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H I G H L I G H T S  

• Ferromagnetic phase is most suitable for this compound. 
• It is understood from the electronic band structure of YMnS2 compound has half-metallic nature. 
• The material could be good candidate for optoelectronic applications. 
• Determined elastic constants indicate that the material has high incompressibility and ductility. 
• The estimated low thermal conductivity show that it could be a good candidate for thermal barrier coating applications.  
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A B S T R A C T   

In this study, magnetic and electronic nature, optical behavior, and elasticity properties of YMnS2 compound 
have been investigated by using density functional theory (DFT). The compound belongs to the chalcopyrite 
family having tetragonal crystal structure with 122 (I-42d) space group. Firstly, the optimization process has 
been done for ferromagnetic, antiferromagnetic, and paramagnetic orders to find most stable magnetic order and 
the formation energies have been determined. Negative formation energies prove that our compound is ener
getically synthesizable and structurally stable. For this compound, plotted energy change with respect to volume 
curves show that ferromagnetic order is most stable. It is understood from the electronic band structure obtained 
with Perdew-Burke-Ernzerhof functional within Generalized Graident Approximation, which has 1.27 eV band 
gap for spin-up orientation and metallic for spin-down orientation, so overall YMnS2 compound has a half- 
metallic nature. Moreover, the electronic band structure has been obtained with HSE06 functionals that in
dicates the half-metallic nature with 3.20 eV band gap in spin-up orientation and metallic nature in spin-down 
orientation. To understand optical properties, frequency dependent complex dielectric functions have been 
determined. Then, some optical properties have been investigated using the imaginary and real parts of the 
dielectric function. In addition to that, YMnS2 compound is mechanically stable according to Born-Huang sta
bility criteria. Also, this new chalcopyrite compound is considered to be ductile, which is important for its use in 
technological applications.   

1. Introduction 

Semiconductor or half-metallic chalcopyrite structures have been 
very popular for many years, since they have been used in several ap
plications such as thermoelectric [1–3], magnetism [4,5], photovoltaic 
cells [6], optical devices [7], spintronics (i.e. spin-dependent electronic 

devices), giant magneto-resistance, and the magnetic sensors [8,9]. 
Moreover, half-metallic materials can also show metallic or semi
conducting behavior due to their spin state. And they can produce 
electrical conduction, resulting from the charge carriers of a particular 
spin direction only. In addition, they have 100% spin-polarization, and 
it generates spin-polarized current. This feature yields the optimum 
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efficiency for magnetoelectronic devices. It could be stated that 
half-metallic materials also have magneto-optical properties. Moreover, 
they can be candidate for many applications, like electrical switches 
where only one type of electrons. These properties make half-metallics 
suitable for spin-dependent electronic and magneto-optical devices 
[10,11]. 

CuFeS2 is the prototype of chalcopyrites and it is theoretically and 
experimentally most studied structure among this family with 122 (I- 
42d) space group. In the literature, the physical properties of CuFeS2 
under doping were examined and the temperature dependence of the 
Seebeck coefficient were investigated. Also, it has been shown that the 
most stable magnetic phase of CuFeS2 is the antiferromagnetic phase 
[12–18]. In addition, electronic structure, and Boltzmann transport 
theory calculations for CuFeS2 were studied with Density Functional 
Theory (DFT) [19]. Moreover, figure of merit ZT, lattice thermal con
ductivity, and the total and projected densities of states were obtained 
theoretically, and these results were confirmed experimentally [20–22]. 

AgFeS2 is another widely studied compound in this family which is 
known as lenaite. The first study on the physical properties of this 
compound was carried out by J. W. Boon in 1944. Then, the formation 
energy of this compound was calculated, and its magnetic and opto
electronic properties were investigated. In addition, optical and me
chanical properties of AgFeS2 were extensively studied [23–25]. 

The ductile or the brittle nature of a material is another important 
feature for the industrial applications. The ductile materials absorb 
relatively higher energy and undergo less plastic deformation, and it 
makes them preferable in the industry. To get the ductile material from 
the chalcopyrite family, Cu/Ag could be replaced with Y [26,27]. 

The motivation to search a new material which has both half metallic 
nature and the ductile property guided us to study YMnS2 structure 
belonging to chalcopyrite family. 

