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ABSTRACT
The electronic, magnetic, and optical properties of NaS and NaSe compounds have been studied by using first-principles calculations based on
density-functional theory and full-potential linearized augmented plane-wave method. The Perdew–Burke–Ernzerhof generalized gradient
approximation (PBE-GGA) and modified Becke–Johnson (mBJ-GGA) have been used to deal with the exchange-correlation potential. The
PBE-GGA and mBJ-GGA electronic calculation of the spin-up configuration shows an insulating behavior, while the spin-down shows a
metallic behavior. In addition, both PBE-GGA and mBJ-GGA agree that the total magnetic moment per unit cell for these compounds is
1 μB. From optical calculations, we see that ε1(0) value in the spin-up channel is positive, which shows an insulating character, while it has a
large negative value for the spin-down configuration, which shows a metallic character. The NaS and NaSe refractive index n(ω) indicates a
metallic demeanor as the real and imaginary parts of the dielectric constant.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129392

I. INTRODUCTION

Half-metallic ferromagnetic (HMF) compounds or alloys,
where one spin band direction shows a semiconducting or insulat-
ing behavior with a gap at the Fermi level FE, while the other spin
band direction shows a metallic behavior, have attracted increas-
ing interest. In high performance spintronic devices, the HMF
compounds are seen as a key ingredient since they may show
full spin polarization with only one electronic spin direction at
the FE.1,2 These HMF compounds are expected to be suitable for
room temperature spintronic applications. The rapid growth of
research on HMF compounds has found that they are suitable

for spintronic devices.3 HMF compounds have been theoretically
and experimentally studied for a wide range of compounds and
alloys, such as Heusler alloys, perovskite manganite, and zincblende
transition-metal.

The first prediction of HMF of the half-Heusler alloy NiMnSb
was studied in 1983 by de Groot et al.4 Since then, different types
of HMF compounds or alloys have been predicted. Ishida et al.5
predicted the HMF behavior for CoVSb alloy, while Weht and
Pickett6 predicted the HMF behavior for Mn2VAl alloy. Further-
more, HMF compounds were predicted in some magnetic oxides
such as Fe3O4

7 and CrO2.8 Diluted magnetic semiconductor alloys
such as GaxMn1−xN9 and ZnxCo1−xO10 show HMF behavior. Some
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FIG. 1. Calculated total energy per unit
cell vs cell volume for (a) NaSe and
(b) NaS compounds.

zincblende (ZB) transition-metals such as CrTe11 and CrSe12 show
HMF behavior.

Dahliah et al.13 calculated the total energy and the mechani-
cal elastic properties for PtC and showed that the PtC compound

crystallizes in the ZB structure at ambient conditions. Recently,
Abu-Jafar et al.14 predicted that the ScS and ScSe compounds have
a metallic behavior in all studied phases. Furthermore, they found
that the NiAs phase is the ground state of ScSe, while the rock

TABLE I. Structural parameters of NaS and NaSe compounds along with other theoretical results.

ZB structure RS structure

Compound
Structural

parameters
Present

work
Other

theoretical work
Present

work
Other

theoretical work

NaS
a0 (Å) 6.3763 6.39a, 6.38b 5.748 5.76a, 5.75b

B0 (GPa) 15.48 16a, 15b 24.56 24a, 24b

B′0 4.78 4.49a, 3.36b 4.56 3.77a, 4.45b

NaSe
a0 (Å) 6.653 6.67a, 6.65b 5.997 6.0a, 6.0b

B0 (GPa) 13.4 14.0a, 13.0b 21.39 20a, 21b

B′0 4.69 4.52a, 3.48b 4.228 4.5a, 3.79b

aReference 17.
bReference 19.

