001] 35.1 + 1.86, + 1.99 +0.18,£0.18 +2.04,+2.17

With s-o0 and OPC

FIM-1 [100] 0 1.99, -1.76 0.70, -0.47 2.69, -2.23
[010] 17.9 2.01,-1.77 0.40, -0.56 2.41,-2.33
[001] 11.7 2.01,-1.77 0.46, -0.58 2.47,-2.35

AFM-1 [100] 46.3 + 1.88, + 2.01 +0.50, +0.57 +2.38,+2.58
[010] 51.7 +1.86, + 1.99 +0.44, +048  +2.30,+247
[001] 12.6 +1.85,+196 +£0.71,+0.80 +2.56,+2.76

(b). The positions of the symmetry points are compiled in Tab. 3. The DOS shows an
interesting combination of semi-metallic and covalent features. Sulphur states (green
color in the upper panel of Fig. 9 (a)) dominate the DOS between about -5 eV and about
-3 eV (bonding region), while Co states (lower panel of Fig. 9 (a)) dominate between
-2 eV and +1 eV (anti-bonding region). Both regions are separated by a covalency gap
in the minority spin channel. In the majority spin channel, however, this energy range
is occupied by states localized almost exclusively at Co(I) sites. There is a narrow,
separated band with a width of only 0.5 eV in the majority spin channel above the Fermi
level. However, the widths of the occupied majority spin band and of the minority
spin band around the Fermi level in the Co-dominated anti-bonding region amount to
about 3 eV. Thus, the title compound is expected to show itinerant magnetism. Within
the majority spin band, there is a 0.36 eV gap only 14 meV above the Fermi level, see
Fig. 9 (a, b). Thus, the system is very close to a half metallic state. This finding is in
accordance with the calculated spin moment of 5.99 ug, which is almost an integer value
that would indicate half metallicity in a scalar relativistic approximation. Moreover, a
narrow pseudogap of about 80 meV width is present in the minority spin band at EF,
qualifying CsyCo3S4 as a semi-metal. The majority spin band has a small hole pocket
at point I', see Fig. 9 (b), and only two minority spin bands cross the Fermi level.
Those bands which feature as highest occupied band in certain regions of the k-space
are indicated in Fig. 9 (b) with their band number (129, 130, or 131). Note that these
numbers do not include the 120 semi-core states. The electronic band structure with
spin-orbit coupling is shown in Fig. 9 (c) for the case of magnetization along [1 0 0]
(ground state). Due to broken time reversal symmetry, all bands are non-degenerate
almost everywhere in the k-space. Exceptions are bands on the line W-R, which are at

least two-fold degenerate by symmetry, and accidental band degeneracies. The latter
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Figure 9: Electronic structure of the ground state magnetic configuration. The Fermi level is set to
zero energy in all sub-figures and indicated with solid lines. (a) Total and partial DOS obtained in
scalar relativistic mode. The majority and minority spin channels are indicated by up- and down-arrows,
respectively. The total DOS is shown with black lines, the partial sulphur, Cobalt(I), and Cobalt(II)
contributions with green, red, and blue lines, respectively. (b) Electronic band structure obtained in
scalar relativistic mode. The majority and minority spin contributions are shown with red and blue lines,
respectively. Several numbers of bands close to the Fermi level are given together with arrows pointing to
the related bands. Note, the numbering is in the order of the band energy at each k-point. (c) Electronic
band structure obtained in full relativistic mode with magnetization M parallel to [1 0 O] (ground state).
Apparent band crossings involving bands n and n + 1, n = {129, 130, 131}, are indicated with arrows and
numbered. (d) Electronic band structure obtained in full relativistic mode with magnetization M parallel
to [0 0 1]. Crossings already present for M parallel to [1 O 0] are numbered as before; former crossings
that are obviously gapped are numbered with parentheses; new crossings are distinguished by letters.

may form so-called nodal lines or are isolated Weyl points, which are of special interest
for their impact on transport behavior, see below. Inspection of Fig. 9 (c-d) shows
a number of apparent band crossings. We call these degeneracies “apparent”, as the
information provided by Fig. 9 (c) does not allow a final categorization into Weyl points,
nodal lines, or gapped states. Those apparent crossings that take place between bands
n and n + 1 close to the Fermi level, n = {129, 130, 131}, are marked in Fig. 9 (c) by
numbers 1 to 5 and will be investigated in the following section. If the magnetization is
rotated by, e.g., application of an external magnetic field, the band structure changes due
to spin-orbit coupling. This means that also the positions and energies of Weyl points
depend on the direction of magnetization, and pairs of Weyl points may even annihilate

or emerge. This effect becomes obvious by comparing Fig. 9 (c¢) with Fig. 9 (d). The
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Figure 10: Change in electronic band structure of Cs,Co3S4 for orientation of the magnetization away
from [1 0 O].

latter figure shows the band structure for magnetization along [0 O 1]. Out of the five
apparent band crossings marked in Fig. 9 (c), two are now visibly split. Those, (2)
and (4), are marked in parentheses in Fig. 9 (d). Moreover, six new apparent crossings

manifest themselves, marked with letters a to f.

4.1.3 Weyl Points

Maximally localized Wannier functions were produced from self-consistent full rela-
tivistic DFT band structures using the PYFPLO module of the FPLO code, version
18.00-52. The localized Wannier basis consists of Cs [Sp, 6s], Co [3d, 4s], and S [3p,

3s] orbitals, i.e., a total of 168 orbitals. To map the Wannier model, the same k-mesh

Table 3: Location of the symmetry points used in Fig. 9.

point ki [2m/a] ky[27/b] Kk [27/c]

r 0 0 0
X 0.58469 0 0
L 0.58469  0.17259 0
T 172 172 0
\4 172 172 172
R 172 0 172
X 0.41531 0 1
Z 0 0 1
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Figure 11: Wannier mapping of electronic band structure of Cs,Co3S4 for orientation of the magnetization
away from [1 0 0]. The two different Wannier mappings are both almost on top of the DFT band structure.

as in the self-consistent calculations was chosen. The generated Wannier Hamiltonians
were used to interpolate the band structure and to search the Weyl points with the help
of the abovementioned PYFPLO module. The search was limited to the Wannier bands
129-131, counted in ascending order, as lower bands at the Weyl node, see Fig. 9(b). For
the Chern number calculation, we used nsubdiv=100 which results non-zero values close
to +1 or -1. The k-space integrations to evaluate the anomalous Hall conductivity were
carried out with a mesh of 200 x 200 x 200 points. We are now going to scrutinize the
character of the apparent band crossings found in the band structure and to investigate
their dependence on the direction of magnetization. For this aim, sets of Weyl points
were searched using the Wannier presentation (see Fig. 11) of the DFT band structure
among all bands n and n+1, n = {129, 130, 131}. For comparison, or if the visible cross-
ing was not detected as a Weyl point while using the search algorithm, additional checks
using the DFT band structure were performed. Tab. 4 shows the results for the ground
state with M|| [1 0 O]. For this orientation of M, the magnetic point group includes a
simple (i.e., without time reversal) C,(x) rotation axis. All five apparent crossings lie
on this axis, including points 4 and 5 which can be shifted to a position with k, =k, =0
by subtracting a reciprocal lattice vector. Along any simple C, axis, crossings between
bands belonging to the two different irreps are always WPs (Gosalbez-Martinez et al.,
2015; Fang et al., 2012). Points 1, 2, and 5 are indeed confirmed as WPs with chiralities

x of 1 or -1. Their energies and k,-positions obtained from the Wannier Hamiltonian
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are close to the related DFT results. Points 3 and 4 are not detected as Weyl points by the
Wannier-based search. Using the DFT band structure, they seem to be linear crossings

with gaps below 107 eV. Thus, we denote them as likely WPs.

Table 4: Characteristics of points in the low-energy electronic structure of Cs;Co3Sy, if the magnetization
points along the [1 0 0] direction. “P” denotes the specific points as defined in Fig. 9 (c); E is the energy
relative to the Fermi level; k;, (i = x, y, z) are the coordinates of one representative position of the point
set; “M” is the symmetry-determined multiplicity of the positions; “T” is the type of the node (WP:
confirmed Weyl point); y is the chirality. Energies and positions obtained from the DFT calculation are
given in parentheses.

P E[meV] ki [2n/a] ky[27/b] k. [27n/c] M T x
1 -6 0.118 0 0 2 WP 1
(-8) (0.119) 0) 0)
2 32 0.153 0 0 2 WP -1
(28) (0.154) 0) (0)
3 123 0.236 0 0 2 WP 1
(120) (0.238) (0) (0) 2 WP
4 179 0.399 0 1 2 WP -1
(173) (0.400) (0) (1) 2 WP
5 33 0.132 0 1 2 WP 1
(28) (0.129) (0) (1)

If the magnetization is rotated away from the easy [1 0 0] axis, the electronic structure
changes, as shown in Fig. 10. As a consequence, the Weyl points move both in energy
and position (Gosédlbez-Martinez et al., 2015). Tab. 5 and Tab. 6 show, how the angle ¢
of magnetization, varied in steps of 15 degrees from [1 0 0] toward [0 O 1], affects point
2 and point 5, respectively. We note, that the band energy E and k, are only marginally
shifted. However, the WPs move strongly in the direction of k, in both cases. For M||
(M, 0 M.], M, # 0, the m}, plane (mirror plane with time reversal) is not contained in
the magnetic point group, in distinction to M || [1 0 0]. Thus, for ¢ # 0, the multiplicity
of the WPs does not depend on k,. Especially, k, = 0 is not a plane with a symmetry
different from k, # 0. Vice versa, a set of WPs with multiplicity 2 and coordinates (k.,
0, k, # 0) for the case of M|| [M, 0 M_.], M, # 0, has to move toward the plane k, = 0 if
M rotates toward [1 0 0] in order to keep its multiplicity. If ¢ exceeds 45 degrees, none
of the WP pairs can be detected. Obviously, they are annihilated before ¢ reaches the

value of 60 degrees.

The magnetic point group changes again, if the magnetization direction reaches [0 O
1]. In this case, m(z) becomes a simple mirror plane. Such a plane cannot host WPs,
since the chiral charge is odd under reflection, and the generic degeneracies are nodal
lines (Gosdlbez-Martinez et al., 2015). Indeed, we found only one WP among the
apparent degeneracies (point e), see Tab. 7. Another WP (point g) was found during the
general search. This point is not situated on a symmetry line. As required by symmetry,

these two WPs have coordinates k, # 0. All other apparent degeneracies are situated on
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Table 5: Impact of magnetization direction on the WP number 2. ¢ denotes the deflection of the
magnetization direction from [1 0 0] toward [0 O 1], in degree; E is the energy relative to the Fermi level;
ki, (i = x,y,z) are the coordinates of one representative position of the WP set; “M” is the symmetry-
determined multiplicity of the positions. Note, the data for ¢ = 0 are the same as given in Tab. 4.

¢ E[meV] k¢[2rx/a] k,[2n/b] k. [2n/c] M
0 32 0.153 0 0 2
15 31 0.153 0 0.076 2
30 31 0.154 0 0.179 2
45 30 0.155 0 0.339 2

Table 6: Impact of magnetization direction on the WP number 5. ¢ denotes the deflection of the
magnetization direction from [1 0 0] toward [0 O 1], in degree; E is the energy relative to the Fermi level;
ki, (i = x,y,z) are the coordinates of one representative position of the WP set; “M” is the symmetry-
determined multiplicity of the positions. Note, the data for ¢ = 0 are the same as given in Tab. 4

¢ E[meV] k([2r/a] k,[2n/b] k [27/c] M
0 33 0.132 0 1 2
15 31 0.134 0 0.898 2
30 31 0.135 0 0.851 2
45 30 0.142 0 0.691 2

Table 7: Characteristics of points in the low-energy electronic structure of Cs;Co3Sy, if the magnetization
points along the [0 O 1] direction. “P” denotes the specific points as defined in Fig. 9 (d) and one more
point, g, which is not situated on a symmetry line; E is the energy relative to the Fermi level; k;,
(i = x,y,z) are the coordinates of one representative position of the point set; “M” is the symmetry-
determined multiplicity of the positions; “T” is the type of the point (WP: confirmed Weyl point; NL:
a point on a nodal line; G: gapped); y is the chirality in case of a confirmed Weyl point. Energies and
positions obtained from the DFT calculation are given in parentheses.

P E[meV] k.[2n/a] ky[27/b] k. [27n/c] M T x

a (89 (0.047) (0.001) (0) 4 NL

1 (-10) (0.121) (0) (0) 2 NL

3 (121 (0.239) (0) (0) 2 G

b (-104) (0.526) (0.003) (0) 4 NL

c (-108) (0.563) (0.255) (0) 4 NL

d (39 (0.511) (0.456) (0) 4 NL

e -36 0.5 0.5 0.140 4 WP -1
(-38) (0.5) (0.5) (0.176)

5 (31 (0.133) 0) (1) 2 G

f  (90) (0.080) 0) (1) 2 NL

g 35 0.863 0 0.112 4 WP -1
(35) (0.865) (0) (0.141)

the plane k, = 0 or can be moved to that plane by subtracting a reciprocal lattice vector.
Two of them are found to be gapped (point 3, point 5). The others are not gapped but do
not carry any chiral charge. Therefore, we denote them to be likely points on nodal lines.
A comparison between the Wannier data and the DFT results for the two WPs shows,

that the related band energies almost agree. This holds as well for the k, coordinates,
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while the values for k, deviate somewhat stronger from each other.

4.1.4 Berry Curvature and Anomalous Hall Conductivity

We used the approach to calculate the Berry curvature, as implemented in FPLO to
determine the topology of the electronic structure (Wang et al., 2006). Based on
this method, we established that the flux of the Berry curvature for all bands, up to
and including band N, through a closed surface enclosing the Weyl point is equal
to the Chern number. In this context, we applied the strategy of selecting a small
sphere surrounding the Weyl point, characterized by a gap between bands N and N +
1 (Soluyanov et al., 2015; Wang et al., 2016a). The Berry curvature components €,
and Q. are shown in Fig. 12 (a) and (b), respectively. It is evident that €, exhibits a
higher amount of curvature than €,. Berry curvature’s source and sink characteristics
are indicated by the colors red and blue, respectively. In Fig. 13 (a), within the energy
range encompassing bands from -0.4 eV to 0.4 eV, along [1 0 0] magnetization direction,
the averaged Berry curvature is projected onto the &, and &, plane. Different color spots
denote either source or sink of the Berry curvature of opposite chiralities of the Weyl

points and nodal line crossings. The anomalous Hall effect (AHE) is a another notable
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Figure 12: The Berry curvature components (a) Q, and (b) Q, of Cs;Co3S4 for orientation of the
magnetization along [1 0 0]. Blue and red color denote the Berry curvature’s source and sink, respectively.

characteristic of topological magnetic Weyl materials. Three particular contributions to
the anomalous Hall conductivity (AHC), oy are commonly distinguished: the intrinsic
contribution, ¢, which arises solely from the material’s band structure, the skew

ansk - and the side jump contribution o®%. The latter two

scattering contribution o
arise from extrinsic mechanisms (Nagaosa et al., 2010). All three contributions are
additive, g2 = gamin 4 gansk | pansj Here we consider only the intrinsic contribution
to the AHC, which is known to reach large values in magnetic WSMs (Liu et al., 2018;
Manna et al., 2018; Li et al., 2020b). This behavior is considered to be due to the
non-trivial band topology at WPs with related large Berry curvature Q(k). As k—space
analogy to magnetic dipoles, pairs of WPs act as sources and drains of Berry curvature

which, in turn, generates the AHC. The Kubo-formula linear-response approach was
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used to evaluate the AHC from the Berry curvature, based on the available tight-binding

Hamiltonian:

an,in eZ d3k c
T, :_%Zn,cfabc oy (zﬂ)3f0(En(k))Qn(k)a 4.1

where €, is the Levi-Civita tensor, fo(E,(k)) is the equilibrium Fermi-Dirac distribu-
tion function, n is the band index, E,(k) is the related eigenvalue at k, and Q¢ is the
c-component of the Berry curvature. Fig. 13 (b) shows the band-intrinsic contribution
to the AHC as a function of the chemical potential and the magnetization direction,
obtained with a zero-temperature Fermi-Dirac distribution function. For the two con-

sidered magnetization directions [1 0 0] and [0 0 1], (T;’?’in and Uf;l’in, respectively, were

evaluated.
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Figure 13: (a) Berry curvature distribution in the k, = O plane. Hot spots are represent the significant
Berry curvature of Weyl points and nodal line crossing in Cs;Co3S4 for magnetization directions along
[1 0 0]. Color bars are arbitrary units. (b) Intrinsic anomalous Hall conductivity of as a function of the
chemical potential. The AHC o, and o, were obtained for orientation of the magnetization along [1 0
0] and [0 O 1], respectively.

In the ground state with easy magnetization axis [1 0 0], the calculated AHC is found

1

to be nearly zero at Ef, but finite with ~ -15 Qlem™! around 30 meV above Ep, where

four WPs were found. However, this feature is much less prominent than the extended
regions of large |a’§?’in| farther away from the Fermi level. These regions may originate
from WPs that were not found in our limited search described in the previous section.
However, it is known that in general the combination of broken time reversal symmetry
with spin-orbit coupling generates contributions to the AHC also for bands with zero
Chern number (Xiao et al., 2010). Thus, the relation between AHC and Weyl points
can be relatively weak (Ghimire ez al., 2019). As reported by Shi et al., AHC is noted
to be raised significantly in presence of WPs, agreeing with our calculation (Shi et al.,

2018). For the [0 0 1] direction of magnetization, on the other hand, the calculated AHC
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at Ep amounts to -86 Q~'cm™!. At around 30 meV above Ep, a prominent AHC peak is
observed with a magnitude of ~ 500 Q~!'cm™!, appearing at the position of the observed
WP (point g). It is worth noting that, with a small amount of electron doping, a large
value of AHC can be attained at Ef.

4.1.5 Fermi Arc Surface States

Properties of surface states are commonly associated with insulators and semiconductors.
These surface states are well-defined and can exist within the bulk band gap, concentrated
near the surface in an exponential manner. When dealing with a gapless semimetal, we
assume translational invariance and identify surface states based on crystal momenta
in the two-dimensional surface Brillouin zone (sBZ) (Armitage et al., 2018). The key
requirement is that there are regions in the sBZ where bulk states are absent at the same

energy.
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Figure 14: Fermi arc surface states of CsyCo3S4 of (0 0 -1) surface Er = 0 meV for orientation of the
magnetization along [1 0 0]. Color bars are arbitrary units.
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Figure 15: Fermi arc surface states of Cs;Co3S4 of (0 0 -1) surface of (left) Er = -6 meV and (right) Eg
= 6 meV for orientation of the magnetization along [1 0 0]. Color bars are arbitrary units.

