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Abstract: Understanding the electronic and vibrational characteristics of 
materials is crucial for tailoring their properties for various applications. This 
study, employed Density Functional Perturbation Theory (DFPT) to investigate 
the electronic and vibrational modes of Nickel Sulphide (NiS) in its pristine state 
and under photo-doping conditions, where fractions of electrons are excited from 
the valence to the conduction band. Results revealed intriguing insights into the 
interplay between electronic excitations and phonon vibrations in NiS. Despite 
the photo-doping-induced changes in phonon vibrations, NiS retains its metallic 
nature, as evidenced by the consistent electronic properties observed in the 
density of states (DOS) and band structure (BS) analyses. Notably, the electronic 
band crossing the Fermi line confirms the metallic character. However, our 
findings suggest that NiS may not be suitable for semiconductor applications due 
to its unchanged electronic properties post-doping. This comprehensive study 
sheds light on the fundamental behaviour of NiS and provides valuable insights 
for potential applications in electronic devices. 

Keywords: Band structure; Density of states; Electronic structure; Phonon; Density 
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1. Introduction 
Nickel is an essential component for numerous applications in contemporary infrastructure 

and technology (Mudd, 2010). It is widely utilized in the aerospace industry, alloy production, and 
electroplating, among other fields, due to its outstanding physical and chemical characteristics (Kuck, 
2012). In recent years, energy storage and conversion technologies have gained significant attention 
(Shao et al. 2022). Several technologies, including lithium–air batteries (LABs), lithium–sulfide 
batteries (LSBs), lithium-ion batteries (LIBs), sodium ion batteries (SIBs), potassium-ion batteries 
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(PIBs), zinc-ion batteries, zinc–air batteries, and supercapacitors (SCs), have been developed (Pothu 
et al. 2020). Supercapacitors, renowned for their high power density, excellent cycle stability, and 
environmental friendliness, are particularly valued in emerging energy technologies (Pothu et al. 
2021). 

Nickel sulfides have received extensive interest for super capacitor applications due to their 
specific advantages (Li et al. 2019). However, their electrochemical performance is significantly 
constrained by the distribution of electrochemically active sites. According to (Ripley et al. (2015), 
various strategies, such as constructing synergistic structures with conductive substrates, enhancing 
active sites through nanocrystallization, and creating nanohybrid architectures with other electrode 
materials, have been implemented to overcome this limitation (Pothu et al. 2020). Additionally, 
nickel sulfides are crucial in the formation of magmatic Ni-Cu-PGE sulfide deposits, aiding material 
circulation. 

The synthesis of nickel sulphide thin films has been explored using various techniques, such 
as successive ionic layer adsorption and reaction (SILAR) and chemical bath deposition (Singh et al. 
2018). These methods have demonstrated the ability to produce high-quality, nanostructured nickel 
sulphide materials with tailored properties (Asif et al. 2020). The transition metal sulphides, 
including nickel sulphide, have emerged as attractive semiconducting materials due to their direct 
band gaps, high absorption coefficients, and unique structural morphologies (Sleman, 2018; Tigwere 
et al. 2023; Alhassan et al. 2024). 

A considerable share of the global nickel reserves, specifically 40%, is contained within 
magmatic sulfide deposits, where nickel sulfides are prevalent (Kuck, 2006). Key nickel sulfide 
minerals such as Millerite (NiS), heazlewoodite (Ni3S2), and polydymite (Ni3S4) are 
thermodynamically stable and extensively found in mantle peridotite (Zhang et al. 2020). Nickel 
sulfides have attracted interest because of their fundamental properties, industrial applications, and 
their role in material cycling (Zhang et al. 2020). Industrial uses include semiconductors, 
rechargeable lithium batteries, solar cells, and supercapacitors (Zang et al. 2020). 

Experimental research by (Wang et al. 2007) has shown that four nickel sulfides are more 
stable than other forms. These include heazlewoodite Ni3S2, millerite NiS, polydymite Ni3S4, and 
pyrite NiS2, ranging from nickel-rich to sulfur-rich compositions. The crystal structures of these 
sulfides have been thoroughly investigated: Ni3S2 has a stable rhombohedral structure, NiS has a 
hexagonal structure, and Ni3S4 and NiS2 have cubic structures. However, the vibrational spectra of 
Ni-rich sulfides have not been completely characterized. 

Ni3S2, synthesized through the impregnated thiosalt decomposition method, showed no 
Raman active lines when excited at 514.5 nm from an Ar-ion laser. In contrast, standard Ni3S2 from 
Aldrich displayed ten Raman peaks in the range of 140–438 cm−1. For NiS, different Raman peak 
observations have been reported, with (Shen et al. 2003) detecting five peaks below 400 cm−1 in 
synthesized NiS nanorods, while (Bishop et al. 2000) identified eight peaks in highly purified NiS 
powder from Johnson Matthey GmbH. 

