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Abstract: Iron-based chalcopyrite materials have diverse applications in solar cells, spintronic, thermoelec-
tric devices, LEDs and medical sciences. In this report we have studied structure, electronic and optical
properties of chalcopyrite-type nano-cluster XFeY2 (X=Cu, Ag, Au; Y=S, Se, Te) systematically by usingDensity
Functional Theory (DFT). Our computed HOMO-LUMO energy gap of XFeY2 is in the range of 1.568–3.982 eV,
which endorses its potential application in optoelectronic devices and solar cells. The result shows that
chalcopyrite-type material AuFeS2 having a star-type structure with point group C2v and sextet spin multi-
plicity, is the most stable cluster with HOMO-LUMO energy gap of 3.982 eV. The optical properties viz. optical
electronegativity, refractive index, dielectric constant, IR and Raman activity of these nano-clusters are also
investigated. The result exhibits that HOMO-LUMO energy gap of XFeY2 along with optical electronegativity
and vibrational frequency decreases from S to Se to Te, whereas refractive index and dielectric constant
increases in the reverse order.

Keywords: AuFeS2; chalcopyrite-type nano-cluster; chemistry and its applications; DFT; HOMO-LUMO energy
gap; solar cells; VCCA-2020.

Introduction

Transition-metals based chalcopyrites are significant type of earth materials which display various electronic,
optical, magnetic and catalytic properties [1, 2]. Ternary semiconducting materials I-III-VI2 are considered as
the most promising candidate for thin-film sensitizers due to their distinctive physico-chemical properties like
high values of absorption coefficients and conversion efficiency, tunable band gap and less toxicity [3–10].
Fe-based chalcopyrites are promisingmaterials from industrial as well as technological point of view. It is well
established through a number of reports that these materials provide very important and diverse physico-
chemical properties [11–18]. It has awide range of technological applications in solar cells, spintronics, optical
devices, sensing devices, LEDs, thermoelectric devices etc. [11–18].

Chalcopyrite materials CuFeS2 and AgFeS2 are part of novel ternary semiconductor family I-III-VI2 with
band gap of 0.5 and 0.9 eV respectively [3, 19–21]. Dutkova et al. [19] reported the optical band gap of CuFeS2
nanoparticles as 1.05 eV which is high as compared to the bulk chalcopyrite. Study reveals that bulk
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chalcopyrite CuFeS2 shows semiconducting andmagnetic nature with low optical band gap of 0.5 eV, however
at nano-scale it displays a high band gap with unique electronic, optical and magnetic properties [20].
Conejeros et al. [2] investigated the electronic structure and magnetic behaviour of CuFeS2. They proved that
chalcopyrite material CuFeS2 displays an antiferromagnetic behaviour at the ground state. Takaki et al. [22]
investigated the Seebeck coefficient in magnetic semiconducting material CuFeS2 and found that Seebeck
coefficient is governed by its electronic structure. Zhou et al. [23] studied the semiconducting and magnetic
nature of CuFeS2 by using Density Functional Theory (DFT) method. They found that it is a semiconducting
material with band gap of 0.5 eV and magnetic moment of 3.64 µB per Fe atom.

Sciacca et al. [3] found that AgFeS2 chalcopyrite covers the complete visible spectrum and shows a large
absorption coefficient. Recently, Djaafri et al. [24] reported by using DFT technique that chalcopyrite material
AgFeS2 displays equivalent magnetic sequence as CuFeS2. They also stated that it shows semiconducting
properties with an indirect band gap. Peng et al. [25] studied nanoparticles of AgFeS2 and its applications in
artery stenosis therapy by using DFT technique. For the localized 3d electron of iron atoms authors have found
large absorption spectra over wide-band region which is in line with the UV-Vis-NIR spectrum.

The importance of relativistic effects especially for heavy compounds iswell established by the researchers
[26]. It has significant role in study of their geometry as well as physical and chemical properties [27–29]. Study
shows that relativistic effect is vital to understand the structural chemistry and electronic state for heavy
elements [30]. Relativistic configuration interaction calculations are reported for molecular system SnO+,
PbO+, PbS+ and PbSe+ [31]. Balasubramanian et al. [32] investigated the relativistic effect for compound TeH.
Authors reported that in the case of TeH system spin-orbit splitting and contamination is more due to its open
shell ground state. Balasubramanian et al. [33] studied the spectroscopic properties of system Te2. They found
that spin-orbit arrangement plays important role in understanding the electronic states of Te2 system.