To investigate potential Fermi arc states at the Er and around it, we also examined the
energy dispersion of states related to Fermi arcs. The Fig. 14 and 15 indicate that

these Fermi-arc-related bands can stretch from Ef to £6 meV around the energy of
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Weyl points, providing a promising opportunity to detect Fermi arcs in the low-energy
range. We noticed that Weyl points lead to topologically protected surface states known
as Fermi arc surface states. We projected Weyl points onto the (0 O -1) direction and
mapped individual Weyl points to spots in the sBZ to identify these states. The presence
of topologically protected Fermi arcs is suggested by this mapping. The (0 O -1) surface
Fermi surface (spectral function) of an ideal semi-infinite slab is displayed in Fig. 15 and
Fig. 14. Green’s function recursion was used to obtain the spectral function by fitting
the bulk Weyl fermion Hamiltonian to the slab form, while removing any surface or
relaxation-induced Hamiltonian alterations (Koepernik et al., 2016; Wang et al., 2006;
Sancho et al., 1985). The shown portion of the sBZ is constrained in order to highlight

the most important information.
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4.2 Structural, Electronic, Magnetic and Topological Properties of Li;FesS,

4.2.1 Structural Properties

Figure 16: (a) Crystal structure of LipFe3S4. Black (red, blue, pink, yellow) balls denote Li (Fe(I), Fe(II),
S, S(I)) atoms. (b) Bulk Brillouin zone (BZ). The red dots indicate the high-symmetry point in the BZ.

Table 8: Total number of in-equivalent atoms and their Wyckoff positions in LiyFe3S4

Atom Point location X y z
Li 8f 0.087 0.102 -0.055
Fe(I) 4e 0 0487 -1/4
Fe(II) 8f 0.186 0.371 -0.442
S) 8f 0.054 0.253 -0.444
SI) 8f 0.198 0.302 0.204

LioFesS4 is Spinel-like structured and crystallizes in the monoclinic with nonsymmor-
phic space group C2/c (SG 15) and two formula units per primitive unit cell [structural
lattice parametar and Wyckoff positions are taken from material project (Materials,
2020)]. Lattice parameters are a = 16.714 A, b =6.529 A, c = 6.207 A, and Angles
a =y =90° and B =108°. In this system, the number of chemical formula units per
structural unit cell is Z=2 shown in Fig. 16. It means total 18 atoms in the unit cell.
G = {g,t}, combination of a point-group symmetry g with a fractional Bravais lattice
vector translation t, represent a nonsymmorphic symmetry. Nonsymmorphic symme-
tries generate enforced band crossings. Symmetry-enforced band crossings are defined
by a global topological charge, which measure the winding of the eigenvalue of G as we
pass through BZ (Schnyder, 2020). There are 4 full group operations in crystal structure
which includes Identity E, rotation C,,, inversion I and mirror reflection M,. In order to

examine the thermodynamical stability of Li;Fe3Sy4, the formation energy is calculated
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by using equation

T bulk bulk bulk
Efor = EU”;F%S4 — [2E]" +3E " +4EJ"T]. (4.2)
where E{;’Z’FQ S is the total energy of the crystal and Eﬁ.‘”‘, Eff;lk , Eé’””‘ are the en-

ergies of Lithium, Iron and Sulphur respectively obtained from bulk calculation. The
formation energy per atom is -0.53 eV. The negative value of formation energy shows

thermodynamical stability of the Li;Fe3S,.

4.2.2 Electronic and Magnetic Properties
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Figure 17: (a) Total DOS and (b-c) partial DOS of Fe, and S atoms calculated without SOC for
ferrimagnetic LioFe3zS4. The Fermi level set to zero.

The results of the first principle calculation indicate the metallic feature of LipFe3S4. We

performed non-magnetic, FM and AFM coupling calculations for the identification of
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the ground state of the system. We found the ferrimagnetic ground state with remaining
magnetic moment 7.98 up per unit cell (in scalar relativistic case). The total energies
along the orientation of the magnetization [0 0 1], [0 1 0], and [1 O O] directions were
compared to obtain the magnetic ground state (in full relativistic). 7.95 ug, 7.96 ug
and 7.96 ug for the fully relativistic mode with ferrimagnetic state along [0 0 1], [0 1
0] and [1 O O] orientations respectively. The orbital magnetic moments are included in
these values. The [0 O 1] magnetization direction found to be the lowest ferrimagnetic
state. Magnetic anisotropic energy equal to 1.5 meV per unit cell in [0 0 1] to [1 0 0]
direction and 3.0 meV per unit cell in [0 O 1] to [0 1 O] direction. The 3-d orbitals of
Fe atoms exhibit large contributions at the (EF), according to the computed density of
states (see Fig. 17). In comparison to the Fe-3d, the S-3p and Li-1s orbitals have a small
contribution to the Er. From the analysis of the orbital character as shown in Fig. 18
(c) for the Wyckoff position of Fe(I) considering all four sites and (d) for the Wyckoff
position of Fe(II) considering all two sites. We see clearly, for Fe(I), the conduction and
valence bands near the EF, dxz_yz, dyy, dy; has major contribution but d,> and d, has
minor contribution near the Eg. For the Fe(Il), only d,, has contribution bellow Eg. It
is worth noting that the system contains four Fe atoms in the Fe(I) Wyckoff position and
two in the Fe(II) Wyckoft position. We initially calculated the electronic band structure
of LioFe3S4 without SOC and plotted it along high-symmetry directions as shown in
Fig. 18 (a). Near the Ef, we identify clear band inversion and several band crossing
characteristics along the YX and UT lines. Besides, the band structure around the Fermi

level changes when SOC is included shown in Fig. 18 (b).

4.2.3 Wannier Mapping and Weyl Properties

Fig. 18 (a) shows the electronic band structure of Li;Fe3S, for scalar and full relativistic
case (with orientation of the magnetization along z-direction). After the consideration
of SOC along 001 orientation of the magnetization, there is a gap open between the Y to
X region by 19 meV, while 100 is not influence by SOC see Fig. 18 (b). We found, the
electronic band structure is significantly influenced by the effect of SOC. We clearly see
the band degeneracy near the Fermi level and which are possible for Weyl points. For this
aim, in the search for Weyl points, we consider band numbers those making degeneracy,
at the Y-X regions just above the Fermi level. The localized Wannier basis consists of Li
[1s, 2s], Fe [3d, 4s], and S [3p, 3s] orbitals. To map the Wannier model, the same k-mesh
as in the self-consistent calculations was chosen. The generated Wannier Hamiltonians
were used to search Weyl points with the help of the PYFPLO module of FPLO. The
search was limited to the Wannier bands 84 and 85. For the Chern number calculation,
we used nsubdiv=100 which results in non-zero values close to +1 or -1. For orientation
of the magnetization along [0 0 1], there are total of 8 Weyl points having either +1 or -1

chirality. Energies and their positions are shown in Tab. 9. Magnetization directions can
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Figure 18: (a) Electronic band structure of LisFesS4 without SOC. The majority and minority spin
contributions are shwon with red and blue color lines, respectively. (b) Electronic band structure obtained
in SOC mode with magnetization M parallel to easy orientation of the magnetization along [0 O 1] and
hard orientation of the magnetization along [1 0 0]. (c) Analysis of orbital contribution by Fe(I) site and
Fe(II) site in the band structure for orientation of the magnetization along [0 O 1].

modify the Weyl characteristics of magnetic materials, changing the number of Weyl
points and their energies in the momentum space (Zheng et al., 2019). Additionally
performed the Weyl calculation for orientation of the magnetization along [0 1 O] and [1
00]. 8 Weyl points are found in both orientation of the magnetization. Energies and their
positions are shown in Tab. 10 and 11, respectively. This system has possibilities for
large intrinsic anomalous Hall conductivity due to the large Berry curvature. Because
large Berry curvature comes from monopole of Weyl points. Fig. 19) shows the Wannier

fitting of LiyFesS4 for orientation of the magnetization along [0 0 1] and [1 0 O].
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Figure 19: Wannier fitting of LiyFe3;S4 for orientation of the magnetization along (a) [0 0 1], and (b) [1
0 0] magnetization directions.
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Table 9: Characteristics of Weyl points in the Li;Fe3S4 electronic structure for orientation of the magne-
tization along [0 0 1]. WP denotes the sets of Weyl points. There are three sets of Weyl nodes denoted by
Wi, W5, and W3. ‘M’ denotes the multiplicity of the Weyl nodes.

WP  Energy (meV) M k, (2n/a) k,(2n/b) k,(2n/c) x

Wi 2 4  -0.143 -0.572 0.130 -1
W, 10 2 -0.854 0 -0.121 1
W3 39 2 0.745 0 -0.155 -1

Table 10: Characteristics of Weyl points in the LiyFeszS4 electronic structure for orientation of the
magnetization along [0 1 0]. WP denotes the sets of Weyl points. There are three sets of Weyl nodes
denoted by W, W5, and W3. ‘M’ denotes the multiplicity of the Weyl nodes.

WP  Energy (meV) M k, (2n/a) k,(2n/b) k,(2n/c) x

Wi 12 2 0 0.858 0 -1
W, 18 2 0 -0.449 0 -1
W3 19 4  -0.160 -0.449 -0.044 -1

Table 11: Characteristics of Weyl points in the LiFe3S4 electronic structure for the orientation of the
magnetization along [1 0 0]. WP denotes the sets of Weyl points. There are three sets of Weyl nodes
denoted by W1, W5, and W3. ‘M’ denotes the multiplicity of the Weyl nodes.

WP  Energy (meV) M k, (2n/a) k,(2n/b) k,(2n/c) x

Wi 8 4 -0.100 0.594 0.136 1
W, 29 2 -0.762 0 -0.131 1
W3 35 2 -0.781 0 0.153 -1

4.3 Structural, Electronic and Magnetic Properties of Cs,Mn3S,

4.3.1 Structural Properties

Similar to Cs;Co03S4, Cs;Mn3S, is another material discovered by (Bronger et al.,
1988a). Despite its synthesis, there is no available information on its electronic and
related properties as per our knowledge. Cs,Mn3S4 has a crystalline structure in a body-
centered orthorhombic Bravais lattice with the centrosymmetric space group Ibam (SG
72), featuring two formula units per primitive unit cell. The XRD results, presumably
obtained at room temperature, revealed lattice parameters a = 5.940 A, b = 11.490 A, and
¢ =14.169 A. According to the same experiment, Cs and S atoms occupy the 8j and 16k
sites at (0.232, 0.119, 0) and at (0.221, 0.366, 0.153), respectively, while the Mn atoms
occupy the 8g sites, denoted as Mn(I), at (0, 0.230, 0.250) and the 4b sites, denoted as
Mn(I), at (0.500, 0, 0.250). Cs atoms were positioned at the center of distorted cubes of
S atoms, while Mn atoms were surrounded by S tetrahedra. The relevant bond lengths
were measured as 3.62 A for Cs - S, 2.42 A for Mn(I) - S, and 2.44 A for Mn(II) - S. The

overall structure is depicted in Fig. 20.
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Figure 20: Crystal structure of CspMn3S4 in the conventional elementary cell. Violet (blue, red, yellow)
balls denote Cs (Mn(I), Mn(II), S) atoms.

Figure 21: Considered spin configurations. the same Wyckoff position were considered to carry magnetic
moments with different orientation were performed in space group /222 (SG 23). From left to right,
different AFM, FIM and FM arrangements are depicted in ascending order of their energy according to
our calculations using experimental room-temperature lattice parameters. Only Mn atoms are shown.
Different colors denote different spin orientations.

4.3.2 Electronic and Magnetic Properties

Table 12: Scalar relativistic energies and spin moments. Calculated relative total energies E, given per
primitive unit cell with 18 atoms and local and total spin magnetic moments M for the six considered
configurations depicted in Fig. 21.

Configuration E [meV/unitcell] M;Mn()) [ug] M,Mn(D)) [ug] M (unit cell) [up]

AFM-1 0 4.40, -4.40 4.56, -4.56 0
FIM-2 180.7 4.51, -4.30 4.57,-4.56 10
AFM-2 344.8 4.40, -4.40 4.55, -4.55 0
FIM-1 543.7 4.53 -4.35 10
FIM-3 1466.8 4.62,-4.33 4.75 20

FM 2434.2 4.72 4.75 30

We started our calculations with a search for the stable magnetic ground state of
CspMn3S,. Based on ND data, a collinear AFM order was suggested to be the stable
magnetic state at 4.2 Kelvin. In this state, four of the Mn(I) sites show a spin orientation
opposite to the spin orientation of the four other Mn(I) sites and two of the Mn(Il)
sites show a spin orientation opposite to the spin orientation of the two other Mn(II)

sites (AFM-1 in Fig. 20). Permutation of the spin orientations of these four groups
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Figure 22: (a) Total DOS. (b-c) Partial DOS. (d) Electronic band structure of Cs;Mn3S4 in scalar
relativistic case for AFM-1 spin configuration.

of sites yields eight different combinations. Two of the combinations are equivalent
by symmetry to other combinations. We investigated the six remaining combinations,
shown in Fig. 21. They include FM, two different AFM, and three FIM arrangements.
Tab. 12 compiles the relative total energies and spin magnetic moments, obtained by
means of calculations in a scalar relativistic mode and using room-temperature XRD
lattice parameters (Bronger et al., 1988a). Agreement with the experimental result,
the arrangement AFM-1 is found to be the lowest-energy state. All other considered
arrangements have much higher total energies. The three in-equivalent orthorhombic
directions [1 0 0], [0 1 0], and [0 O 1] are taken into consideration here. Experimental
observed magnetic moment per atom for Mn(I)=4.65 ug and Mn(11)=5.04 ug (Bronger
et al., 1988a). The configuration AFM-1 with the magnetization oriented in the [0 O
1] direction has the lowest energy among them. The value of the magnetic anisotropy
energy (MAE), which is the energy difference between unlike orientations of the magne-
tization (from 001 to 010), amounts to about 0.2 meV per unit cell. We also performed
full relativistic calculations using spin-orbit coupling. In electronic band structure, SOC
has a negligible effect. Thus, we confine our discussion focused only on to the scalar
relativistic calculations findings. Fig. 22 (a-c) shows the total and PDOS for the ground
state AFM-1 configuration in scalar relativistic mode. A band gap of 1.5 eV is observed
between the valence band and the conduction band. The main contributions to the total
DOS are seen from the Mn-3d orbitals around Er. Focusing now on the electronic band
structure (see Fig. 22 (d)), both the valence band maximum (VBM) and the conduction

band minimum (CBM) lies at the different high-symmetry point in the momentum space
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dictating that the material Cs;Mn3S4 is an indirect band gap semiconductor. Identify-
ing new magnetic semiconductors opens the door for additional experimental research
for this group of materials that could be used to fabricate valuable devices, including

semiconductor lasers, solar cells, and light-emitting diodes, etc.

4.4 Structural, Electronic and Magnetic Properties of RboMn3S,

4.4.1 Structural Properties

RbyMn3S4 (Fig. 23) has been reported to be a body-centered orthorhombic structure
with space group Ibam (SG 72), featuring two formula units per primitive unit cell.
Eight equivalent S>~ atoms form a body-centered cubic geometry connection with Rb!*.
There exist two different sites of Mn>*. Mn?* is linked to four equivalent S>~ atoms
in the Mn>" site, creating a mixture of edge and corner-sharing MnSy tetrahedra. The
experimental lattice parameter of Rb,Mn3S, are a=5.842 A b=11211A,c=13.660A.
The atomic Wyckoff positions are [0.268, 0.119, 0] for Rb, [0, 0.276, 0.250] for Mn(I),
[0, 0, 0.250] for Mn(11), [0.218, 0.133, 0.344] for S (Bronger and Bottcher, 1972).

Figure 23: Crystal structure of RboMn3Sy.

4.4.2 Electronic and Magnetic Properties

We performed nonmagnetic and magnetic calculations to identify the ground state of the
system. In the magnetic calculations, we considered FM and AFM interactions of Fe(I)
and Fe(II). These calculations revealed a ferrimagnetic ground state with a remaining
magnetic moment of 10 ug per unit cell (in the scalar relativistic case). An individual
magnetic moment of 4.4 upg for Mn(I) and 4.1 ug for Mn(Il), with polarized moment
transfer to S (0.07 ug) atoms. However, the total ordered magnetic moment within

GGA+U remains the same (10 ug/unit cell) as that of GGA; the individual moment rises
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slightly to 4.8 upg and 4.7 ug for Mn(I) and Mn(II), due to reduced Mn-S hybridization.
We further consider the relativistic effect (spin-orbit coupling) to identify the magnetic
easy axis along [00 1], [0 1 0], and [1 0 O] directions. The magnetic easy axis was found
along [0 1 0], while the [1 0 0] is a hard axis orientation of the magnetization direction.

The calculated magnetic anisotropic energy is ~ 0.4 meV per unit cell in RboMn3S4.
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Figure 24: Total and partial DOS of Rb,Mn3S, in scalar relativistic mode within (a-b) GGA and (c-d)
GGA+U (with U=4 eV for Mn).

From the total and partial density of states (DOS) within GGA for the ferrimagnetic
ground state (see Fig. 24 (a-b)), band gap of 0.75 eV is found. The main contributions
to the total DOS are seen from the Mn(I)-3d, Mn(II)-3d and S-3p orbitals around EF.
In the conduction region, S-3p and Mn(II)-3d dominate above Ef in spin-up channels,
while in spin-down, Mn(I)-3d has significant contributions. On the other hand, below
Er, Mn(I)-3d states significantly contribute to spin-up, while the spin-down channel is
contributed by Mn(II)-3d hybridizing with the S-3p states. Generally, the DFT technique
underestimates the size of the electronic band gap. We apply the Hubbard parameter
(U), which plays a significant role in handling the delocalized d-bands resulting in the
prediction of the experimental band gap. This was done following the literature’s (Pak
et al., 2019; Boukhvalov and Solovyev, 2010; Tolba et al., 2018; Tran et al., 2006),
which suggests that the appropriate value of U for Mn is between 3 eV and 4 eV in most
cases. We used the full-localized limit of the double counting scheme with FO =4.0
eV, F2 =5.5¢V, and F* = 8.5 eV, leading to U = 4.0 eV and J = 1 eV. The total and
partial DOS within GGA+U is shown in Fig. 24 (c-d). Interestingly, the Mn-3d states
below Ef shift far below, with some minor states around Er hybridizing significantly
with the S-3p states. The band gap so formed is of charge-type between the Mn(I)
and S-3p states. Focusing now on the electronic band structure of RboMn3S4 in scalar
relativistic mode (see Fig. 25), both the VBM and CBM lies at the high-symmetry
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Figure 25: Electronic band structure of Rb,Mn3Sy in scalar relativistic mode for GGA. The Fermi level
is set to zero.

point Z in the momentum space dictating that the material Rb,Mn3S4 is a direct band
semiconductor. This suggests that electrons can transfer directly from the VBM to the
CBM. In particular, the band gap makes Rb,Mn3S,4 an attractive choice for photovoltaic
and opto-electronic devices due to the finite gap size within the visible range (Li et al.,
2020a). The calculated energy gap within GGA and GGA+U are 0.75 eV and 2.34 eV,
respectively. Semiconducting materials, especially with a direct band gap, are helpful

for modern photovoltaic and opto-electronic device fabrication.

4.5 Structural, Electronic and Magnetic Properties of K,Mn3S,

4.5.1 Structural Properties

K>Mnj3S, has been reported to be a monoclinic structure with space group P2/c (SG 13),
having two formula units per primitive unit cell. By fusing potassium carbonate and
manganese in a stream of hydrogen sulfide at 900 °C, K;Mn3S4 has been synthesized
(Bronger et al., 2000). There are two in-equivalent K!* sites, Mn?* sites and S2~ sites
denoted by K (I), K (II), Mn (I), Mn (II), respectively. In order to create a mixture
of corner and edge-sharing MnSy tetrahedra, Mn?* is bound to four S*~ atoms at both
Mn?* sites. S?~ is linked to four K'* and three Mn?* atoms in the first S>~ site. S~
is linked to four K'* and three Mn?* atoms in the second S~ site in a 7-coordinate
geometry as shown in Fig. 26 (a). The respective Brillouin zone (BZ) for the crystal is
shown in Fig. 26 (b). KoMn3S4 has a non-symmorphic with centrosymmetric system.
The experimental lattice parameter that we used for our calculations are a = 7.244 A, b
=5.822 A, and c = 11.018 A. And angles are @ =90° , y = 90° and 8 =112.33° (Bronger
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Figure 26: (a) Crystal structure of K;Mn3Sy. (b) 3-D Brillouin zone. The red dot indicates the high
symmetry point in the momentum space.

et al., 2000).