In this work, YMnS2 compound has been investigated using Density 
Functional Theory (DFT) in detail for the first time in terms of its 
structural, magnetic, electronic, optical, and mechanical properties. 

2. Computational details 

In this research, Density Functional Theory (DFT) calculations have 
been done using Vienna Ab Initio Simulation Package (VASP) [28–30]. 
The optimization procedure has been continued iteratively until all the 
pressures and the forces on each atom become zero. This process has 
been performed in order to determine the most appropriate magnetic 
order among ferromagnetic, antiferromagnetic, and paramagnetic or
ders with the formation energies. Then, the electronic band structure 
with the density of states have been calculated and plotted for the most 
stable magnetic phase that is determined as ferromagnetic. Further
more, some optical properties of the related material have been inves
tigated with the calculated complex dielectric function. 

Perdew-Burke-Ernzerhof (PBE) [31] type exchange and correlation 
functionals have been considered within Generalized Gradient Ap
proximations (GGA). For Y, Mn and S atoms, the valance electron con
figurations are 4s24p65s24d1, 3p63d54s2 and 3s23p4, respectively. 6 × 6 
× 8 MP (Monkhorst-Pack) k-point mesh has been used for sampling 
reciprocal space [32]. The cut off energy has been chosen as 500 eV. 
Also, the projector augmented wave (PAW) method has been employed 
to describe interaction between electrons and ion cores. 
Methfessel-Paxton type smearing method has been used in which 
smearing parameter has chosen as 0.01 eV. The positions of atoms in the 
cell have been fixed until the minimum force on atoms reach 10− 10 

eV/Å. Furthermore, the hybrid functional Heyd-Scuseria-Ernzerhof 
(HSE) method [33] has been employed to prevent the underestimation 
of the band gaps of semiconductors resulted from the GGA-PBE method. 
For the HSE method, the screened HSE06 hybrid functional is taken with 
the screening parameter of 0.2 Å− 1 and 25% of the exact non-local 
Hartree-Fock exchange which is mixed into the exchange part [34]. 
The elastic constants have been calculated with the “stress–strain” 

approximation as implemented in VASP using IBRION = 6 and ISIF = 3 
parameters [35]. Some elastic properties such as bulk and shear modules 
have been obtained by ELATE program [36]. 

3. Results and discussion 

3.1. The structural properties 

YMnS2 compound belongs to the chalcopyrite family with 122 (I- 
42d) space group [37] is given in Fig. 1. To construct the unit cell of 
YMnS2, the chalcopyrite structure was chosen as a prototype [38]. 
YMnS2 compounds in which two Y atoms are placed at 4a (0, 0, 0), two 
Mn atoms are positioned on 4b (0.5, 0.5, 0) and finally four S atoms are 
located at 8d (0.161, 0.125, 0.250) Wyckoff positions. 

In Fig. 1, three-dimensional (3D) crystallographic structure and X- 
Ray diffraction pattern (XRD) obtained with the optimization of the 
theoretical data have been illustrated. XRD pattern shows that the 
maximum 2θ value has been determined as 26.67◦ corresponding to the 
preferred orientation along the [112] direction. In addition, the ob
tained minor peaks around 2θ = 44.10◦ and 2θ = 52.71◦ correspond to 
the [203] and [133] directions, respectively. Since there are no results 
on the XRD studies for YMnS2 compound, the obtained orientations 
within the present study could light the way to future studies. 

The formation energy (ΔEf ), that could be determined by internal 
energies and total energy [39] as given in Eq. (1), is a vital parameter to 
understand thermodynamic and structural stability of a compound. For 
the formation energy calculation, the ground state energy of YMnS2 and 
the ground state energies of one Y, one Mn and one S atoms are needed. 
Ebulk

atom is the ground state energy of one atom which is obtained in its bulk 
form. 

ΔEf =Ebulk
YMnS2

−
(
Ebulk

Y +Ebulk
Mn + 2Ebulk

S

)
(1)  

where, Ebulk
Total symbolize total energy of the unit cell of the crystalline. 

