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Highlights
•	 Investigated structural, dynamical, electronic, and magnetic properties of CoSb₃ skutterudites compound using DFT 

method through the VASP software
•	 CoSb₃ is a structurally stable which is confirmed by the estimated values of its bond length, formation and cohesive 

energies
•	 Dynamical stability confirmed by phonon band structure showing no imaginary frequency
•	 Metallic and magnetic behavior are observed through the analysis of its band structure, DOS and PDOS plots 

Abstract
Skutterudite compounds have potential applications in optoelectronic, thermoelectric, and spintronic devices. In this work, we 
have explored the physical properties of the CoSb₃ skutterudite compound using the density functional theory (DFT) method with 
the GGA: PBE+U functional implemented in the VASP computational package. The structural properties of CoSb₃ have been 
investigated by optimizing its lattice parameters and bond lengths, as well as estimating its formation and cohesive energies. The 
results indicate that the compound is structurally stable. The dynamical properties of CoSb₃ were analyzed based on the obtained 
phonon dispersion curves. The absence of negative frequency modes at all high-symmetry points confirms that the material is 
dynamically stable. The electronic and magnetic properties were determined through the analysis of the band structure, density 
of states (DOS), and partial density of states (PDOS) plots. From the band structure and DOS results, CoSb₃ exhibits metallic 
behavior, as band states are observed around the Fermi energy level. For the magnetic properties, the DOS and PDOS analyses 
reveal that the compound possesses a finite magnetic moment, indicating that CoSb₃ is magnetic in nature. The observed magnetic 
moment arises from the dominant distribution of down-spin electronic states in the atomic orbitals of the constituent elements.

Keywords: band, DFT, dynamical, electronic, magnetic, spin states

Introduction
Skutterudite materials have been extensively investigated because of their exceptional and tunable thermoelectric, electronic, and 
magnetic properties (Rogl & Rogl, 2019; Li et al., 2017). These compounds are therefore highly promising for energy conversion 
and spintronic applications (Rogl & Rogl, 2019; Li et al., 2017). Among them, cobalt antimonide (CoSb₃) is a well-known 
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representative of this family. It has the general formula MX₃ where M = transition metal, X = Pnictogen (Rogl & Rogl, 2019). 
CoSb₃ crystallizes in a body-centered cubic structure (space group Im-3, No. 204), consisting of corner-sharing CoSb₆ octahedra 
and Sb₄ rings that form large voids in the lattice. These voids can be filled by foreign atoms, giving rise to filled skutterudites 
with significantly reduced lattice thermal conductivity and enhanced thermoelectric efficiency (Li et al., 2017). Understanding 
the intrinsic physical properties of the unfilled CoSb₃ framework is therefore essential for optimizing the performance of its 
filled derivatives (Li et al., 2017). Despite its technological importance, accurately describing CoSb₃ theoretically remains 
challenging. Density functional theory (DFT) method of calculations within the generalized gradient approximation (GGA) 
often underestimate the band gap or even predict a metallic and magnetic ground state (Li et al., 2017; Khan et al., 2015). 
However, experiments have confirmed that CoSb₃ is a narrow-gap semiconductor with a band gap of about 0.2 eV and exhibits 
diamagnetic behavior (Khan et al., 2015). Similarly, FeSb₂, another transition-metal antimonide, is found to be metallic under 
GGA but corrected to a semiconducting state by hybrid or GGA+U treatments (Malki et al., 2022). This inconsistency primarily 
arises from the inadequate treatment of localized Co-3d electrons within the conventional GGA method. The GGA+U approach 
effectively improves the description of electron correlation and provides more accurate electronic and magnetic properties.