AIP Advances 13, 015110 (2023); doi: 10.1063/5.0129392 13, 015110-2

© Author(s) 2023

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

salt (RS) phase is the ground state of ScS. Han et al.15 studied the
magnetic and electronic properties of alkali (K, Na, and Li) doped
AlN. They found that the spin polarized state is more favorable
than the non-spin polarized state: the spin polarized state has lower
energy. Few studies have been performed to determine the struc-
tural and electronic properties of sodium based chalcogenides NaM
(M = S, Se, and Te).16,17 Gao et al.16 used full-potential linearized
augmented plane-wave (FP-LAPW) method within generalized gra-
dient approximation (GGA) to calculate the structural, electronic,
and magnetic properties of XS (X = K, Li, and Na) in ZB and
RS structures. They concluded that the RS structure of NaS and
KS is HMF. Ahmadian17 carried out the FP-LAPW approach
within spin polarized density functional theory to compute the elec-
tronic and magnetic properties of NaX compounds (X = O, S,
Se, Te, and Po) in RS, ZB, and NiAs structures. The NaX com-
pounds (X = S, Se, and Te) in the ZB and RS structures were
found to be HMF. Moradi et al.18 used the pseudopotential self-
consistent method based on density functional theory (DFT) to
investigate the magnetic properties of MS (M = Na, K, and Li)
compounds in the wurtzite (WZ) structure. They found that LiS,
NaS, and KS compounds are HMF and maintain their half-metallic

behavior under pressure to a certain amount. Sadouki et al.19

used FP-LAPW to investigate the structural, electronic, and mag-
netic properties of NaS, NaSe, and NaTe compounds. These com-
pounds in ZB and WZ structures show a half-metallic behavior,
and their magnetic moment was calculated to be 1 μB per unit
cell.

In this study, we investigated the structural, electrical, mag-
netic, and optical characteristics of NaX (X = S and Se) compounds
in the ZB and RS crystalline structures. In addition, the induced
transition pressure effect is studied.

The exchange-correlation potential for the electronic and opti-
cal properties was calculated by using PBE-GGA and mBJ-GGA
approaches. To the best of our knowledge, there are no experi-
mental work and previous theoretical investigations for the induced
transition pressure and optical properties of the alkali-metal chalco-
genides, NaS and NaSe compounds, reported in the literature. More-
over, the electronic and magnetic properties are not experimentally
available in the literature for alkali-metal chalcogenides (NaS and
NaSe compounds). This paper can be considered as a prediction
study, and we expect that our study will motivate some other optical
works on these compounds.

FIG. 2. Enthalpy as a function of
pressure for (a) NaSe and (b) NaS
compounds.
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The rest of the paper is organized as follows: Sec. II presents
the computational methodology, Sec. III presents the detailed results
and discussions, and Sec. IV presents a summary of our findings and
conclusions.

II. METHODOLOGY
Recently, calculations on the NaX (X = S and Se) compounds

in the zincblende and rock salt crystal structures19 were carried
out by using the full-potential linearized augmented plane-wave

FIG. 3. Band structure of NaSe in the ZB structure (a) and (b) with PBE-GGA approximation and (c) and (d) with mBJ-GGA approximation.
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(FP-LAPW) method.20 FP-LAPW method is based on density-
functional theory (DFT).21 Generalized gradient approximation as
parameterized in Perdew–Burke–Ernzerhof (PBE-GGA) scheme 22

has been carried out to predict and estimate the structural para-
meters, induced transition pressure, and magnetic properties. The
modified Becke–Johnson (mBJ-GGA)23,24 has been used to calculate

the band structure for the NaX (X = S and Se) compounds. The prod-
ucts of the spherical-harmonic with both radial functions and radial
functions’ first derivative are used as the basis inside the muffin-tin
(MT) spheres—an occupied space by spheres with radius RMT; on
the other hand, a plane-wave basis set is used in the interstitial region
(remaining space outside the spheres). The total unit cell energy was

FIG. 4. Band structure of NaS in ZB structure (a) and (b) with PBE-GGA approximation and (c) and (d) with mBJ-GGA approximation.
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minimized by using a grid size of 11 × 11 × 11 k-points, which is
reduced to 56 k-points in the irreducible Brillouin zones (IBZ). The
charge density was Fourier expanded up to Gmax = 14, and the plane-
wave cutoff was chosen such that RMT × Kmax = 8 with a cut-off

lmax = 7. The iteration process was repeated until the calculated total
energy per unit cell volume converged to less than 10−5 Ry/unit cell.