The Raman spectra of sulfur-rich compounds Ni3S4 and NiS2 have been more consistently 
documented in previous studies. However, a thorough characterization of the vibrational properties of 
these compounds is necessary for accurate interpretation of Raman spectra. This is especially 
important for identifying nickel sulfides on Ni-based anode surfaces under solid oxide fuel cell 
(SOFC) operating conditions using in-situ Raman spectroscopy, as emphasized by (Cheng & Liu, 
2007). 
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2. Model and Computational Details 
The current computations were executed utilizing the Quantum Espresso Package (Giannozzi et al. 
2017), employing the projector augmented-wave (PAW) method (Blöchl, 1994; Kresse & Joubert, 
1999). The exchange-correlation functional was determined using the generalized gradient 
approximations (GGA) within the Perdew-Burke-Ernzerhof (PBE) framework (Perdew et al. 1996). 
Following a meticulous convergence analysis, we determined that an energy cutoff of 60 eV and a k-
point mesh of 6 × 6 × 18, generated via the Monkhorst–Pack scheme (Monkhorst & Pack, 1974), 
ensured convergence accuracy with total energy variations of less than 1	𝑚𝑒𝑉/𝑎𝑡𝑜𝑚. The crystal cell 
and internal parameters were optimized using the conjugate gradient method until the total force on 
each ion was below 0.05	𝑒𝑉/Å. The density of states (DOS) calculations were conducted using the 
tetrahedron method with Blöchl corrections (Blöchl, 2003), and the Fermi surfaces were visualized 
using Xcrysden (Kokalj A, 2003). Millerite NiS crystallizes in the R3m space group, forming a 
rhombohedral lattice with three NiS formula units used in the calculations. The computed lattice 
parameters for the crystal structure are 𝑎 = 𝑏 = 9.50	Å, indicating a hexagonal crystal structure, with 
a !
"
 ratio of 3.13. These values are close to the theoretical data (𝑎 = 9.60831	Å, 𝑐 = 3.14445	Å) 

provided by (Zhang et al. 2014) and align with experimental data (𝑎 = 9.607	Å, 𝑐 = 3.143	Å) from 
(Rajamani & Prewitt, 1974), which were subsequently used in further calculations. The phonon 
calculations were carried out using a supercell method with finite displacements, as implemented in 
the Phonopy code (Togo et al. 2010). A 4 × 4 × 4 supercell with 9 atoms and a displacement setting 
of 0.01	Å from the equilibrium atomic position was employed. 

3. Results and Discussion 
3.1 Electronic Band Structure and Fermi surface of Nickel Sulphide. 
The electronic band structure of nickel sulphide refers to the arrangement of energy bands formed by 
the electrons in the material. According to (Zhang et al. 2014), the electronic structure of millerite 
NiS has been investigated using electron spectroscopic measurements and band structure 
calculations, which indicate millerite is highly covalent metal. Figure 1 shows the calculated band 
structure of NiS, the result obtained shows that, the bands from the valence band crosses the Fermi 
level indicate that, some electrons can move from the valence band to the conduction band which 
now signify the material ability to conduct electricity.  
 
3.2 Density of State of Nickel Sulphide 
This study investigated the electronic properties of Nickel Sulphide (NiS) both in its free state and 
when subjected to electron excitation. In its free state as shown in Figure 2a NiS was found to exhibit 
metallic properties as it shows the highest peak occur at the standard Fermi energy value of 
𝟏𝟐. 𝟒𝟑	𝒆𝑽, as indicated by the DOS and the absence of a distinct bandgap in the electronic structure. 
The DOS plot revealed a continuous distribution of electronic states across the energy spectrum, 
consistent with the behavior of metallic materials. This suggests that, NiS allows for the free 
movement of electrons, contributing to its metallic conductivity. Upon electron excitation or photo-
doping, the electronic properties of NiS were further investigated. Interestingly, despite the 
introduction of additional electrons through excitation, the material still retained its metallic behavior 
as shown in Figure 2b, it still shows the highest peak occur at the standard Fermi energy level of 
𝟏𝟐. 𝟒𝟑	𝒆𝑽. 
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Figure 1. Electronic Band Structure of Nickel Sulphide (ω vs k) 
 

 
Figure 2a. Phonon Structure of photo-undoped                Figure 2b. Phonon Structure of photo-doped 

     
3.3 Projected Density of State 
Firstly, we give the detailed electronic structure. The orbital projected density of states (PDOS) are 
shown in Figure 3. The PDOS below about −𝟑. 𝟖	𝒆𝑽 is mainly contributed by S-2p. Ni-3d and S-3p 
states are found to be hybridized strongly in the range from −𝟖. 𝟎	𝒆𝑽	𝒕𝒐 − 𝟑. 𝟓	𝒆𝑽. The DOS from 
−𝟑. 𝟓	𝒆𝑽 to about −𝟏. 𝟎	𝒆𝑽 is dominated by the Ni-3d contribution, while the region from −𝟏. 𝟎	𝒆𝑽 
to about 𝟏. 𝟒	𝒆𝑽 near the Fermi level is mainly hybridized with Ni 3d and S-3p. It is apparent that the 
electronic states near Fermi level mainly consist of Ni-3d and S-3p orbital, which confirms the 
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millerite NiS is a highly covalent pd metal. The results are in line with earlier experimental and 
theoretical study (Zhang et al. 2014), which also suggests that the strong hybridization between Ni-
3d and S-2p orbitals leads to metallic behavior of millerite NiS. 