In this report, we have investigated the structure, optical and electronic properties of chalcopyrite-type
nano-cluster XFeY2 (X=Cu, Ag, Au; Y=S, Se, Te) by using DFT technique. The ground state configuration and
low-lying isomers of each cluster have no imaginary vibrational frequencies. The DFT based global
descriptors- Highest Occupied Molecular Orbital (HOMO)- Lowest Unoccupied Molecular Orbital (LUMO) gap,
molecular hardness, softness, electronegativity, electrophilicity index and dipole moment of these nano-
clusters are studied. The optical electronegativity, refractive index, dielectric constant and IR and Raman
activity of chalcopyrite-type nano-cluster XFeY2 are also computed.

Methodology

DFT is a very successful technique among several computational methods used for electronic structure
calculation. It has opened many new dimensions in material sciences, physics, chemistry, surface science,
nanotechnology, biology and earth sciences [34–38]. DFT has gained significant importance in aromaticity,
electronic stability and dynamics of molecular system [39–46]. In this report, computational study on the
chalcopyrite-type nano-clusters of XFeY2 (X=Cu, Ag, Au; Y=S, Se, Te) is performed within Density Functional
Theory (DFT) framework. Modelling and geometry optimizations of nano-clusters are done by using compu-
tational software Gaussian 03 [47]. The Generalized Gradient Approximation (GGA) B3PW91 with basis set
LanL2dz is implemented for geometry optimization. GGA functional is popular for computation of
chalcopyrite-type semiconducting materials [48–53]. Recent work on chalcopyrite-type materials by using
B3PW91/LanL2dz encourages to choose this functional for XFeY2 [54, 55].

With the help of Koopman’s approximation [56], Ionization Potential (I) and Electron Affinity (A) of XFeY2
nano-clusters are computed through the following approach:

I = −ϵHOMO (1)

A = −ϵLUMO (2)
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Subsequently, by using I and A, the conceptual DFT based descriptors viz. Highest Occupied Molecular orbital
(HOMO)– Lowest UnoccupiedMolecular Orbital (LUMO) energy gap, electronegativity (χ), molecular hardness
(η), softness (S) and electrophilicity index (ω) are calculated as under:

χ = −μ = I + A
2

(3)

where, µ represents the chemical potential of the system.

η = I − A
2

(4)

S = 1
2η

(5)

ω = μ2

2η
(6)

The optical electronegativity is an important parameter to investigate the chemical bonding and other physical
and chemical properties of chalcopyrite-type materials [57]. In order to establish a relationship among optical
electronegativity and energy gap, Duffy [58, 59] introduced the following approach:

Δχ∗ = 0.2688Eg (7)

where, Δχ∗ = χ∗anion − χ∗cation, χ
∗ are the optical electronegativities of anion and cation respectively.

Refractive index is a vital factor to compute the optical properties of chalcopyrite-type materials. Moss
[60–62] introduced firstly the relationship among refractive index and band gap of materials, which is as
follow:

n4Eg = 95 eV (8)

where n and Eg are refractive index and band gap of semiconducting materials respectively. By using Eqs. (7)
and (8), Moss relation in terms of optical electronegativity and refractive index can be written as:

n = 2.247

(Δχ∗)1/4 (9)

Ravindra and his team [63, 64] worked extensively on the refractive index of chalcopyrite-type semi-
conductors. The relationship between refractive index and band gap established by them is as follow:

n = 4.084 − 0.62Eg (10)

Ravindra’s equation provides the good results for materials with small andmedium energy gap. With the help
of Eqs. (7) and (10), Ravindra’s equation can be written in terms of optical electronegativity as:

n = 4.084 − 2.306Δχ∗ (11)

Herve et al. [65, 66] established the following relationship between refractive index and band gap. It is suitable
for materials with band gap higher than 1.4 eV.

n =

̅̅̅̅̅̅̅̅̅̅̅̅
1 + ( A

Eg + B
)2

√√
(12)

whereA is the ionization energy of hydrogen and B is constant (variation in the UV resonance energy and band
gap). The values ofA andB are 13.6 and 3.47 eV respectively. In terms of optical electronegativity, this equation
can be written as:
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n =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ( A

3.72 Δχ∗ + B
)2

√√
(13)

Reddy and his group [57, 67] introduced the relationship between refractive index and band gap as:

n = ( 154
Eg − 0.365

)1/4

(14)

In terms of optical electronegativity, Eq. (14) can be written as:

n = ( 154
3.72 Δχ∗ − 0.365

)1/4

(15)

In this report, refractive index of chalcopyrite-type nano-clusters XFeY2 are computed by using Eqs. (9), (11),
(13) and (15).