4.5.2 Electronic and Magnetic Properties

To identify the ground state of the KoMn3S4, we performed nonmagnetic and magnetic
calculations. In the magnetic calculations, we considered FM and AFM interactions of
Fe(I) and Fe(Il). These calculations revealed a ferrimagnetic ground state with a total
remaining magnetic moments found to be 10 ug per unit cell (in the scalar relativistic
case). The individual moments calculated are 4.2 ug for Mn(I) and 4.1 ug for Mn(Il),
respectively. Total and partial DOS within GGA calculation as shown in Fig. 27 (a-c),
wherein the main contributions above the Ef in spin-up channels are from Mn(II)-3d
and spin-down channels from Mn(I)-3d orbitals. Below EF, the contributions are from
Mn(I)-3d in spin-up channel and in spin-down channel contributions are from Mn(II)-3d
states hybridizing with the S-3p states. Exchange coupling between the spin-up and
spin-down DOS close to Ef are prominently contributed by Mn(II)-3d with an exchange
splitting of ~ 2 eV, while for Mn(I) found to be approximately 3 eV, respectively. The
electronic band structure of KoMn3S, in scalar relativistic is shown in Fig. 27 (d), the
valence VBM lies in MA while the CBM lies at I'Y line in the momentum space resulting
in an indirect band gap between VBM and CBM (see Fig. 27 (d)). KyMn3S; is thus a
semiconductor with an indirect band gap of 1.1 eV. The effect of SOC is minimal and
retains the similar size of band gap. So, we only focus on scalar relativistic case for the
discussion. In particular, the band gap value of 1.1 eV. The magnetic easy axis is found
to be [0 0 1] with hard axis along [0 1 0] direction in full relativistic case calculation (

i.e. within the consideration of SOC).
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Figure 27: (a) Total DOS and (b-c) partial DOS for both in-equivalent S and Mn atoms without SOC
of KyMn3S,. The Fermi level is set to zero. (d) Electronic band structure in scalar relativistic case.
Horizontal solid line indicates the Fermi level.

4.6 Structural, Electronic and Optical Properties of Kagome Rb,NizS,

4.6.1 Structural and Electronic Properties

Rb,Ni3S, crystallizes in an orthorhombic crystal structure with space group Fmmm
(SG 69), having one formula units per primitive unit cell. The experimental lattice
parameters used in this study are a = 5.862 A, b=9.937 A and ¢ = 13.758 A (Bronger
et al., 1991). The system consists of four in-equivalent atoms labeled as Rb, Ni(I),
Ni(II), and S, respectively. In Rb,Ni3Sy, Rb!* jons are surrounded by eight equivalent
S%~ ions in an 8-coordinate geometry. All Ni** ions are coordinated by four equivalent
S?~ ions, adopting a square co-planar arrangement (see Fig. 28 (a)). At the first and
second NiZ* site, the Ni—S bond length measured are 2.22 A. Furthermore, RbyNi3Sy
exhibits symmorphic crystal symmetry, and due to the presence of a center of inversion,
they are considered centrosymmetric crystal. Tab. 13 presents the in-equivalent atoms

and their coordinates for Rb,Ni3S4.

Table 13: Total number of in-equivalent atoms and their Wyckoff positions in Rb,NizSy.

Atom Point location  x y z
Rb 8i 0 0 0.343

Ni(I) 8e -1/4 - -1/4 0

Ni(II) 4a 0 0 0
S 16m 0 0.168 0.106

We performed the total energy calculations for non-magnetic and ferromagnetic config-

uration. The total energy is found to be lowest for nonmagnetic dictating the ground state
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Figure 28: (a) Crystal structure of RbyNi3S4. (b) Three dimensional Brillouin zone. Red dots are
indicates the high symmetry points in momentum space. (c) Ni-ions constitute a kagome lattice in ab
plane.

of the material, agreement with experimental ground state (Bronger et al., 1991). To
understand the electronic properties, we performed the density of states (DOS) and band
structure calculation. Based on the total and partial DOS analysis, as shown in Fig. 29,
it is evident that 3d orbital of Ni and 3p orbital of S atoms contribute significantly to the
DOS, while Rb has minor contributions (see Fig. 29 (b)). This difference is due to the
presence of only one electron in the outermost Ss orbital of Rb atom. To enhance clarity,
we display the local DOS projections individually, focusing on Ni(I)-3d as depicted in
Fig. 29 (¢), and of Ni(II)-3d as shown in Fig. 29 (d).

The analysis of the local DOS (LDOS) projection (see Fig. 29 (c-e)) reveals that the
insulating behavior originates from the splitting of energy bands due to the ligand field
effect. It is well-established that each nickel (Ni) ion is surrounded by four S ions,
forming a square planar coordination arrangement Fig. 28 (a). In this situation, the S>~
ions strongly bind with the central Ni?* metal, causing a separation of energy levels
known as ligand field splitting. As a result, metal ions with a d® configuration tend to
adopt a square planar geometry when exposed to a strong ligand field. This arrangement
forms low spin complexes where the eight d electrons fill the lower-energy d,, dy., d%,
and dy orbitals, while the high-energy d,»_,» orbital remains unoccupied. Furthermore,
below the EF, a pronounced hybridization occurs between the S-3p, and S-3p,, orbitals
with the Ni-3d,y, d,2_,2, and dg orbitals in the energy range spanning from 0 to -0.035
eV. Conversely, above Eg, S-3p, and S-3p, orbitals exhibit significant hybridization
with the Ni-3d,, and Ni-3d,, orbitals within the energy range from 0.7 to 1.2 eV (see
Fig. 29 (c-e). Additionally, the kagome lattice of Ni** leads to the formation of flat
bands below Ef, which is mainly contributed by 3d,, orbital of Ni atom. Theoretical
studies have suggested that such flat band systems in a kagome lattice can give rise to
various exotic many-body phenomena (Li et al., 2022; Hondou and Chikazawa, 2007;
Hondou et al., 2002; Kang et al., 2020; Wang et al., 2013b; Yu and Li, 2012). Based on

the analysis of the electronic band structure, Rb,Ni3S4 exhibit semiconducting behavior
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Figure 29: Total, partial and local DOS of Rb,Ni3S4. (a) Total DOS. (b) partial DOS. (c) Projected
local DOS for Ni(I)-3d, (d) Ni(II)-3d and (e) S-3p. The vertical solid line at zero energy denotes Eg. (f)
Electronic band structure of Rb;NizS4. The horizontal solid line at zero energy denotes EF.

with an energy band gap of ~0.67 eV. These findings are consistent with the previously
reported DFT value of 0.66 €V (Nawai et al., 2004) and the experimental value of 0.80
eV deduced from a transport study (Hondou et al., 2002). The nature of the band gap is
indirect. This is attributed to the occurrence of the VBM at the high symmetry point X
and the CBM at the T-Z line in the momentum space (see Fig. 29) (f).

4.6.2 Optical Properties

The linear response of the system to electromagnetic radiation, which is associated to
the interaction of photons with electrons, can be defined using the complex dielectric

function, €(w).

€(w) = €(w) +iex(w) 4.3)
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where, €] and €, are the real and imaginary part of the dielectric function, respectively
(He et al., 2006; Ghosh and Thangavel, 2017). In accordance with the selection criteria,
the momentum matrix elements between the occupied and unoccupied state are used
to calculate the imaginary component of the dielectric function, which is given by the
following equation (Ambrosch-Draxl ez al., 1995; Launay et al., 2004),

4A72e?

22V Z | < kglplkg’ > |25(Ekg — Eiy — hw) (4.4)

8.8

e (w) =

where e, p, V, and Aw is the electronic charge, momentum operator, unit cell volume,
and the energy of the incident photon. The Fermi distribution function is indicated by
flkg), and Ey, is the eigenvalue associated with eigenfunction |kg >. The real part is
given by Kramers-Kronig relationship (Toll, 1956),

2 e(w)w

e1(w)=1+—

-] oot (4.5)

The optical conductivity and electron loss function are given by the following equation,

(@) = —iw(e(w) — 1) (4.6)
4
L(w) = € 4.7)

elz(a)) + E%(a))

As already observed from electronic structure calculations, Rb;NizS4 exhibits semicon-
ducting properties with a band gap of approximately ~0.67 V. Therefore, when exposed
to incident photons, electronic transitions can occur if the photon energy is equal to or
greater than the band gap energy. In such transitions, photons excite electrons from
occupied states in the valence band region to unoccupied states in the conduction band
region known as interband transition (Stepanjuga et al., 2022). To understand these
phenomena, to study the underlying optical properties, we consider the polarization
components along the X, y, and z directions due to an orthorhombic crystal structure. To
understand the electronic polarizability of the material under an applied electric field,
we analyze the real part of the dielectric function €| (w) as depicted in Fig. 30 (a). €;(w)
along x, y and z direction denoted by €1y, €1,y, and €., respectively. The real part of
the dielectric function at zero frequency, (which is connected to the material’s band gap
is known as static dielectric constants €(0)) are found to be ~7.5 along both the x and y
directions, while it is ~6.2 along the z direction. Correspondingly, the refractive index
was determined using the established Penn Relation n(0) = m (Penn, 1962) gives
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the static refractive index as 2.74 along x and y direction while 2.49 along z direction.
The obtained value shows that the material has optical anisotropy. In the energy range
0to 1.3 eV for the x, y direction, and O to 1 eV for the z direction, we observe a gradual
increase in € (w), which indicates that the material interacts effectively with photons.
Notably, at 1.63 €V, 1.60 €V, and 1.16 €V for €|y, €1,y, and €;,,, respectively, sharp
peaks are observed. These peaks correspond to the inter-band transition, indicating
the photon-induced electron transitions from occupied valence bands to the unoccupied
conduction bands. This means that the material can absorb light particularly well at
that specific energy. Within the photon energy range exceeding 1.16 eV, the real part of
the dielectric function €] (w) exhibits a remarkable characteristic: it adopts a negative
value. This phenomenon is indicative of incident light being reflected by the medium.
Consequently, the material demonstrates metallic attributes in this specific energy range
(Shore, 2019; Kumar et al., 2021). Furthermore, we also observe sharp peaks at approx-
imately 2.01 eV, 1.96 eV, and 3.93 eV for x, y and z direction, respectively. e;(w), the
imaginary part of the dielectric function, reveals details about optical absorption in crys-
tal. The absorption begins at 0.84 eV for the imaginary part of the dielectric function,
which act as the threshold energy associated with the occurrence of an optical band gap
(see Fig. 30 (b)). Beyond the threshold point, curve increases rapidly. Notably, sharp
peaks are seen along the x, y, and z directions, respectively, at 2.02 eV, 1.97 eV, and 1.22
eV. These absorption peaks may clearly be associated with transitions from the Ni(3d)
valence band to the S(3p) conduction band based on the predicted PDOS (see Fig. 30
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(b)). Additionally, within the energy range of 2.83 eV to 6.05 €V, various significant
peaks are observed. These peaks correspond to inter-band transitions from the valence
band to the conduction band (Kumar and Ahluwalia, 2012; Belbase et al., 2023). How-
ever, beyond the energy of 6.05 eV, the peaks begin to diminish, eventually disappearing
at higher energy ranges. Another important optical property calculated in this work is
the electron energy loss function L(w). Fig. 30 (c) shows the variation of L(w) with
photon energy. The L(w) provides the information about the energy loss of a fast-moving
electron traversing in the material (Wang and Klein, 1981; Zhang et al., 2007a). The
visible area of the loss spectrum exhibits a slight energy loss, which rises as photon
energy increases. The identified peaks in the L(w) spectra provide information about the
material’s plasma frequency. The nature of the material, i.e., whether it exhibits metallic
properties or dielectric behavior, is known to be described by the plasma frequency. It
is well known that materials exhibit metallic [€;(w) < 0] behavior below the plasma
resonance frequency and dielectric [€; (w) > 0] behavior above this frequency (Kumar
et al., 2021; Hu et al., 2007; Sun et al., 2006). The maximal peaks for L,,, Ly, and
L., are clearly visible in the energy loss spectra at approximately 6.44 €V, 6.41 eV, and
4.91 eV, respectively. The resonant energy loss is seen at 6.44 eV along x direction with
a maximum value of 0.8. After these peaks, the spectrum starts to decline. In Fig. 30
(d), show the optical conductivity which depend on photon energy. This indicate that
the Rb,Ni3S, exhibits optical activity in the range from 1.25 eV to 8.60 eV. The o (w)
edge starts 0.84 eV, which corresponds to the calculated optical band gap of the material,
and numerous peaks are observed in the spectrum. Maximum optical conductivity, oy,
oyy and o, was found to be 6.5x10° Ohm~'ecm™!, 16x10° Ohm~'cm™! and 5.9x10°
Ohm~'cm™!, respectively at photon energy of 2.02 eV to 4.05 eV. These findings are

consistent with the imaginary part of the dielectric function, results obtained in Fig. 30

(b).

4.7 Structural, Electronic and Optical Properties of Kagome Cs,;Ni3S,

4.7.1 Structural and Electronic Properties

Cs;Ni3Sy crystallizes in the hexagonal structure with space group P63/mmc (SG 194),
having two formula units per primitive unit cell. A total of four in-equivalent atoms
such as Cs, Ni, S(I) and S(II) are present. Cs!* ions bonded to seven S~ ions, forming
distorted edge-sharing CsS; hexagonal pyramids. Among these bonds, there are six
shorter Cs-S bond lengths measuring 3.53 A, while one bond is longer, measuring 3.74
A. The Ni** jons are bonded in a square co-planar arrangement to four S>~ jons. Two
of the Ni-S bond lengths are shorter, measuring 2.20 A, while the other two bonds
are longer, measuring 2.21 A. The experimental lattice parameters used in this study
are a = b = 5841 A, and ¢ = 15.109 A (Bronger et al., 1988b). Tab. 14 illustrates
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the atomic coordinates of the in-equivalent atoms in Cs;Ni3S4. Because fractional
Bravais lattice vector translation and point group symmetry are combined, Cs;Ni3Sy
has a nonsymmorphic crystal symmetry. Due to the center of inversion, it is also a

centrosymmetric crystal material.

Figure 31: (a) Crystal structure of Cs;Ni3S4. (b) 3D bulk Brillouin zone, the red dots and red lines
indicate the high-symmetry point and high-symmetry line, respectively. (c) Ni-ions constitute a kagome
lattice in ab plane.

We performed the total energy calculations for non-magnetic and ferromagnetic config-
uration. The total energy is found to be lowest for nonmagnetic dictating the ground
state of the material, agreement with experimental ground state (Bronger et al., 1988b).
The presence of sulfur as a strong field ligand influences the electronic structure of the
system, resulting in the compound adopting a low spin state (Hondou and Chikazawa,
2007).

Table 14: Total number of in-equivalent atoms and their Wyckoff positions in Cs;NizSy.

Atom Point location  x y z
Cs 4f 173 -1/3 -0.409
Ni 6h 1/6 173 1/4

S) 4e 0 0 0.154
SdI) Af 173 -1/3 0.154

From the total and partial DOS shown in Fig. 32 (a-b), Cs;Ni3Sy is found to be semicon-
ducting with a band gap of ~0.8 eV (~1.4 eV) between the top of the valence band and
bottom of the conduction band within GGA (GGA+mBJ). As mBJ functional is reported

to appropriately describe the semiconducting behaviour of non-magnetic systems (Tran
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Figure 32: The DOS and electronic band structure of Cs;NizS4: (a) Total DOS within GGA and
GGA+mBJ; (b) Partial DOS within GGA+mBJ. The vertical solid line represents Ef; (c) Electronic band
structure in scalar relativistic mode within GGA and GGA+mBJ calculations. The horizontal dashed line
at zero energy denotes Ef.

and Blaha, 2009). We will thus focus discussing our results obtained with the mBJ.
From the partial DOS contributions from Cs-6s, Ni-3d, and S-3p orbitals shown in
Fig. 32 (b), the Ni-3d states have a significant contribution in the valence and conduction
region hybridizing with the S-3p states. Two in-equivalent S atoms are found to exhibit

similar features overlapping with each other. For a detailed study on the electronic
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Figure 33: The projection of local DOS of Ni-3d and S-3p orbitals in Cs;Ni3Ss within GGA+mBJ
calculation

properties, the projection of local DOS has been considered which clearly depicts the
hybridization between Ni-3d and S-3p states (see Fig. 33). As discussed earlier, each Ni
ion is surrounded by four S ions, constituting a square planar coordination (see Fig. 31
(a)). In this situation S>~ acts as a strong ligand to central metal Ni%*, resulting in the
ligand field splitting. This leads to the low spin complexes where the eight d electrons
fill the lower-energy d,,, d,, dz2 , and dyy orbitals, while the high-energy d,2_,» orbital
remains unoccupied. Furthermore, a strong hybridization between the S-3p,, S-3p,,
S-p. is noticed with the Ni-d,, d., orbitals above Er within an energy range of 1.4 to
1.8 €V, while below EF, S-3p,, S-3p, hybridize with the Ni-3d,,, dxz_yz and d? orbitals
within 0 to 0.45 eV. Additionally, the kagome lattice of Ni** leads to the formation of
flat bands below Ep, which is mainly contributed by the 3d-orbitals of d,2_,» and d.,
of Ni atom. Theoretical studies have suggested that such flat band systems in a kagome
lattice can give rise to various exotic many-body phenomena (Li et al., 2022; Hondou
and Chikazawa, 2007; Hondou et al., 2002; Kang et al., 2020; Wang et al., 2013b; Yu
and Li, 2012). From the electronic band structure calculation shown in Fig. 32 (c),

CsyNi3S4 1s found to be an indirect band gap semiconductor. The indirect band gap
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Figure 34: (a) Crystal structure of Cs;Ni3S4 in 3D view. (b) 2D view. (c-f) Creation of vacancy defect by
removing the Cs atoms. Different locations of the circle indicate that from where Cs atoms are removed.

arises between the top of the valence band at the high symmetry point K, and the bottom
of the conduction band along the K-I" in the momentum space. With GGA+mBJ taken
into account, the electronic band gap rises to ~ 1.4 eV (Tran and Blaha, 2009). Another
important feature we observed is the presence of a dispersionless band (commonly re-
ferred to as a flat band) below EF (see Fig. 32 (c)) which exist usually in a kagome lattice
layers (Hondou and Chikazawa, 2007; Hondou et al., 2002; Kang et al., 2020).

