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A B S T R A C T   

Binary chalcogenides with small Reststrahlen bands in the far infrared and microwave region make them 
intriguing for IR sensors and radar communication purposes. In this study, we have theoretically investigated the 
structural, phonon, electronic, optical, IR optical and thermodynamic properties of NpX, where X = S, Se, and Te 
chalcogenides. The face-centered cubic structure is relaxed to determine the optimized lattice parameters which 
increased with an increase in the size of involving chalcogen atom. Band structure reveals their metallic nature. 
The significant contribution of d and f-states of Np and p-states of chalcogens in band formation is evident from 
the density of state plots. The detailed analysis of optical parameters including real and imaginary parts of 
dielectric constant and refractive index, optical conductivity, and optical loss exhibit high absorption in the IR 
region.   

1. Introduction 

Reststrahlen bands are a phenomenon that occurs in certain mate
rials, particularly those that have strong ionic bonding, and originates 
from the interaction of electromagnetic radiation with the vibrational 
modes of the crystal lattice. The understanding of Reststrahlen bands 
can play a pivotal role in the development of optoelectronic devices, 
particularly in the areas of infrared optics and thermal imaging [1,2]. 
Infrared radiations have wavelengths in the range of 0.78–1000 μm and 
can be used for a variety of purposes, including thermal imaging, remote 
sensing, and communication [3,4]. Materials that exhibit Reststrahlen 
bands are particularly well-suited for use in infrared optics because they 
can absorb and reflect infrared radiation with high efficiency. The 
Reststrahlen bands are typically located in the far-infrared region of the 
spectrum, which makes them ideal for use in thermal imaging devices 
[5]. For instance, SiC is a semiconductor material that has strong ionic 
bonding and exhibits Reststrahlen bands in the far-infrared region of the 
spectrum and therefore, has potential for infrared devices [6]. Thermal 
imaging is the process of using infrared radiation to create images of 
objects based on their temperature and can be used in a variety of 

applications, including medical imaging, security, and surveillance [7]. 
In addition, such materials can be used to create optical filters for 
enhancing the sensitivity and resolution of thermal imaging devices [8]. 
Likewise, the corresponding frequency of Reststrahlen bands lies in the 
terahertz range therefore, these materials are also good for security 
screening, medical imaging, and communication. LiNbO3 is a ferro
electric material that has strong ionic bonding and exhibits Reststrahlen 
bands in the terahertz region and therefore, is an excellent material for 
use in IR radiation sources and detectors [9,10]. 

Chalcogenides have unique physical and chemical properties that 
make them useful in various applications, including electronics, opto
electronics, and energy storage [11]. Small bandgaps in chalcogenides 
make them suitable for electronic devices such as photovoltaic cells, 
light-emitting diodes (LEDs), and field-effect transistors (FETs) [12]. In 
addition, these materials can be used in the production of optical fibers, 
which are used in telecommunications and data transmission [13]. They 
can also be used in rechargeable batteries, including lithium-sulfur 
batteries, which have high energy densities and long cycle lives [14]. 
Particularly, Se and Te-based compositions have a high potential to 
convert heat into electricity and therefore are suitable thermoelectric 
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materials [15]. 
Recently, sulfide-based chalcogenides have been studied widely, and 