Moreover, Ebulk
Y , Ebulk

Mn and Ebulk
S are the calculated ground state energies of 

Y, Mn and S atoms in their bulk crystals, respectively. 
To examine the spin effects on YMnS2, ferromagnetic, antiferro

magnetic, and paramagnetic orders have been considered. For the 
ferromagnetic order, magnetic moments of the atoms aligned in the 
same direction. On the other hand, for the antiferromagnetic order, 
arrangement of the magnetic moments for the Mn atoms were oriented 
in antiparallel direction to yield zero magnetization and finally for the 
paramagnetic order all the magnetic moments of the atoms were given 
zero [40]. 

The calculated formation energies of the YMnS2 compound for all 
three of magnetic orders along with lattice parameters and bond lengths 
have been tabulated in Table 1. The lattice parameters (a and c) and 
bond lengths (d) have been given for the most stable magnetic phase. 
After that, in order to clearly detect the most favorable magnetic phase, 
the energy-volume plot has been drawn for the considered three types of 
magnetic orders given as in Fig. 2. The ground state energy values have 
been normalized by using Vinet equations [41]. The plotted 
energy-volume curves and the calculated formation energies show that 
for this chalcopyrite, the ferromagnetic phase is the most stable, since it 
has the lowest ground state energy in Fig. 2. In addition to that, as one 
can see from Table 1, negative formation energies prove that YMnS2 
compound is energetically synthesizable and structurally stable. Also, in 
ferromagnetic order, it has lowest bond lengths. In addition, although 
YMnS2 compound has same crystal structure with other chalcopyrite 
and lenaite compounds, lattice parameter c is relatively smaller than the 
others as listed in Table 1. This result is due to the larger atomic radii of 
Y and Mn atoms than Ag, Cu and Fe atoms. 

The total magnetic moment of a compound which has ferromagnetic 
behavior, is an important parameter to better understand its magnetic 
nature. In this view, the partial magnetic moments (in μB) of each atom 
and the total magnetic moment (in μB) of this chalcopyrite have been 
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Fig. 1. The three-dimensional crystallographic structure and X-Ray diffraction pattern (XRD) of YMnS2. Where a.u is arbitrary unit.  

Table 1 
The lattice parameters (a and c) and bond lengths (d) given in ≽A. The calculated 
formation energies (ΔEf ) given in eV/f.u for three different type of magnetic 
orders.  

Compounds A c dMn, Fe− S dY,Cu− S ΔEf 

YMnS2 5.740 7.154 2.393 (FM) 2.627 (FM) − 4.391 (FM) 
2.513 (AFM) 2.759 (AFM) − 4.193 (AFM) 
2.513 (PM) 2.759 (PM) − 2.979 (PM) 

AgFeS2 [25] 5.637 10.240    
CuFeS2 [42] 5.289 10.423 2.257 2.302   

Fig. 2. The energy-volume curves of YMnS2 for ferromagnetic, antiferromagnetic and paramagnetic orders.  

Table 2 
The computed total and partial magnetic moments (μB) of YMnS2.  

Compounds μY μMn μS μTotal 

YMnS2 − 0.093 3.691 0.064 3.660 
AgFeS2[25]    GGA 3.091 

(GGA + U)+SOC 3.535 
GGA + U 3.536 

CuFeS2 [16]    3.8  
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computed and presented in Table 2. It is clear from this table that the 
greatest contribution to the total magnetic moment comes from the Mn 
atom. Also, total magnetic moment of YMnS2 is lower than CuFeS2 and 
higher than AgFeS2 compound as listed in Table 2. 

