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In the present work, we have studied intercalated Transition Metal Dichalcogenides (TMDC) MTiS2 compounds (M = Cr, Mn, Fe)
by Density Functional Theory (DFT) with Generalized Gradient Approximation (GGA). We have computed the structural and
electronic properties by using first principle method in QUANTUM ESPRESSO computational code with an ultra-soft
pseudopotential. A guest 3d transition metal M (viz; Cr, Mn, Fe) can be easily intercalated in pure transition metal dichalcogenides
compound like TiSz. In the present work, the structural optimization, electronic properties like the energy band structure, density
of states (DoS), partial or projected density of states (PDoS) and total density of states (TDoS) are reported. The energy band
structure of MTiS2 compound has been found overlapping energy bands in the Fermi region. We conclude that the TiS: intercalated
compound has a small band gap while the doped compound with guest 3d-atom has metallic behavior as shown form its overlapped
band structure.

KEYWORDS:-Density Functional Theory (DFT), Transition metal dichalcogenide compounds (TMDCs), Generalized Gradient
Approximation (GGA), Quantum ESPRESSO code, Intercalated compound, ultra-soft pseudopotential.

During several years, the Transition Metal Dichalcogenides (TMDC) materials of group IV-b,V-b and VI-b have
received significant consideration because of their uses particularly as electrodes in photoelectrochemical (PEC) solar
cell for conversion of solar energy into electrical energy as well as photonic devices in numerous electronic
applications. We have work on MTiS; intercalated compound [1]. While, different atoms may be intercalated into van
der Waal’s gap with TMDC TX, (T = group IV, V, VI transition metal, X = S, Se, Te) compounds and a great deal of
effort has been made to obtain new functional content. In TiS,, Ti has a sandwiched layer between two Sulphur layers
with very weak van der Wall’s force. Because of such weak attraction between interlayer, a guest 3d atom can be easily
intercalated in the TMDC TiS; [2]. The effect of charge transfer from guest 3d-transition metal to self-intercalated
compound TiS; has been studied by Kim et al. [3]. Also, based on self-consistent APW method the d-orbitals of
intercalant M atoms hybridize strongly with p-orbitals of ‘S’ in such a way that the Ti-S bonds become weaker than
the M-S bonds [4, 5]. Therefore, the M-S bonds are much stronger than Ti-S bonds [5]. Also, a strong hybridization
takes place in the states like 3d states of M, 3d-states of Ti and 3p-states of S [6-8]. However, the TiS; has a very small
indirect bandgap as a semiconductor [4]. Also, in the band structure of MTiS,, the energy band lines are overlapped
near at the Fermi region.

The Density Functional Theory (DFT) based formulation is commonly used for investigating the structural and
electronic properties of the materials and found successful [9-12]. The molecular-orbital (MO) method is found useful
to examine the nature of chemical bonding in intercalated MTiS, compound [3]. The intercalates MTiS, (M = Cr, Mn,
Fe) compounds depending on the guest atom M (viz; Cr, Mn, Fe), which are supported by various experimental
techniques such as X-Ray photoemission spectroscopy (XPS), Angle Resolved Resonant Photoemission Spectroscopy
(ARPES), Angle Resolved Inverse Photoemission Spectroscopy (ARIPES) and high field magnetization
measurements [13,14].

Very recently, Sharma et al. [6] have reported transport properties and electronic structure of intercalated compounds
CrTiS, by employing full potential linearized augmented plane wave (LAPW) with local orbitals (LO) method, in the
outline of DFT with Generalized Gradient Approximations (GGA) [15] under Wien2K code [16] environment. They have
constrained their studies up to band structure, density of states (DOS), charge density and specific heat calculations only.
But, they have not reported theoretical fallouts of MnTiS, and FeTiS, compounds in their research work thoroughly. Also,
they concluded that all CrTiS,, MnTiS; and FeTiS, compounds have same electronic band structure and DOS. However,
all above mentioned materials have different band structure and DOS.