Figure 3. Orbital Projected Density of State of Nickel Sulphide. 

3.4 Phonon Bands Structure at Г Point. 
The ground-state electronic structure of Nickel Sulfide (NiS) was analyzed by computing its electronic band 
structure at the Г point. The band structure provides a detailed depiction of energy levels and electronic 
transitions within the crystal lattice. Figure 4 shows distinct electronic bands with varying energy levels, 
indicating NiS's electronic behavior in its equilibrium state.  

Figure 4. Phonon Bands Structure at Г Point 
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The band structure, which describes the distribution of electron energy levels relative to their 
momentum, offers perceptivity into electron behavior and their interaction with photons. In 
semiconductors, the valence band (fully occupied by electrons at absolute zero) and the conduction 
band (where electrons can move freely) are fundamental. For the NiS, the phonon band structure at 
the Г point reveals a zero band gap, indicating metallic properties since the valence and conduction 
bands overlap. In materials science, the presence or absence of a band gap is crucial. Semiconductors 
and insulators have a non-zero band gap that dictates their electrical conductivity, while a zero band 
gap, as in NiS, allows free electron movement, resulting in metallic conductivity. This continuous 
band of electronic states facilitates electron delocalization, enabling easy movement in response to an 
external electric field. 

3.5 Structural optimization 
In this study, we use Nickel Sulphide (NiS) in its primitive cell having 9 atoms of nickel and 9 atoms 
of sulphur in a hexagonal structure with braivais lattice index of 4. Figure 5. illustrate the crystal 
structure of Nickel Sulphide (NiS). The crystal structure was visualized using VESTA software as 
shown in Figure 5. 

 
Figure 5. The crystal structure of Nickel Sulphide. The grey spheres represent Nickel (Ni) while the yellow 
spheres represent Sulphur (S). 
 

3.6 Phonon Calculations 
The force constants matrix was calculated by perturbing each atom in the crystal lattice and 
calculating the resulting forces and also the phonon dispersion by diagonalizing the force constants 
matrix to obtain phonon frequencies and modes for the doped and undoped, which represent 
vibrational motions as shown in the Table 1 and Table 2 and these frequencies were varied at 
different modes and significant changes was observed in the phonon modes. Following the Phonon 
frequency mode of the doped and un-doped NiS, we further explore its phonon modes at first, 
second, third and forth frequencies of the unphoto-doped and the photo-doped to show the vibrational 
modes of the NiS after photo-doping. 
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Table 1. Phonon frequency (un-doped). 

S/N Frequency (THz) Frequency (Cm-1) 
1 -0.000000 -0.000007 
2 -0.000000 -0.000007 
3 -0.000000 -0.000003 
4 0.000000 0.000004 
5 0.000000 0.000007 
6 0.000000 0.000008 
7 2.754810 91.890565 
8 3.256307 108.618711 
9 3.313461 110.525174 
10 3.594861 119.911655 

 

Table 2. Phonon frequency (doped). 

S/N Frequency (THz) Frequency (cm-1) 
1 -12.077197 -402.851936 
2 -11.656561 -388.821035 
3 -11.404515 -380.413670 
4 -11.349921 -378.592616 
5 -11.304728 -377.085141 
6 -10.926370 -364.464463 
7 -10.301143 -343.609136 
8 -10.287860 -343.166074 
9 -10.118755 -337.525351 
10 -10.117866 -337.495674 

The following structures displayed in Figure 6a, and 6b show that, in its undoped state, NiS typically 
demonstrates phonon modes where atoms vibrate in opposite directions within the unit cell, 
characteristic of optical phonons.  

Figure. 6a Vibrational modes of NiS 
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Figure. 6b Vibrational modes of NiS  

The nickel (Ni) and sulfur (S) atoms oscillate against each other, resulting in high-frequency 
vibrational modes. This opposing movement is driven by the intrinsic force constants and bonding 
interactions within the crystal lattice. However, in some instances, undoped NiS may exhibit phonon 
modes where atoms vibrate in the same direction. This a typical behavior can arise from specific 
intrinsic properties of the material, such as unique electronic configurations or local bonding 
environments that promote synchronized atomic motion. 

Conclusion 
This study presents a comprehensive analysis of the electronic structure, Fermi surfaces, phonon 
dispersion, and transport properties of Nickel Sulphide (NiS) using first-principles calculations and 
Density Functional Perturbation Theory (DFPT). Results confirm that, millerite NiS is metallic, with 
structural parameters and density of states aligning well with experimental data. Despite photo-
doping, NiS retains its metallic nature, as shown by consistent electronic properties in density of 
states (DOS) and Band Structure (BS) analyses. However, the unchanged electronic properties post-
doping indicate that NiS is not suitable for semiconductor applications, underscoring the importance 
of understanding electronic behavior for material-specific applications. 
This study enhances our understanding of NiS's fundamental properties and suggests potential 
applications in electronic devices. Future research should explore alternative materials or doping 
strategies for semiconductor applications, building upon the insights gained from this investigation. 
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