The dielectric constant of semiconducting materials plays important role in designing of the electronic
devices. It helps in understanding the function of charge carriers, dopants, defects and impurities of insulators
and semiconductors [68]. Lorentz-Lorenz established that dielectric constant is equal to square of refractive
index of semiconducting materials, which is as follow:

ϵ = n2 (16)

Results and discussion

Equilibrium geometries

The ground state configuration and low lying isomers of chalcopyrite-type nano-cluster XFeY2 (X=Cu, Ag, Au;
Y=S, Se, Te) are studied and presented in Figure 1.We have optimized various geometries during the search for
the most stable structure; however, five lowest energy structures are presented in Figure 1 for each cluster. For
CuFeS2 cluster, the most stable structure and its isomers are optimized in the energy range of 0–2.65 eV. The
ground state configuration (1-a) with point group C2V and quartet spin multiplicity is a star-type structure in
which Fe atom is placed at the centre and all other atoms are directly connected from it. The isomer 1-b with
symmetry group C2V and spinmultiplicity sextet is obtained from structure 1-a by exchanging the position of Fe
and Cu atoms. However, isomer 1-b is energetically less stable than 1-a by 0.489 eV. Isomer 1-cwith point group
CS and doublet spin is less stable than structures 1-a and 1-b by 0.707 and 0.218 eV respectively. Isomer 1-dwith
point group C1 and sextet spin state is a rectangular structure in which sulphur atoms are placed at opposite
end. It is 2.095 eV higher in energy as compared to the most stable structure 1-a. Isomer 1-e with symmetry
group C2V and spin multiplicity doublet is derived from 1-c by swapping Cu and S atoms. Energetically isomer
1-e is less stable than 1-a and 1-d by 2.612 and 0.517 eV respectively.

For nano-cluster CuFeSe2, ground state configuration and low lying isomers are optimized in the energy
range of 0–4.0 eV. The most stable structure (2-a) with symmetry group C1 and quartet spin multiplicity is
having Fe atom at the centre and forms a triangular geometry with Cu and Se atoms. The isomer 2-b with point
group CS and spin multiplicity sextet is a rectangular structure with 1.050 eV less stable than the most stable
isomer 2-a. The isomer 2-c with symmetry group CS and spin multiplicity doublet is optimized from 2-b by
swapping Cu and Se atoms. It is of high energy than isomers 2-a and 2-b by 2.054 and 1.004 eV respectively.
Isomer 2-d with point group C2V and spin multiplicity octet is a star-type structure. It is 2.087 eV energetically
less stable than themost stable structure 2-a. However, the energy difference among isomers 2-c and 2-d is only
0.033 eV. Isomer 2-e with point group C2V and spin state doublet is 3.99 eV less stable than the lowest energy
structure 2-a.
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Figure 1: The ground state configurations of XFeY2 (X=Cu, Ag, Au and Y=S, Se, Te) chalcopyrite-type nano-cluster.
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The most stable isomer of CuFeTe2 (3-a) with symmetry group C2V and quartet spin multiplicity forms a
triangular structure with Cu and Te atoms. Isomer 3-b with point group C2V and spin state quartet is designed
from themost stable structure 3-a by exchanging the position of atoms. It has Te atom at the centre and forms a
triangular structure with Fe and Cu atoms. Isomer 3-b is less stable than 3-a by 0.062 eV. Isomer 3-c with point
group C2V and spinmultiplicity octet is a star-type structurewith Fe atom at the centre. Energetically isomer 3-c
is less stable than 3-a and 3-b by 0.694 and 0.632 eV respectively. Isomer 3-d is a rectangular structure with
symmetry groupCS and spinmultiplicity dectet. It is 1.131 eV less stable than the ground state configuration 3-a.
Isomer 3-e with point group CS and spin multiplicity dectet is a star-type structure obtained from 3-c by
swapping the position of Cu and Fe atoms. It is energetically 1.209 eV less stable than the most stable isomer
3-a. However, it is only 0.078 eV higher in energy than 3-d.

For AgFeS2 nano-cluster, ground state configuration (4-a) is a star-type structure with symmetry group C2V
and spinmultiplicity doublet. Isomer 4-bwith symmetry group CS and spinmultiplicity quartet is a rectangular
structure in which both sulphur atoms are placed at opposite end. It is 0.514 eV less stable than the lowest
energy structure 4-a. Isomer 4-c with symmetry group C2V and spin doublet is less stable than 4-a and 4-b by
0.963 and 0.449 eV respectively. Isomer 4-d with symmetry group CS and spin multiplicity doublet is obtained
from4-b. It is 0.979 eV less stable than structure 4-a. However, it is energetically close to isomer 4-cwith energy
difference of only 0.016 eV. Isomer 4-e with point group C2V and spin multiplicity doublet is found from 4-c by
exchanging the position of Ag and Fe atoms. It is 1.608 eV less stable than the ground state configuration 4-a.