Hence, looking to the technological aspects of the said materials, we though it undertakes in the present work, the
structural optimization and electronic properties like energy band structure, density of states (DOS), partial or projected
density of states (PDOS), total density of states (TDOS) of MTiS2 compounds using GGA [15] with Perdew-Burke-
Ernzerhof (PBE) exchange and correlation effect [17] and ultra-soft pseudopotential [18] through Quantum ESPRESSO
code [19] under DFT environment. The prime novelty of our current work is that, we have compared our computed results
of the studied materials and their properties after and before the interaction process, which gives us good assessments and
nature of aforementioned materials briefly.
© V. B. Parmar, A. M. Vora, 2021
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COMPUTATIONAL METHODOLOGY
All the calculations are performed in our computational laboratory based on density functional theory (DFT) of
intercalated compound MTiS, by solving Kohn-Sham equations [20] with Burai software [21]. Here, we have adopted
Generalized Gradient Approximations (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange and correlation effect [17]
and ultra-soft pseudopotential [18] through Quantum ESPRESSO code [19]. The structural optimization and the
electronic properties such as band structure, density of states (DOS), partial density of states (PDOS) and total density of
states (TDOS) are reported for intercalated MTiS, compound.

RESULT AND DISCUSSION
Structural Optimization

The MTiS; has the Cdl,-type layer structure, in which, Ti layer is inserted among two Sulfur layers. In this structure,
the unit cell of it comprises four atoms with the unit cell positioned for Ti is a 1a; the two S atoms are positioned in 2d
(1/3, 1/3,0.2501) and (2/3,1/3,-0.2501), respectively. The structure consists of S-Ti-S sandwich, separated in Z-direction
by the van der Wall’s gap [22]. In very weak van der Wall’s attraction between the Ti and S layers, guest 3d atom like
Cr, Mn and Fe can be easily intercalated in pure TiS. In the MTiS; atom, the lattice position is 1b (0, 0, 0.5) in the
structure and also has a hexagonal crystal structure with space group P3ml [164] as shown in Fig. (1), (2) and (3). In
MTiS; has the lattice parameters a = 3.4395A and ¢ = 5.9303A. The Brillouin zone (BZ) for hexagonal structure is shown
in Fig. (4).
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Figure 1. Crystal structure of CrTiS2
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Figure 3. Crystal Structure of FeTiS2 Figure 4. Brillouin zone for Hexagonal structure

Electronic properties
In electronic properties, the energy band structure, density of states (DOS), total density of states (TDOS) and partial
or projected density of states (PDOS) are computed and studied.

Band Structure
In the energy band structure calculation, the path of k-points is considered at the high symmetry path viz;
'-M—>K— I'->A—»L— H—A in irreducible Brillouin zone (IBZ). The Band structures of the said materials are plotted
in the energy range of -10.0 eV to 10.0 eV. Also, we have calculated the energy band structure with spin polarized
calculation of said material with spin up and spin down band structure as shown in the same figure.
In Fig. (5) and (6) shows the electronic band structure of CrTiS, compound with spin up and spin down configuration
for taking K path is '>M—>K— I'>A—L— H—>A. The valance band and the conduction band are overlapped in the
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energy range of -5.0 eV to 5.0 eV. From that, we have concluded that the intercalated compound like CrTiS; has a metallic
characteristic. Here, the maximum band is overlapped at the Fermi level. According to the spin up and spin down band
structure of CrTiS,, the paramagnetic nature of the studied compound successfully observed.

Band structure (Spin up) Band structure (Spin down)
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Figure 5. Electronic band structure of CrTiS2 Spin up Figure 6. Electronic band structure of CrTiSz Spin down

Fig. (7) and (8) shows the electronic band structure with spin up and spin down configuration for MnTiS, compound
for K path taking is [>M—>K— I'>A. The valance band and the conduction bands are overlapped in the energy range
between -5.0 eV to 5.0 eV. In MnTiS,, the energy band lines are overlapped more than that of the CrTiS, material. From
that, we have concluded that the intercalated compound like MnTiS; has a metallic characteristic. Here also, one can
observe the maximum band is overlapped at the Fermi level. According to the spin up and spin down band structure of
MnTiS,, it is having a paramagnetic material in nature.

Band Structure (Spin up) Band Structure (Spin down)
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Figure 7. Electronic band structure of MnTiS2 Spin up Figure 8. Electronic band structure of MnTiS2 Spin down

Fig. (9) and (10) shows the electronic band structure with spin up and spin down configuration in the K path of
'-M—K—> I'->A—-L—-> H->A.
Band structure (Spin up) Band structure (Spin down)
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Figure 9. Electronic band structure of FeTiS2 Spin up Figure 10. Electronic band structure of FeTiS2 Spin down
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The valance band and the conduction bands are met in the energy range of -5.0 eV to 5.0 eV. In FeTiS,, the energy
band lines are overlapped more than that of CrTiS; and MnTiS, compounds. From that, we have noted that, FeTiS,
intercalated compound has a metallic nature. Here also, the band is overlapped maximum at the Fermi level. From the
spin up and spin down band structures of FeTiS,, one can say that, the materials has a ferromagnetic in nature.