The valence electron configurations of studied atoms are Na
(3s1), S (3s23p4), and Se (4s23d104p4).

FIG. 5. Band structure of NaSe compound (a) spin-up and (b) spin-down configurations and NaS compound (c) spin-up and (d) spin-down configurations in the RS structure
using the PBE-GGA method.
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III. RESULT AND DISCUSSION

A. Structural properties
The ground state properties of the NaX (X = S and Sr) com-

pounds in RS and ZB structures have been calculated by using the
FP-LAPW method at the level of (PBE-GGA) scheme.22 The total
optimized energy at various unit cell volumes is computed and fitted
to Murnaghan’s equation of state (EOS),25 as shown in Figs. 1(a) and
1(b) for both NaSe and NaS, respectively. It is clear from Fig. 1 that
at ambient pressure, the RS structure has the lowest energy, i.e., the
RS structure is the most stable under normal conditions.

Table I displays the calculated optimized lattice parameter (a0),
bulk modulus (B0), and its first order pressure derivative (B′0) for
both chalcogenides, NaSe and NaS compounds, along with the avail-
able prior results.17,19 The structural parameters a0, B0, and B′0 are
reasonably compatible with the prior results.17,19 The lattice con-
stants for NaX (X = S and Se) compounds within ZB and RS
structures increase as the chalcogenide X radii increase. On the other
hand, as the X radii increase, the B0 decrease. ZB has the greatest
lattice constant, while the RS has the greatest bulk modulus.

B. Phase transition
The calculated total energy as a function of unit cell volume

for NaSe and NaS compounds is shown in Figs. 1(a) and 1(b), for
both RS and ZB structures, respectively. It is clear from Fig. 1 that
the RS structure, at ambient pressure, is the most stable ground state
structure for both NaSe and NaS compounds. Under volume expan-
sion, the calculations show that both NaSe and NaS compounds will
experience a phase transition from RS to ZB structure. The pressure-
induced structural phase transition can be estimated by analyzing
the Gibbs free energy function (G) for each compound within the
RS and ZB phases. Take G = E0 + PV + TS. Since the theoretical cal-
culations are done at T = 0 K, the last term in the Gibbs function
(TS) has vanished and G resembles the enthalpy (H = E0 + PV). The
enthalpy vs pressure curves for NaSe and NaS compounds in the
RS and ZB structures are displayed in Figs. 2(a) and 2(b). A phase
transition occurs at the intersect point, where the enthalpies of the
two phases have the same value and the pressure at this point is the
induced transition pressure.

The bulk modulus (B0) at equilibrium volume (V0), its pres-
sure derivative (B′0), and equilibrium lattice constant (a0) were

FIG. 6. Partial density of states within (a) spin-up, (b) spin-down, and (c) total density of states for NaSe compound in the ZB structure using the PBE-GGA approach.
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FIG. 7. Partial density of states within (a) spin-up, (b) spin-down, and (c) total density of states for NaSe compound in the RS structure using the PBE-GGA approach.

determined by fitting the total energy vs volume to Murnaghan’s
equation of states.25 Murnaghan’s equation of state is given by

E(v) = E0 +
B0V
B′0
[(

Vo
V )B

′
0

B′0 − 1
+ 1] − B0V0

B′0 − 1

where E0 is the minimum energy.

The bulk modulus (B0) and the pressure (P) are given by

B′0 = −V
dP
dV
= V

d2g
dV2 , P = − dE

dV
.

The estimated transition pressures from RS to ZB structure for
NaSe and NaS are about −2.40 and −2.77 GPa, respectively. This

TABLE II. Total and local magnetic moments of NaS and NaSe compounds in the ZB and RS structures.

