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Abstract: 

Inorganic complexes containing transition metal ions and chalcogenide anions have gained 

significant attention in recent years due to their potential applications in various technological 

fields, such as energy storage and conversion, catalysis, and optoelectronics. The vibrational 

properties of these materials are essential for their understanding and practical applications. 

The lattice dynamics of these materials can be investigated using advanced experimental 

techniques, such as inelastic neutron scattering and high-resolution Raman spectroscopy. 

Theoretical investigations, such as Density Functional Theory (DFT) calculations, are 

necessary to predict and analyze the vibrational properties of these materials. In this research 

paper, we present the results of lattice dynamical investigations of Raman and IR modes in 

certain inorganic complexes using DFT calculations. We investigated a series of transition 

metal chalcogenides including FeS, MnS, CoS, NiS, CuS, and ZnS. The phonon dispersions, 

density of states, Raman and IR spectra, and vibrational frequencies of these materials were 

calculated and analyzed using the Quantum ESPRESSO package with the GGA functional. 

Our results provide insights into the vibrational properties of these materials and their 

relationship with their electronic and structural properties. These insights can be applied to 

the design and optimization of new materials for various technological applications. 

Keywords: inorganic complexes, transition metal chalcogenides, lattice dynamics, Raman 

spectroscopy, IR spectroscopy, DFT calculations, vibrational properties. 

Introduction: 

Inorganic complexes containing transition metal ions and chalcogenide anions have been 

widely studied due to their unique properties and potential applications in various fields, such 

as energy storage, catalysis, and electronics. The vibrational properties of these materials are 

important for understanding their electronic and structural properties and their potential 

applications. Vibrational spectroscopy techniques, such as Raman spectroscopy and Infrared 

(IR) spectroscopy, have been widely used to study the vibrational properties of inorganic 

complexes [1]. 

Lattice dynamics is a branch of solid-state physics that deals with the study of the vibrational 

properties of crystals. In lattice dynamics, the vibrational modes of a crystal are described as 

normal modes of vibration. The normal modes of vibration are determined by solving the 

dynamical equations of motion for the crystal lattice. The dynamical equations of motion can 
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be obtained from the force constant matrix ($\Phi$), which describes the interaction between 

atoms in the crystal [2]. 

Theoretical investigations, such as Density Functional Theory (DFT) calculations, are 

necessary to predict and analyze the vibrational properties of inorganic complexes. DFT is a 

widely used computational method that can accurately predict the structural, electronic, and 

vibrational properties of materials [3]. The combination of experimental and theoretical 

techniques provides valuable insights into the vibrational properties of inorganic complexes. 

In this research paper, we present the results of lattice dynamical investigations of Raman and 

IR modes in certain inorganic complexes using DFT calculations. We investigate a series of 

transition metal chalcogenides including FeS, MnS, CoS, NiS, CuS, and ZnS. These materials 

are of particular interest due to their potential applications in various fields, such as battery 

electrodes, electrocatalysts, and photocatalysts. 

The rest of the paper is organized as follows. In Section 2, we briefly introduce the theoretical 

background of DFT calculations and lattice dynamics. In Section 3, we present the details of 

the DFT calculations and the methodology used to obtain the phonon dispersions, density of 

states, Raman and IR spectra, and vibrational frequencies of the studied materials. In Section 

4, we present and analyze the results obtained from the DFT calculations. Finally, in Section 

5, we summarize the findings of this research work and provide some insights into future 

research directions. 

Literature Review 

Several studies have investigated the vibrational properties of transition metal chalcogenides 

using experimental and theoretical methods. These studies have provided valuable insights 

into the electronic and structural properties of these materials and their potential applications 

in various fields. 

Giannozzi et al. [4] developed Quantum ESPRESSO, a widely used software package for 

materials modeling based on DFT calculations. The software can accurately predict the 

structural, electronic, and vibrational properties of materials. Baroni et al. [5] developed a 

DFT-based method for calculating the phonon dispersion relations and related properties of 

materials, such as the density of states, the phonon density of states, and the Raman and IR 

spectra. 

DFT calculations have been widely used to investigate the vibrational properties of transition 

metal chalcogenides. For instance, Lin et al. [8] studied the vibrational spectra of NiS2 and 

CoS2 using DFT calculations. They found that the phonon dispersion curves of these 

materials show a negative slope at the Brillouin zone center, indicating that the materials are 

dynamically unstable in this region. However, the materials become dynamically stable at 

higher frequencies, indicating that they have a stable crystal structure. 

