
Abstract
The experimental realization of silicene has ignited a great deal of interest in researching its properties for utilization in 
device applications.  Silicene is composed of a lattice of silicon. As a result, it can be integrated with contemporary circuitry 
structures, which are predominantly silicon-based. Therefore, investigating its characteristics, especially those of the bandgap, 
is pivotal. In the present work, the density functional theory approach is employed to examine the structural, electronic and 
magnetic characteristics of free-standing silicene doped with 4d Transition Metal (TM) atoms. Modelling is done for a 4x4 
silicene supercell with a single vacancy. The resulting structure is, thus, doped with 4d transition metal atoms. Doping results 
in lattice distortion, as evidenced by the variance in Si-TM bond length relative to Si-Si bond length. The shortest bond length 
is noticed in the instance of Ru doping, thus demonstrating its strongest bonding with Si atoms. Doping causes the structure 
to become increasingly deformed, as proved by the elevation in buckling height as well. Except for Zr, Ru and Pd, which exhibit 
semiconductor behaviour, the 4d TM doping in silicene results in metallic characteristics as the bands cross the Fermi level 
in the majority of the configurations discussed here. A narrow band gap with a range of 2.1 to 252 meV is produced by 
doping silicene with Zr, Ru, and Pd.  Magnetism is demonstrated by Nb, Mo, Tc, and Rh-doped structures, whereas the other 
structures are nonmagnetic. The presence of magnetism in these structures is primarily due to contributions from Si-3p, TM-
4d/5s orbitals, and their hybridization. 

*Author for correspondence

1.0 Introduction
Silicene has emerged as a promising alternative to 
graphene for the fabrication of nanoelectronic devices 
since its synthesis on Ag (111)1. Graphene, being a carbon 
allotrope, is incompatible with silicon-based electronic 
devices. This magnifies the attention given to silicene, 
which, being composed of Si atoms, is more compatible 
with silicon technology. It has a 2-dimensional honeycomb 
structure with low buckling caused by the 3pz orbital of 
the Si-Si bond which assists in opening the bandgap in 
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silicene to apply it. As with graphene, the pristine silicene 
is a zero-bandgap semimetal with a Dirac cone. Silicene 
is predicted to have extraordinarily high carrier mobility 
given the almost massless Dirac fermion character2. As a 
result, silicene is a good choice for high-speed electronics. 
To employ silicene in electronic devices, it is crucial to 
investigate it for electronic properties, particularly 
those related to the bandgap. A variety of techniques 
have been used to modulate the band gap, including 
impurity doping3, defect creation4,5, and the application 
of an electric field6,7. 3d TM-doped silicene has been the 
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subject of numerous investigations. The 3d TM-doped 
silicene sheet shows metallic behaviour with crossing 
bands at the Fermi level8. Earlier studies on Ti–doped 
silicene9 showed a direct bandgap of 221 meV. Recently, 
it was demonstrated that among the 3d TM-Si systems 
they explored, Ti-Si became an indirect semiconductor, 
whereas Cr-Si and Mn-Si systems transformed into full 
metals10. The choice of pseudopotentials employed for 
interactions can be attributed to the variations in 3d 
TM-doped silicene findings reported by various studies. 
Further research on 4d TM doped11, however, reveals that 
a 2d buckled structure doped with 4d doping is capable of 
creating a bandgap as well.

To the best of our knowledge, no comprehensive 
study of the properties of 4d TM-doped silicene has 
been conducted. We focused on the effects of doping 4d 
TM atoms on the structural, electronic, and magnetic 
properties of silicene in this study. It should be noted 
that a 4x4 supercell of silicene with 32 atoms has been 
considered here. A single silicon atom is replaced with a 
4d TM atom to produce doped silicene. As a result, the TM 
atom concentration in doped silicene is approximately 
3.2%. A total of nine configurations are investigated, 
including pristine and 4d TM (Y, Zr, Nb, Mo, Tc, Ru, Rh, 
and Pd) doped silicene. 