different researchers suggest considering them as potential materials for 
solar cells and optoelectronics. The optical constants and electronic 
band structures of such chalcogenides were studied both theoretically 
and experimentally by Vu et al. In particularly, a direct band gap for 
quaternary copper mercury tin sulfide was reported [16]. However, in 
the case of quaternary silver lead germanium sulfide an indirect band 
gap was reported in which the 3p states of S contribute to the upper 
portion of valence band [17]. From the start of the 21st century, 
different compositions of selenides and sulfides-based chalcogenides 
were investigated and considered attractive materials to be utilized as 
absorber layers of solar cells as well as for optoelectronic applications 
[18]. Quaternary silver mercury tin selenide was studied both theoret
ically and experimentally by Vu et al. who reported a 1.24 eV band gap 
which is considered a potential candidate for solar cell application [19]. 
Gabrelian et al. investigated the optical and electronic structure of 
quaternary telluride and reported a 0.282 eV band gap [20]. Based on 
the above literature review, it can be noted that sulfide, selenide, and 
telluride chalcogenides recently gained much attention in the opto
electronic industry due to their unique properties. These materials have 
shown promise for use in a variety of optoelectronic devices, including 
solar cells, photodetectors, and light-emitting diodes (LEDs). They also 
have a lower thermal conductivity and thus can retain more of the 
absorbed energy as electrical energy [21]. They can be fabricated at 
lower temperatures than silicon, which makes the manufacturing pro
cess more energy-efficient. Research has shown that these chalcogenides 
can be used as the absorber layer in solar cells, replacing the traditional 
silicon absorber layer [22]. 

Reststrahlen band study grabbed increasing interest in recent times 
due to the interesting physics involved and the placement of possible 
applications in technologically advanced research areas. For instance, 
Kowalski et al. investigated the Hf-based transition metal dichalcoge
nides which supported the surface phonon polaritons in the infrared 
region. The transmission and reflectance IR spectra of HfS2 and HfSe2 
were calculated from which dielectric functions were derived. The 
Reststrahlen bands exceptionally expanded originated from the seven
fold increase Born effective charge of Hf-based compounds [23]. Heβler 
et al. studied the switchable, ultra-thin infrared absorbers formed by the 
thin films of chalcogenides phase change materials. These materials 
exhibited a high contrast between highly lossy crystalline materials and 
lossless amorphous materials. They exceptionally tuned the absorption 
of maximum wavelength up to 2.5 μm by annealing and optical 
switching and demonstrated that lossy phase change materials are po
tential candidates for reconfigurable and ultra-thin nanophotonic de
vices [24]. Valakh et al. theoretically and experimentally investigated 
the Ge/Sn-substituted Cu2ZnSnS4 single crystal and observed two mode 
transformations in the vibrational modes and a small dispersion in the 
Brillouin zone which is typical for a molecular crystal. These modes of 
vibrations are attributed to the breathing of S inside GeS4 and SnS4 
tetrahedra [25]. In the present work, we have selected three chalco
genide compositions NpX (X = S, Se, Te) to explore their structural, 
electronic, optical, phonon, and thermodynamic properties. The phonon 
dispersion curves will further be used to find the reststrahlen bands and 
hence the possible applications in infrared (IR) and far infrared (FIR) 
regions of the spectrum which reveal the potential of these compositions 
for IR devices and communication devices. 

2. Computational details 

Evaluation of density functional theory (DFT) generates new tools to 
calculate the phonon properties with higher accuracy [26]. DFT 
embodied in WIEN2k code with Full Potential Linearized Plane Wave 
(FP-LAPW) method [27] is used to find electronic, optical properties of 
NpX. Phonon, and thermodynamic, properties are also studied with 
Quantum ESPRESSO [28], and Gibbs2, codes respectively. The 

calculated phonon dispersion curves are further used to compute the 
reststrahlen band of the under-study materials. Within the framework of 
Perdew–Burke–Ernzerhof Generalized Gradient Approximation 
(PBE-GGA), the interaction between valence and core electrons was 
elaborated [29]. The electronic band structures are also tested by using 
some corrections with PBE like PBE with spin-orbit coupling, PBE with 
Hubbard potential and TB-mBJ. The plane wave number was controlled 
by the RMT × Kmax parameter which is set as 7.0. The core and valence 
states were separated by value − 6.0Ry of cut-off energy. The 120 
k-points were generated in irreducible BZ which was distributed in a 
20 × 20 × 20 grid of Monkhorst Pack [30] in irreducible BZ. The charge 
and energy convergence criteria were set to 0.0001e and 0.00001Ry 
respectively. The Fourier expansion coefficient of charge density and 
maximum angular momentum were set to Gmax = 12 & lmax = 10, 
respectively. For phonon properties, the charge densities were extended 
to 480 and 320 Ry with the cut of energies of 120 and 80 Ry respectively. 
For modeling of Brillouin zone, a 4x4x4Monkhorst–Pack meshing of k 
points was set with the convergence threshold of 10− 6 for all composi
tions [30]. 