Density Of States (DOS)
From the partial or projected DOS, the contributions from the individual orbitals of different materials like s, p, d and
f can be checked [19]. We have used here the tetrahedral method for integration over the Brillouin zone to estimate the
DOS. Both DOS and PDOS are computed for spin up and spin down configuration.

C1rTiS: PDOS
ngiSz DOS CITiS: TDOS ==
. inu S Partial density of states
Density of states P P ty ol
Spin down —-—- (3d)
. S_(2p)=——
10 - 5
S
5 : : 25
o &
@ L
[ 72
< _JM/\\)/WWW &
= 0 A AN A n S oo}
2 WS of MY AN 3
~ Y YW oV AR N
7)) v vy 7
8 -5 g 2.5
=W
-10 5
-10 5 0 5 10 -10 8 6 4 -2 0 2 4 5

Energy - E(Fermi) (eV) Energy - E(Fermi) (eV)

Figure 10. Total DoS of CrTiS2 Figure 11. Partial DOS of CrTiSz

The TDOS of CrTiS; is shown in Fig. 10. While, Fig. 11 displays the energy contributions from the individual
orbitals like s, p, d and f in PDOS for CrTiS; compound. It is plotted in the energy range between -10.0 eV to 10.0 eV in
both spin up and spin down energy states. In TDOS below the Fermi region, the electron density shows maximum at 6.0
states/eV at a point -5.0 eV in spin up DOS and 3.5 states/eV at a point -4.5 ¢V in spin down DOS. Above the Fermi
region, the electron density maximum at 1.0 states/eV ata point 2.0 eV in spin up and 1.5 eV in spin down DOS. However,
the DOS at the Fermi region is 1.5 states/eV. In PDOS of CrTiS, is drawn in the states of Cr (3d-state), Ti (3d-state) and
S (2p-state), respectively. Such 3d-states are mainly paid attention to the conduction band, while S-2p states are mainly

contributed to the valance band. Because of these, the CrTiS; is having a metallic compound.
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Figure 12. Total DoS of MnTiS2 Figure 13. Partial DOS of MnTiS2

Figs. 12 and 13, show the TDOS and PDOS for MnTiS, compound, which are plotted in the energy range between -
10.0 eV to 10.0 eV in both spin up and spin down energy states. In TDOS below the Fermi region, the electron density
shows maximum at 6.0 states/eV at a point -5.0 eV in spin up DOS and 3.5 states/eV at a point -4.5 eV in spin down
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DOS. Above the Fermi region, the electron density maximum at 1.0 states/eV at a point 2.0 eV in spin up and 1.5 eV in
spin down DOS graphs. The DOS at the Fermi region is shown at a 1.5 states/eV. In PDOS of MnTiS; is drawn in the
states of 3d-state of Mn, 3d-state of Ti and 2p-state of S, respectively. In PDOS, 3d-states of Mn and Ti are mainly
contributed to the conduction band, while 2p-state of S is mainly contributed to the valance band. Hence, the MnTiS; is
showing a metallic nature.
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Fig. 14. Total DoS of FeTiSz Fig. 15. Partial DOS of FeTiS2

Figs. 14 and 15, display the TDOS and PDOS for FeTiS, compound with spin up and spin down configuration. It is
drawn in the energy range between -10.0 eV to 10.0 eV in both spin up and spin down energy states. In TDOS below the
Fermi region, the electron density found maximum at 6.0 states/eV at a point -5.0 eV in spin up DOS and 3.5 states/eV
at a point -4.5 eV in spin down DOS. While, above the Fermi region, the electron density shown maximum at 1.0 states/eV
atapoint 2.0 eV in spin up and 1.5 eV in spin down DOS. However, the DOS at the Fermi region is found at 1.5 states/eV.
The 3d-states Fe, Ti and 2p-state of such compound is represented in PDOS, in which 3d-states are mainly donated to the
conduction band, while 2p state is mainly contributed to the valance band only, which shows a metallic nature.

Above the reference paper, Sharma, Y., Shukla, S., Dwivedi, S., Sharma, R.: Transport properties and electronic
structure of intercalated compounds MTiS; (M = Cr, Mn and Fe), she says all the materials have same electronic
properties. In our research paper calculation, we can say all the material have not same electronic properties. Some
changes in energy band lines and density of states shown the above figure.