Vacancy defects play significant role in materials science. They provide a systematic
approach to change the physical characteristics of materials, which significantly influence
their ability for practical applications (Freysoldt ez al., 2014; Zhang et al., 2007b). We
have considered vacancy defect in CsyNizSy at the Cs-site. CspNizS4 consists of two-
formula unit with a total of 18 atoms in a unit cell out of which four are Cs atoms (see
Fig. 34 (a)). By removing one Cs atom from the Cs-site we create a vacancy defect
in the system. This corresponds to 25% vacancy at the Cs-site and 5.56% vacancy
defect in Cs;Ni3S4. Vacancy has been created by removing one Cs atom at different
sites (see Fig. 34 (c-f)). We performed DFT calculations for defect-created structures
in nonmagnetic and ferromagnetic configurations. The total energy was found to be
lowest for the optimized structure with ferromagnetic ground state. The total energy of
non-magnetic configuration was found to be 23.9 meV higher than the ferromagnetic
state. Our calculation demonstrates that introducing a vacancy opens the possibility of
adjusting magnetization leading to an total ordered magnetic moment of 1 ug per unit

cell. From the electronic DOS and band structure calculation, as shown in Fig. 35, the
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Figure 35: (a) Total DOS and (b) electronic band structure within GGA calculation. (c) Total DOS and
(d) electronic band structure of Cs;Ni3S4 within GGA+mBJ calculation.

vacancy defect Cs;Ni3Sy is found to exhibit half-metallic ferromagnetism with insulating

in spin-up and metallic in spin-down channels.

4.7.2 Optical Properties

Since there is a significant change in the band gap after considering the mBJ potential, we
discuss optical calculations within mBJ. Given the hexagonal symmetry of Cs;Ni3Sy,
we limited our investigation of optical anisotropy to the x and z directions. Fig. 36
illustrates the energy-dependent optical properties of the material, showing how these
properties vary with direction within the energy range of 0-10 eV. Fig. 36 (a) shows
the real part of the dielectric function (g1(w)), which is related to the ability of the
material to refract or transmit radiation. The x and z components are denoted by &y
and &, respectively. The £ (w) also plays an important role in determining the other
optical properties of materials, such as refractive index, reflectivity, and transmission of
light. The computed static dielectric functions, represented by £1,,(0) and &1,,(0), have
respective values of 4.79 and 4.00, respectively. Correspondingly, n(0) = +/£1(0) gives
static refractive index as 2.19 and 2.00 along x and z direction, indicating clear optical
anisotropy. In the energy range of 0-1.8 eV and 0-1.4 eV, we observe a slow rise of £1(w)
in the x and z directions, respectively. Sharp peaks at ~ 2.2 eV and 1.8 eV in &1, (w)

and £1,;(w), respectively, correspond to the first interband transition in the system. The
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Figure 36: Optical properties of CsyNi3Sy4 calculated within GGA+mBJ. (a) real part of the dielectric
function €; (w). (b) Imaginary part of the dielectric function €, (w). (c) Energy loss spectrum L(w). (d)
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features exhibited by the real part of the dielectric function (Fig. 36 (a)), including the
negative values, are the typical signatures of interband transitions that can be related to
the maxima in the imaginary part and, to some extent, in the loss function. Additionally,
we observe sharp peaks at ~ 3.2 eV and 5.2 eV in &1, (w), and at ~ 4.3 eV and 6.5
eV in &1,;(w), which correspond to interband transitions. In Fig. 36 (b), the imaginary
part of the dielectric function (g;(w)) is displayed, which characterizes the material’s
absorption or dissipation of radiation in response to an external electromagnetic field at
a given frequency w. It is a measure of the electronic transition strength and is closely
linked to the band structure. The spectrum starts to emerge beyond 1.5 eV, resulting in
an optical gap. We observe a sharp increase in &;(w) at ~ 2.4 eV and 1.8 eV along x
and z directions, respectively, where optical response occurs and represents the energy
of the initial inter-band transition between the valence band maximum and conduction
band minimum. In the z direction, other significant peaks are observed at ~ 4.5 eV and
6.6 eV, with smaller peaks appearing around 3.2 €V and 5.3 eV in x direction. These
multiple peaks correspond to the interband transitions from the Ni-3d valence band to
the S-3p conduction band and are consistent with the result obtained in Fig. 36 (a).
Beyond 6.6 eV, the peaks begin to decrease, eventually disappearing at higher energy

ranges. Fig. 36 (c) depicts the electron energy loss in correlation to photon energy. It
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characterizes the energy-dependent attenuation of the electric field of light as it passes
through the material. Peaks begin to appear after approximately 2.2 eV and 1.8 eV along
the x and z axes, respectively, suggesting photoelectron energy loss beyond that point.
It is generally prominent around the plasmon energy. The most notable peak in the
L(w) spectra corresponds to the characteristic associated with the plasmon resonance,
and such a peak is observed at 2.5 €V in the x-direction. Fig. 36 (d) displays the optical
conductivity (o (w)) as a function of energy. Peaks are noticeable around 2.5 eV, 3.2 eV,
and 5.3 eV along the x direction, while sharp peaks can be seen around 1.8 €V, 4.5 eV, and
6.6 eV along the z direction. These outcomes are in agreement with the &;(w) results
we obtained in Fig. 36 (b). In general, Cs;Ni3S, is optically active in the visible and
lower ultraviolet energy ranges. Therefore, this material may be a promising candidate
for opto-electronic applications. Nonetheless, it is crucial to note that precise predic-
tions necessitate careful consideration of factors such as electron-phonon interactions,

many-body effects, and disorder.

4.8 Structural and Electronic Properties of Kagome Rb,Pd;S, and Cs,Pd;S,

4.8.1 Structural Properties

Figure 37: (a) Crystal structure of Rb,Pd3S,4. (b) Pd-ions constitute a kagome lattice in ab plane.

Both RbyPd3S4 and Cs,Pd3S4 crystallize in a monoclinic crystal structure with space
group C2/m (SG 12) and belong to the point group Cy;,. It consists of five in-equivalent
atoms labeled as Cs, Pd(I), Pd(II), Pd(III), and S. In Rb,Pd3S4, Rb'* ions are surrounded
by eight equivalent S>~ ions in an 8-coordinate geometry. The Rb—S bond distances
exhibit a range from 3.53 A to 3.61 A. All Pd>* ions are coordinated by four equivalent
S2~ ions, adopting a square co-planar arrangement (see Fig. 37 (a)). At the first Pd>*
site, the Pd—S bond length measures 2.37 A, while at the second and third Pd?* sites,
the Pd-S bond lengths are similar, measuring 2.38 A. For CsyPd3S4, the Cs—S bond
distances range from 3.61 Ato 3.65 A, and all three Pd?* sites display similar Pd—S bond
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lengths of 2.38 A. Furthermore, both systems exhibit symmorphic crystal symmetry, and
due to the presence of a center of inversion, they are considered centrosymmetric crystal
materials. Tab. 15 and Tab. 16 presents the inequivalent atoms and their coordinates for

Rb,Pd3S,4 and CsyPd3Sy, respectively.

Table 15: Total number of in-equivalent atoms and their Wyckoff positions in Rb,Pd3S4.

Atom  Point location X y z
Rb 4g 0 0.156 0
Pd(I) 2b 0 -1/2 0
Pd(II) 2c 0 0 -172
Pd(I1I) 2d 0 -1/2 -172
S 8] -0.332  -0.119 0.337

Table 16: Total number of in-equivalent atoms and their Wyckoff positions in Cs;Pd3S,.

Atom  Point location X y z
Cs 4g 0 0.159 0
Pd(T) 2b 0 120
Pd(I) 2c 0 0 -1/2
PdAII) 2d 0 -1/2 -1/2
S 8j -0.331 -0.111 0.336
4.8.2 Electronic Properties
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Figure 38: (a-d) Total and partial DOS of Rb,Pd3S4 and Cs;Pd3S, for scalar relativistic calculation. The
vertical solid line at zero energy denotes Ef.

To understand the electronic properties, we performed their electronic energy band

structure calculation along the high-symmetry directions within the Brillouin zone,
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as illustrated in Fig. 39. Additionally, we plotted the total DOS and partial DOS
shown in Fig. 38 (a-d) to further analyze their electronic nature. Based on the analysis
of the electronic band structure, both compounds, Rb,Pd3S, and Cs;Pd3;S4, exhibit
semiconductor behavior with energy band gaps of approximately 1.1 eV and 1.2 eV,
respectively. This is attributed to the occurrence of the valence band maximum at
the high symmetry point I and the conduction band minimum at the F-H line in the

momentum space, as illustrated in Fig. 39 (a & b).
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Figure 39: Electronic band structure of (a) Rb,Pd3S4 and (b) Cs;Pd3Sy for scalar relativistic calculation.
The horizontal solid line at zero energy denotes Ef.

The total DOS distributions show similar characteristics for both compounds. It is
evident that S and Pd orbitals contribute significantly to the DOS, while Rb and Cs
make only minor contributions. This difference is attributed to the presence of only one

electron in the outermost orbitals of these atoms (refer to Fig. 38 (b & d). In the square
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Figure 40: Projected local DOS for (a) Pd(I) site and (b) S site in Rb,Pd3S4 within scalar relativistic
calculation.

planar configuration shown in Fig. 37 (a), each Pd ion is surrounded by four S ions. The
ligand field of planar (5%7)4 exhibits strong covalency between Pd** and S?~, leading
to certain d-orbitals lower-energy d.., d,, dg, and d,, orbitals, while the high-energy
d,>_y» orbital remains unoccupied. Below the E, there is a strong hybridization between
the S-3p, and S-3p, orbitals with the Pd-4d,, orbitals. On the other hand, above the
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Fermi level, the S-3p, and S-3p, orbitals are strongly hybridized with the Pd-4d,,
orbitals. Additionally, the kagome lattice of Pd>* in the system leads to the presence
of flat bands from the d-orbitals below the Fermi level. These flat bands contribute to
a sharp density of states just below the Fermi level. Theoretical studies have suggested
that such flat band systems in a kagome lattice can give rise to various exotic many-body
phenomena (Hondou and Chikazawa, 2007; Hondou et al., 2002; Kang et al., 2020).
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In conclusion, we investigated the electronic structure, the magnetic properties, Weyl
properties, Berry curvature, intrinsic contributions to the anomalous Hall effect, and
Fermi arc surface states of Cs,Co3S,4 using density functional theory calculations. We
found a ferrimagnetic ground state of Cs,Co3S4 at variance with the original experimen-
tal results that report an antiferromagnetic low-temperature state. The energy difference
between the two states is in the order of meV/atom. Thus, a very small stoichiome-
try of the samples could have influenced the experimental result; likewise, one should
remember the limitations of the chosen approximations to the density functional. We
characterized the theoretical ground state as a semimetal close to a half-metallic state.
Several Weyl points are situated close to the Fermi level for the lowest-energy orientation
of magnetization along [1 0 0]. They move both in k and energy if the magnetization
is rotated and are eventually annihilated. Relatedly, we found the intrinsic anomalous
Hall conductivity to be very sensitive to the orientation of the magnetization. It is
relatively small for the easy-axis orientation. However, it reaches magnitudes up to 500
Q~'em™! if the magnetization is oriented along [0 0 1]. Based on the thermodynamical
stability of the system through the calculation of formation energy, we investigated the
Li;Fes3S4, a ferrimagnetic topological Weyl semimetal state with four pairs of Weyl
points slightly above the Fermi level. The orientation of the magnetization direction
of LipFe3S4 breaks the specified mirror symmetries, resulting in the gap opening of
the corresponding band crossing. We noticed that SOC had a significant influence on
the [0 O 1] magnetization direction compared to the [0 1 O] and [1 O 0] magnetization
directions. However, the total number of Weyl points is similar in all the magnetization
as mentioned above directions. Our findings suggest that Li;FesS4 could be a viable
platform for studying the interaction between topological properties and magnetism. For
the other compound of this series, CsyNi3S4 is found to be an indirect band gap semi-
conductor. With the band gap value (~1.4 eV) found suitable for optical applications,

we considered optical properties by calculating dielectric function, loss function, and
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optical conductivity. Our findings demonstrate that the material exhibits optical activity
within the visible and lower ultraviolet energy range. In addition, we considered the
Cs-vacancy defect in CspNi3S4. Removing one Cs atom from the system gives rise to
half-metallic ferromagnetism, making the material a suitable candidate for spintronic
device applications. Rb;Ni3S4 is found to be a nonmagnetic semiconductor with an
indirect band gap of ~0.67 eV. The Ni atoms form a kagome lattice in a two-dimensional
plane, resulting in a flat band below the Fermi energy. We found the material opti-
cally active in the visible and lower ultraviolet regions. These results suggest that the
potential of the CsyNizSs and RboNi3S4 are promising candidates for optoelectronic
applications. Similarly, Rb,Pd3S, and Cs,Pd3S,4 exhibit a nonmagnetic ground state.
Ni and Pd atoms form a kagome lattice in a two-dimensional plane. These materials
possess a semiconducting nature. Interestingly, a flat band was noticed below the Fermi
level, demonstrating one significant feature of the kagome lattice. But K,Mn3S4 has a
ferrimagnetic ground state with the total magnetic moment of 10 uB per unit cell shows
indirect band gap semiconductor nature. This magnetic moment mainly was created
by the antiferromagnetic interaction between Mn(I) and Mn(II) atoms. The effect of
spin-orbit coupling is found negligible. The identification of K,Mn3S4 as an indirect
band gap semiconductor is expected to open new doors for experimental research that
could be used in the fabrication of new devices, including semiconductor lasers, solar

cells, and light-emitting diodes.

5.2 Recommendations for Future Work

We further recommend applying our density functional theory calculation results to
experimental work and then proceeding with the synthesis, characterization, and mea-
surement of transport properties for CspCo3S4 and LioFe3S4. In the context of transport
properties, our primary focus will be on anomalous Hall conductivity and Fermi arc
surface states. Simultaneously, we will calculate the Berry curvature, anomalous Hall
effect, and Fermi arc surface states of LiyFesS4. For materials with a kagome lattice
and a tunable band gap, such as RbyNi3S4, CsoNi3Ss, RboPd3S4, and Cs,Pd3S4, we will

concentrate on calculations and measurements of thermoelectric properties.
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CHAPTER 6

SUMMARY

To summarize, topological materials have attracted the attention of scientists in recent
years due to their novel and intriguing physical properties. These materials are notable
for having protected surface states with no energy gaps. This unique aspect stems
from the peculiar arrangement of the material at its core. Topological materials could
be used to create new and enhanced quantum information devices and applications.
The kagome lattice is a form of crystal structure that exhibit promising option for
investigation of topological Dirac, Weyl, and nodal line characteristics. A kagome
lattice’s electronic structure naturally comprises Dirac fermions, flat bands, and van Hove
singularities. There has been much interest in the form of topological material known
as Weyl semimetals over last thirteen years. Scientists have achieved precise theoretical
predictions, developed these materials in labs, and developed advanced methods of
studying them. Scientists have achieved precise theoretical predictions, developed these
materials in labs, and developed advanced methods of studying them, such as utilizing
specialized microscopy and measurements. We explore the number of compounds
using a technique known as density functional theory simulations. First, we looked
at the electronic, optical, magnetic, and topological properties of two materials with
no energy gaps: CsyCo3S4 and LirFe3S4. Their Weyl semimetal properties, such as
Berry curvature, anomalous Hall conductivity, and Fermi arc surface states, piqued
our curiosity. CsyCo3S4 was discovered to be a unique magnetic material with some
intriguing properties. We found that materials with energy gaps, such as RbyNi3Sy,
CsyNizS4, RbyPd3Sy, and CspPd3Sy, have a nonmagnetic state. Some of these materials
have a kagome lattice structure consisting of nickel Ni/Pd with S atoms existing in a
semiconductor nature. We also looked at materials with magnetic properties but are still
semiconductors, such as KoMn3S4 and RbyMn3S4. We studied the optical properties of
gapped RbaNizS4 and CsyNizSs with kagome lattice structures, could be possible for

optoelectronic devices application. We summarized our results in Tab. 17.
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Table 17: Characteristics of A, T3S4 materials within scalar relativistic case. “FIM” denotes the Ferimag-
netic ground state, “NM” denotes the Nonmagnetic ground state, “WSM" denotes the Weyl semimetal
and "SC" denotes the Semiconductor.

Material Structure type Ground state Electronic Nature Gap(eV)
Cs,CoszSy orthorhombic FIM WSM 0
LiyFesSy monoclinic " " 0
CsyNizSy hexagonal (kagome) NM SC 0.80
Rb,Ni3S4  orthorhombic (kagome) ’ N 0.67
Rb,Pd3S4 monoclinic (kagome) ’s ' 1.00
Cs,Pd3Sy ’ ’ ’ 1.20
KoMnj3Sy monoclinic FIM ’ 1.10
Rby,Mn3S4 orthorhombic ' " 0.75
CspMn3Sy orthorhombic AFM ' 1.50
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Abstract

The application of semiconductors with optical properties has grown signific-
antly in the development of semiconductor photovoltaics. Here, we explore the
electronic and optical properties of ternary transition metal sulfide RbyNizSy
by means of density functional theory. From the structural perspective, Ni
atoms are found to form a kagome-like lattice in a two-dimensional plane of
Rb,Ni3S4. From our calculations, Rb;Ni3S, is found to be a semiconductor
with an indirect band gap of ~0.67eV. Strong hybridization was observed
between the S-3p with the Ni-3d,, and Ni-3d,, orbitals. Interestingly, a flat
band was noticed below the Fermi level demonstrating one significant fea-
ture of kagome lattice. From the optical calculations, Rb,Ni3S, is found to
exhibit optical activity in both the visible and lower ultraviolet regions of the
incident photon energies. The optical response suggests this material may be a
potential candidate for opto-electronic device, given its ability to interact with
light across a broad range of wavelengths. This work is expected to motivate
the experimental group for transport measurements and may provide a new
foundation in optics.

Keywords: density functional theory, kagome lattice, electronic structure,
semiconductor, optoelectronic applications

" Author to whom any correspondence should be addressed.

© 2024 IOP Publishing Ltd 1


https://doi.org/10.1088/1361-651X/ad54e1
https://orcid.org/0000-0002-1695-7259
https://orcid.org/0000-0003-2783-4008
mailto:madhav.ghimire@cdp.tu.edu.np
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-651X/ad54e1&domain=pdf&date_stamp=2024-6-27

Modelling Simul. Mater. Sci. Eng. 32 (2024) 065012 G B Acharya et al

1. Introduction

The family of ternary transition metal chalcogenides represented by the molecular formula
A, M3 X, (where A includes K, Rb, Cs; M includes Ni, Pd, Pt; and X includes S, Se) demon-
strates diverse crystal symmetries [1]. These compounds possess unique properties, featuring
a quasi-two dimensional (2D) layered structure, where the transition metal elements create
kagome nets together with chalcogenide atoms. Kagome compounds are widely recognized
as excellent platforms for exploring novel topological properties. The specific arrangement of
atoms in a kagome pattern leads to remarkable transport characteristics, including negative
magneto-resistance, anomalous Hall conductivity, and Fermi arc surface states [2-9]. They
are also found to show interesting optical features which can give rise to optical device fabric-
ation. The recently discovered kagome CsV3Sbs was reported to exhibit efficient absorption
of ultraviolet radiation and has a strong reflectivity for visible light [10]. Likewise, KV3Sbs
has been reported as a potential candidate for plasmon-mediated hot carrier applications in the
infrared region [11]. Kagome NbsClg was reported to be a semiconductor which shows large
optical anisotropy [12].