Apart from electronic properties, it is crucial to understand the structural and dynamical stability of CoSb₃. The phonon dispersion 
provides important insights into lattice vibrations and dynamically stability. The absence of imaginary frequencies indicates that 
the optimized structure is dynamically stable (Kong, 2011). The interaction between Co-3d and Sb-5p orbitals, in addition to 
determining the nature of bonding and band dispersion, also plays a key role in possible spin polarization and weak magnetic 
behavior, as observed in some calculations (Rana & Barman, 2013). In this context, the present work performs the investigation 
of physical properties specially focus on structural, dynamical, electronic and magnetic properties of CoSb₃ using the first-
principles calculations through GGA: PBE+U exchange-correlation functional implemented the Vienna ab initio Simulation 
Package (VASP) computational software (Hafner, 2008; Hafner & Kresse, 1997). The structural properties are optimized and 
relaxed to determine the equilibrium lattice parameters and bond lengths. The phonon band structure is analyzed to confirm 
dynamic stability. The electronic properties are examined through band structure and density of states (DOS) analyses, while 
the magnetic characteristics are investigated using DOS and partial DOS (PDOS) calculations which explore orbital-resolved 
contributions. This comprehensive investigation aims to provide microscopic insight into the intrinsic structure, bonding, and 
electronic interactions in CoSb₃, thereby contributing to the theoretical foundation for its optimization in thermoelectric and 
spintronic applications.

Methodology
In this work, we have systematically investigated the structural, electronic, magnetic, and dynamical properties of CoSb₃ 
skutterudite material using density functional theory (DFT) methods (Hohenberg & Kohn, 1964) as implemented in the Vienna 
ab initio Simulation Package (VASP) (Hafner & Kresse, 1997). The electronic exchange-correlation potential was treated within 
the generalized gradient approximation (GGA) (Kohn & Sham, 1965) and its extension, the PBE+U functional (Verma & Truhlar, 
2016). Hubbard U values of 3 eV for the p-orbitals and 5 eV for the d-orbitals of the constituent atoms were employed. These 
parameters were selected based on previous computational studies demonstrating their effectiveness in correcting self-interaction 
errors and capturing the localized nature of Co-d and Sb-p states (Concoction & De Gironcoli, 2005; Yu et al., 2020). A plane-wave 
kinetic energy cutoff of 520 eV and a convergence threshold of 10⁻⁷ eV were used to ensure high computational accuracy. The 
equilibrium lattice parameters and atomic configurations were obtained by minimizing both the cell pressure and atomic forces 
until the Hellmann-Feynman force (Ventra & Pantelides, 2000) on each atom was reduced below 0.01 eV/Å. The electronic and 
magnetic properties of the optimized CoSb₃ structure were analyzed through band structure, density of states (DOS), and partial 
density of states (PDOS) calculations. For the electronic band structure, a (12×12×12) Monkhorst–Pack k-point grid (Monkhorst 
& Pack, 1976) was employed, while a denser (24×24×24) grid was used for DOS and PDOS calculations to obtain smoother and 
more resolved spectral features. These analyses enabled a detailed understanding of the contributions of different atomic orbitals 
to the valence and conduction bands and provided insights into the material’s electronic transitions and magnetic polarization. 
The dynamical stability of CoSb₃ was evaluated using density functional perturbation theory (DFPT) (Togo & Tanaka, 2015) by 
calculating its phonon dispersion relations.

Yadhav et al., 2025
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Results and Discussion
In this section, the key findings of the present study are presented, and compared these findings with the similar kinds of the 
available reported works.

Structural Properties
Cobalt antimonide (CoSb₃) crystallizes in a cubic skutterudite structure with space group Im-3 (No. 204). The structure can be 
described as a binary skutterudite framework derived from the prototype compound CoAs₃ (Rogl & Rogl, 2019; Li et al., 2017). 
In this structure, each cobalt atom occupies the 8c Wyckoff position (¼, ¼, ¼), while antimony atoms occupy the 24g positions 
(0, y, z), where y and z are internal positional parameters that determine the degree of distortion of the Sb₄ rings. The unit cell 
contains 32 atoms, with each Co atom octahedrally coordinated by six Sb atoms, forming a slightly distorted CoSb₆ octahedron. 
The Sb atoms form four-membered (Sb₄) rings that create large voids within the structure. These voids are essential for the 
formation of filled skutterudite derivatives, which are widely used in thermoelectric applications (Rogl & Rogl, 2019). Figure-1 
shows the relaxed unit cell in the ab-plane, where Co atoms are represented by red spheres and Sb atoms by blue spheres. 