The ground state configuration (5-a) of AgFeSe2 nano-cluster is a rectangular structure with point group
C2V and spin multiplicity quartet. It is observed that isomer 5-b with symmetry group CS and spin multiplicity
doublet is energetically very close to themost stable structure 5-a. Isomer 5-cwith symmetry groupC2V and spin
quartet is star-type structure, it is 0.097 eV less stable than the structure 5-a. Isomer 5-d is obtained from the

Figure 1: Continued.
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most stable structure 5-a by exchanging the position of Ag and Se atoms. It is less stable than the isomer 5-a by
0.440 eV. Isomer 5-e with point group C2V and spinmultiplicity sextet is found from 5-b by swapping Ag and Fe
atoms. Energetically it is less stable than the most stable isomer 5-a by 1.965 eV.

The most stable structure (6-a) of AgFeTe2 nano-cluster is a rectangular-shape geometry with point group
CS and spin multiplicity quartet. Isomer 6-b with symmetry group C1 and spin multiplicity doublet is 0.530 eV
less stable than the most stable structure. Isomer 6-c with point group C2V and spin multiplicity quartet is less
stable than isomers 6-a and 6-b by 0.759 and 0.229 eV respectively. Isomer 6-d with symmetry group CS and
spinmultiplicity doublet is rectangular structure inwhich both Te atoms placed at opposite end. It is less stable
by 0.889 eV than the most stable isomer 6-a. The energy difference between isomers 6-c and 6-d is 0.13 eV.
Isomer 6-e with symmetry group C2V and spin multiplicity dectet is a star-type structure in which Ag atom is at
the centre. It is 1.214 eV less stable than the ground state configuration 6-a.

The ground state configuration (7-a) of AuFeS2 nano-cluster is a star-type structure with point group C2V
and spin multiplicity sextet in which Fe atom is placed at the centre. Isomer 7-b with symmetry group C2V and
spin doublet is less stable than the most stable isomer 7-a by 1.346 eV. Isomer 7-c with symmetry group CS and
spin multiplicity doublet is a rectangular structure with Ag and S atoms are placed on the opposite end. It is
1.572 eV less stable than the most stable isomer 7-a. The energy difference between isomers 7-b and 7-c is
0.226 eV. Isomer 7-d with symmetry group C2V and spin multiplicity octet is a star-type structure in which Au
atom is at the centre. It is 2.342 eV less stable than the ground state configuration 7-a. Isomer 7-ewith symmetry
group CS and spin multiplicity dectet is obtained from structure 7-c by exchanging the position of Fe and S
atoms. It is 2.419 eV less stable than the most stable isomer 7-a. However, the energy difference between
isomers 7-d and 7-e is 0.077 eV.

The most stable isomer (8-a) of nano-cluster AuFeSe2 is a star-type structure in which Fe atom is placed at
centre. It has symmetry group C2V and spin multiplicity sextet. Isomer 8-b with symmetry group CS and spin
multiplicity octet is a rectangular structure inwhichAu andFe are placed on the opposite end. It is 1.590 eV less
stable than the ground state configuration 8-a. Isomer 8-c with symmetry group C2V and spinmultiplicity octet
is 2.095 eV less stable than the isomer 8-a. However, the energy difference between isomers 8-b and 8-c is
0.505 eV. Isomer 8-d with symmetry group C2V and doublet spin is 2.421 eV less stable than structure 8-a.
However, isomer 8-d is 0.326 eV higher in energy than 8-c. Isomer 8-e with symmetry group C2V and spin
multiplicity dectet is less stable than themost stable structure 8-a by 2.457 eV. It is energetically close to isomer
8-d with energy difference of only 0.036 eV.

The ground state configuration (9-a) of AuFeTe2 is star-type geometry inwhich Fe atom at the centre. It has
symmetry group C2V and spin multiplicity quartet. Isomer 9-b with point group C2V and spin multiplicity
quartet is obtained from structure 9-a. It is less stable than isomer 8-a by 0.108 eV. Isomer 9-c with point group
C2V and spin multiplicity doublet is less stable by 1.1.91 eV than the most stable structure 9-a. Isomer 9-d with
symmetry group CS and spin multiplicity dectet is rectangular structure with both Te atoms lying at opposite
end. It is 1.390 eV less stable than the most stable isomer 9-a. Isomer 9-e with symmetry group CS and spin
multiplicity dectet is obtained from structure 9-d by swapping Au and Te atoms. It is 2.003 eV less stable than
the ground state configuration 9-a.