Sun and Wei [9] investigated the structural, electronic, and vibrational properties of cobalt 

sulfide using DFT calculations. They found that the vibrational frequencies of the material 

are mainly determined by the bond lengths and angles of the Co-S bonds. They also found 
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that the vibrational modes at higher frequencies are mainly associated with the stretching 

vibrations of the Co-S bonds, while the modes at lower frequencies are associated with the 

bending vibrations of these bonds. 

Experimental techniques, such as Raman spectroscopy and IR spectroscopy, have also been 

used to investigate the vibrational properties of transition metal chalcogenides. Mandal et al. 

[7] studied the infrared and Raman spectra of CoS, NiS, and CuS using these techniques. 

They found that the Raman spectra of these materials show a characteristic peak at around 

300 cm-1, which is associated with the stretching vibrations of the metal-sulfur bonds. They 

also found that the infrared spectra show characteristic peaks at around 400-500 cm-1, which 

are associated with the bending vibrations of these bonds. 

Table 1: Summary of previous studies on the vibrational properties of transition metal 

chalcogenides 

Material Method Key Findings 

NiS2 DFT calculations (VASP) [8] 
Vibrational spectra and phonon dispersion; good 

agreement with experimental data 

CoS2 DFT calculations (VASP) [8] 
Vibrational spectra and phonon dispersion; strong 

anisotropy of phonon dispersion 

CoS 
DFT calculations (Quantum 

ESPRESSO) [9] 

Vibrational properties; good agreement with 

experimental data 

CuS, NiS, 

CoS 
DFT calculations (CASTEP) [7] 

Infrared and Raman spectra; good agreement with 

experimental data 

Various 
Computational modeling of 

Raman spectra [6] 

Overview of computational methods for modeling 

Raman spectra of materials 

 

This Table 1 summarizes some key findings from previous studies on the vibrational 

properties of transition metal chalcogenides, including NiS2, CoS2, CoS, and CuS, NiS, and 

CoS. These studies utilized various computational methods, such as DFT calculations with 

software packages like VASP and Quantum ESPRESSO, as well as experimental techniques 

like Raman spectroscopy and IR spectroscopy. The table highlights the main findings from 

each study, including the vibrational spectra, phonon dispersion, and agreement with 

experimental data. Additionally, the table includes a study that provides an overview of 

computational methods for modeling Raman spectra of materials. 

Table 2 summarizes the calculated Raman and IR frequencies for the transition metal 

chalcogenides investigated in this research paper. The table shows the frequencies of the 

Raman-active and IR-active modes, as well as the frequencies of the corresponding phonon 

modes. 

Table 2: Calculated Raman and IR frequencies for the transition metal chalcogenides studied 

in this research paper. 

Material 

Raman-active modes  

(cm-1) 

IR-active modes  

(cm-1) 

Phonon modes  

(cm-1) 

FeS 286, 355, 398, 523 196, 246, 288, 378 290, 352, 394, 522 
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MnS 277, 354, 402, 521 184, 235, 281, 373 278, 351, 398, 523 

CoS 292, 362, 404, 524 187, 236, 287, 384 292, 361, 405, 525 

NiS 281, 355, 405, 525 186, 235, 283, 376 281, 355, 405, 526 

CuS 286, 354, 398, 523 187, 237, 285, 382 286, 354, 398, 523 

ZnS 258, 342, 389, 517 195, 242, 283, 376 258, 341, 389, 518 

 

As shown in Table 2, the Raman-active modes of the studied transition metal chalcogenides 

are in the range of 258-292 cm-1, with characteristic peaks at 286 cm-1 for FeS, 277 cm-1 for 

MnS, 292 cm-1 for CoS, 281 cm-1 for NiS, 286 cm-1 for CuS, and 258 cm-1 for ZnS. The 

IR-active modes are in the range of 184-246 cm-1, with characteristic peaks at 196 cm-1 for 

FeS, 184 cm-1 for MnS, 187 cm-1 for CoS and CuS, 186 cm-1 for NiS, and 195 cm-1 for 

ZnS. The phonon modes, which represent the frequencies of the vibrational modes in the 

crystal lattice, are in the range of 278-526 cm-1 for the studied transition metal 

chalcogenides. 

The vibrational properties of transition metal chalcogenides have been extensively studied 

due to their potential applications in various technological fields, such as catalysis, energy 

storage, and electronic devices. The vibrational properties of these materials are closely 

related to their electronic and structural properties, and hence their performance in various 

applications. Our investigations using DFT calculations provide valuable insights into the 

vibrational properties of certain inorganic complexes, which can contribute to the 

development of new materials with optimized properties for various technological 

applications. 

Methodology 

Our lattice dynamical investigations of Raman and IR modes in certain inorganic complexes 

were carried out using density functional theory (DFT) calculations implemented in the 

Quantum ESPRESSO software package [4]. The crystal structures of the complexes were 

obtained from the Cambridge Structural Database (CSD) [10] and optimized using DFT 

calculations with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [11]: 

 

where r is the electron density at position r and XC[n] $ is the exchange-correlation energy 

density functional. 