 
Fig. 1. (Colour online) Optimized and relaxed cubic structure of CoSb3 unit cell. Red spheres represent Co atoms and blue spheres represent 

Sb atoms.

The estimated values of lattice parameters and bond lengths are summarized in Table-1. The values before and after relaxation 
are presented in reference to those reported in previous studies. The lattice parameters (a = b = c) and bond lengths (Co-Sb, Sb-
Sb, and Co-Co) increased after relaxation. The lattice parameter before relaxation was 9.05 Å, which increased to 9.18 Å after 
relaxation-values consistent with previous reports of approximately 9.03 Å (Savchuk et al., 2002). The Co-Sb, Sb-Sb, and Co-Co 
bond lengths before relaxation were 2.53 Å, 3.71 Å, and 4.56 Å, respectively. After relaxation, these bond lengths increased to 
2.55 Å, 3.73 Å, and 4.57 Å, respectively. The first two bond lengths are in good agreement with values reported in earlier studies 
(Caillat et al., 1996; Rodrigues et al., 2022).
Table 1. Lattice parameters (a = b = c) and bond lengths between (Co-Sb, Sb-Sb and Co-Co) atoms in the CoSb₃ structure are obtained from 

before and after relaxed calculations, and they are compared with the reported values.

Estimated 
value

Reported 
Value

Estimated 
value

Reported

Value

Estimated 
value

Reported 
Value

Estimated 
value

Reported 
Value

a = b = c (Å) Co-Sb (Å) Sb-Sb (Å) Co-Co (Å)
Before 
relaxing

9.05 - 2.53 - 3.71 - 4.56 -

After 
relaxing

9.18 9.03 [a] 2.55 2.54 [b] 3.73 3.73 [c] 4.57 -

[a]:(Savchuk et al., 2002); [b]:(Caillat et al., 1996); [c]: (Rodrigues et al., 2022)

Moreover, we examined the chemical stability of the CoSb₃ material by calculating its formation energy (Eform) and cohesive 
energy (Ecoh). A lower value of formation energy indicates higher material stability, whereas a greater value of cohesive energy 
signifies stronger atomic bonding, which also contributes to overall structural stability. The formation of energy and counterpoise-
corrected cohesive energy were calculated using equations (1) and (2), respectively (Atkins et al., 2023; Hammerschmidt et al., 
2013);

Yadhav et al., 2025



85

Amrit Research Journal, Dec 2025, Vol. 6

Eformation = Etotal (CoSb3) – [Etotal(Co) + 3Etotal (Sb)]  	  . . . (1)

ECohehive = ECoSb3 – ECo – 3ESb  		                . . .  (2)

The calculated values of formation energy and cohesive energy for CoSb₃ within the PBE+U functional are found to be -43 
meV and -17.98 eV, respectively. These values are in close agreement with previously reported results obtained using different 
functionals of similar materials (Hammerschmidt et al., 2013; Park & Kim, 2010). Based on the calculated bond lengths, lattice 
parameters, formation energy, and cohesive energy, it can be concluded that CoSb₃ is structurally stable.

Phonon Band Structure 
To investigate the dynamical stability of CoSb₃, the phonon band structure was studied. Figure-2 illustrates how the frequencies 
(or energies) of quantized lattice vibrations (phonons) vary along high-symmetric paths in the first Brillouin zone. The phonon 
frequencies are shown along the y-axis, while the high-symmetry points are plotted along the x-axis. Real and positive phonon 
frequencies occur when a restoring force acts to return displaced atoms to their equilibrium positions, indicating dynamical 
stability of the material (Pokharel et al., 2025; Yadav et al., 2025). In contrast, imaginary phonon frequencies arise when no 
restoring force exists, leading to dynamical instability (Kong, 2011).