2.0 Computational Method
In this study, we have adopted a Density Functional 
Theory (DFT) approach with a plane wave basis. A 4x4 
silicene monolayer is modelled with 32 atoms. A vacuum 
higher than 20 Å is established between the slabs to 
avert erroneous interactions between periodic cells. 
Kohn-Sham equations are resolved using the Perdew-
Burke-Ernzerhof (PBE) subfunctional in conjunction 
with the Generalised Gradient Approximation (GGA) 
functional. The SIESTA code12 has been used to optimise 
all of the geometries. Localized pseudo-atomic orbitals 
with a Double-Polarized (DZP) basis set are used to 
define the valence electrons. A simple wave basis with a 
cutoff energy of 300 eV and a 6x6x1 Gamma Monkhost 
Pack K-point grid is used to sample the Brillouin zone. 
The atomic positions are relaxed and optimized using the 
conjugate gradient approach until a maximum force on 
any atom of 0.04 eV/Ang is achieved.

3.0 Results and Discussion

3.1 Structural Properties
To assess the viability of these structures, we first calculate 
the formation energy using the equation:

Ef = (Edoped + ESi) – (Epristine + ETM)
Here, Edoped and Epristine represent the total energies of 

optimized doped and pristine silicene respectively.  The 
energy of isolated Si and TM atoms is depicted by ESi and 
ETM, respectively.

The calculated formation energies range between 
- 5.49 eV and -0.39 eV. This demonstrates that all the 
configurations considered here are thermodynamically 
stable. It is found that Rh-doped silicene has the lowest 
formation energy (-0.39 eV), while Mo-doped silicene has 
the highest. This implies that the most stable configuration 
is Mo-doped silicene. The relaxed structures of 4d TM 
doped and pristine silicene are shown in Figure 1.

According to our calculations, the optimized Si-Si 
bond length and buckling height for pristine silicene 
is 2.30 Å and 0.45 Å. It is to be noted that our findings 
for pristine silicene are consistent with the previous 
results13-18. The structural characteristics of the optimized 

Figure 1. Top and side view of pristine and TM-doped 
structures. 
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pristine and doped configurations are displayed in Table 
1. 

In comparison to Si-Si bond length, the estimated 
values of Si-TM bond lengths have greater values. We 
find that in doped configurations, the Si-TM bond 
length reduces up to Ru as the atomic radius lowers19. In 
the case of Ru doping, a minimum Si-TM bond length 
is observed, indicating the strongest bonding between 
Ru and Si atoms. Beyond Ru, the Si-TM bond length 
increases slightly. Ru has the shortest bond length (2.29 
Å) and Y has the longest (2.75 Å). The bond length 
varies due to interatomic interactions and the subsequent 
lattice deformation caused by doping. In pristine silicene, 
the Si-Si-Si bond angle is 116.2o. However, the bond 
angle lowers with TM doping. The largest and smallest 
Si-TM-Si bond angle values are 85o and 100.6o for Y and 
Ru doped silicene, respectively. As can be seen in Table 1, 
the bucking height increases in doped configurations as 
these angles approach sp3 hybridization19. 

3.2 Electronic Properties
The band diagrams of 4d TM-doped silicene and pristine 
silicene are shown in Figure 2. The outcomes show that, 
depending on the types of doped atoms, the substitution 
of TM atoms considerably alters the silicene’s electronic 
structure and leads to metallic or semiconductor 
behaviour. It is known that doping of TM atoms results 
in the introduction of novel states and modifications to 
the host’s band diagram. For nanoelectronic applications, 
a gap at the Fermi energy (EF) is more significant than 

the gaps at the other energy levels. This is due to the 
ability of the EF bandgap to control electron flow. The 
Y, Nb, Mo, Tc, and Rh-doped structures out of the eight 
doped configurations covered here exhibit metallic 
characteristics as their valence bands and conduction 
bands cross the Fermi level Zr, Ru and Pd-doped silicene 
exhibit semiconductor behaviour. However, Zr and 
Pd-doped have direct band gaps of 200 meV and 179 meV, 
respectively, and Ru-doped exhibits an indirect bandgap 
of 252 meV. This gap is caused by the sublattice symmetry 
breaking due to a vertical electric field inside the body 
and the Jahn-Teller distortion. The symmetry of the two 
sublattices of silicene is broken when an impurity atom is 
substituted for a Si atom, and this has a significant effect 
on the electronic properties of silicene. 

