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Fig. 1. (a), (b) The top view (top) and the side view (bottom) of the substitutionally doped monolayer WSeTe of VA (VIIA) and
TM elements, as well as the schematic diagram of Brillouin zone and high symmetry points; (c) the energy band structure of 4 x 4

monolayer WSeTe supercell.
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Fig. 2. (a), (b), (¢) The WSeTe band structure of Cl, Br and I atom doped, respectively; (d) the project density of state for each

single atom in monolayer WSeTe doped by Br atom; (e) the top view (top) and side view (bottom) of the differential charge dens-

ity of a monolayer WSeTe doped with VIIA atoms, red represents the isosurface 0.01 a.u. and blue represents the isosurface

-0.01 a.u..
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Fig. 3. (a), (b), (¢), (d) The band structure diagram of N, P, Sb and As doped single-layer WSeTe and the PDOS diagram of a
single atom, respectively; (e) the top view (top) and side view (bottom) of the differential charge density of a monolayer WSeTe

doped with VA atoms, red represents the isosurface 0.01 a.u and blue represents the isosurface —0.01 a.u..
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Table 1. Bond length dw_p between VA (VIIA) doped atoms or Se atoms in an undoped system and W atoms, binding

energy FEf, the number of charges obtained by doping atoms AQ and Rashba constant « .

Doped atom Se Cl Br I N P As Sb
dw_p/A 2.570 2.547 2.680 2.826 2.021 2.424 2.555 2.799
E¢/eV 0 0.16 0.35 0.46 -0.48 0.2 0.25 0.65
AQ /e -0.47 -0.55 -0.46 -0.26 -1.23 -0.48 —0.24 —0.02

o /(eV-A) 0.21 0.18 0.19 0.22 0.04 0.13 0.14 0.21
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Table 2.

AFE _ g and total magnetic moment Mg -

EBHALHI RN AE g por BAK R B RIRER Mioral

Bond length dse—p (dre—p) between doped and Se (Te) atoms, binding energy FEf, energy valley polarization

Doped atom Ti Co Cr Mn Fe \%
dre_p /A 2.778 2.587 2.724 2.733 2.768 2.733
dse_p /A 2.577 2.462 2.547 2.551 2.588 2.558

E¢ JeV -1.2 0.2 0.1 0.5 -1.7 -0.8
AFEy_ g /meV 26 2 108 105 34 73
Miota1 / 1B 1.46 2.99 0.01 1.02 2.01 0.94

= T=Er

= =
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Fig. 4. Band diagram of 3d transition metal elements doped monolayer WSeTe. The positive and negative values of the expected

value (S.) of the spin in the zaxis direction are represented by red and blue respectively, and the magnitude of the absolute value

of (S.) is represented by the magnitude of the points. The spin projection along zdirection is depicted by the magnitude of the

point. All the bands are shifted to align the Fermi level which is fixed at 0 eV.
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Abstract

Based on the first principles calculations, the effects of substitutional doping of nitrogen, halogen and 3d
transition metal elements on the electronic structure of monolayer Janus transition metal dichalcogenides
WSeTe are studied in this paper, where the VASP software package is used based on density functional theory
to perform calculations through using both the projector augmented wave method and the GGA-PBE functional
method. A monolayer WSeTe hexagonal crystal system with 4 x 4 supercells is established, which contains 48
atoms. When VA (VIIA) element substitutes for monolayer WSeTe, one of the Se atoms is replaced with a
nitrogen (halogen) atom; when the 3d transition metal element substitutes for monolayer WSeTe, one of the W
atoms is replaced with a transition metal atom. Through the analysis of band structure, charge transfer and
magnetism, it is found that VA (VIIA) nonmetallic elements doped monolayer WSeTe due to the introduction
of the hole (electronic) doped, makes the Fermi level shift downward (upward), thus transforming into a p(n)
type semiconductor. The Ti and V element substitutional doped monolayer WSeTe will present semiconductor-
metal transformation. A doping for each of Cr, Co, Mn, Fe element doesn’t lead semiconductor material
properties to change, but the each of Co, Mn, Fe element doped monolayer WSeTe can create a band gap of
less than 20 meV. The VIIA (VA) non-metallic element and 3d transition metal element doped monolayer
WSeTe will not have a huge influence on the original geometric structure of the material. Due to the charge
transfer and doped atoms on the top of the valence band hybridization phenomenon, the Rashba spin splitting
intensity near the I" point of the top valence band increases with the increase of the atomic number of the
doped atoms in the same main group when VIIA and VA non-metallic elements are doped. Moreover, the
increase in atomic number and charge transfer have a greater influence on the strength of Rashba spin-orbit
coupling than the change in electronegativity. The 3d transition metal element substitution doped single-layer
WSeTe has obvious spin polarization phenomenon, which produces valley polarization near the Fermi level and
introduces magnetism. In particular, since Cr-doped WSeTe retains the original semiconductor properties of
WSeTe and has a large energy valley polarization, it may have a wide range of applications, such as in the field
of spintronic devices. The monolayer WSeTe doped separately with Cr, Mn and Fe element produces an
impurity band with fully polarized spin electrons in the band gap. The results are of great significance in
systematically understanding the properties of monolayer WSeTe doping model and can provide theoretical
reference for designing the monolayer WSeTe based electronic devices.
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