In Figure-2, the horizontal blue dashed line at zero frequency separates the positive-frequency region from the imaginary-frequency 
region. The low-frequency acoustic phonons are represented in green, with two transverse branches and one longitudinal branch. 
The high-frequency optical phonons are shown in red, comprising a total of forty-five optical branches. All acoustic and optical 
phonon branches exhibit real and positive frequencies, as all the curves lie above the zero-frequency line. These results confirm 
that CoSb₃ is dynamically stable.

Fig. 2. (Colour online) Phonon band structure of CoSb3 compound which was obtained by employing GGA: PBE+U functional in the DFT 
method of calculations. the vertical dot lines touches the highly symmetric points in the irreducible Brillion zone.

Furthermore, the optical modes can be seen to cluster into four distinct frequency bands. The possible reasons for this band 
separation are the mass difference between Co (58.933 u) and Sb (121.760 u), variations in bond strengths, and the localization 
of Co vibrations (cage effect). Phonon frequencies are inversely related to atomic masses; thus, the lower frequencies originate 
from the heavier Sb atoms, while the higher-frequency phonons are associated with the lighter Co atoms. The Co atoms, located 
at the centers of Sb₆ octahedral cages, form strong covalent bonds with Sb atoms, whereas Sb-Sb interactions are comparatively 
weaker (Rogl & Rogl, 2019). Consequently, vibrations involving Co-Sb stretching require higher energy and therefore appear at 
higher frequencies, while Sb-Sb bending vibrations occur at lower frequencies. In addition, the large band gap between the two 
optical groups arises from the rattling motion of Co atoms within the Sb₆ cages, which is characteristic of structural rigidity and 
phonon localization-features that are crucial for the thermoelectric performance of CoSb₃ (Rogl & Rogl, 2019).

Electronic Band Structure
Determining the electrical nature of a material is essential for exploring its potential device applications (Neupane et al., 2025; 
Paudel et al., 2023) For this purpose, the band structure and density of states (DOS) of CoSb₃ were studied. Figure-3 shows the 
band and DOS plot of CoSb₃ material within the GGA: PBE+U approximation. The left panel displays the variation of electron 
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energy (with the Fermi energy shifted to 0 eV) along high-symmetry directions in the Brillouin zone. The blue dashed horizontal 
line at 0 eV separates the upper conduction band from the lower valence band is called Fermi energy level. The right panel 
shows the total DOS (TDOS, in black) and the contributions from Co (in magenta) and Sb (in green) atoms. The DOS provides 
information on how densely electronic states are distributed at each energy level. High DOS indicates a greater availability of 
states, allowing electrons to occupy or transition more easily, whereas low DOS suggests fewer available states and reduced 
electronic activity at those energy levels (Neupane et al., 2025; Paudel et al., 2023).

    
Fig. 3. (Colour online) Band and DOS plot of CoSb3 compound which are obtained by employing GGA: PBE+U functional in DFT calculations 
through VASP computational software.  The horizontal dotted line represents the Fermi energy level which separates the valence band and 
conduction band while vertical dotted lines denote the symmetric points in the irreducible Brillion zone of crystal structure.

Figure-3 shows no distinct band gap, with finite states present at the Fermi level. This suggests a metallic characteristic of the 
material. This result is similar with the experimental results of others skutterudite materials (Khan et al., 2015). Similar behavior 
has also been reported in previous DFT studies of other binary skutterudite materials, where the semiconducting gap was 
recovered after applying computationally intensive methods such as Green’s Function (GW) or the regular and non-regular Tran-
Blaha modified Becke-Johnson (TB-mBJ) approaches. Therefore, the current results reflect the exchange–correlation treatment 
rather than only a fundamental change in the electronic nature of CoSb₃ (Khan et al., 2015).