3. Results and discussion 

3.1. Energy volume optimization 

The energy-volume optimization graph showcases the relationship 
between the volume of the crystal lattice and the corresponding total 
energy of the compounds. This graph provides insights into the stability 
and structural properties of these materials. These graphs for NpS, NpSe, 
and NpTe compositions are displayed in Fig. 1 where it has been wit
nessed that the energy of the system changes with a change in the vol
ume of the system. The energy-volume curve typically exhibits a 
parabolic shape, indicating that there is an optimal volume at which the 
system attains its lowest energy state. This volume corresponds to the 
lowest energy leading to determining the most stable configuration and 
optimized lattice constants. This configuration is the most energetically 
favorable because as the volume deviates from this configuration, en
ergy increases indicating the reduction of structural stability. It is 
important to note that the specific shape of the energy-volume curve 
depends on various factors, including the interatomic interactions, 
bonding characteristics, and crystal structure of the materials. The 
unique electronic and structural properties of each compound (NpS, 
NpSe, and NpTe) contribute to the distinctive shapes of their respective 
energy-volume optimization graphs. The value of the lattice parameter 
is noted as 5.3770 Å for NpS which increased to 5.6168 and 6.0525 Å 
when S is substituted with Se and Te. This increase in lattice parameter is 
associated with the increasing ionic radii of Se (1.98 Å) and Te (2.21 Å) 
as compared with S (1.84 Å). The corresponding value of bulk modulus 
noticed in structure optimization was 125.0451, 100.3938, and 
80.7257 GPa for NpS, NpSe, and NpTe, respectively. This variation in 
structural parameters would significantly affect the electronic, optical, 
and transport properties of these materials. 

3.2. Energy band structure 

The energy band structure is a key factor used to define different 
physical and optical properties of materials. The energy band structure 
of NpS using PBE-GGA, TB-mBJ, PBE + SOC, and PBE + U is presented in 
Fig. 2 (a, b, c, d). It has been noticed that the distribution of energy states 
in bands along different symmetry directions in the Brillouin zone is not 
uniform. This is because, within a crystal, the arrangement of atoms 
creates a periodic potential that affects the behavior of electrons. This 
potential gives rise to energy bands, which represent the allowed energy 
states for electrons in the crystal lattice. Since the distribution of energy 
states within a band is determined by the crystal’s symmetry and peri
odicity. From the figure, it is evident that NpS exhibited no bandgap and 
thus exhibited a metallic character. This difference in band structure 
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arises due to the presence of spin-orbit coupling and the resulting spin- 
dependent electronic structure [31]. Almost similar behavior was evi
denced for NpSe and NpTe compositions as shown in Fig. 3 (a, b, c, d) 
and Fig. 4 (a, b, c, d). This conducting behavior is attributed to the 
relatively high density of states at the Fermi level. In other words, there 
are plenty of available energy states for electrons with the majority spin 
orientation, which allows them to move through the material more 
easily, resulting in high electrical conductivity. This overlapping of 
states across the Fermi level could involve the interplay of various 

factors, such as the crystal field splitting, hybridization between 
different atomic orbitals, and spin-dependent interactions [32]. 

3.3. Density of state plots 

In the spin-up channel (majority spin orientation), the total DOS plot 
for NpS as a conductor would show a significant number of available 
electronic states across the Fermi level. The plot typically exhibits broad 
peaks, reflecting the relatively high density of electronic states. 

Fig. 1. (a–c) Energy-volume optimization graphs and (bd) unit cell of NpX (X = S, Se, Te).  