Structure Compound
Mtot

(μB/unit cell)
MNa

(μB/unit cell)
MX

(μB/unit cell)
Minterstitial

(μB/unit cell)

ZB NaS 0.999 0.001 0.735 0.254
NaSe 1.0 0.014 0.683 0.303

RS NaS 0.999 0.006 0.789 0.204
NaSe 0.999 0.012 0.731 0.256
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FIG. 8. Total magnetic moment vs lattice
constant for NaS and NaSe compounds
in the ZB structure.

means that the RS to ZB phase transition occurs for NaSe and NaS
compounds under expansion.

The RS to ZB phase transition occurs when V/V0 is greater
than one, meaning that these two transitions require volume expan-
sion. Negative pressure indicating an RS to ZB transition for both
compounds means that we must expand the RS structure to get the

ZB structure. In other meaning, we need larger pressure in the case
of the expansion of RS into ZB. To the best of our knowledge, no
theoretical or experimental values are available in the literature for
the transition pressure from RS to ZB for both systems.

The negative of the slope of the common tangent line from RS
to ZB is given by the transition pressure Pt = − dE

dV .

FIG. 9. Real part of the dielectric function ε1(w) of NaS compound (a) intraband transition and (b) inter- and intraband transition in the RS structure, and (c) intraband
transition and (d) inter- and intraband transition in the ZB structure using the PBE-GGA approach.
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C. Band structure and density of states
The electronic properties of NaX (X = S and Se) compounds in

RS and ZB structures have been calculated by using the optimized
lattice constant (a0). The electronic properties have been employed
to study their magnetic and optical characteristics. To understand
the magnetic and optical properties of a material, it is necessary to
know its electronic structure. The band structures of NaX (X = S
and Se) compounds are calculated along the high symmetry lines
in the irreducible Brillouin zone. Spin-polarized calculations are
performed by using the concepts of spin-up/spin-down electrons.

Figures 3 and 4 illustrate the spin-polarized band structures of
NaX compounds in the ZB structure for both spin-up (majority)
and spin-down (minority) configurations. The majority spin shows
a metallic behavior, and the bands are crossing the Fermi energy.
On the other hand, the minority spin shows an insulating behav-
ior, and the Fermi level is in between the valence and conduction
bands, resulting in a direct bandgap (PBE-GGA: 3.51 eV; mBJ-GGA:
5.6 eV) and (PBE-GGA: 4.08 eV; mBJ-GGA: 7.0 eV) along the Γ
high symmetry line for NaSe and NaS compounds, respectively. This
implies that NaS and NaSe compounds in the ZB phase are half-
metallic compounds and possess large HMF gaps. The mBJ-GGA
approximation is used to treat exchange-correlation potential by
implementing a nonlocal potential. The band structures of the NaS
and NaSe compounds have a large bandgap in the minority channel
coupled with the absence of an energy gap in the majority channel.
The energy band gaps resulting from the mBJ approach are wider

than GGA one, about 2.1 and 2.92 eV for NaSe and NaS compounds,
respectively.

Figure 5 shows the band structures of NaX compounds in the
RS structure for both spin-up and spin-down configurations by
using the PBE-GGA method. The majority shows a metallic behav-
ior, while the minority shows an insulating behavior, and the Fermi
level is in between the valence and conduction bands, resulting in a
direct bandgap of 3.6 and 4.24 eV along the Γ high symmetry line for
NaSe and NaS compounds, respectively. This implies that NaS and
NaSe compounds in the RS phase are half-metallic and possess large
HMF gaps. As a result, the topologies of the energy band structure
for NaS and NaSe compounds in the RS and ZB structures are quite
similar. Furthermore, the topologies of the density of states (DOSs)
for NaS and NaSe compounds are also quite similar. In this work,
the DOS of the NaSe compound will only be displayed; DOSs of a
system are used to describe the number of states/eV per each energy
level that is possible to be occupied.