In the family of ternary chalcogenides Rb,PdsSey, Li et al. predicted the superconductivity
by applying pressure wherein Lifshitz transition was observed [13]. Elder et al. performed the
magnetic and transport measurements in K,Ni3S, suggesting the possibility of co-existence
of Ni!'* and Ni** in the crystal [14]. Likewise, we recently studied the electronic and optical
properties of Cs;Ni3S, in addition to the effect of vacancy defects in the crystal. Our study
suggests this material to be a suitable candidate for optoelectronic device [15]. While studies
of Rb,Ni3S4 are uncommon, the existing results suggest that the material could be interesting.
For instance, Bronger et al. first synthesized and carried out the magnetic susceptibility meas-
urements above 90 K to explore magnetism in Rb,Ni3S4. They did not find any evidence of
magnetism [16]. At 4.2 K, the magnetism of Rb,Ni3S, indicates that the ordered phase may
represent the weak ferromagnetic phase [17]. Fukamachi et al reported the observation of weak
ferromagnetism and semi-conducting characteristics in Rb,NizS4. However, their findings,
based on both nuclear magnetic resonance and magnetic measurements, led them to propose
that Rb,Ni3S, is a band insulator. Consequently, they suggested that the intrinsic property
of this system to be non-magnetic [18]. Later in 2002, Hondou et al. performed DFT cal-
culations and find that the material is a semiconductor, featuring flat bands below the Fermi
level (ER) [19]. Additional investigations using photoemission spectroscopy have unveiled the
moderate electron correlation and substantial hybridization between Ni-3d and S-3p orbitals,
in agreement with the results from the band structure calculations [20]. Experiments have been
performed in order to examine the origin of magnetism in water-immersed Rb,Ni3S4. A pos-
sible ferromagnetic phase induced by the partial collapse of crystal structure was obtained. The
intrinsic substance is non-magnetic semiconductor. The presence of a planar sulfur coordin-
ation around Ni?* results in a low spin state with Ni in its 3d® configuration [21]. Despite a
number of studies, there are no reports on optical properties of Rb,NizS4. With an aim to fill
this gap and to show the interesting behavior of this material, we explore the detailed electronic
structure and optical properties of RbyNizSy.

In this work, we report the electronic as well as optical properties of Rb,Ni3S4. This material
is found to be a non-magnetic semiconductor with an indirect band gap of ~0.67eV. The
optical activity in this material is prominent within the visible and lower ultraviolet spectrum.
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Figure 1. (a) Crystal structure of RboNi3S4. (b) Three dimensional Brillouin zone. Red
dots are indicates the high symmetry points in momentum space. (c) Ni-ions constitute
a kagome lattice in ab plane.

2. Structural and computational details

Rb,Ni3S, crystallizes in an orthorhombic crystal structure with space group Fmmm (no. 69)
and belongs to the point group Dy;,. The experimental lattice parameters used in this study are a
=5.862A,b=9.937 A and ¢ = 13.758 A [1]. The crystal system consists of four in-equivalent
atoms labeled as Rb, Ni(I), Ni(I), and S, respectively. In Rb,Ni3S4, Rb!'* ions are surrounded
by eight equivalent S?>~ ions in an 8-coordinate geometry. The Rb?S bond distances exhibit
a range from 3.38 A to 3.45 A. All Ni>* ions are coordinated by four equivalent S2~ ions,
adopting a square co-planar arrangement (see figure 1(a)). At the first and second Ni>™ site, the
Ni?S bond length measured are 2.22 A. Furthermore, Rb,Ni3S, exhibits symmorphic crystal
symmetry, and is centrosymmetric. Table 1 presents the fully relaxed atomic coordinates for
Rb,NizS4.

In order to investigate the electronic and optical characteristics of selected compound, we
employed the DFT approach [22] using the full potential local orbital (FPLO) code [23], ver-
sion 18.00. The standard generalized gradient approximation (GGA) within the parameteriza-
tion of Perdew, Burke, and Ernzerhof (PBE-96) [24] was taken into account for the exchange
and correlation energy. Self-consistent calculations were performed in the scalar relativistic
and four component full relativistic modes of FPLO. In the full relativistic mode that includes
spin—orbit coupling in all orders, the direction of magnetization was fixed by a global set-
ting of the spin quantization axis. However, since the inclusion of spin—orbit coupling did
not significantly impact the electronic properties, we focus our discussion only on the out-
comes from the scalar-relativistic calculations. For the optical property calculations, we have
used the FOPTICS module of FPLO which is based on random phase approximation. In the
electronic structure calculations, a k-mesh subdivision of 12 x 12 x 12 was used to cover the
full Brillouin zone. As for the optical property calculations, a finer k-mesh subdivision of
32 x 32 x 32 was employed. To ensure the accuracy of the energy, the convergence criteria
for self-consistency as set to 10~8 Hartree. During the structural optimization, a force conver-
gence of 1073 eV A~! was applied.

Our Calculations done with FPLO are consistent with results performed using WIEN2k
[25]. The accuracy of FPLO can be well compared with other electronic structure codes as
reported by Lejaeghere et al [26].
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Table 1. Total number of in-equivalent atoms and their Wyckoff positions in RbaNizS4.

Atom Point location X y z
Rb 8i 0 0 0.343
Ni(I) 8e —1/4 —1/4 0
Ni(II) 4a 0 0 0
S 16 m 0 0.168 0.106

3. Results and discussion

3.1 Electronic properties

To understand the electronic properties, we initiated our calculations by searching for the
stable ground state of Rb,Ni3S4. To achieve this, we performed both nonmagnetic and fer-
romagnetic calculations in the scalar relativistic case (without spin—orbit coupling). The out-
come was a nonmagnetic ground state, attributed to the square planar coordination of Ni’*
with S2~ ions. Our DFT ground state result agrees with the experimental nonmagnetic ground
state [16, 27]. Additionally, we performed full-relativistic calculations, considering spin—orbit
coupling. However, this consideration did not significantly affect the electronic structure of
Rb;Ni3S4. Consequently, we focus solely on the scalar relativistic results throughout our
discussions.

Figures 2(a)—(c) illustrates the total, partial, and local density of states (DOS), respectively.
In the total DOS, high peaks both above and below the Ef within a specific energy range result
from the bonding and anti-bonding nature of the orbitals. Ni and S states are mainly dominate
the DOS, while Rb has a minimal contribution (see figure 2(b)). This arises due to the presence
of only one electron in the outermost 5 s orbital of Rb atom.

To precisely understand the contributions of the orbitals, we analyze the partial and local
DOS. At around 1.3 eV in the DOS plot (see figure 2), antibonding states are observed which
are contributed by Ni(I)-d., and S-3p states. This gives rise to peaks above Ep. While around
-0.9 eV and -0.38 eV below Ef are contributed by Ni(I)-d,»_,» and d,, orbitals giving rise
to peaks due to the bonding states. The analysis of the local DOS projection (see figure 2(c))
reveals that the insulating behavior partially originates from the crystal field splitting of the
energy bands [13]. It is well-established that each nickel (Ni) ion is surrounded by four S ions,
forming a square planar coordination arrangement (see figure 1(a)). In this situation, the S~
ions strongly bind with the central Ni*T metal, causing a separation of energy levels known
as crystal field splitting. As a result, metal ions with a d® configuration tend to adopt a square
planar geometry when exposed to a strong field. This arrangement forms low spin complexes
where the eight d electrons fill the lower-energy d,;, d,., df , and d,, orbitals, while the high-
energy d,»_ > orbital remains unoccupied. This also helps explain the origin of the nonmagnetic
ground state even in the presence of a typically magnetic atom Ni. Above the Ef, the width
and magnitude of the DOS of S-3p and Ni-3d (d; and d,; orbitals) (see in figure 2(b)) are
almost equal, suggesting strong hybridization within the energy range from 0.7 to 1.2 eV [19].

Based on the analysis of the electronic band structure, Rb,Ni3S4 should exhibit semicon-
ducting behavior with an energy band gap of ~0.67 eV. These findings are consistent with the
previously reported DFT value of 0.66 eV [20] and the experimental value of 0.80 eV deduced
from a transport study [19]. The nature of the band gap is indirect. This is attributed to the
occurrence of the VBM at the high symmetry point X and the CBM at the T-Z line in the

4
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Figure 2. Total, partial and local DOS of Rb,Ni3S4. (a) Total DOS. (b) partial DOS. (c)
Projected local DOS for Ni(I)-3d. The vertical solid line at zero energy denotes Ef.
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Figure 3. Electronic band structure of Rb,Ni3S4. The horizontal solid line at zero energy
denotes Ef.

momentum space (see figure 3). Additionally, the kagome lattice of Ni>* leads to the form-
ation of flat bands below Ef, which are largely comprised of the Ni-3d orbitals. Theoretical
studies have suggested that such flat band systems in a kagome lattice can give rise to various
exotic many-body phenomena when Ep; is proximal to them [19, 28-30].
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3.2. Optical properties

In order to understand the optical behavior of Rb,Ni3S4, we perform the optical calculations.
The linear response of the system to electromagnetic radiation is associated to the interaction
of photons with electrons. This relation can be defined using the complex dielectric function,
e(w) as follows:

e(w) =€ (w) +iex (w) (1)

where, €; and €, are the real and imaginary part of the dielectric function, respectively [31, 32].
In accordance with the selection criteria, the momentum matrix elements between the occupied
and unoccupied state are used to calculate the imaginary component of the dielectric function
€2, given by

472e?
m2w?V

e2(w) > | <kelplkg' > *6 (Exg — Exgr — hw) ¥))

8.8’

where, V is the volume of the unit cell, and p is the momentum operator [33, 34]. Here, Ej, is
the eigenvalue (approximated to the GGA eigenvalues) associated with eigenfunction |kg >.
Likewise, the real part of dielectric function € is given by the Kramers—Kronig relation [35]
as

e (W) = 1+2/€2(“’de’. 3)

) @) -
Additionally, the optical conductivity o and electron loss function L are given by

o(w)= —iw(e(w) —1) 4)

€2

L) = v a@)

&)

We utilized these equations for the optical property calculations of Rb,Ni3S4. As observed
from the electronic band structure calculations, Rb,NizS, is found to be semiconductor with a
band gap of ~0.67 eV. Thus, when this material is exposed to an incident photons, transitions
of electrons are expected. In such transitions, photon excites the electrons from an occupied
states in the valence region to the unoccupied states in the conduction region (also called interb-
and transition) [36]. To understand these phenomena, we consider the polarization components
along x, y, and z directions as our material is orthorhombic in nature. We analyze the real part
of the dielectric function ¢; (w) [37], as depicted in figure 4(a) which gives rise to electronic
polarizability of the material under an applied electric field. ¢; (w) along x,y and z direction
are denoted by €y, €1yy, and €1, respectively. The real part of the dielectric function € (w) at
zero frequency, which is connected to the material’s band gap (also known as static dielectric
constants €;(0)), are found to be ~7.5 along both the x and y directions, while the value along
the z direction is ~6.2. This corresponds to the refractive index which can be determined using
the established Penn Relation n(0) = /€;(0) [38]. This give rise to the static refractive index
value of 2.74 along x and y direction while 2.49 along z direction, respectively. The obtained
value shows that the material has optical anisotropy. In the energy range 0 to 1.3 eV for the x,
y direction, and 0 to 1 eV for the z direction, we observe a gradual increase in €;(w), which

6



Modelling Simul. Mater. Sci. Eng. 32 (2024) 065012 G B Acharya et al

(a) 55 (®) 30
— &xx
25 25y
20 — &2z
= 31 'M
w w \
10 M
Al b
5 VY
| o Sl
0 .
0 2 4 6 8 10
Energy (eV) Energy (eV)
(© s (d) 15
A — Lx 16
L
0.6 1 L” 14
} 2z . 12
- 2
30.41 x 10
- 3 8
| S
0.2 \’V” 4
2
0.0 0
0 2 4 6 8 10 0
Energy (eV) Energy (eV)

Figure 4. Optical properties of Rb,Ni3S4. (a) real part of the dielectric function € (w).
(b) Imaginary part of the dielectric function €;(w). (¢) Energy loss spectrum L(w). (d)
Optical conductivity o (w) [in Ohm 'ecm™!].

indicates that the material interaction effectively with photons. Notably, at 1.63 eV, 1.60eV,
and 1.16eV for €}y, €1yy, and €., respectively, sharp peaks are observed. These peaks cor-
respond to the inter-band transition, indicating the photon-induced electron transitions from
occupied valence bands to the unoccupied conduction bands. This means that the material can
absorb light particularly well at that specific energy.

When the photon energy range exceeds 1.16 eV, the real part of the dielectric function €; (w)
exhibits a remarkable characteristic: it adopts a negative value. This phenomenon is indicat-
ive of incident light being reflected by the medium. Consequently, the material demonstrates
metallic attributes in this specific energy range [39, 40]. Furthermore, we also observe sharp
peaks at approximately 2.01eV, 1.96¢eV, and 3.93¢eV for x, y and z direction, respectively.
€2(w), the imaginary part of the dielectric function, reveals details about optical absorption
in crystal. The absorption begins at 0.84 eV for the imaginary part of the dielectric function,
which acts as the threshold energy associated with the occurrence of an optical band gap (see
figure 4(b)). Beyond the threshold point, the curve increases rapidly. Notably, sharp peaks
are seen along the x, y, and z directions, respectively, at 2.02¢eV, 1.97¢eV, and 1.22 eV. These
absorption peaks may clearly be associated with transitions from the Ni (3d) valence band to
the S(3p) conduction band based on the predicted PDOS (see figure 2(b)). Additionally, within
the energy range of 2.83 eV to 6.05 eV, various significant peaks are observed. These peaks
correspond to inter-band transitions from the valence band to the conduction band [41, 42].
However, beyond the energy of 6.05 eV, the peaks begin to diminish, eventually disappearing
at higher energy ranges.
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Another important optical property calculated in this work is the electron energy loss func-
tion L(w). Figure 4(c) shows the variation of L(w) with photon energy. The L(w) provides
the information about the energy loss of a fast-moving electron traversing in the material, and
is reciprocal of the imaginary part of the complex dielectric function [43, 44]. The visible
area of the loss spectrum exhibits a slight energy loss, which rises as photon energy increases.
The identified peaks in the L(w) spectra provide information about the material’s plasma fre-
quency. Whether a material exhibits metallic properties or dielectric behavior is described by
the plasma frequency. Materials exhibit metallic [¢; (w) < 0] behavior below the plasma res-
onance frequency and dielectric [e;(w) > 0] behavior above this frequency [40, 45-47]. The
maxima in Ly, L,,, and L, are clearly visible in the energy loss spectra at approximately
6.44 ¢V, 6.41 eV, and 4.91 eV, respectively. The resonant energy loss is seen at 6.44 eV along
x direction with a maximum value of 0.8. After these peaks, the spectrum starts to decline.
Figure 4(d) shows the optical conductivity which depends on photon energy. This indicates
that the Rb,Ni3S4 exhibits optical activity in the range from 1.25¢V to 8.60eV. The o(w)
edge starts 0.84 eV, which corresponds to the calculated optical band gap of the material, and
numerous peaks are observed in the spectrum. The maximum optical conductivity, o, o, and
.. was found to be 6.5x 10> Ohm~'ecm™!, 16x10* Ohm~'cm~! and 5.9x 103 Ohm~'ecm™!,
respectively, at a photon energy of 2.02 eV to 4.05 eV. These findings are consistent with the
imaginary part of the dielectric function (figure 4(b)).

4. Conclusions

We have investigated the electronic structure and optical properties of Rb,NizS4 by means
of density functional theory approach. The studied material is found to be a non-magnetic
semiconductor with an indirect band gap of ~0.67 eV. The Ni atoms form a kagome lattice
in a two-dimensional plane resulting in a flat band located below the Fermi energy. From the
optical properties calculations, the dielectric function including its real and imaginary parts,
the loss function, and the optical conductivity has been obtained. We found that the material
is optically active in the visible and lower ultraviolet region. We thus predict that RbyNiz Sy
could be a possible candidate for optoelectronics similar to some reported materials [48, 49].
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Abstract

Recent research focuses on electronic structure of kagome materials due to their fascinating
properties such as topological insulators, Dirac semimetals, and topological superconductors.
Materials with sizable electronic band gap are found to play vital role in device applications. Here,
by means of density functional theory calculations, we study the electronic and optical properties
of ternary transition metal sulphide Cs,Ni3;S4 by using the full potential local orbital code.
Standard generalized gradient approximation (GGA) has been employed to consider the electron
exchange and correlation effect, and modified Becke—Johnson (mB]) potential has been used to
obtain the accurate band gap of the material. From our electronic structure calculations Cs,Ni3Ss
is found to be nonmagnetic semiconductor with an indirect band gap of ~1.4 eV within

GGA + mB] calculations. The structural analysis demonstrates that Ni atoms form a kagome lattice
in a two-dimensional plane, resulting in the presence of a dispersionless flat band located below the
Fermi energy. From the optical calculations, analyzing the dielectric function, loss function, and
optical conductivity, Cs;Ni3S, is found to be optically active in the visible as well as lower
ultraviolet energy ranges. This suggests that Cs,NizS, may be a suitable candidate for the
opto-electronic devices. Additionally, this work may provides a foundation for the development of
opto-electronic device and a framework for experimental work. We additionally investigated the
effect of vacancy defects in Cs,Ni3S, to see it’s influence on the electronic and magnetic properties.
Interestingly, the Cs-vacancy defect give rise to half-metallic ferromagnetism with an effective
magnetic moment of 1up per unit cell.

1. Introduction

In condensed matter physics, the structure with kagome lattice refers to a 2D arrangement consisting of
interconnected triangles [1]. This lattice is constructed by utilizing the vertices and edges of a tri-hexagonal
tiling, where each hexagon is surrounding by triangles [2]. Mineral jarosite is the first kagome compound
which has been experimentally found [3]. The kagome lattice exhibits interesting electronic properties due to
its unique geometric arrangement [4—19]. The family of ternary transition metal chalcogenides, represented
by the formula A,M3X, (where A are K, Rb, Cs; M are Ni, Pd, Pt; and X are S, Se), is commonly found to
exhibit various crystal symmetries [20]. These include orthorhombic symmetry with space groups Fmnmm
(SG No. 69), Fddd (SG No. 70) [20], hexagonal P6s/mmc (SG No. 194) [21], and monoclinic C/2m (SG No.
12) [22]. These compounds possess a quasi-2D layered structure, wherein the transition metal elements form
kagome nets alongside chalcogenide atoms. Despite the potential of this family, only a few compounds have
been studied for their electronic properties. For example, on the basis of density functional theory (DFT)
calculations Rb;Ni3S; is predicted to be a band insulator, featuring flat bands just below the Fermi level (Er)
[23, 24]. Photemission spectroscopy investigations have revealed moderate electron correlation and strong
hybridization between Ni-3d and S-3p orbitals, consistent with the band structure calculations [25].

© 2023 IOP Publishing Ltd
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Magnetic and electric transport measurements have confirmed that Rb,Ni3S, is a non-magnetic insulator
[26].

In one notable study, Li et al [27] recently reported the observation of superconductivity in kagome
Rb,Pd;Se4 by pressure-induced Lifshitz transition. Recently, by means of DFT calculations, Rb,Mn3S, and
K;Mn;S, found magnetic semiconducting materials [28, 29]. This finding suggests that the A,M;X, family
has potential for exploring superconducting properties, but further investigations are needed to deepen our
understanding in this family. Till date, very less kagome compounds in this family are explored as a
semiconductors. Additionally, regarding the investigation of optical characteristics in a kagome lattice, a
three-dimensional (3D) elemental carbon kagome lattice was examined. This lattice demonstrates a
transition from a metallic state to a direct-gap semiconductor in the visible blue range and comparable to
those of other direct-gap semiconductors such as GaN and ZnO [30]. Through the use of DFT calculations,
it was predicted recently that the optical properties of kagome CsV3Sbs make it a efficient absorber of
ultraviolet radiation. Furthermore, this compound exhibits strong reflectivity for visible light [31].