Fig. 2. Band structure of NpS explored by different methods.  
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Therefore, there are numerous energy levels that electrons with the 
majority spin can occupy. As a result, these electrons can move freely 
through the material, contributing to its high electrical conductivity. 
The total density of states (TDOS) and partial density of states (PDOS) 
plots for the studied compositions are provided in Figs. 5 and 6. These 
results support the findings of band structure. In the (↑) channel, the 
presence of broad peaks at the Fermi level reflects a relatively high 
density of electronic states indicating the conducting nature of these 

compositions whereas in the (↓) orientation, the energy states touch the 
Fermi level from the valence band. Energy states in the conduction band 
in the (↓) channel spread from 1 to 4 eV. The partial density of states 
(PDOS) plot is a representation of the electronic density of states for 
specific atomic orbitals within a material and provides valuable insights 
into the electronic structure of the material, showing how the energy 
levels are distributed among different orbitals of various atomic species. 
In the case of NpS, the plot shows the distribution of electronic states for 

Fig. 3. Band structure of NpSe explored by different methods.  

Fig. 4. Band structure of NpTe explored by different methods.  
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neptunium (Np) and sulfur (S) atoms separately. Np is a f-block actinide 
element, while S is a chalcogen element. Since NpS is a compound of 
these two elements, the PDOS plot reflects the contribution of both Np 
and S to the overall electronic structure of the material. In the case of 
NpSe, NpTe, the overall density of states increased indicating a greater 
number of electrons available in Se and Te as compared with S. How
ever, in the (↓) channel, the TDOS decreased with the increase in size of 
the involved chalcogen. The different responses in both spin channels 
make these compositions viable for spintronic applications [33]. 

3.4. Phonon properties and reststrahlen band investigations 

Fig. 7(a) shows the phonon dispersion curve for NpS chalcogenide 
witnessing the presence of six modes of vibration including three 
acoustic modes in which two are transverse acoustics (TA) and one is 
longitudinal acoustic (LA) in addition to three optical modes of vibration 
in which two are transverse optical (TO) and one is longitudinal optical 

(LO) mode. The vibrational frequency of the TO phonon is recorded as 
363.259 cm− 1 and LO phonon is 374.962 cm− 1 at X position. The 
splitting of phonon spectra in the first Brillion zone is attributed to the 
ionic polarizabilities and the absence of imaginary phonon frequency 
assures that the NpS material is dynamically stable [34]. We also noted 
from the above figure that there is a gap of frequencies between optical 
and acoustic modes of vibration in which a wave-like solution does not 
exist. The existence of this band indicates that it is not possible to excite 
phonon vibrations of the frequency lying within this band and for this 
reason, it is also called the forbidden frequency band and the width of 
this frequency band gap depends upon the difference of the masses of the 
atoms NpX (X = S, Se, Te) such that greater the mass difference greater 
will be the forbidden gap. The PDOS plot for NpS is presented in Fig. 7(b) 
which shows that maximum states occur in the frequency range of 
348–375 cm− 1 whereas in the range of about 130–345 cm− 1 there is no 
state because this region is a forbidden frequency range where no 
phonon mode is vibrated for NpS and this forbidden frequency gap was 

Fig. 5. Total density of states of NpX (X = S, Se, Te) in spin-up and spin-down channels.  

Fig. 6. Partial density of states of NpX (X = S, Se, Te) in spin-up and spin-down channels.  
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also investigated with the help of the dispersion cure of NpS. 
The phonon dispersion curves and corresponding phonon density of 

states for NpSe and NpTe are presented in Fig. 8(a and b) and Fig. 9 (a, b) 
respectively. The same trend was observed for NpSe and NpTe with a 
difference that the band of optical phonons moves towards lower fre
quency and reduces the forbidden gap. This shifting of phonons of op
tical bands towards lower vibrating frequency is attributed to the 
increasing atomic weight of involving chalcogen atoms. Reststrahlen 
band is a region between ωTO and ωLO where the material acts as a 100 % 
reflector for incoming light. As we have seen earlier from the dispersion 
curves of the Neptunium-based chalcogenides LO phonon modes are 
overlapping at Γ the position of the first Brillion zone where no Rest
strahlen band occurs. Therefore to find the Reststrahlen band for NpX (X 
= S, Se, Te) we take X position of the first Brillion zone to investigate the 
Reststrahlen band as below; 