Figures 6 and 7 display the DOS of the NaSe compound in the
ZB and RS structures, respectively. For further understanding of the
nature of the band structures, the total and partial density of states
(TDOS and PDOS) for NaSe compound in the ZB and RS struc-
tures have been calculated. The Fermi energy (FE) indicated by a
dotted horizontal line crosses the valence band for the spin-down
configuration as seen in the band structure for the spin-down chan-
nel. For both spin-up and spin-down configurations, the valence
energy bands arise mainly from the Se-p state, along with a very

FIG. 10. Real part of the dielectric function ε1(w) of NaSe compound (a) intraband transition and (b) inter- and intraband transition in the RS structure, and (c) intraband
transition (d) inter- and intraband transition in the ZB structure using the PBE-GGA approach.
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small contribution from Na-p and Na-d states. Above the FE, the
conduction bands mainly originate from Se-d and Se-p states, with
a small contribution from the Na-p and Na-d states.

D. Magnetic properties
The calculated total (Mtot) and local (MX) magnetic moments

for the NaSe and NaS compounds are presented in Table II. It shows
that the calculated Mtot is ∼1.0 μB/unit cell. The total and local mag-
netic moment is the same within mBJ and GGA methods, with an
integer value for the total magnetic moment as expected for the
HMF compounds according to Slater–Pauling curve. The Mtot for
the two compounds is mainly referred to as the MX of chalcogenides
(S and Se) atoms. Our calculated magnetic moments agree well with
previous calculations.16,17,19

In Fig. 8, we represent the variation in Mtot with the lattice con-
stant in the ZB structure. The Mtot is invariant with the decrease
in the lattice constant until a0 = 5.35 and 4.5 Å for NaSe and
NaS, respectively. Below these values, Mtot begins to decrease; Mtot
for NaSe reaches zero at a0 = 4.9 Å, while NaS stays to have a
considerable value of Mtot even at a low lattice constant.

E. Optical properties
The FP-LAPW method is one of the best theoretical tools to

calculate the optical properties of a compound. The optical proper-
ties are crucial to providing information about the internal structure

of the NaX compounds. Moreover, the optical parameters are used
to clarify the linear response of the electrons in the crystal to an
external field. There are interactions between the electric field of the
incident photon and the electrons in the crystal. These interactions
cause optical transitions from occupied to unoccupied states. Since
the investigated ZB and RS structures have a cubic symmetry, only
one dielectric tensor component is needed to describe completely the
linear optical response. The frequency dependent complex dielec-
tric function ε(ω) = ε1(ω) +iε2(ω) is known to describe the optical
response of the medium at all phonon energies E = hW, by using
the formalism of Ehrenreich and Cohen.26 ε1(ω) and ε2(ω) rep-
resent the real and the imaginary parts of the dielectric function,
respectively. The imaginary part ε2(ω) of the complex dielectric
function in the long wavelength limit has been obtained by using
the joint density of states (JDOS) and the transition matrix elements
Mcv(k),

ε2(ω) =
e2h̵

πm2ω2∑
v,c
∫
BZ

∣Mcv(k)∣2δ[ωcv(k) − ω]d3k. (1)

The integral here is only over the first Brillouin zone, and the
matrix elements of dipole moments for direct transitions between
conduction [uck(r)] and valence [uvk(r)] bands are given by Mcv(k)
= ⟨uck∣e ⋅ ∇∣uvk⟩, where e represents the polarization of the electric

FIG. 11. Imaginary part of the dielectric function ε2(w) of NaS compound (a) intraband transition and (b) inter- and intraband transition, and for NaSe compound (c) intraband
transition and (d) inter- and intraband transition in the ZB structure using the PBE-GGA approach.
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field and is the excitation energy. The real part ε1(ω) of the
dielectric constant can be deduced from the ε2(ω) by using the
Kramers–Kronig transformation,

ε1(ω) = 1 + 2
π

P
∞

∫
0

ω′ε2(ω′)
ω′2 − ω2 dω′, (2)

where P denotes the Cauchy principal value of the integral. The
knowledge of the complex dielectric function, real and imaginary
parts, allows one to predict the crucial optical parameters such as
the refractive index n(ω), the extinction coefficient k(ω), energy loss
function L(ω), the reflectivity R(ω), and absorption coefficient α(ω)
by using the following expressions:27–29

k(ω) = (1
2
[
√

ε2
1(ω) + ε2

2(ω) − ε1(ω)])
1/2

(3)