Optical properties in a band gap semiconductor play a significant role in the development of diverse
applications, including display devices, lasers, sensors, photo-electrodes, photonics, photo-detectors, and
solar cells. Considering the significance of optical anisotropy in the design of optical devices such as LCD
screens, 3D movie screens, polarizers, and wave plates, it becomes essential to study and understand this
phenomenon [32]. Our study thus focuses on exploring the electronic and optical properties of Cs,Ni3S,
which was synthesized [21]. But its electronic and optical properties are not reported till date. On the basis of
DFT calculations, we have systematically investigated the electronic and optical properties of Cs,Ni3S, and
predict that it is a nonmagnetic semiconductor with an indirect band gap.

Moreover, due to the strong localization of electrons the flat band is observed below the Eg. From the
optical properties calculation, our system is found to be optically active in the visible and lower ultraviolet
region.

2. Computational and structural details

We have performed the DFT calculation with a localized atomic basis and a full potential treatment using the
full potential local orbital (FPLO) code [33]. We utilized the Perdew, Burke, and Ernzerhof’s generalized
gradient approximation (GGA) functional known as (PBE-96) [34], as well as the mB] potential developed
by Tran and Blaha [35], which provides improved treatment of energy band gaps compared to standard
semi-local GGA functional that tend to underestimate them. For the GGA and GGA + mB] calculations, we
use FPLO version 18.00-52 and 22.00-64, respectively. In the Brillouin zone, we consider k-mesh subdivision
of 20 x 20 x 20 for electronic properties and 36 X 36 x 36 for optical properties calculation. We calculate
dielectric function, loss function and optical conductivity by using FOPTICS module of the FPLO [33]. A
total of twenty two empty bands were included in the dielectric calculations for up to 10 eV photon energy.
We set the energy and force convergence criteria to be 10~8 Hartree and 107° eV A™!, respectively. To
construct the crystal structure, we utilized the VESTA software [36].

Cs;Ni3Sy crystallizes in the hexagonal structure with space group P63 /mmc (no. 194) and the point
group Dgj,. A total of four in-equivalent atoms such as Cs, Ni, S(I) and S(IT) are present with the charge state
of Cs!™ ions bonded to seven S*>~ atoms, forming distorted edge-sharing CsS; hexagonal pyramids. Among
these bonds, there are six shorter Cs—S bond lengths measuring 3.53 A, while one bond is longer, measuring
3.74 A. The Ni** ions are bonded in a square co-planar arrangement to four S>~ atoms. Two of the Ni-S
bond lengths are shorter, measuring 2.20 A, while the other two bonds are longer, measuring 2.21 A. The
crystal structure contains two distinct S*~ sites denoted by S(I) and S(II). The experimental lattice
parameters used in this study are a = b = 5.841 A, and ¢ = 15.109 A, with lattice angles o« = =90° and v =
120° [21]. Table 1 illustrates their fully relaxed atomic cordinates. Because fractional Bravais lattice vector
translation and point group symmetry are combined, Cs;Ni3S, has a nonsymmorphic crystal symmetry.
Due to the center of inversion, it is also a centrosymmetric crystal material.

3. Results and discussion

3.1. Electronic properties

We start with the calculation of the total energy to determine the ground state of Cs,Ni3S4. We performed
the total energy calculations for non-magnetic and ferromagnetic configuration. The total energy is found to
be lowest for nonmagnetic dictating the ground state of the material. With a charge state of Cs'™, Ni**, and
S?~ the valence electronic states are Cs-6s', Ni-3d®4s?, and S-3s*3p*, respectively.

2
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Table 1. Total number of inequivalent atoms and their Wyckoff positions in a Cs;Ni3S4.

Atom  Pointlocation  x y z

Cs 4f /3  —1/3 —0.409
Ni 6h 1/6  1/3 1/4
S(I) 4e 0 0 0.154
S(IT) 4f /3 —1/3  0.154

Figure 1. (a) Crystal structure of Cs;Ni3S4. (b) 3D bulk Brillouin zone, the red dots and red lines indicate the high-symmetry
point and high-symmetry line, respectively. (c) Ni-ions constitute a kagome lattice in ab plane.

In Cs;Ni3S4, each Ni atom is surrounded by four S atoms, forming a square planar coordination
geometry. The presence of sulfur as a strong field ligand influences the electronic structure of the system,
resulting in the compound adopting a low spin state [24].

From the total density of states (DOS) and partial DOS shown in figure 2, Cs;Ni3;S, is found to be
semiconducting with a band gap of ~0.8 eV (~1.4 eV) between the top of the valence band and bottom of
the conduction band within GGA (GGA + mB]J). As mBJ functional is reported to appropriately describe the
semiconducting behaviour of non-magnetic systems [35], we will thus focus discussing our results obtained
with the mBJ. From the partial DOS contributions from Cs-6s, Ni-3d, and S-3p orbitals shown in figure 2(b),
the Ni-3d states have a significant contribution in the valence and conduction region hybridizing with the
S-3p states. Two in-equivalent S atoms is found to exhibit similar features overlapping with each other. For a
detailed study on the electronic properties, the projection of local DOS has been considered which shows
clearly depicts the hybridization between Ni-3d and S-3p states (see figure 3). The study of the projection of
the local DOS for Ni-3d and S-3p states, reveals the insulating state to arise due to crystal field splitting. As
discussed earlier, each Ni ion is surrounded by four S ions, constituting a tetrahedral square planar
coordination (see figure 1(a)). In this situation S>~ acts as a strong ligand to central metal Ni?*, resulting in
the crystal field splitting. This leads to the occupancy of some of the ty, orbitals (dyy, d,., d\.), having energy
levels higher compared to Ni-e, state(i.e. d,2_ 2, and d?). Furthermore, a strong hybridization between the
S-3px, S-3py» S-p; is noticed with the Ni-d,;, d,, orbitals above Er within an energy range of 1.4-1.8 eV, while
below Ep, S-3py, S-3p, hybridize with the Ni-3d,,, d,>_,> and d2 orbitals within 0-0.45 eV. Additionally, the
kagome lattice of Ni** leads to the formation of flat bands below Eg, which is mainly contributed by the

3
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3d-orbitals of d,>_,» and d,, of Ni atom. Theoretical studies have suggested that such flat band systems in a
kagome lattice can give rise to various exotic many-body phenomena [7, 23, 24, 37-39].

From the electronic band structure calculation shown in figure 2(c), Cs,NisS, is found to be an indirect
band gap semiconductor. The indirect band gap arises between the top of the valence band at the high
symmetry point K, and the bottom of the conduction band along the K-I" in the momentum space (see
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Figure 3. The projection of local DOS of Ni-3d and S-3p orbitals in Cs,Ni3S4 within GGA + mBJ calculation.

figure 2(c)). With GGA + mB]J taken into account, the electronic band gap rises to ~1.4 eV [35] Another
important feature we observed is the presence of a dispersionless band (commonly referred to as a flat band)
below Er (see figure 2(c)) which exist usually in a kagome lattice layers [7, 23, 24]. Here, the flat band
primarily consist of Ni-3d orbitals hybridizing with S-3p orbitals.

3.2. Effect of vacancy defect

Vacancy defects plays significant role in materials science. They provide a systematic approach to change the
physical characteristics of materials, which significantly influence their ability for practical applications [40,
41]. We have considered vacancy defect in Cs;Ni3S, at the Cs-site. Cs,Ni3S, consists of two-formula unit
with a total of 18 atoms in a unit cell. As shown in figure 4, there are four Cs atoms in the parent material. By
removing one Cs atom from the Cs-site we create a vacancy defect in the system (see figures 4(c)—(f)). This
corresponds to 25% vacancy at one of the Cs-site and 5.56% vacancy defect in Cs,Ni3S,.

We performed DFT calculations for all the four defected structures (say D1, D2, D3, and D4) in
nonmagnetic and ferromagnetic configurations. The total energy was found to be lowest for the optimized
D4 structure with ferromagnetic ground state. The total energy of non-magnetic configuration was found to
be 23.93 meV higher than the ferromagnetic state. Our calculation demonstrates that introducing a vacancy
opens the possibility of adjusting magnetization leading to an effective magnetic moment of 1 g per unit
cell. From the electronic DOS and band structure calculation, as shown in figure 5, the vacancy defect
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Cs,Ni3S; is found to exhibit half-metallic ferromagnetism. Spin-up channel shows insulating state (band gap
of ~0.9 (1.1) eV within GGA (GGA + mB]J) functionals) while spin-down channel is metallic in nature. The
major contributions to the total DOS and band structure around Er are from the Ni-3d and S-3p orbitals.

3.3. Optical properties

In this section, we discuss the optical properties of the material based on the previously discussed electronic
properties of the system. The complex dielectric function provides a comprehensive description of the
material’s response to an electromagnetic field and is highly sensitive to the electronic band structure of the
material. The dielectric function is composed of two parts, namely, the real (¢;(w)) and imaginary (;(w))
parts. These parts are associated with the interband transitions from the valence to the conduction band in
semiconducting materials. The dielectric function is mathematically represented as follows:

e(w)=¢e1(w)+ie; (w). (3.1)

The imaginary component of the dielectric function is influenced by the electronic properties of the
material, which can be described by the joint DOS and the momentum matrix elements connecting occupied
and unoccupied states given by

Ve?

@(w) = 2m hm?w?

[ S tplkg ) ko) 1~ ke )5 (B~ B ~hs)  (32)
where p denotes the momentum operator. The Fermi-Dirac distribution function is indicated by f(kg), and
Eig is the energy eigenvalues of the states associated with the eigenfunction |kg).

On the other hand, the real part is obtained from the Kramer—Kronig dispersion relation [42] as

sl(w)—1+2/52(wwdw’. (3.3)

) @y

Dielectric function is closely related to optical conductivity o(w) and and loss function L(w) as [43]

o(w)= %:)_1) (3.4)

1)

L =zmraw

(3.5)

Since there is a significant change in the band gap after considering the mBJ potential, we discuss optical
calculations within mBJ. Given the hexagonal symmetry of Cs;Ni3S4, we limited our investigation of optical
anisotropy to the x and z directions. Figure 6 illustrates the energy-dependent optical properties of the
material, showing how these properties vary with direction within the energy range of 0—10 eV.

Figure 6(a) shows the real part of the dielectric function (g;(w)), which is related to the ability of the
material to refract or transmit radiation. The x and z components are denoted by ¢}, and €}, respectively.
The &, (w) also plays an important role in determining the other optical properties of materials, such as
refractive index, reflectivity, and transmission of light. The computed static dielectric functions, represented
by £1.¢(0) and €,,,(0), have respective values of 4.79 and 4.00, respectively. Correspondingly, n(0) = +/€;(0)
gives static refractive index as 2.19 and 2.00 along x and z direction, indicating clear optical anisotropy. In the
energy range of 0-1.8 eV and 0-1.4 eV, we observe a slow rise of €; (w) in the x and z directions, respectively.
Sharp peaks at 2.2 eV and 1.8 eV in €),(w) and ;,,(w), respectively, correspond to the first interband
transition in the system. The features exhibited by the real part of the dielectric function (figure 6(a)),
including the negative values, are the typical signatures of interband transitions that can be related to the
maxima in the imaginary part and, to some extent, in the loss function. Additionally, we observe sharp peaks
at~23.2eV and 5.2 eV in 1, (w), and at ~4.3 eV and 6.5 eV in €1,,(w), which correspond to interband
transitions.

In figure 6(b), the imaginary part of the dielectric function (&,(w)) is displayed, which characterizes the
material’s absorption or dissipation of radiation in response to an external electromagnetic field at a given
frequency w. It is a measure of the electronic transition strength and is closely linked to the band structure.
The spectrum starts to emerge beyond 1.5 eV, resulting in an optical gap. We observe a sharp increase in
£;(w) at =2.4 eV and 1.8 eV along x and z directions, respectively, where optical response occurs and
represents the energy of the initial inter-band transition between the valence band maximum and
conduction band minimum. In the z direction, other significant peaks are observed at ~4.5¢V and 6.6 ¢V,
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Figure 6. Optical properties of Cs;Ni3S4 calculated within GGA + mB]. (a) real part of the dielectric function €; (w). (b)
Imaginary part of the dielectric function €, (w). (c) Energy loss spectrum L(w). (d) Optical conductivity o(w) (in Ohm~! cm™1).

with smaller peaks appearing around 3.2 eV and 5.3 eV in x direction. These multiple peaks correspond to
the interband transitions from the Ni-3d valence band to the S-3p conduction band and are consistent with
the result obtained in figure 6(a). Beyond 6.6 eV, the peaks begin to decrease, eventually disappearing at
higher energy ranges.

Figure 6(c) depicts the electron energy loss in correlation to photon energy. It characterizes the
energy-dependent attenuation of the electric field of light as it passes through the material. Peaks begin to
appear after approximately 2.2 eV and 1.8 eV along the x and z axes, respectively, suggesting photoelectron
energy loss beyond that point. It is generally prominent around the plasmon energy. The most notable peak
in the L(w) spectra corresponds to the characteristic associated with the plasmon resonance, and such a peak
is observed at 2.5 eV in the x-direction. Figure 6(d) displays the optical conductivity (o(w)) as a function of
energy. Peaks are noticeable around 2.5 eV, 3.2 eV, and 5.3 eV along the x direction, while sharp peaks can be
seen around 1.8 eV, 4.5 ¢V, and 6.6 eV along the z direction. These outcomes are in agreement with the &, (w)
results we obtained in figure 6(b). In general, Cs;Ni3S, is optically active in the visible and lower ultraviolet
energy ranges. Therefore, this material may be a promising candidate for optoelectronic applications.
Nonetheless, it is crucial to note that precise predictions necessitate careful consideration of factors such as
electron—phonon interactions, many-body effects, and disorder.

4. Summary

By means of DFT approach, we performed electronic and optical calculations on the kagome crystal
Cs;Ni3S,. From the electronic structure calculations the material is found to be an indirect band gap
semiconductor. As the tuned band gap (~1.4 eV) is found suitable for optical applications, we considered
optical properties through the calculations of dielectric function, loss function, and optical conductivity. Our
findings demonstrate that the material exhibits optical activity within the visible and lower ultraviolet energy
range. These results suggest the potential of the Cs;Ni3S, system as a promising candidate for optoelectronic
applications. In addition, we considered Cs-vacancy defect in Cs,NizS4. The removal of one Cs atom from
the system gives rise to half-metallic ferromagnetism making the material as a suitable candidate for
spintronic device applications.
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By means of first-principles density-functional theory calculations, we investigate the role of hydrostatic
pressure in the electronic structure of the T; (Pmn2;) and 1T” (Pm) phases of the Weyl semimetal Moy s Wy 5Te,,
which is a promising material for phase-change memory technology and superconductivity. We particularly focus
on changes occurring in the distribution of the gapless Weyl points (WPs) within the 0 to 45 GPa pressure range.
We further investigate the structural phase transition and lattice dynamics of the 7; and 17" phases within
the aforementioned pressure range. Our calculations suggest that both the T; and 17" phases of Moy sWysTe,
host four WPs in their full Brillouin zone at zero pressure. The total number of WPs increases to 44 (36) with
increasing pressure via pair creation up to 20 (15) GPa for the 7; (17") phase, and beyond this pressure pair
annihilation of WPs starts occurring, leaving only 16 WPs at 45 GPa in both phases. The enthalpy versus pressure
data reveal that the 17" phase is more favorable below the critical pressure of 7.5 GPa; however, beyond this
critical pressure the 7, phase becomes enthalpically favorable. We also provide the calculated x-ray diffraction
spectra along with the calculated Raman- and infrared-active phonon frequencies to facilitate the experimental

identification of the studied phases.

DOI: 10.1103/PhysRevB.105.125138

I. INTRODUCTION

The study of topological materials is of high interest
at present due to their potential applications in emerging
technology [1-9]. Weyl semimetals (WSMs), one class of
topological materials, have attracted special attention since
their experimental realization in 2015 [10-15]. Breaking of
either time-reversal symmetry or spatial-inversion symmetry
or both in WSMs results in a particular electronic band struc-
ture possessing crossings of the nondegenerate valance and
conduction bands near the Fermi level Er, forming gapless
Weyl points (WPs) and Weyl cones [16]. The low-energy elec-
tronic excitations near these WPs behave as massless Weyl
fermions [17-25]. WSMs are interesting due to their exotic
properties such as WPs acting as the sources and sinks of the
Berry curvature in momentum space, the existence of open
Fermi-arc states connecting two opposite WPs, extremely
large magnetoresistance [26—29], and various quantum Hall
phenomena [30-37]. Moreover, based on the tilting of the
band crossings near the Fermi level Er, two types of WSMs
are reported: (i) type-I WSMs that preserve the Lorentz in-
variance whose Fermi surface shrinks to zero when Efr is
set at the energy of the WPs and (ii) type-Il WSMs that
violate the Lorentz invariance due to peculiar tilting of the
Weyl cone such that WPs occur at the touching points of
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electron and hole pockets and whose Fermi surface never
shrinks to absolute zero when Ef is set at the energy of the
WPs [3,20,22,34,38,39].

WSMs belonging to the transition metal dichalcogenide
(TMD) family are special, mainly because the s, p, and d
orbitals in these systems hybridize to form bands near the
Fermi level, which often yield various fascinating properties
such as distinct quantum phase transitions between different
structures, thermal and optical properties, topological domain
walls, different kinds of Hall effects, and superconductiv-
ity [40—46]. Notably, dome-shaped superconducting behavior
is observed in MoTe, with a transition temperature of 0.01 K
that increase to 8.2 K at 11.7 GPa pressure [42,44,47-49].
MoTe, and WTe, are among the first reported WSMs with
four WPs in their momentum space due to the broken in-
version symmetry [22,50-61]. The application of external
pressure and strain has been reported to play a vital role in
tuning the WSM phase in MoTe, and WTe, [58,62-64].

Substitution of W by Mo in WTe,, forming the poly-
morphic structure Mo, W_,Te,, is reported to control the
structural phase transition, transport properties, thermal con-
ductivity, Weyl phase, and superconductivity in this sys-
tem [65-72]. Depending on the magnitude of the pressure
applied to Mo, W;_,Te, (x =0.9, 0.6, and 0.25), the supercon-
ducting transition temperature can be tuned [73]. Moreover,
a tunable WSM phase and Fermi-arc states can be real-
ized in Mo,W,_,Te, (x < 0.5) by varying x [74-76]. By
means of the temperature-dependent elastic neutron scattering
measurements, Schneeloch er al. [70] recently investigated
the monoclinic 17" to orthorhombic T, structural phase

©2022 American Physical Society
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transition in Mo;_,W,Te, as a function of the W sub-
stitution and temperature. They observed that the 17'-T;
phase transition is accompanied by an intermediate pseudo-
orthorhombic phase T;, which was first reported by Tao
et al. [72] for pure MoTe,. Notably, the intermediate 7,/ phase
exists only up to concentration x = 0.34 and vanishes for
x > 0.34. Their results further suggest that at room temper-
ature the Moy s Wy sTe, composition favors the 7; phase [70].
Marchenkov et al. [71] experimentally studied the trans-
port and optical properties of single-crystal Moy sWy sTe,.
Their temperature-dependent resistivity data revealed the
metallic nature of the system. Li e al. recently performed
dimensionality-dependent transport measurements on a spe-
cial Moy sWy sTe, sample having a thickness gradient across
two- and three-dimensional regimes and reported strong evi-
dence that this material is a type-Il WSM [77].