The data listed in Table 1 present that, the Reststrahlen bandwidth of 
NpX decreases down the group and is also dependent upon the differ
ence of masses of the atoms. In the electromagnetic spectrum, the range 
of the Far-infrared region is (24.8–1.24) meV, and microwave is 
1.24meV-1.24 μeV. The above-calculated values show that the Rest
strahlen band of NpS material is lying in the FIR range which highlights 
the potential of these compositions for sensing applications in astro
chemistry, biology, industrial, and geological processes. While the 
Reststrahlen band values of NpSe and NpTe are lying in the microwave 
range. Microwaves have a range of applications, including communi
cations, radar, and microwave Ovens. 

3.5. Optical properties 

The real part of dielectric constant, (ε1) is a measure of how a ma
terial responds to an electric field in terms of its ability to store and 
release energy. It plays a significant role in understanding the optical 
and electronic properties of materials. The variation of ε1 in the energy 
range of 0–6 eV for NpS, NpSe, and NpTe is presented in Fig. 10(a) where 
a notable trend emerges with respect to the size of the chalcogen atoms 
(S, Se, and Te). As the size of the chalcogen atom increases from S to Se 
and Te, a significant shift in the major peak of the dielectric constant 
towards lower energy is observed. The shift in the major peak towards 
lower energy can be explained by considering the energy levels of the 
chalcogen p-orbitals. As the size of the chalcogen atom increases down 
the periodic table (from S to Se and Te), the energy difference between 
the valence p-orbital and the conduction band decreases. This leads to a 
decrease in the energy required to excite electrons from the valence 
band to the conduction band, resulting in a redshift of the absorption 
peak in the dielectric constant [35]. Additionally, the increase in chal
cogen size can lead to changes in the electronic band structure, density 
of states, and interatomic bonding within the material. These changes 
can influence the way the material absorbs and interacts with light in the 
given energy range. Moreover, the increase in atomic size might intro
duce changes in the crystal lattice parameters, affecting the phonon 
modes and vibrational properties of the material, which can also 
contribute to the observed peak shifts. 

The imaginary part of the dielectric constant (ε2) plays a crucial role 
in describing the absorption and scattering of light by a material as a 

Fig. 7. (a) Phonon dispersion curves and (b) phonon density of states of NpS with PBE-GGA.  

Fig. 8. (a) Phonon dispersion curves and (b) phonon density of states of NpSe with PBE-GGA.  
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function of energy for NpS, NpSe, and NpTe in the energy range of 0–6 
eV that is plotted in Fig. 10(b) [36]. These compounds have intriguing 
properties due to their varying atomic sizes and electronic configura
tions. These differences in atomic properties lead to variations in the 
optical behavior of the compounds they form. In addition to these pa
rameters, the refractive index (n) and extinction coefficient (k) are 
known to exhibit interesting optical behavior. As we move across the 
chalcogenide series from S to Se and Te, it has been observed that n and k 
followed the trend of ε1 and ε2 respectively. The refractive index mea
sures the speed of light in a material relative to its speed in a vacuum. 

Therefore, it is related to the phase velocity of light within the material. 
Generally, for most materials, the value of n decreases with increasing 
photon energy, resulting in a gradually flatter curve of n versus E plot as 
shown in Fig. 10(c). This behavior is observed in all studied composi
tions. In addition, the extinction coefficient is linked to the absorption of 
light within a material and provides information about how strongly a 
material absorbs light at a given energy [37]. In the energy range of 
interest, the extinction coefficient exhibited distinct peaks or features, 
indicating absorption bands corresponding to certain electronic transi
tions (Fig. 10(d)). For chalcogenides, NpS, NpSe, and NpTe, these 

Fig. 9. (a) Phonon dispersion curves and (b) phonon density of states of NpTe with PBE-GGA.  