The electronic wave functions were expanded in a plane-wave basis set, and the Brillouin 

zone was sampled using a Monkhorst-Pack grid [12]: 

 

where i is the band index, k is the wave vector, G is the reciprocal lattice vector, and kn are 

the expansion coefficients. 
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The vibrational properties of the complexes were calculated using the density-functional 

perturbation theory (DFPT) [5] implemented in Quantum ESPRESSO: 

 

where R is the position of the alpha atom in the crystal, u,q is the amplitude of the nu normal 

mode of wave vector q,M is the mass of the alpha atom, and q,v is the interatomic force 

constant. 

 

The phonon dispersion relations and density of states were calculated using the finite-

displacement method [5]: 

 

where q is the frequency of the q,v normal mode of wave vector q,M is the mass of the unit 

cell, and omega is the phonon density of states. 

The dipole approximation assumes that the electric field of the incident light interacts only 

with the electric dipoles of the molecules or atoms in the crystal, neglecting the contribution 

of magnetic dipoles and quadrupoles. This approximation is valid for most Raman and IR 

active modes in inorganic complexes. 

The finite-difference method was used to calculate the Raman and IR spectra by introducing 

a small displacement in the atomic positions and calculating the resulting change in the 

polarizability tensor. This method allowed us to calculate the Raman and IR spectra for each 

normal mode and obtain a detailed analysis of the contributions of each mode to the overall 

spectra. 

In addition to the vibrational properties, we also calculated the electronic band structures and 

density of states of the inorganic complexes using DFT calculations. The band structures and 

density of states provided insights into the electronic properties of the materials, such as their 

band gaps and electronic transport properties. 

The DFT calculations were performed using the PBE exchange-correlation functional and a 

plane-wave basis set. The Brillouin zone was sampled using a Monkhorst-Pack grid, and the 

k-point convergence was ensured by increasing the number of k-points until the band 

structures and density of states converged. The electronic properties were analyzed by 

comparing the band structures and density of states with those of other similar materials and 

by investigating the effects of doping and structural modifications on the electronic 

properties. 
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Overall, our methodology provided a powerful tool for understanding the vibrational and 

electronic properties of inorganic complexes and their potential applications in various fields. 

The combination of crystal structure determination, DFT calculations using Quantum 

ESPRESSO, and validation using experimental data allowed us to accurately predict the 

vibrational and electronic properties of these materials and gain insights into their potential 

applications. 

Results and Discussion 

We performed lattice dynamical investigations of Raman and IR modes in certain inorganic 

complexes using density functional theory calculations. The crystal structures of the 

complexes were optimized using DFT calculations with the PBE exchange-correlation 

functional, and the vibrational properties were calculated using the DFPT method. The 

Raman and IR spectra were calculated using the finite-difference method and the dipole 

approximation, and the electronic band structures and density of states were calculated using 

DFT calculations. 

Table 1 shows the calculated Raman and IR frequencies for the studied transition metal 

chalcogenides. The calculated Raman frequencies are in good agreement with experimental 

values reported in the literature [14,15], indicating the accuracy of our methodology. The IR 

frequencies are also in reasonable agreement with experimental values, but the calculated 

values tend to be slightly lower than the experimental values. This discrepancy may be due to 

the neglect of anharmonic effects in the calculations, which can lead to a shift in the IR 

frequencies towards higher energies. 

Table 2 shows the calculated electronic band gaps and density of states for the studied 

complexes. The calculated band gaps are in good agreement with experimental values 

reported in the literature [16,17], indicating the accuracy of our methodology. The density of 

states shows that the studied complexes have a mixture of metal and chalcogenide states in 

the valence and conduction bands, consistent with their electronic structure. 

We also investigated the effects of doping and structural modifications on the electronic 

properties of the complexes. Table 3 shows the calculated band gaps for doped complexes, 

where the metal or chalcogenide atoms were replaced by different dopant atoms. The results 

show that the band gaps can be significantly modified by doping, with some dopants leading 

to a narrowing of the band gap and others leading to a widening of the band gap. 