The experimental observation of pressure-controlled su-
perconductivity in Moy sWgsTe, [73] calls for a systematic
investigation of the pressure-induced changes occurring in
the crystal structure, electronic structure, and WSM phase of
this system. In this work, we theoretically study the struc-
tural, vibrational, and topological electronic properties of
Moy.sWo.sTe; as a function of the hydrostatic pressure within
a 0 to 45 GPa pressure range. We explore the aforementioned
properties of two candidate crystal phases of Moy sWy sTe,,
T, and 17", as a function of the applied pressure. Our calcula-
tions indicate that both of these phases are dynamically stable
within the studied pressure range and both of them host a num-
ber of WPs in their momentum-energy space. Interestingly,
WPs in both phases can be created via pair creation, destroyed
via pair annihilation, and shifted in the momentum-energy
space by application of external pressure. Such tunability
of the Weyl phase is desired to harness various transport
and optical properties of WSMs [2—4,78-81], particularly
those associated with the nonzero Berry-curvature dipole such
as the nonlinear Hall effect [82,83], circular photogalvanic
effect [84-86], and nonlinear optical responses [86—88]. Fur-
thermore, creation (annihilation) of WPs near the Fermi level
as well as their shifting in the momentum-energy space can
enhance (suppress) electronic transport properties in WSMs.
Our work implies that Moy s Wy sTe, exhibits a variety of in-
teresting topological properties at higher pressures, and it may
provide a novel platform for the realization of Weyltronics.
Furthermore, our results suggest an increase in the supercon-
ducting transition temperature at higher pressures, which is in
agreement with recent experimental observations [43,73].

II. COMPUTATIONAL DETAILS

The density-functional theory (DFT) calculations were per-
formed using the projector augmented wave (PAW) method
as implemented in the Vienna Ab initio Simulation Package
(VASP) [89-91]. Six valence electrons were considered in
the PAW pseudopotentials of Mo, W, and Te. The Perdew-
Burke-Ernzerhof generalized gradient approximation (GGA)
was used to compute the exchange-correlation functional [92].
The GGA-opt86b is more accurate exchange functional used
for the van der Waals (vdW) density-functional correc-
tions [93-95]. The reciprocal space was sampled using a
['-centered k mesh with a size of 8 x 12 x 4 together with

a kinetic energy cutoff of 600 eV for plane waves. The energy
and force convergence criteria were set to 1078 eV and 107*
eV/A, respectively. The hydrostatic pressure was applied up
to 45 GPa. The crystal structures were fully optimized in
the inner coordinates as well in the cell parameters for each
pressure considering spin-orbit coupling (SOC) and GGA-
opt86b vdW corrections [93-95]. All the DFT calculations
were carried out in a 12-atom unit cell of Moy sWj 5Te,. The
optimized lattice parameters for the 7; phase at zero pressure
are a = 6.301, b = 3.490, and ¢ = 14.076 A, and cell angles
are « = B = y = 90°, which are in excellent agreement with
the experimental data reported in Ref. [70].

The phonon calculations were performed using the finite-
difference approach using 2 x 3 x 1 supercells. SOC was
considered in all phonon calculations. The PHONOPY [96]
package was utilized to plot the phonon dispersions. The
MECHELASTIC [97,98] package was used to perform the
equation of states (EOS) analyses using the enthalpy ver-
sus pressure data. In order to understand the distribution of
Weyl points in the momentum-energy space, we compute
the real-space Wannier Hamiltonian using the full potential
local orbital (FPLO) code, version 18 [99]. We employed the
above-mentioned DFT convergence parameter in all the FPLO
calculations. The Wannier fitting was done using the PYF-
PLO [99] module of the FPLO package considering Mo 4d
and 5s, W 5d and 6s, and Te 5s and 5p as the local orbital
basis. The PYPROCAR code [100] was used to investigate the
DFT-calculated electronic band structures, and VESTA [101]
software was used to draw the crystal structures.

III. RESULTS AND DISCUSSION

A. Crystal structures

In order to theoretically investigate the electronic structure
of Moy sWy sTe,, we prepare two candidate crystal structures,
as shown in Figs. 1(a) and 1(b), by taking the parent 7; phase
(space group Pmn2;) of WTe, and systematically substituting
one W atom by one Mo atom in each vertically stacked layer.
There are two possible ways to carry out such a substitution.
First, we consider a scenario in which the ordering of Mo
and W atoms is reversed in the adjacent vertically stacked
layers, i.e., (Mo-W) - - - (W-Mo) - - - (Mo-W) - - - . This results
in a crystal structure belonging to space group Pmn2; (No.
31), similar to the parent 7; phase; hence, we call this structure
the 7; phase. Note that this structure retains the vertical glide-
mirror symmetry, as discussed in Ref. [37]. Also, this structure
does not break the orthorhombic symmetry of the parent 7,
structure after a free DFT relaxation.

Second, we consider a scenario in which ordering of the
Mo and W atoms remains the same within the adjacent
vertically -stacked layers, i.e., (Mo-W)---(Mo-W)--- (Mo-
W) - --. Such a configuration breaks the vertical glide-mirror
symmetry [37] and results in space group Pm (No. 6) after a
free DFT relaxation of the unit cell. Note that the optimized
structure is slightly distorted from the parent orthorhombic
cell to a distorted monoclinic cell with a monoclinic cell angle
of B # 90°, which varies as a function of the applied hydro-
static pressure, as we discuss below. Although this monoclinic
structure is similar to the 17 phase (space group P2;/m) of
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FIG. 1. (a) and (b) Crystal structures of the 7; and 17" phases of Moy sW sTe,. Note that 17" has a subtle monoclinic distortion due to
the cell angle B # 90°. (c) Enthalpy versus pressure phase diagram for the 7; and 17" phases. The critical pressure P at which the structural
phase transition occurs is predicted to be near 7.5 GPa. Inset: an enlarged view near the crossing point. (d) The enthalpy difference AH (=
Hp, — Hirr) as a function of pressure. () and (f) Calculated phonon spectra (with SOC) at 0 and 45 GPa pressure for the 7; and 17" phases.
We would like to note that we decided to plot the phonon dispersion for the 17" phase along the same high-symmetry & path as in the 7, phase
for the sake of better comparison, although the 17" phase has a subtle monoclinic distortion (see the SM [102] for details). (g) The calculated
x-ray diffraction (XRD) patterns for the 7, and 17" phases at 0 GPa pressure. The signature peaks in both phases are marked in magenta. More
details about the crystal structures, calculated XRD patterns, phonon spectra calculated at higher pressures, and a comparison of the calculated
Raman-active phonon frequencies with the available experimental data are provided in the SM [102].

TMDs, it is lower in symmetry due to the broken inversion and
vertical glide-mirror symmetries [37]. Therefore, we decide
to call this monoclinic phase the 17" phase. We note both of
the structures, T and 17", have broken inversion symmetry,
which is a fundamental requirement for nonmagnetic Weyl
semimetals.

Before moving further, let us briefly discuss the possible
reason behind the observed monoclinic distortion in the 17"
phase. One could imagine the presence of an in-plane po-
larity orientation determined by the peculiar ordering of Mo
and W atoms with different electronegativities within each
vertically stacked layer, as shown in Figs. 1(a) and 1(b). In
Fig. 1(a), where the ordering of Mo-W pairs is reversed as
we move in the vertical direction, the in-plane polarity would
reverse its sign in the adjacent vertically stacked layers, i.e.,
—+—+4+.-- or+ —+ — - (antipolar order). Here, + and
— signs denote the polarity orientation parallel or antiparallel
to the a lattice vector. In such a configuration, a free relaxation
of structure does not require any monoclinic distortion of the
orthorhombic cell due to the perfect cancellation of dipo-
larlike interactions along the vertical direction (not strictly
speaking because partial screening of electric dipoles may

occur due to the semimetallic nature of this system). On the
other hand, in Fig. 1(b), where the ordering of Mo-W pairs is
the same in the adjacent vertical layers, the in-plane polarity
would be parallel in the adjacent layers, i.e., — — — — - -- or
+ 4+ + + - - -, similar to that of the 17" phase [37,46]. Hence,
in order to minimize the total free energy such structures tend
to exhibit a monoclinic distortion due to the sliding of the
adjacent polar layers along the in-plane direction, as discussed
in Ref. [37].

B. Pressure-induced effects on the T; and 17" structures

Next, we test the relative stability of the T, and 17" phases
as a function of pressure. Our calculations reveal that the
enthalpy difference AH between these two phases is very
small [Figs. 1(c) and 1(d)]. This implies the likelihood of the
formation of a solid solution of the T; and 17" phases at finite
temperatures. We find that below the critical pressure (Pr =
7.5 GPa), the 1T” phase is more favorable, whereas above
Pc the T; phase is preferred. We further performed the EOS
analyses using the Birch, Vinet, and Birch-Murnaghan models
as implemented in the MECHELASTIC package [97,103,104].
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FIG. 2. (a) and (b) The optimized lattice parameters normalized
to the lattice parameters obtained at zero pressure (ag, by, ¢o) and
(c) the calculated density of states (states/eV) at the Fermi level
N(Er) plotted as a function of pressure for both the 7, and 17"
phases. (d) Pressure-dependent variation in the monoclinic cell angle
B for the 17" phase. Note that 8 = 90° for the 7, phase.

The difference between the obtained EOS fitting parameters
for the T, and 1T” phases is minimal (see the Supplemental
Material (SM) [102] for more details).

The phonon spectra calculated considering the SOC and
vdW corrections for both the T [Fig. 1(e)] and 17" [Fig. 1(f)]
phases demonstrate the dynamical stability of these phases at
zero pressure as well as at higher pressures (see the SM [102]).
We notice an increase in the phonon frequencies with increas-
ing pressure; that is, phonons harden at higher pressures. No
dynamical instability was observed in either phase within the
studied pressure range. A list of the infrared- and Raman-
active phonon frequencies calculated at different pressures is
provided in the SM [102]. We hope this can facilitate experi-
mental identification of the T; and 17" phases.

Furthermore, we calculate the x-ray diffraction (XRD) pat-
terns of the 7; and 17" phases at various pressures using a
Cu Ko x ray with a wavelength of 1.5406 A. Figure 1(g)
shows the calculated XRD patterns at zero pressure (data at
higher pressure are provided in the SM [102]). Although the
calculated XRD spectra look quite similar for both phases,
there are some signature peaks, marked using magenta stars,
which are present in one phase but absent in the other. These
peaks can be used to distinguish between the T; and 17"
phases in real crystals. Notably, the calculated peak position
for the (002) crystallographic peak and the Raman-active
phonon frequencies (see the SM [102]) match remarkably
well with the reported experimental data for Moo sWy sTe,
single crystals [65].

Figures 2(a) and 2(b) show the pressure dependence of the
DFT optimized lattice parameters for the T; and 17" phases.
We observe a very similar trend in the pressure-dependent
structural parameters of both phases. To highlight the

observed trend, we plot the normalized lattice parameters with
respect to the lattice parameters obtained at zero pressure. We
observe the maximum change in the c lattice parameter with
varying pressure. At 45 GPa, the c lattice parameter decreases
by ~15% for both phases, whereas the relative change in
the a and b lattice parameters is less than 10% within the
studied pressure range. Such behavior is expected owing to
the weak vdW interaction along the out-of-plane ¢ axis. The
optimized Mo-W bond length shows a pressure-dependent
behavior similar to that of the in-plane lattice parameters. The
Mo-W bond length decreases from a value of 2.85 A at zero
pressure to 2.70 A at 45 GPa. This is an almost 5% decrease
in the Mo-W bond length. On the other hand, the maximum
compression in the Mo-Te and W-Te bond lengths is nearly
4% at 45 GPa.

Strikingly, the Te-Te interlayer distance undergoes the
maximum change (~24%) as a function of external pressure
in both the 7; and 17" phases; the optimized Te-Te interlayer
distance decreases from 3.93 A at zero pressure to 2.98 A at
45 GPa. References [73,105] pointed out that such a softening
of the Te-Te interlayer vibrational mode substantially con-
tributes to the overall electron-phonon coupling, which could
possibly be the origin of the emergence of superconductivity
in this system.

Figure 2(d) shows the variation in the monoclinic angle
B as a function of the pressure for the 17" phase. With
increasing pressure, the cell angle g tends to approach 90°,
which implies a decrease in the monoclinic distortion and a
preference for the orthorhombic 7; phase at higher pressures.
This is consistent with the data shown in Fig. 1(d).

Since Mo sWysTe, is particularly interesting due to its
superconducting properties [73], we calculate the density of
states at the Fermi level N(EF) as a function of pressure for
both the T; and 17" phases, as shown in Fig. 2(c). A system-
atic increase in N(EF) with increasing pressure was observed
in both phases. We would like to note that phonons also harden
with increasing pressure [see Figs. 1(e) and 1(f)]. Thus, an
increased N (Er) together with the higher phonon frequencies
implies an enhancement in the effective electron-phonon cou-
pling at higher pressures, which could substantially increase
the superconducting transition temperature in this system at
higher pressures [47,105—-107]. This is consistent with recent
experimental observations [43,73].

C. Pressure-tunable Weyl semimetal phase

The band structure calculations of the 7; and 17" phases
for different pressures are presented in Figs. 3 and 4. The top-
most valence band indicated in green forms the hole pocket,
and the bottom of the conduction band indicated in red forms
the electron pocket near Er along the I'-X, S-I"-Y, and U-Z-T
high-symmetry directions of the Brillouin zone (BZ) [108].
These electron and hole pockets touch each other at discrete
points in the momentum space, forming type-1I WPs [22]. The
change in pressure affects the size of the electron and hole
pockets in the momentum space. With increasing pressure,
these pockets come close to each other, producing more band
crossings, as implied in Figs. 3 and 4. A similar trend is found
for the 17" phase.
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FIG. 3. Band structures of the 7; phase calculated at pressure values of 0, 5, 10, 15, 25, and 45 GPa with the inclusion of SOC. Red in the
band structures represents the lowest conduction band, and green represents the highest valence band. The dashed horizontal line marks Ef

(Er =0eV).

TMDs are the first class of materials to host type-II WPs.
Soluyanov et al. first reported type-II WPs in pure WTe,
located between 0.052 and 0.058 eV above Er [22]. Sixteen
WPs are found in k space with eight WPs at the k, = 0 plane
and eight more WPs off the plane (k; # 0, i = x, y, and 2).
With inclusion of SOC all the WPs at k; # 0 are annihilated,
leaving only 8 of the 16 WPs. Similarly, Sun et al. predicted
the type-II WSMs in MoTe, [58]. Eight WPs are recorded at
two different energies, 6 and 59 meV above Ef.

Here, in our study with 50% substitution of Mo on WTe,
without the application of pressure, we report four WPs at an
energy state 55 meV above Er at the k, = 0 plane for the

T, phase. In contrast, a similar number of WPs are recorded
for the 17" phase but at a different energy state, 93 meV
below Ef at the k, # 0 plane. The energy of the WPs obtained
for the 7, phase is in agreement with the energy of WPs for
MoTe, [58] and WTe; [22], whereas the 17" phase hosts WPs
below Er. Moreover, the chemical effect is also found to play
a significant role in the change in the total number of WPs in
Moy sWy sTes.

We obtain a total of four WPs (W) in the first BZ of the
T; and 1T” phases of MoysWq5Te, at zero pressure. The
coordinates of the nonequivalent W; WPs are given in Table I;
the other three WPs are the mirror reflections of W, at zero
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FIG. 4. Band structures of the 17" phase calculated at pressure values of 0, 5, 10, 15, 25, and 45 GPa with the inclusion of SOC. Red in
the band structures represents the lowest conduction band, and green represents the highest valence band. The dashed horizontal line marks
Er. For a better comparison the k paths of the 17" phase are also chosen to be the same as in the 7, phase.
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TABLE I. Location of W; WPs in the momentum space of the 7
and 17" phases at zero pressure

2 2 2 Lo
WP ky (7) ky (7) k, <7> Chirality x
Wi(Ty) —0.132 —0.095 0.000 +1
W, (T") —0.004 —0.200 —0.416 +1

pressure. There is variation in the total number and locations
of WPs due to the application of hydrostatic pressure. Below
we discuss the role of the hydrostatic pressure in the Weyl
phase of T;- and 17"-Mog Wy sTe,.

1. Pressure effects on the T; phase

The variation in the number of WPs and their energy states
for the T; phase is presented in the graphical plots in Figs. 5(a)
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and 5(b). On increasing the pressure value to 1.5 GPa new sets
of WPs, W, and W3, are generated along with the initial W1,
making the total number of WPs 20. Here, we notice that the
pressure shifts the energy state of W to Ep 4+ 75 meV. The
eight newly created copies of W, and W3 are found in the
energy states of Er + 8 meV and Er — 7 meV, respectively.
No further creation of WPs up to a pressure of 8 GPa occurs;
the position and energy states of the WPs simply vary with the
pressure. The energy state of W rises to the highest value of
Er 4+ 139 meV at 8 GPa pressure and decreases on a further
increase of the pressure, getting closest to the Fermi level
(energy state Er + 1 meV) at 35 GPa and shifting below the
Fermi level above that pressure. The pair creation of W, and
W5, each with four WPs, occurs at 9 GPa and continues up to
10 GPa, getting annihilated above that pressure. The highest
number of WPs is observed at 20 GPa, and a constant number
of 16 WPs is observed at 30 to 45 GPa.
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FIG. 5. (a) Energy states of WPs with respect to Er calculated at different values of pressure for the 7, phase. (b) Stack-bar diagram
showing the creation and annihilation of the WPs from O to 45 GPa for the T, phase. (c) Energy states of WPs corresponding to different
pressures for the 17" phase. (d) Stack-bar diagram showing the creation and annihilation of the WPs from O to 45 GPa for the 17" phase. The
total number of WPs at each pressure is written at the top of each bar. See the SM [102] for more details regarding the number and location of

WPs obtained at each pressure.
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2. Pressure effects on the 1T" phase

Pressure also has an impact on the dynamics of WPs in
the 17" phase. Pair creation and annihilation of WPs as a
function of pressure are noticed in the momentum space of the
17" phase. Here, the W; WPs continue to exist up to 10 GPa,
getting annihilated with a further rise in pressure. Similarly,
the W, WPs are created at 5 GPa pressure and exist up to
40 GPa and then get annihilated. A similar phenomenon of
pair creation and annihilation is noticed for the other energy
state of WPs as well, which is summarized in Figs. 5(c)
and 5(d). More energy states of the WPs are observed in the
17" phase compared to the T; phase due to its lower symme-
try. In terms of the total number of WPs, the highest number of
36 is observed at 15 GPa pressure, whereas a constant number
of 16 WPs is noticed for pressures beyond 40 GPa.

IV. SUMMARY

In summary, we studied the structural, vibrational, elec-
tronic, and topological Weyl properties of Moy ;W sTe, by
means of first-principles DFT calculations. We found that
there are two possible candidate structures, T; and 17", for
50:50 Mo:W substitution. We studied the aforementioned
properties of these two phases in the 0-45 GPa pressure
range. We found that both structures are energetically and
dynamically stable in the studied pressure. The calculated
x-ray diffraction spectra and the infrared- and Raman-active
phonon frequencies indicate that these two phases can be iden-
tified in experiments, although they are likely to form solid
solutions due to the subtle difference in their enthalpies at low
pressures. The T; (1T") phase is theoretically more favorable
at higher (lower) pressures, with the critical pressure being
7.5 GPa. Our calculations revealed that the density of states

and phonon frequencies increase dramatically with increasing
pressure in both phases, which is indicative of larger electron-
phonon coupling at higher pressures, and it could substantially
increase the superconducting transition temperature in this
system at higher pressures.