3.2. Electronic properties 

In this part of the study, to discover the electronic behavior of this 
chalcopyrite, its electronic band structure under spin-polarization have 
been investigated using the PBE and HSE06 functionals. Also, for the 
ferromagnetic phase which is the most stable magnetic order for this 
compound, the orbital projected total density of states (TDOS) and 
partial density of states of atoms (PDOS) have been calculated. The 
observed electronic band structure in the first Brillouin zone along the 
high symmetry points is given in Fig. 3 obtained with PBE functional 
(shown in black) and HSE06 functional (shown in red). Also, for both 
spin-up and spin-down orientations, the detailed partial density of states 
of each atom in the mentioned composition are given in Fig. 4 obtained 
with PBE and HSE06 functionals. As can be seen from Fig. 3., the 
observed electronic band structure indicates 1.27 eV indirect band gap 
obtained with PBE functional and 3.20 eV indirect band gap obtained 
with HSE06 functional for the spin-up channel while the spin-down 
channel has no gap as in calculations with both functionals. That 
means our compound has half-metallic nature with both PBE and HSE06 
functionals. The band gap obtained with the HSE06 functional in the 
spin-up channel is higher than that is obtained with PBE functional 
consistent with the well-known underestimation of the PBE functional. 
From Fig. 4., the dominant effect to the total density of states comes from 
the d- orbital of Mn atoms and d- orbital of Y atoms while S atoms 
contribution to the partial density of states is lower than the Y and Mn 
atoms for both functionals. For spin-down orientation, it is clearly seen 
that hybridization of d-orbital of Y and Mn atoms around Fermi energy 
level causes metallic property in this orientation. In this regard, the half- 
metallic behavior and bonding characteristic of this compound are 
determined mainly by the d-orbitals of the manganese (Mn) and yttrium 
(Y) atoms, and the hybridizations between them around Fermi level. 
Furthermore, the Bader partial charges have been calculated using VASP 
and determined using Bader charge analysis program [43]. The total 

Bader charges are 2.47, 1.15, and − 3.62 for Y, Mn and S atoms, 
respectively. The positive charge for Y and Mn atoms indicates the 
charge transferred away from the atoms whereas the negative charge for 
S atoms indicates the charge transfer to the atom. 

3.3. Optical properties 

Density functional theory has been successfully applied to investi
gate the optical properties of YMnS2 compound. To understand the 
optical properties of the related compound, it is vital to determine both 
imaginary and real part of dielectric function. The dielectric function 
could be determined by using the eigenvectors which are founded by 
using corresponding Schrödinger equation. The dielectric function is 
given by [44,45] Eq. (2); 

ε(ω)= εreal(ω) + iεimag(ω) (2) 

Both real and imaginary parts of dielectric function are given in 
Fig. 5a as a function of photon energy. In addition to that, the real and 
imaginary parts of dielectric function could be used to calculate other 
important optical parameters such as refractive index (n(ω)), extinction 
coefficient (κ(ω)), loss function (L(ω)) and absorption (I(ω)) coefficient 
[46]. The obtained optical properties as a function of photon energy are 
given in Fig. 5. 

The real part of dielectric function is related to electronic polariza
tion and imaginary part of dielectric function is related to ability to 
absorb light [47]. As one can deduct from Fig. 5a that both imaginary 
and real parts of dielectric function have greater value below visible 
region. Also, the negative value of real part between 8 eV and 14 eV 
indicates that the material has metallic characteristic [48]. Moreover, 
the imaginary part illustrates that there is a sharp rise at low energy, 
which is due to indirect intra-band excitations that this compound ex
hibits a metallic character. 

The value at the zero frequency ε(0) is crucial as the electronic part of 
the static dielectric function. However, the ionic contribution should be 
added to the electronic contribution to get the static dielectric function. 
Fig. 6 shows the ionic contribution to the complex dielectric function. 
The static field contribution of the ionic lattice to the dielectric constant 
was calculated as ε∞ = 37.7129, εion = 1.15937 and εo(=ε∞+εion) =

Fig. 3. The calculated band structures for spin-down orientation (left) and spin-up orientation (right) of YMnS2 using PBE (black lines) and HSE06 (red lines) 
functional. The black dashed line represents the Fermi level, which is set to zero. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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38.87227. In addition, ion-clamped dielectric constant was obtained in 
the frequency range between 50 and 60 Hz. 

Absorption capability of the incident photon which has a specific 
frequency can be determined from the computed absorption coefficient I 
(ω). Moreover, this parameter points out the suitability of a material’s 
band gap and its absorption for optoelectronic and photovoltaic appli
cations [49]. In this regard, this chalcopyrite compound could be good 
candidate for photovoltaic applications due to their high absorption in 
the visible region and the band gap in spin-up orientation of the calcu
lated electronic band structure. Refractive index which is given in 
Fig. 5b, starts from 2.70 and reach its maximum value around visible 
region (1.0–3.0 eV) as 3.46. While refractive index has minimum value 

around 13 eV, loss and absorption function reaching their maximum 
value around this energy in Fig. 5c and d. 