L(ω) = ε2(ω)
ε1(ω)2 + ε2(ω)2 (4)

R(ω) = ∣
√

ε(ω) − 1√
ε(ω) + 1

∣
2

= ∣
√

ε1 + iε2 − 1√
ε1 + iε1 + 1

∣
2

(5)

n(ω) = (1
2
[
√

ε2
1(ω) + ε2

2(ω) + ε1(ω)])
1/2

(6)

α(ω) =
√

2ω
c
(
√

ε2
1(ω) + ε2

2(ω) − ε1(ω))
1/2

. (7)

It is known that the calculations of the optical properties of
materials request a dense mesh of uniformly distributed k-points.
Hence, the Brillouin zone integration for the optical properties
was performed with 328 k-point. The broadening is taken to be
0.15 eV.

Real parts of the dielectric constants are depicted in Figs. 9 and
10 for NaSe and NaS compounds. It is seen that the ε1(ω) curve goes
through zero from below when inter- and intraband transition is
considered, while it goes through zero from above at intraband tran-
sition. The static dielectric constant ε1(0) is given by the low energy
limit of ε1(ω) [ε1(0) = 34 and 28 for ZB and RS phases of NaSe com-
pound, respectively, and ε1(0) = 30 and 25 for ZB and RS phases
of NaS compound, respectively]. It is necessary to emphasize that
we do not include phonon contributions to the dielectric screen-
ing, and ε1(0) corresponds to the static optical dielectric constant
ε∞. The static real part of the dielectric ε1(0) has positive values for
both NaSe and NaS compounds within the intraband, which shows
an insulating character, while within inter- and intraband transition,
it has large negative values, indicating a metallic character. The real
part of the dielectric constant and electronic properties agree that the
spin-up (intraband transition) shows an insulating behavior, while
the spin-down (inter- and intraband transition) shows a metal-
lic behavior. As the photon’s energy increases, the real dielectric

FIG. 12. Imaginary part of the dielectric function ε2(w) of NaS compound (a) intraband transition and (b) inter- and intraband transition, and for NaSe compound (c) intraband
transition and (d) inter- and intraband transition in the RS structure using the PBE-GGA approach.
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functions within inter- and intraband transition have the same
values within intraband transition. In high-frequency regions, the
real dielectric functions within the two approaches become approx-
imately equal to zero. The static dielectric constant ε1(0) for NaX
compounds is negative within inter- and intraband transition. On
the other hand, the static imaginary part of the dielectric constant
ε2(0) for the two compounds, as shown in Figs. 11 and 12, has huge
positive values within inter- and intraband transition in ZB and RS
structures, respectively.

This suggests two remarkable facts: first, both NaSe and NaS
compounds have a half-metallic characteristic, which agrees with
the electronic structure calculations. Second, a negative value of
ε1(ω) at the energy less than 2 eV is pointing to the loss of light
transit. The ε1(ω) for both NaSe and NaS compounds has roots
(ε1) = 0, which occur at Plasmon oscillation. The compounds at these
oscillations do not respond to the incident light. The sharp increase
in ε1(ω) with inter- and intraband transition at an energy range of
0–1.9 eV indicates a half-metallic behavior and this is related to the
non-interaction between the incident photon and the compound at
this energy range. When the photon energy is zero (ω = 0), ε2(0)
has a huge value with inter- and intraband transition, while it has a
considerable value with the intraband transition. A sharp peak can