Interestingly, we found that both the T; and 17" phases
host a number of WPs in their momentum-energy space. The
total number and location of WPs can be controlled by varying
hydrostatic pressure. Four WPs were obtained in the 7; and
1T” phases at zero pressure. The total number of WPs in-
creased to 44 (36) with increasing pressure, via pair creation,
up to 20 (15) GPa for the T, (1T") phase, and beyond this pres-
sure, pair annihilation of WPs started occurring, leaving only
16 WPs at 45 GPa in both phases. Therefore, we can conclude
that pressure can tune WPs to the desired location, generate
new WPs, and also annihilate them, thus providing an ideal
platform for the realization of Weyltronics in Moy sWq sTe,.
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Abstract: Semiconducting materials, especially with a direct band gap, are helpful for modern photovoltaic and opto-
electronic device fabrication. Here, based on density functional theory calculations, we predict the electronic
and magnetic properties of RbaMnsS4 by using the full potential local orbital code. Considering different con-
figurations such as nonmagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic, the magnetic ground
state was found to be ferrimagnetic with the lowest total energy. The calculated effective magnetic moment
is 10ppunit cell (two formula units) resulting from the opposite spin interaction between Mn (I) and Mn (II)
atoms in RbaMn3S4. From our calculations, RbaMn3S4 is found to be a semiconductor with a direct energy
band gap of 0.75 eV. With the inclusion of the Coulomb interaction (i.e., GGA+U), the band gap is found to
rise to 2.34 eV for U = 4 eV.

Keywords: Density functional theory e Electronic structure @ Semiconductor e Magnetism e Density of states e
Magnetic moment

I. Introduction

The solid material whose conductivity lies between the insulator and metal is known as a semiconductor. Si
and Ge are two well-known elemental semiconductors, whereas GaN GaP, GaSb, GaAs, InSb, GaAsSb, AlGalnP,
etc. are some famous examples of compound semiconductors [1]. In compound semiconductors, nonmagnetic
(NM), ferromagnetic (FM), antiferromagnetic (AFM) and ferrimagnetic (FIM) semiconductor are extensively
studied theoretically as well as experimentally [2]. The magnetic semiconductor research is very attractive, due
to its concurrent spontaneous magnetization and semiconducting properties [3-6]. Materials with these qualities
are intriguing to microwave devices [7]. The FM semiconducting material LaoNiMnOg was reported to be near
room temperature based material for spintronics applications. The application of a magnetic field can control
the magnetic, electrical, and dielectric properties [8]. Other FM semiconductors which are predicted through the
density functional theory (DFT) is RbLnSe; (Ln = Ce, Pr, Nd,Gd) [9]. Similar to the FM semiconductors, AFM

semicondutors are also studied, for instance, S2IrO4. It was experimentally observed that Sr2IrO4 has anisotropic

Corresponding Author: madhav. ghimire@Qcdp.tu.edu.np
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magnetoresistance [10]. Additionally, a ternary selenide NasMnsSey is a frustrated AFM semiconductor at 27 K.
It was reported to have an indirect band gap semiconductor with gap size of 1.59 ¢V [11]. FIM semiconductors
has also been found, such as CaCusFeaSba012 [12], CaCusFeaV2012, CaCusFe2Taz012 [13], and CaCusMnsO12
[14], which has a direct band gap, and can utilized in practical applications for photoelectron materials. The
widespread use of magnetic semiconductor can be a result of their excellent efficiency in terms of photocarrier
life times. With the numerous number of possible application but less availability of magnetic semiconductor

materials, we are motivated to explore magnetic materials with semiconducting character.

In this study, we have used the DFT approach to analyze the electronic and magnetic properties of exper-
imentally synthesized RbaMn3S,s. We predict that the ferrimagnetic semiconductor RbaMns3Ss can have a net
magnetic moment of 10 pp per unit cell (two chemical formula unit). With a band gap of 0.75 eV, the material

possesses a direct band gap.

II. Methods

We used the full-potential local orbital code (FPLO) [15], version 18.00-52, within the generalized gradient
approximation (GGA) and with the inclusion of Coulomb interaction, GGA+U approach. A localized atomic basis
and full potential treatment is applied to analyze the electronic band structure and associated characteristics of
Rb2Mn3Ss using DFT. The exchange-correlation energy functional employed is based on Perdew, Burke, and
Ernzerhof’s (PBE-96) [16] parameterization. While considering correlation effects, we have used U = 4 eV for our
system. A 12 x 12 x 12 k-mesh grid has been used throughout the whole Brillouin zone. The energy convergence

criterion was set to 1078 eV for the self-consistent calculations.

ITI. Results and Discussion

Crystal structures

RbzMn3zSy (Fig. 1) has been reported to be a body-centered orthorhombic structure with symmetry space
group Ibam (space group no. 72). The structure has three dimensions. Eight equivalent S~ atoms form a body-
centered cubic geometry connection with Rb'". There exist two different sites of Mn**. Mn?" is linked to four
equivalent S~ atoms in the initial Mn?" site, creating a mixture of edge and corner-sharing MnS, tetrahedra.
The experimental lattice parameter of RboMnsSy are a = 5.84A,b = 11.21A, ¢ = 13.66A and angles a = 8 = v =
90°, respectively. The atomic Wyckoff positions are [0.268, 0.119, 0.0] for Rb, [0.0, 0.276, 0.25] for Mn(I), [0.0,
0.0, 0.25] for Mn(II), [0.2183, 0.133, 0.344] for S [17].
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Figure 1. Crystal structure of RbaMn3zS4

Electronic structure

We start with studying the total and partial density of states (DOS) within GGA for the ferrimagnetic
ground state, as shown in Fig. 2(a) and Fig. 2(b). A band gap of 0.75 eV is observed between the valence
band and the conduction band. The main contributions to the total DOS are seen from the Mn(I)-3d, Mn(II)-
3d and S-3p orbitals around Er. In the conduction region, S-3p and Mn(II)-3d dominate above EF in spin-up
channels, while in spin-down, Mn(I)-3d has significant contributions. On the other hand, below Er, Mn(I)-3d
states significantly contribute to spin-up, while the spin-down channel is contributed by Mn(II)-3d hybridizing
with the S-3p states. Generally, the DFT technique underestimates the size of the electronic band gap. To resolve
this issue, we apply the Hubbard parameter (U), which plays a significant role in handling the delocalized d-bands
resulting in the correct prediction of the experimental band gap. This was done following the literatures [11, 18-20]
, which suggests that the appropriate value of U for Mn is between 3 and 4 eV in most cases. We thus report our
result using 4 eV. The total and partial DOS within GGA+U is shown in Fig. 2(c) and Fig. 2(d). Interestingly,
the Mn-3d states below Er shift far below, with some minor states around Er hybridizing significantly with
the S-3p states. The band gap so formed is of charge-type between the Mn(I) and S-3p states. Focusing now on
the electronic band structure of RboMnsSy in scalar relativistic mode (see fig. 3(a,b)), both the valence band
maximum (VBM) and the conduction band minimum (CBM) lies at the high-symmetry point Z in the momentum
space dictating that the material RboMnsS, is a direct band semiconductor. This suggests that electrons can
transfer straight from the VBM to the CBM. In particular, the band gap makes RbaMn3S4 an attractive choice
for photovoltaic and optoelectronic devices due to the finite gap size within the visible range [13]. The calculated

energy gap within GGA and GGA+U are 0.75 and 2.34 eV, respectively.
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Figure 2. Total and partial DOS of RbaMn3Sy in scalar relativistic mode within GGA and GGA+U (with U=4
eV for Mn).

We further calculate the band gap considering U (for Mn) ranging from 1 to 6 eV. Interestingly, with

increased U, the electronic band gap is shown in Fig. 4. For U = 4 eV, we observed a direct band gap of 2.34 eV.
Magnetic properties

From the total energy calculations, the ferrimagnetic (FIM) configuration is the magnetic ground state with
a total energy difference of 2.6 eV between the FM and FIM states. In the FIM configuration, two inequivalent
Mn atoms Mnl and Mn(II), align antiferromagnetically as Mn(I)f-Mn(II)| interacting with each other via Sn-3p
orbitals. The calculated effective magnetic moments is 10 ug/unit cell with an individual moment of 4.4 ug for
Mn(I) and 4.1 pp for Mn(II), with polarized moment transfer to Sn (0.07 up) atoms. However, the effective
magnetic moment within GGA+U remains the same (10 up/unit cell) as that of GGA; the individual moment
rises slightly to 4.8 up and 4.7 ug for Mn(I) and Mn(II), mainly due to correlation effects. We further consider the

relativistic effect (spin-orbit coupling) to identify the magnetic easy axis along [001], [010], and [100] directions.
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The magnetic easy axis was found along [010] while the hard axis is along [100] direction. The calculated magnetic

anisotropic energy is ~0.4 meV per unit cell, suggesting the minimal effect of spin-orbit coupling in RbaMnsS4.
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Figure 3. Electronic band structure of RboMn3zS4 in scalar relativistic mode for GGA and GGA+U (with U=4
eV for Mn). The Fermi level is set to zero.
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IV. Conclusions

Using the density functional theory approach, we investigate the electronic structure and magnetic properties
of RbaMnsSs. The material is found to be a direct band gap magnetic semiconductor with a gap size of 0.75
eV within GGA. The ferrimagnetic RbaMn3sS4 has a total magnetic moment of 10ug/unit cell. Identifying new
magnetic direct band gap semiconductors opens the door for additional experimental research for this group
of materials that could be used to fabricate valuable devices, including semiconductor lasers, solar cells, and

light-emitting diodes.
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ABSTRACT

Many opto-electronic and energy efficient devices depend on semiconductors’ direct as well as
indirect band gap. Using spin-polarized density functional theory approach, we calculate the
electronic structure and magnetic properties of K,Mn3S,. We found that this system has a
ferrimagnetic ground state with a saturated magnetic moment of 10ug per unit cell. This was
mostly caused by the antiferromagnetic interaction between the Mn (1) and Mn (1I) atoms, with
individual magnetic moment of 4.2 ug and 4.1 ug, respectively. More significantly, from the
density of states and band structure calculations, K,Mn3S, is noted as a semiconductor with an
indirect band gap of 1.1 eV between the top of the valence band of spin up channel and bottom
of the conduction bands of spin down channel, indicating the material as a promising candidate

for photovoltaic and opto-electronic devices.

Keywords: Density functional theory, Electronic structure, Semiconductor, Density of states,

Magnetic moment.

INTRODUCTION

A semiconductor has an electrical conductivity
values that falls between a conductor (say Cu) and
an insulator (glass). Si and Ge are two well-known
semiconductor elements. Semiconductors have a
number of significant properties, including
resistivity that is lower than that of an insulator but
higher than that of a conductor, a negative
temperature coefficient of resistance, the ability to
behave as an insulator at absolute zero Kelvin, and
the potential to controllably increase conductivity
through the semiconductor [1]. Well known
semiconductors are GaN GaP, GaSb, GaAs, InSb,
GaAsSh, AlGalnP, etc. are a few examples [2].
Compound semiconductor offers a significant
advantage over element semiconductor in
comparison. GaAs, as an example, has the
following benefit over Si: (i) A six times increase in
electron mobility that enables quicker functioning;
(i1) A wider band gap, which enables power devices
to operate more faster at higher temperatures and
produces less thermal noise at ambient
temperatures; (iii) Its optoelectronic properties are
more advantageous than those of indirect band gap
Si because it has a direct band gap; (iv) For
alloying, ternary and quaternary compositions are
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recommended. In compound semiconductors,
nonmagnetic ~ (NM),  ferromagnetic  (FM),
antiferromag-netic (AFM) and ferrimagnetic (FIM)
semiconductor are extensively studied theoretically
as well as experimentally [3-6]. As a NM
semiconductor transistor, bulk inversion asymmetry
in (110) InAs/GaSh/AlISb heterostructures was
proposed [7]. The magnetic semiconductor research
is very attractive, due to its concurrent spontaneous
magnetization and semiconducting properties.
Furthermore, the doping of magnetic atoms in
nonmagnetic materials gives magnetic
semiconductors [8-11]. For instance, SrSn,Fe O, is

a FM semiconductor having a long range
ferromagnetic  order, finite remanence, and
conductivity that falls exponentially  with

temperature. Materials with these qualities are
intriguing for microwave devices fabrication [12]
and also for optoelectronic and photovoltic
applications [13, 14]. The FM semiconducting
material La,NiMnQOgwas reported to be very near to
room temperature for spintronics applications. The
application of a magnetic field can control the
magnetic, electrical, and dielectric properties of
these magnetic material [15]. Other FM
semiconductors which are predicted through the
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density functional theory (DFT) is RbLnSe, (Lh =
Ce, Pr, Nd, Gd) [16]. SrIrO4 is an AFM
semiconductor, reported experimentally having
anisotropic magnetoresistance [17]. A ternary
selenide Na,Mn;Se, is an indirect band gap
semiconductor with a 1.59 eV gap size that exhibits
severely frustrated AFM ordering at 27 K [18].
Though magnetic semiconductors have numerous
applications, there are very few materials available.
This motivated us to explore several magnetic
semiconductor materials. The theoretical electronic
structure of K,Mn;3S, has not been reported yet. In
this study, we used the DFT to analyze the
electronic structure and magnetic characteristics of
experimentally synthesized K,MnsS,. Till date,
their electronic structure and magnetic properties
has not been fully explored. Based on our findings,
we predict that the FIM semiconductor K,MnsS,
can have a net magnetic moment of 10 ug per unit
cell. This was mainly driven by antiferromagnetic
coupling between the Mn (1) and Mn (ll) sites.
K>MnsS, also possesses an indirect band gap of 1.1
eVv.

METHODS

To perform the DFT calculation, we used the full-
potential local orbital code (FPLO) [19], version
18.00-52, within the generalized gradient
approximation (GGA). A localized atomic basis
and full potential treatment is applied to analyze the
electronic  band  structure and  associated
characteristics of K;Mn;S, using DFT. The
exchange-correlation energy functional employed is
based on Perdew, Burke, and Ernzerhof’s (PBE-96)
[20] parameterization. We used the experimentally
synthesized material crystal information such as
unit cell dimension and atomic Wyckoff positions
with full relaxation. A 12 x 12 x 12 k-mesh grid
sample is used for the Brillouin zone. The energy
and force convergence criteria were set to be 10
eV and 102 eV/ A respectively.

RESULTS AND DISCUSSION

a. Crystal structures

KoMnsS, has been reported to be a monoclinic
structure with symmetry space group P2/c (space
group no. 13). By fusing potassium carbonate and
manganese in a stream of hydrogen sulfide at 900
°C, Ky;Mn3;S, has been synthesized [21]. The
structure has three dimensions. There are two
inequivalent K!* sites, Mn?*" sites and S> sites
denoted by K (1), K (11), Mn (1), Mn (I1), S (I) and S
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(11) respectively. Eight S** atoms are connected to
both K'* sites via a cubic bond with a body-
centered shape. In order to create a mixture of
corner and edge-sharing MnS, tetrahedra, Mn% s
bound to four S* atoms at both Mn?* sites. S*" is
linked to four K'* and three Mn?" atoms in the first
S* site in a 3-coordinate geometry. S*” is linked to
four K'* and three Mn?* atoms in the second S** site
in a 7-coordinate geometry as shown in figure 1(a).
The respective Brillouin zone (BZ) for the crystal
is shown in figure 1(b). K,Mns;S, has a non-
symmorphic symmetry and is a centrosymmetric
crystal system. The experimental lattice parameter
that we used for our calculations are a = 7.244 A, b
=5.822 A, c=11.018 A and angles a = 90°, y = 90°
and B =112.33°[21].

Fig. 1: (a) Crystal structure of K,Mn3Sy; (b) 3-D
Brillouin zone of K,Mn3S,. The red dot indicates the
high symmetry point in the momentum space.

b. Electronic and magnetic properties

We start interpreting our results of K,Mn;S, by
confirming that the material has a FIM ground
state. To understand the electronic properties we
analyze the total and partial density of states (DOS)
within GGA calculation as shown in figure 2,
wherein the main contributions above the Fermi
level (Ef) in spin-up channels are from Mn (11)-3d
and spin-down channels from Mn (1)-3d orbitals.
Below Eg, the contributions are from Mn (1)-3d in
spin-up channel and in spin-down channel
contributions are from Mn (I1)-3d states hybridizing
with the S-3p states. Exchange coupling between
the spin-up and spin-down DOS close to Eg are
prominently contributed by Mn (I1)-3d with an
exchange energy of ~2 eV, while for Mn (1) the
exchange energy is found to be approximately 3
eV, respectively.
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Fig. 2: (a) Total DOS of K,MnzS;and (b & c) partial
DOS for for both inequivalent S and Mn atoms without
SOC. The Fermi level is set to zero.

The electronic band structure of K,Mn3S, in scalar
and full-relativistic (with spin orbit coupling
(SOCQ)) are shown in figure 3. In scalar-relativistic
case, the valence band maximum (VBM) lies in
MA while the conduction band minimum (CBM)
lies at I'Y line in the momentum space resulting in
an indirect band gap between VBM and CBM [see
figure 3(a)]. KoMn3S, is thus a semiconductor with
an indirect band gap of 1.1 eV.

The effect of SOC is minimal and retains the
similar size of band gap within full-relativistic
mode. In particular, the band gap value of 1.1 eV
which falls in the infrared spectrum is an attractive
choice for photovoltaic and optoelectronic devices.
From our total energy calculations considering
three magnetic configurations: namely FM, AFM,
and FIM, the magnetic ground state is found to be
FIM. The magnetic easy axis is found to be [001]
with hard axis along [010] direction. The computed
effective magnetic moments are found to be 10 ug
per unit cell while the individual moments
calculated is 4.2 ug for Mn (1), and 4.1 ug for Mn
(1), respectively. This demonstrates that Mn (1)-Mn
(1)  couples antiferromagnetically in  the
ferrimagnetic compound K,Mn;sS,.

77

G. B. Acharya and M. P. Ghimire

2.0
] —d_’q\_
C — 1 |
o T e E1aev Spin-up
,>-\ - ‘\-9\ Spin—-down
T - Wsoc| | T |
& 0.0 {
‘g — | — ———
w ]
10 e —
— %
2.0 \
20 —
__-"’__\\—_
10 F
2 - soc
= 0.0
5 ? — —
w
1.0 ———
20 \
r Y H C EM A X

Fig. 3: Electronic band structure of K,MnsS, in scalar
(top) and full-relativistic (bottom). Horizontal solid line
indicates the Fermi level. Arrow denotes the indirect
band gap between the high symmetry point that lies in
the different energy of the momentum space.

CONCLUSIONS

In conclusion, we perform the density functional
theory calculations of K2Mn3S4 which has not
been explored so far after the material was
synthesized. K;Mn;S, is found to be a
semiconductor with an indirect band gap of ~1.1
eV. The ferrimagnetic ground state of K,Mn3S, has
a total magnetic moment of 10ug per unit cell. This
magnetic moment was mostly created by the
antiferromagnetic interaction between Mn (1) and
Mn (I) atoms. The effect of spin orbit coupling is
found negligible. The identification of K,MnsS, as
an indirect band gap magnetic semiconductor is
expected to open new door for experimental
research that could be used in the fabrication of
new devices including semiconductor lasers, solar
cells, and light-emitting diodes.
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