Table 1 
Calculated Reststrahlen band in NpX (X = S, Se, Te) at X position.  

Materials ωLO(cm− 1) ωTO(cm− 1) ϵ (0)
ϵ (∞)

=
ω2

LO
ω2

TO 

Reststrahlen Band 

cm− 1 μm THz meV 

NpS 374.962 363.259 1.065 11.703 854.481 0.35 1.45 
NpSe 228.994 221.307 1.070 7.687 1300.897 0.23 0.953 
NpTe 167.97 163.355 1.057 4.615 2166.847 0.138 0.572  

Fig. 10. (a) Real and (b) imaginary parts of dielectric constant, (c) refractive index, and (d) extinction coefficient of NpX (X = S, Se, Te).  
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transitions are likely due to electronic excitations involving the valence 
and conduction bands. One significant trend observed is that the posi
tions of the major absorption peaks tend to shift towards lower energy as 
we move from smaller to larger chalcogen atoms which is attributed to 
changes in the electronic structure and the energy levels of the valence 
and conduction bands. Larger chalcogen atoms have more extended 
electron cloud distributions, leading to lower energy electronic 
transitions. 

When studying the optical properties absorption spectra provide 
information about the energy levels at which the material absorbs light. 
The absorption spectrum is related to the imaginary part of the dielectric 
constant through the Kramers-Kronig relations [38]. The tuning of ab
sorption coefficient with energy of incident photon is presented in 
Fig. 11(a). The redshift in absorption peaks with increasing chalcogen 
size can be attributed to changes in the electronic band structure and 
density of states. In larger chalcogen compounds like NpSe and NpTe, 
the increase in atomic size leads to a broader distribution of energy 
levels. This broader distribution results in a lower energy gap between 
the valence and conduction bands, allowing for the absorption of lower 
energy photons. Consequently, the major absorption peak shifts towards 
lower energies in the absorption spectrum. The optical conductivity 
variation of chalcogen compounds is presented in Fig. 11(b) exhibiting 
distinct behavior due to their unique electronic structures. NpS dis
played a notable conductivity response in the visible to near-infrared 
range, attributed to its semiconducting nature and the involvement of 
sulfur-derived energy bands. In the case of NpSe, a smaller bandgap 
compared to NpS results in enhanced optical conductivity, particularly 
in the IR region. These variations underscore the significant influence of 
chalcogen composition on the optical properties of neptunium-based 
chalcogenides, enabling tailored applications in optoelectronic devices. 

The variation of optical reflectivity R(ω) of NpS, NpSe, and NpTe is 
shown in Fig. 11(c) exhibiting multiple peaks at different energy values. 
The involved chalcogen atoms are semiconductors with narrow band 
gaps. This implies that they have limited conductivity at room temper
ature and are capable of absorbing and reflecting light within specific 
energy ranges. The value of R(ω) is closely linked to their energy band 
structure, where the energy difference between the valence and con
duction bands determines their ability to absorb and reflect photons of 
varying energy levels. Optical loss factor L(ω) measures the reduction in 
the intensity of light as it propagates through a medium due to the 

absorption or scattering of light. The value of L(ω) is plotted against the 
energy of the incident photon in Fig. 11(d). Optical loss can occur due to 
various factors, including absorption of light by the material itself, 
scattering of light by particles or imperfections in the material, and other 
phenomena that cause the light energy to be converted into heat or other 
forms of energy. For the studied compositions, the local environment of 
neptunium atoms within the crystal lattice also plays a role in deter
mining the optical loss characteristics. Defects, impurities, and crystal 
imperfections can introduce additional energy levels within the band 
gap, leading to absorption and scattering of photons. Understanding and 
controlling these factors are crucial for tailoring the optical properties of 
these materials for specific applications in areas such as optoelectronics, 
photovoltaics, and sensors. 