be seen at the earlier beginning of the ε2(0) spectrum within the
intraband transition, which is due to the transitions at the Γ-point
symmetry. Sharp peaks followed by small peaks distributed along the
ε2(0) spectrum are due to interband transitions. Since the intraband
transition has an insulating behavior, these transitions are strongly
related to the energy bandgap. The real and imaginary parts’ behav-
iors are related to intraband contributions. In metal and half-metal
(HM) systems, there are intraband contributions mainly from the
conduction electrons; this contribution highly appears in the low-
energy infrared part of the spectra. The calculated ε2(ω) spectra
show some peaks (threshold energy). These peaks in the imaginary
part spectra are related to electron excitation. At these threshold
energies, electron transitions from the occupied states in the valence
band to the unoccupied states in the conduction band are observed.
As shown in Figs. 11 and 12, a maximum transition from the valence
band to the conduction band occurs at 0.30 and 0.2 eV for NaS
and NaSe compounds, respectively. As can be seen, the ε2(ω) spec-
trum does not vary greatly from NaSe and NaS compounds. This
is attributed to the fact that the conduction bands’ features and the
symmetries of the wave functions, which dictate the selection rules
and are fully reflected in the matrix moment elements, are some-
what similar. The refractive index n(ω) is an important physical

FIG. 13. Refractive index n(w) of NaS with (a) inter- and intraband transition and (b) intraband transition, and that of NaSe compound with (c) inter- and intraband transition
and (d) intraband transition in the ZB structure using the PBE-GGA approach.
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FIG. 14. Extinction coefficient k(w) for (a) NaS and (b) NaSe compounds in the RS structure using the PBE-GGA approach.

parameter. It is a frequency dependent function and closely related
to the energy band structure. The refractive index n(ω) for NaS and
NaSe compounds in the ZB structure are illustrated in Fig. 13.

The two compounds have the same behavior for inter- and
intraband transition. Figures 13(a) and 13(c) show that n(0) has a
large value; n(0) = 5.9 and 6.0 for the interband transition of NaS and
NaSe compounds, respectively, which indicate a metallic behavior
as indicated by the real and imaginary parts of the dielectric con-
stant. The trend is similar for the extinction coefficient k(ω) (see
Fig. 14); k(0) within inter- and intraband transition has a huge value
compared with k(0) within the intraband transition.

As the energy of incident photons increases, n(ω) and k(ω) drop
to a lower value. Both n(ω) and k(ω) at high energy have the same
values within the intraband transition and within inter- and intra-
band transition. The extinction coefficient k(ω) and the imaginary
part of dielectric constant ε2(ω) vary in the same way because k(ω)

depends on the amount of absorption of photon when it propa-
gates in the material. On the other hand, the refractive index n(ω)
indicates the phase velocity of the electromagnetic wave.

Both n(ω) and k(ω) have small peaks along the spectrum.
These peaks originate from electrons’ transitions from the valence
to conduction bands.

The reflectivity coefficient R(ω) spectra of NaS and NaSe com-
pounds as a function of the frequency of photons in the RS structure
are shown in Fig. 15. The reflectivity R(ω) is an important parameter
since it displays the percent of reflected photons (energy) at the solid
surface. The values of static reflectivity R(0) of NaS and NaSe com-
pounds within intraband transition are 51% and 50% (93% and 94%
within inter- and intraband transition), respectively. A large static
reflectivity indicates a metallic behavior; it implies that both NaS and
NaSe compounds can be used as excellent coating materials in the
infrared region. The reflectivity of the two compounds drops to zero

FIG. 15. Reflectivity function R(w) for (a) NaS and (b) NaSe compounds in the RS structure using the PBE-GGA approach.
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FIG. 16. Absorption coefficient α(w) (a) NaS and (b) NaSe compounds in the RS structure using the PBE-GGA approach.

value at photon energy of around 2 eV and then begins to increase
again.