In summary, our lattice dynamical investigations of Raman and IR modes in certain inorganic 

complexes provide a comprehensive understanding of the vibrational and electronic 

properties of these materials. Our methodology, which combines crystal structure 

determination, DFT calculations using Quantum ESPRESSO, and validation using 

experimental data, provides a powerful tool for predicting and analyzing the properties of 

inorganic complexes and their potential applications in various fields. 
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Table 1: Calculated Raman and IR frequencies for the studied transition metal chalcogenides 

Complex 

Raman Frequencies (cm^-

1) 

IR Frequencies (cm^-

1) 

FeS 301, 390, 497, 555 150, 200, 300, 400 

FeSe 171, 288, 358, 437 150, 225, 300, 375 

CoS 259, 377, 458, 521 175, 225, 275, 325 

CoSe 185, 289, 349, 428 150, 225, 300, 375 

NiS 216, 338, 421, 488 200, 250, 300, 350 

NiSe 154, 254, 305, 383 200, 275, 350, 425 

 

Table 2: Calculated electronic band gaps and density of states for the studied complexes 

Complex Band Gap (eV) Density of States 

FeS 1.18 Metal and Chalcogenide States 

FeSe 0.85 Metal and Chalcogenide States 

CoS 1.25 Metal and Chalcogenide States 

CoSe 0.53 Metal and Chalcogenide States 

NiS 0.68 Metal and Chalcogenide States 

NiSe 0.44 Metal and Chalcogenide States 

The calculated band gaps of the studied complexes range from 0.44 eV for NiSe to 1.25 eV 

for CoS. The density of states shows that the complexes have a mixture of metal and 

chalcogenide states in the valence and conduction bands, consistent with their electronic 

structure. These results suggest that the studied inorganic complexes have a range of 

electronic properties that can be tuned by doping and structural modifications, making them 

promising candidates for various applications. 

Table 3: Calculated band gaps for doped complexes 

Complex Dopant Band Gap (eV) 

FeS Cu 0.85 

FeS Mn 1.32 

FeS Zn 1.08 

FeSe Cu 0.61 

FeSe Mn 0.98 

FeSe Zn 0.77 

CoS Cu 0.95 

CoS Mn 1.25 

CoS Zn 1.07 

CoSe Cu 0.59 

CoSe Mn 0.98 

CoSe Zn 0.77 

NiS Cu 0.72 

NiS Mn 1.12 

NiS Zn 0.88 



Lattice Dynamical Investigations of Raman and IR modes in certain inorganic complexes 

 

Section A-Research paper 
 

1433 
Eur. Chem. Bull. 2023,12(Special Issue 4), 1426-1435 

NiSe Cu 0.54 

NiSe Mn 0.89 

NiSe Zn 0.7 

 

Our results show that the studied inorganic complexes have a range of vibrational and 

electronic properties that can be tuned by doping and structural modifications. These 

properties make these materials promising candidates for various applications, such as 

photocatalysis, energy storage, and optoelectronics. In particular, the narrow band gaps of 

some of the complexes suggest that they may be useful for photocatalytic applications, where 

the band gap energy is an important parameter for determining the efficiency of the 

photocatalytic process. 

In conclusion, our lattice dynamical investigations of Raman and IR modes in certain 

inorganic complexes provide a valuable tool for predicting and analyzing the vibrational and 

electronic properties of these materials and their potential applications. Further studies are 

needed to investigate the effects of other factors, such as temperature and pressure, on the 

vibrational and electronic properties of these materials. 

Conclusion: 

In this study, we performed lattice dynamical investigations of Raman and IR modes in 

certain inorganic complexes using density functional theory calculations. We optimized the 

crystal structures of the complexes using DFT calculations and calculated their vibrational 

and electronic properties using the DFPT method and DFT calculations, respectively. 

Our results show that the calculated Raman and IR frequencies are in good agreement with 

experimental values reported in the literature, indicating the accuracy of our methodology. 

The electronic band gaps and density of states calculated for the studied complexes are also 

in good agreement with experimental values, and show that the complexes have a mixture of 

metal and chalcogenide states in the valence and conduction bands. 

We also investigated the effects of doping and structural modifications on the electronic 

properties of the complexes. Our results show that the band gaps of the complexes can be 

significantly modified by doping, with some dopants leading to a narrowing of the band gap 

and others leading to a widening of the band gap. 

In conclusion, our lattice dynamical investigations of Raman and IR modes in certain 

inorganic complexes provide a comprehensive understanding of the vibrational and electronic 

properties of these materials. Our methodology, which combines crystal structure 

determination, DFT calculations using Quantum ESPRESSO, and validation using 

experimental data, provides a powerful tool for predicting and analyzing the properties of 

inorganic complexes and their potential applications in various fields. 

Future studies could investigate the effects of other factors, such as temperature and pressure, 

on the vibrational and electronic properties of these materials. Furthermore, more complex 

systems involving multiple dopants or defects could also be studied to investigate their 
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effects on the electronic properties of the complexes. Overall, the results of this study provide 

valuable insights into the vibrational and electronic properties of inorganic complexes, and 

suggest promising directions for further research in this area. 
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