3.4. Elastic properties 

To determine the mechanical stability and the durability to the 
against external forces of YMnS2 compound, all the elastic constants (Cij) 
have been calculated. It is well known that, there are six independent 
elastic constants for any tetragonal crystal system [50] and for this 
study, the calculated constants have been tabulated in Table 3. In order 
to determine mechanical stability of YMnS2 compound, Born-Huang 
stability criteria [51] have been checked according to inequality 

Fig. 4. The DOS (density of states) for the atoms in YMnS2 compound calculated by PBE (left) and HSE06 (right) functionals.  

Fig. 5. The (a) dielectric function (ε(ω)), (b) refractive index (n(ω)) and extinction index (κ(ω)) (c) loss function (L(ω)) and (d) absorption (I(ω)) as a function of 
photon energy for YMnS2 material. 
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equations are given in Eq. (3). In this regard, it can be said that YMnS2 
compound is mechanically stable. Cii > 0C11 − C12 > 0 

C11 +C33 − 2C13 > 0  

2C11 +C33 + 2C12 + 4C13 > 0for ​ i = 1, 3, 4, 6 ​ (3) 

In order to be used in various engineering fields for any compound, it 
is very important to estimate its elastic properties. Firstly, shear (G) and 
bulk moduli (B), which are among the mechanical properties, were 
estimated using elastic constants. To predict the lower, upper limits and 
the average value of these moduli, Reuss [52], Voigt [53] and Hill [54] 
approximations have been used, respectively. The equations required to 
calculate the mentioned moduli of a tetragonal crystal are given 
explicitly in Eqs. (4)–(8) [55]. 

BV =(1 / 9)[2(C11 +C12)+C33 + 4C13] (4)  

BR =
[
(C11 + C12)C33 − 2C2

13

]2
/
[(C11 +C12)+ 2C33 − 4C13] (5)  

GV =(1 / 30)[(C11 +C12)+ 2C33 − 4C13 + 3C11 − 3C12 + 12C44 + 6C66] (6)  

GR = 15

/[
18BV

[
(C11 + C12)C33 − 2C2

13
]2 +

6
C11 − C12

+
6

C44
+

3
C66

]

(7)  

(BH =(BV +BR) / 2and(GH =(GV +GR) / 2 (8) 

Other features such as Pugh’s (B/G) and Poisson’s (ν) ratios or 
Young’s (E) modulus could be estimated by using bulk and shear 
modulus calculated previously. To predict these parameters, Eqs. (9) 
and (10) could be used [55]. The values of the predicted parameters 
have been tabulated in Table 4. 

ν= 3B − 2G
2(3B + G)

(9)  

E=
9BG

3B + G
(10) 

The ductility or brittleness of any material can be deduced from 
Pugh’s ratio as the ratio of bulk modulus to shear modulus (B/G). It is 
known that when the Pugh’s ratio is higher than 1.75 [56], the ductility 
of the material tends to increase. The calculated Pugh’s ratio indicates 
that this material has high ductility. The compressibility of any material 
can be understood from the value of Poisson’s ratio (ν). If the Poisson’s 
ratio reaches 0.5, the compound can be considered as incompressible 
material [57] and its value is also 0.25 for ionic bonds and 0.1 for co
valent bonds [58]. As given in Table 4, this value is around 0.422. 
Therefore, it is understood that incompressibility of our material is high 
and also, bonding type of this system is nearly ionic. 

It could be deduced from Tables 3 and 4 that YMnS2 compound has 
lower elastic constants, bulk, shear and Young’s moduli than AgFeS2 
compound. Although YMnS2 has similar electronic and optical proper
ties with other chalcopyrite compounds, ductility of this material is 
higher. Additionally, the shear anisotropy factors for {001} and {100}
planes have been calculated with the help of Eq. (11) and Eq. (12) [59]. 
The estimated shear anisotropy factors for, A{100} and A{001} are 1.085 

Fig. 6. The ionic contribution to the complex dielectric function.  

Table 3 
The determined elastic constants (Cij) in GPa, for YMnS2 compound.  

Compound C11 C33 C44 C66 C12 C13 

YMnS2 69.4 74.4 10.2 9.2 50.7 53.1 
AgFeS2 [25] 82.9 68.4 51.6 55.0 57.5 52.7  

Table 4 
The predicted mechanical properties of YMnS2. B stands for bulk modulus (in GPa) whereas G stands for shear modulus (in GPa). B/G is Pugh’s ratio, E is Young’s 
modulus (in GPa) and finally ν stands for Poisson’s ratio.  