CONCLUSION

Lastly, we conclude here that, the DFT based simulation is used to compute the structural analysis, eelectronic
properties like electronic band structure, total and projected density of states (TDOS and PDOS) of MTiS; (M = Cr, Mn
and Fe) intercalated compound using GGA and PBE exchange correlation effects. Whole computations are performed
with Quantum Espresso code. From the structural optimization, the guest atom is placed between the interlayer of TiS,
and shows significant variations in the studied properties. From the electronic band structure data of the all the
compounds, it is noticed that the conduction and valance bands are overlapped with each other and shows metallic nature.
Also, spin up and spin down natures are easily reported from the band structure data and DOS data of the aforementioned
materials. Such type of results is not reported by Sharma et al. [6] earlier. Also, it is observed that, 3d-states of M and Ti
atoms are mainly contributed to the conduction band and 2p-state of S atom is mainly contributed to the valance band,
respectively. While, metallic nature of FeTiS, material is found more than MnTiS; and CrTiS, compounds. Also, spin
polarized configuration with spin up and spin down electronic band structure are observed for aforesaid compounds. It is
concluded from that, the CrTiS, and MnTiS, compounds are having paramagnetic in nature, while FeTiS, is having
ferromagnetic in nature. According to their such type of properties, the TiS; compound is used for making rechargeable
lithium batteries and fabrication of photo electronic devices. The prime novelty of this compound is that, it can be easily
intercalated by any guest 3d atom.
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BUBUEHHSI CTPYKTYPHUX I EJEKTPOHHUX BJACTHBOCTEM IHTEPKAJTbOBAHUX
JUXAJIKOTEHIAHUX KOMITAYH/AIB NEPEXITHUX METAJIIB MTiS: (M = Cr, Mn, Fe)
3A TEOPIEIO ®YHKIIOHAJBHOI IIJILHOCTI
Bannana b. [lapmap, Anites M. Bopa
Disuunuii paxynmem, Yuisepcumemcuoka wixona nayx, Yuisepcumem I'yoxcapam, Haspaneynypa

Axmeoabao 380009, I'vosxcapam, Indis
V uiit po6oTi MU BUBYAIH 1HTEpKaNIbOBaHi auxankoreHiau nepexigaux meranis (TMDC) MTiS2 (M = Cr, Mn, Fe) 3a nonomorozo
Teopil ¢pyHkuionaneHoi minsHocti (DFT) i3 y3aransHeHolo anpokcumaniero rpagienta (GGA). Mu oGUuCIMIN CTPYKTYpHI Ta
CJIEKTPOHHI BJIaCTHBOCTI, BHKOPHUCTOBYIOYH METOJ MeplionpuHiuny B obuucmoBaibHoMy komi QUANTUM ESPRESSO 3
HaaM'sikuM niceBionortenuianoM. 3d-nepexiani meranu M (a came; Cr, Mn, Fe) MoxxyTh OyTH JIeTKO iHTEpPKalbOBaHi y CHOIYKY
YHCTOTO JUXAIbKOTEHI Ty IIepexifHoro MeTamy, ak TiSz. ¥V miit po6oTi HOBIZOMIISETECS PO CTPYKTYPHY ONTHMI3allifo, eIeKTPOHHI
BIIACTHBOCTI, Taki SK: CTPYKTypa 3a0OpOHEHOi 30HH, IIiIbHICTH cTaHiB (DoS), yacTkoBa abo MPOrHO30BaHa HIUIBEHICTH CTaHIB
(PDoS) Ta 3aranpna miineHicTs craniB (TDoS). Byno BusBieHo, mo crpykTypa 3aboponeHoi 30 cronykun MTiS2 nepexpuBae
SHepreTH4Hi cMyTH B perioHi @epmi. Mu npuim 10 BUCHOBKY, 1[0 iHTepKaJiboBaHa crioiyka TiSz Mae Maiy 3a00poHeHy 30HY,
TOJI SIK JIeroBaHa crojyka 3 3d-aToMoM Mae MeTaleBy MOBEAIHKY, SIK BUIHO 3 3a00pOHEHOT 30HU L0 IePEKPUBAETHCS.
KJIOYOBI CJIOBA: teopist ¢ynkuionaneHoi mineHocTi (DFT), nuxankorewimni cnoiyku nepexiguux mertanie (TMDCO),
y3aranbHeHe rpazientHe HaOmwkeHHs (GGA), ksantoBuit konq ESPRESSO, inTepkanboBaHuii KOMMayHJ, HaaM'sKAN
THICEBIONOTEHIia.