The Si-TM bond lengths, which are related to the 
electronic structure, are altered by this displacement. 
Earlier studies9 have shown a direct bandgap of 221 meV 
for Ti-doped silicene. These investigations imply that 
the electronic behaviours of silicene monolayer can be 
effectively tuned through the substitution of transition 
metals. These band-gap gaps in TM-silicene demonstrate 
the advantages of using silicene-based materials in the 
design of nanoelectronic devices. 

3.3 Magnetic Properties 
The variations in the spin magnetic moments of 4d 
TM-doped silicene are shown in Figure 3.  On the one 
hand, magnetism is shown in Nb, Mo, Tc, and Rh-doped 
materials. Y, Zr, Ru, and Pd-doped, on the other hand, 

Silicene
configurations

Bond Length (Å) Buckling Height 
(Å)

Si-TM-Si Bond 
Angle

Magnetic 
Moment (μB)Si-Si Si-TM

Pristine 2.30 - 0.45 - 0
Y-doped 2.28 2.75 1.73 85o 0
Zr-doped 2.32 2.58 1.45 91.8o 0
Nb-doped 2.29 2.51 2.01 93.1o 1.85
Mo-doped 2.34 2.36 1.77 97.5o 1.99
Tc-doped 2.31 2.30 1.81 99.6o 0.44
Ru-doped 2.31 2.29 1.48 100.6o 0
Rh-doped 2.31 2.32 1.07 100.5o 0.78
Pd-doped 2.32 2.42 1.20 97.4o 0

Table 1. Bond length (Å), buckling height (Å), Si-TM-Si bond angles and magnetic moment of 
optimized structures
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continue to be nonmagnetic like pristine silicene. 
According to Hund’s rule, isolated TM atoms have 
enormous spin magnetic moments. However, the electron 

delocalization in TM-doped silicene manifests in the form 
of a reduced spin magnetic moment. The values of the 
spin magnetic moments for Nb, Mo, Tc, and Rh-doped 

Figure 2. Band diagrams of pristine and TM-doped silicene structures.
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silicene are 1.85, 1.99, 0.44, and 0.78, respectively, as 
shown in Table 1. By computing the difference in the 
values of the spin-up and spin-down PDOS of Nb, Mo, Tc, 
and Rh-doped silicene, as depicted in Figure 4, we have 
further analysed the origin of magnetism. We know that an 
asymmetric PDOS distribution is produced by magnetic 
systems. Si-3p and Nb/Mo-4d make the most asymmetric 
contributions to Nb, Mo-doped configurations. However, 
Tc-5s, in addition to the two orbitals that have already 
been discussed, also contribute significantly to Tc-doped 
silicene. Si-3p and Rh-5s orbitals make up the majority of 
the contribution in the case of Rh-doped materials. 

In all the structures, the orbital hybridization is 
visible. The spin-polarized  Projected Density of States Figure 3. Magnetic moments of TM-doped silicene 

structures.

Figure 4. Difference in the PDOS of spin-up and spin-down for Nb, Mo, Tc and Rh-
doped silicene structures. 
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(PDOS) of Nb, Mo, Tc, and Rh-doped silicene prove that 
the magnetism is due to the presence of TM impurities.

4.0 Conclusion
The structural, electronic and magnetic properties of 
silicene with a 4d TM atom substitution are examined 
using DFT calculations. Lattice distortion due to doping 
is demonstrated by the variation in Si-TM bond length in 
comparison to Si-Si bond length. In the case of Ru doping, 
the shortest bond length is observed, thus exhibiting that 
its bond with Si atoms is the strongest. The distortion in 
the structure increases with doping, as shown by the rise in 
buckling height as well. Similar to an electric field or metal 
adsorption, doping opens a gap in Zr, Ru, and Pd-doped 
silicene. Additionally, silicene that has been doped with 
Y, Nb, Mo, Tc, and Rh displays metallic behaviour. The 
metallicity of these structures is due to the emergence of 
electronic bands crossing the Fermi level. Nb, Mo, Tc, and 
Rh-doped structures exhibit magnetism. However, the 
other structures continue to be nonmagnetic, like pristine 
silicene. Si-3p, TM-4d/5s orbitals, and their hybridization 
are principally responsible for the magnetism present 
in these configurations. The investigation of silicene 
properties by TM doping is, therefore, an important area 
of research. This can prove to be vital in the modulation of 
structural, electronic and magnetic properties for a wide 
range of applications.
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