Compound BV BR BH GV GR GH B/G E ν 

YMnS2 58.56 58.35 58.45 9.65 9.63 9.64 6.08 27.41 0.422 
AgFeS2 [25] 62.21 60.97 61.59 36.38 21.95 29.17 – 75.57 –  
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and 0.984, respectively. The calculated shear anisotropy factors for 
{001} and {100} planes are different from the unity that indicates the 
anisotropic nature of YMnS2 compound. 

A{001} =
4C66

(C11 − C12)
(11)  

A{100} =
4C44

(C11 + C33 − 2C13)
(12) 

To do a further investigation, the direction dependent two- and 
three-dimensional presentations of Young’s modulus, linear compress
ibility, shear modulus and Poisson’s ratio have been drawn by using 
ELATE software [36] as shown in Fig. 7. The blue and green lines, which 
are maximum and minimum values, are very close to each other and 
have spherical symmetry. In addition, Fig. 7 indicates that Young’s 
modulus, Shear modulus and Poisson’s ratio for YMnS2 compound are 
isotropic in the (yz) plane while linear compressibility is isotropic in (xy) 
plane. On the other hand, all these properties are anisotropic in the other 

planes. 
The wave velocities could be obtained from Navier’s equations [60] 

which are given in Eqs. (13)–(15). The longitudinal (vl), transverse (vt), 
average wave velocities (vm) have been calculated as 4467, 1640 and 
1862 m/s respectively and the Debye temperature (ΘD) have been ob
tained from these values as 191.7 K. Debye temperature is vital 
parameter to understand thermal behavior of a compound. Greater 
Debye temperature could mean higher melting temperature and thermal 
conductivity. To estimate minimum value of the thermal conductivity of 
this system, two different model which are Cahill [61] and Clarke model 
[62], have been used. The estimated values for the minimum thermal 
conductivity are 0.516 and 0.397 Wm− 1K− 1, which are relatively low 
and the materials with low thermal conductivity may be used in thermal 
barrier coating applications [63]. 

vl =

(
B
ρ +

4G
3ρ

)1
2

(13)  

Fig. 7. The two- and three-dimensional (a) Young’s modulus, (b) linear compressibility, (c) Shear modulus and (d) Poisson’s ratio for YMnS2.  
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vt =

(
G
ρ

)1
2

(14)  

vm =

[
1
3

(
2

vt
3 +

1
vl

3

)]− 1
3

(15)  

4. Conclusion 

YMnS2 as a new ferromagnetic chalcopyrite belonging to I-42d space 
group with 122 space number has been investigated in this study. 
Negative formation energies prove that this chalcopyrite is energetically 
synthesizable and structurally stable. The plotted energy-volume curves 
and the calculated formation energies for three different types of mag
netic phases show that the ferromagnetic phase is most stable for this 
compound. 

The band gap values of YMnS2 for spin-up orientation are calculated 
as 1.27 and 3.20 eV with PBE and HSE06 functionals, respectively. In 
addition, for spin-down orientation YMnS2 is found to be in metallic 
nature with both functionals. Also, combination half metallic nature 
with 105 (cm− 1) order of absorption coefficient points out that YMnS2 
could be a good candidate for optoelectronic applications. Furthermore, 
YMnS2 is mechanically stable due to satisfying the Born’s stability 
criteria. Pugh’s ratio around 6 for YMnS2 indicates the ductile nature. 
Also, the value of Poisson’s ratio around 0.422, means that the incom
pressibility of mentioned material is high and also it has ionic type 
atomic bonding. Shear anisotropy has been estimated for {001} and 
{100} planes and both estimated values indicated that YMnS2 has 
anisotropic nature along these planes. It can be obviously understood 
from the visualized of some mechanical properties that Young’s 
modulus, shear modulus and Poisson’s ratio have isotropic nature in yz 
plane while linear compressibility has isotropic nature in (xy) plane. The 
present study shows that this material has very similar properties with 
the well-known chalcopyrite and lenaite compounds. However, there 
are no experimental and theoretical studies in the literature about this 
compound. As a conclusion, this computational study can help to better 
understand these types of materials and encourage related experimental 
works in future. 
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