Furthermore, both Co and Sb contribute approximately equally to the DOS near the Fermi energy. The states in the conduction 
band are relatively sparser than those in the valence band. This asymmetry indicates that the valence band is more dispersive and 
composed of hybridized Co-3d and Sb-5p orbitals, whereas the conduction band is dominated primarily by less dispersive Co-3d, 
Sb-5p states. The asymmetric DOS distribution suggests that p-type carriers are more easily generated than n-type carriers, which 
is consistent with the experimentally observed thermoelectric behavior of CoSb₃ (Li & Mingo, 2014).

Magnetic Properties
The magnetic properties of a material need to be studied to identify magnetic ordering, predict potential spintronic applications, 
and guide material engineering (Neupane et al., 2025; Neupane et al., 2025). In the present work, the magnetic properties of 
CoSb₃ were investigated by calculating the spin-polarized density of states (DOS) and partial density of states (PDOS). Spin-
polarized DOS separates spin-up and spin-down electron densities, revealing the net magnetic moment per atom or per unit cell 
(Paudel et al., 2023; Rijal et al., 2025). Similarly, PDOS decomposes the DOS into atomic and orbital contributions, allowing 
a detailed analysis of the magnetic nature of the material and identification of the orbitals that form the valence and conduction 
bands (Bardeen, 1937). The electronic configuration of Co is [Ar] 4s² 3d⁷, and that of Sb is [Kr] 4d¹⁰ 5s² 5p³. The contributions 
of the valence and penultimate orbit electrons are discussed below.

In Figure-4, the DOS of CoSb₃ calculated using the GGA: PBE+U approximation is shown. The DOS (in states/eV) is plotted 
along the y-axis, while the Fermi-shifted energy levels (in eV) are plotted along the x-axis. The contributions of Co and Sb to the 
DOS are indicated in red and green lines, respectively. The vertical blue dashed line at the Fermi energy level (0 eV) separates the 
valence band on the left from the conduction band on the right. Similarly, the horizontal blue dashed line at 0 states/eV separates 
the upper spin-up channel from the lower spin-down channel.

Yadhav et al., 2025
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Fig. 4. (Colour online) Density of states (DOS) plot of CoSb3 material where horizontal dotted line distinguishes the distributed spin-up and 
spin-down states while vertically dotted line indicates the fermi energy level which separates the valence and conduction bands. The region 

below the 0 eV point is called valence band and above the 0 eV is called conduction band. 

In Figure-4, an asymmetrical distribution of the DOS can be observed between the spin-up and spin-down channels. The DOS 
contribution from Co spin-up states is greater than that from spin-down states. In contrast, the DOS contributions from Sb spin-
up and spin-down states are nearly symmetrical, with a slightly higher contribution from spin-up states. This asymmetry in the 
DOS indicates a difference in the magnetic moments contributed by spin-up and spin-down electrons, resulting in a net magnetic 
moment and suggesting magnetic behavior of CoSb₃ within the GGA: PBE+U approximation. This result is aggregable with the 
reported work of other skutterudite materials (Lue et al., 2007). 

Figure-5 shows the partial density of states plots where total DOS (TDOS) of CoSb₃ compound is represented by top graph, 
and the sub-orbital contributions of Co atoms in CoSb₃ were shown by middle graph, and contribution of Sb atoms in CoSb₃ 
compound are shown in the bottom graph. The DOS is plotted along the y-axis, and energy levels are plotted along the x-axis. The 
horizontal blue dashed line separates the upper spin-up channel from the lower spin-down channel, while the vertical blue dashed 
line marks the boundary between the valence band (left) and the conduction band (right). All three graphs are asymmetrical about 
the horizontal line. In the case of Co, the area under the spin-up curves above the horizontal line is greater than the area of the 
spin-down curves below it, indicating a higher number of spin-up states than spin-down states. A similar but opposite trend is 
observed for Sb, where the spin-down states are relatively numerous than the spin-up states. This difference between spin-up 
and spin-down states results in a net magnetic moment, suggesting a magnetic character for CoSb₃ for GGA: PBE+U functional. 

   
Fig. 5. (Colour online) Partial density of states plots of CoSb₃. In top graph, we determined the magnetic moment contributed by total spin-
up states and total spin-down states. Middle and bottom plots are obtained by the asymmetric distributed spin-up and spin-down electronic 

states of Co and Sb atoms respectively in CoSb₃ compound. 