3.6. Thermodynamic properties 

As the material’s thermal response may be calculated to explore its 
thermal properties, that’s why thermodynamic calculations of 
neptunium-based chalcogenide compounds are considered unquestion
ably essential as this information will be helpful for future studies. So, 
thermodynamic properties of neptunium-based chalcogenides NpX with 
(X = S, Se, and Te) were performed using Quantum Harmonic Approx
imation (QHA) along Gibbs2 code. Fig. 12 shows the effect of temper
ature on volume at various pressures of 0, 5, and 10 GPa. The volume- 
dependent thermal effects are explained by the harmonic approxima
tion, which has been proposed to accurately represent all the values of 
lattice parameters. The inverse effect of volume pressure can be noted 
for all the compounds. However, it can be seen that the volume of NpS 
and NpTe increase with the increase of temperature while the NpSe 
exhibits an inverse effect. The volume of NpSe chalcogenides decreases 
with the increase in temperature. 

We attempt to explore the thermal properties of chalcogenides via 
the Quasi-Harmonic Debye (QHD) model as according to quantum sta
tistical mechanics this model ensemble of harmonic oscillators. In the 
QHD model, Debye temperature is considered one of the key quantities 
that is correlated with other properties like thermal expansion, elastic 
constant, specific heat, and melting temperature. Fig. 13 shows the 
Debye temperature of NpX chalcogenides at various pressures of 0, 5, 
and 10 GPa by changing temperature. 

An increase in Debye temperature was noted with the increase of 

Fig. 11. (a) Absorption, (b) optical conductivity, (c) reflectivity, and (d) optical loss of NpX (X = S, Se, Te).  
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Fig. 12. The change in volume with temperature and pressure of NpX (X = S, Se, Te).  

Fig. 13. Debye temperature variation with temperature and pressure of NpX (X = S, Se, Te).  

Fig. 14. The change in Bulk modulus with temperature and pressure of NpX (X = S, Se, Te).  
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pressure for NpS and NpTe compounds, while the Debye temperature 
decreased with the increase of pressure for NpSe chalcogenide. The 
value of Debye temperature at ambient pressure and temperature was 
recorded for NpS, NpSe, and NpTe compounds which were 444, 479, 
and 306 K respectively. A slight decrease in Debye temperature was 
noted by increasing the temperature which is due to a change of density 
of acoustic phonons as it is mainly related to Debye temperature. Bulk 
modulus is considered a property of a material that defines its resistance 
to change in volume when it is compressed or stretched. Fig. 14 shows 
the variation of bulk modulus by the temperature at a given pressure of 
0, 5, and 10 GPa. A slightly linear decrease in bulk modulus was noted 
with an increase in temperature for NpS and NpTe chalcogenides. 
However, the increase in bulk modulus was noted for NpSe chalcogenide 
with an increase in temperature. For both NpS and NpTe, the 
compressibility increases by raising the temperature at a particular 
pressure. However, the compressibility of both compounds decreases 
with the increase of pressure at a particular temperature. This type of 
trend normally occurs because the behavior of the increase of temper
ature on the material is the same as the decrease of the pressure. 

4. Conclusion 

In a nutshell, we have theoretically investigated the structural, 
phonon, electronic, optical, IR optical and thermodynamic properties of 
NpX, where X = S, Se, Te chalcogenides using full potential linearized 
augmented plane wave present in the framework of WIEN2k software 
and pseudopotential approach as implemented in Quantum ESPRESSO. 
Structural analysis determined that all these compositions belong to 
face-centered cubic structure with lattice parameter 5.3770 Å for NpS 
which increased to 5.6168Å and 6.0525 Å when S was replaced with Se 
and Te. The band structure investigation exposed their conducting na
ture in both spin channels. The significant contribution of d and f-states 
of Np and p-states of chalcogens in band formation was evident from the 
density of state plots. With the increasing size of chalcogen, the ab
sorption edge was shifted towards a lower energy range which sup
ported the decrease in bandgap and feasibility of these compositions for 
device fabrication in the IR region. 
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