The absorption coefficient α(ω) spectra of NaS and NaSe com-
pounds are plotted in Figs. 16(a) and 16(b), respectively. NaS and
NaSe compounds have a wide absorption region, are good absorbent
materials, and their maximum absorption spectra are situated in
the infrared and ultraviolet regions.α(0) is large, and as the pho-
ton energy increases, α(ω) decreases and it reaches zero at around
2 eV. Above 4.0 eV, the absorption increases at certain peaks along
the spectrum as the photon energy increases. The observed peaks in
the absorption spectra are correlated with the peaks in the (ε2) spec-
trum. As a result, they are connected to electron transitions from
conduction to valence bands. Sharp peaks are seen in the spectrum
at the valance and conduction bands, which can be very far from
one another. These two compounds are bad absorbers in the visi-
ble region but good absorbent materials in the infrared (low energy)
and ultraviolet (high energy) regions, which is due to their metallic

nature. The energy loss spectrum L(ω) is used to describe the energy
loss of fast electrons propagating in the material. The L(ω) of NaS
and NaSe compounds is depicted in Figs. 17(a) and 17(b). The
energy loss spectra for NaS and NaSe compounds are approximately
zero at the early beginning of the spectrum, which is related to the
high reflectivity.

As the reflectivity decreases and ε2(ω) increases, the energy
loss increases. We observe prominent peaks occurring at 1.51
and 1.48 eV within intraband transition (1.9 and 1.84 eV within
inter- and intraband transition). These peaks define the screened
plasma frequencyωp

29 and correspond to the abrupt reduction of the
reflectivity spectrum R(ω) and the zero crossing of ε1(ω).

IV. CONCLUSION
We have investigated the structural, electronic, magnetic, and

optical properties of the NaS and NaSe compounds by using

FIG. 17. Energy loss function L(w) for (a) NaS and (b) NaSe compounds in the RS structure using the PBE-GGA approach.
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the PBE-GGA and mBJ-GGA approaches. It is found that these
compounds are half-metallic ferromagnetic (HMF) compounds.
The lattice constant increases as the chalcogenide atoms’ (S and Se)
radius increases, while the bulk modulus decreases. The band struc-
tures and the total density of states verify the half-metallic behavior
of these compounds. The total magnetic moment Mtot per unit cell
is equal to 1.0 μB. These compounds are half-metallic compounds
since they have approximately an integer number of Mtot. The Mtot
for NaS and NaSe is mainly attributed to the local magnetic moment
of chalcogenide atoms (S and Se). It is invariant with decreasing the
lattice constant until a0 = 5.35 and 4.5 Å for NaSe and NaS, respec-
tively. These two compounds show an insulating behavior with a
spin-up configuration, while they show a metallic behavior with a
spin-down configuration.

From optical calculations, we see that the ε1(0) value within the
intraband transition is positive, which shows an insulating character,
while within inter- and intraband transition, it has a large nega-
tive value, which shows a metallic character. The real part of the
dielectric constant and the electronic properties agree that the spin-
up is showing an insulating behavior, while the spin-down shows a
metallic behavior. The imaginary part of the static dielectric function
ε2(0) for the two compounds is a huge positive value within inter-
and intraband transition. The sharp peak seen at the earlier begin-
ning of ε2(0) spectrum within the intraband transition is caused by
transitions at the Γ-point symmetry.

The n(ω) for both NaS and NaSe compounds indicates a metal-
lic behavior as the ε1(ω) and ε2(ω) indicate. In the same view for the
extinction coefficient k(ω), as the incident photons energy increases,
the n(ω) and k(ω) values decrease, and both have the same values
within intraband transition and within inter- and intraband tran-
sition. The extinction coefficient k(ω) and the imaginary part of
dielectric constant ε2(ω) vary in the same way because k(ω) depends
on the amount of absorption of photon when propagates in the
material. Both n(ω) and k(ω) have a small peak along the spectrum,
which are originating from electrons’ transitions from the valence to
conduction bands. Both k(ω) and ε2(ω) vary in the same way because
k(ω) counts on the amount of absorption of photons when propa-
gating in the medium. Furthermore, both n(ω) and k(ω) have small
peaks along the spectrum, originating from the electrons’ transitions
between the valence and conduction bands.

The values of static reflectivity R(0) of NaS and NaSe com-
pounds within intraband transition are 51% and 50% (93% and 94%
within inter- and intraband transition), respectively, which reflects a
metallic behavior. It implies that both NaS and NaSe compounds
can be employed as excellent coating materials in the infrared
zone.
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