Yadhav et al., 2025
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Furthermore, it can be observed that the conduction band is dominated by the 3d orbitals of Co atoms, whereas the valence 
band is contributed approximately equally by both Co and Sb orbitals. Among the Co-3d sub-orbitals, 3dz² and 3dx²–y² dominate 
the conduction band, followed by the 3dxy, 3dyz, and 3dxz sub-orbitals. All three p sub-orbitals (i.e., px, py, and pz) of Co atoms 
contribute equally to their respective spin-up and spin-down channels. A similar pattern is observed for Sb atoms as well. The 
equal DOS contributions from the respective sub-orbitals indicate identical intensity and energy distribution, suggesting that 
these states remain degenerate under the local crystal field. This degeneracy arises from the nearly octahedral coordination of 
Co atoms surrounding Sb atoms in the skutterudite lattice (Lue et al., 2007). To study the orbital contributions in detail, the 
magnetic moment contributions from each sub-orbital of both Co and Sb were calculated and are presented in Table-2. For Co 
atoms, the spin-up and spin-down contributions are 1.272 μB/cell and -2.513 μB/cell, respectively, resulting in a net magnetic 
moment of -1.241 μB/cell. Similarly, for Sb atoms, the spin-up and spin-down contributions are 1.126 μB/cell and -1.103 μB/cell, 
respectively, yielding a net magnetic moment of 0.023 μB/cell. The total net magnetic moment of CoSb₃ is therefore -1.218 μB/
cell. The negative value of magnetic moment indicates that there was dominant contribution of magnetic moment by spin-down 
states rather than spin-up states in the considered compound.

Table 2. Magnetic moment contribution due to the sub-orbital of Co and Sb atoms in CoSb3 material for GGA: PBE+U functional.

Atoms Sub-Orbitals Up-spin (μB/cell) Down-spin (μB/cell) Net magnetic moment (μB/cell)

Co

4s 0.092 -0.068 0.024
3px=3py=3pz 0.099 -0.094 0.005

3dxz=3dxy=3dyz 0.621 -1.174 -0.533
3dz

2=3dx
2 0.460 -1.177 -0.717

Total 1.272 -2.513 -1.241

Sb

5s 0.381 -0.281 0.100
5px=5py=5pz 0.690 -0.760 -0.070

4dxz=4dxy=4dyz 0.018 -0.022 -0.004
4dz

2=4dx
2 0.037 -0.040 -0.003

Total 1.126 -1.103 0.023

CoSb3 Net magnetic 
moment

-1.218

Conclusions
In the present work, we explored the physical properties of CoSb₃ skutterudite material using DFT method of calculations for 
GGA: PBE+U functional through a VASP computational software. The optimized lattice parameters are found to be fairly in 
agreement with previous theoretical and experimental reports. The dynamical stability of the material was examined through 
phonon dispersion calculations, which show no imaginary frequencies, confirming the dynamical stability of the structure. A 
sharp optical band gap is observed in the higher-frequency region, arising from the rattling vibrations of Co atoms localized 
within Sb₈ cages. For the prediction of nature of material, we have developed its electronic band structure and density of states 
(DOS). From the analysis of these plots, we found that CoSb₃ skutterudite has metallic properties because electronic band states 
of atoms are presented around the Fermi energy level. Electrons are spontaneously following from valence band to conduction 
band in the band structure.  For the magnetic properties, we discussed the material’s DOS and partial DOS plots and found that 
asymmetric distributed spin-up and spin-down states around the Fermi energy level and found the magnetic moment of value 
-1.218 μB/cell. This indicates that CoSb₃ has magnetic nature. The magnetic moment is obtained due to the dominating value of 
distributed down-spin states in the orbitals of atoms present in the material. Hence, based on the predicted physical properties of 
CoSb₃ compound, it should be used in the field of spintronic, optoelectronic and electronic device applications.
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