Electronic properties and DFT based descriptors

The electronic properties and density functional theory based global descriptors of chalcopyrite-type nano-
cluster XFeY2 (X=Cu, Ag, Au; X=S, Se, Te) are studied in this section. The frontier orbitals, theHighest Occupied
Molecular orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) play a significant role for
donor-acceptor complexes [69]. It is established that HOMO and LUMO of both donor and acceptor are
responsible for movement of charge and bonding during the evolution of donor-acceptor complexes [69]. The
synchronous process of charge transfers to acceptor LUMO from donor HOMO and then to donor LUMO from
acceptor HOMO reveals the establishment transpires in donor-acceptor system [69]. The energy difference
between HOMO and LUMO is an important factor to study the electronic properties of chalcopyrite-type
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semiconductors [55]. It specifies the minimum energy required for a charge carrier to move from occupied
orbital to unoccupied orbital.

The density functional theory based global descriptors along with dipole moment of XFeY2 are presented
in Table 1. The result specifies that HOMO-LUMO energy gap of CuFeY2 is in the range of 1.573–1.855 eV, the
maximum energy gap is obtained for nano-cluster CuFeS2 whereas CuFeTe2 displays the least energy gap. The
computed data for chalcopyrite material CuFeS2 is in agreement with the previous reported results [2, 70].
Conejeros et al. [2] reported the band gap of antiferromagnetic configuration of CuFeS2 is 1.82 eV. Bhatta-
charyya et al. [70] reported that energy gap of CuFeS2 is in the range of 0.5–2 eV (600–2500 nm). Dutkova et al.
[19] reported the band gap of CuFeSe2 nanoparticles is 0.95 eV. For AgFeY2, energy gap varies between 1.576
and 2.703 eV. Maximum HOMO-LUMO energy gap is found for AgFeS2 whereas AgFeTe2 shows the minimum
gap. Experimentally it is reported that band gap of nanocrystal AgFeS2 is in the range of 0.88–1.2 eV [3, 71]. The
computed energy gap for AgFeX2 is in well agreement with the reported theoretical results [24, 72]. For
chalcopyrite nano-cluster AuFeY2, energy gap is in the range of 1.568–3.982 eV. The maximum HOMO-LUMO
gap is observed for AuFeS2 whereasAuFeTe2 displays the least gap. The computed energy gap of XFeY2 is in the
range of 1.568–3.982 eV, which indicates their potential applications in photovoltaics, optoelectronic devices
and medical sciences [19, 24, 25, 55, 73]. The result reveals that energy gap for nano-cluster XFeY2 decreases
from S to Se to Te, which is in line with the experimental and theoretical results reported for chalcopyrite-type
semiconducting materials [57, 74–76]. Study shows that the relativistic effects on the electronic properties of
heavy compounds help to reduce the considerable energy gap. For system containing S, Se and Te energy gap
reduces due to the relativistic contraction of the s level. In the case of Te, relativistic effects decrease subse-
quently the s-p energy gaps of heavier elements [30]. For XFeY2 (X=Cu, Ag, Au; X=S, Se, Te) nano-clusters,
HOMO-LUMO energy gap follow the order as Cu < Ag < Au.

The electronegativity concept is a key parameter for realization the charge transfers among donor and
acceptor [77–82]. The computed electronegativity of nano-cluster XFeY2 are in the range of 4.117–5.660 eV. The
maximum value of electronegativity is found for cluster AgFeTe2 whereas the minimum value is observed for
cluster AgFeSe2.

Pearson in his novel work stated that “every molecule tries to assemble themselves as hard as possible”
[83]. Molecular hardness is a significant parameter to understand the molecular structure, stability, binding
and dynamics of chemical species [84]. It is reported that molecular hardness of species increases when it
moves from an unsteady state to steady state whereas when it moves from steady state to unsteady state, value
of molecular hardness decreases [69]. The computed result shows that molecular hardness of XFeY2 have a
direct relationship with HOMO-LUMO energy gap. Maximum hardness value is observed for nano-cluster
AuFeS2 whereas AuFeTe2 displays the least value. It specifies that for molecular system XFeY2, AuFeS2 is the
most stable cluster.

Table : Computed DFT based descriptors of XFeY (X=Cu, Ag, Au; Y=S, Se, Te) chalcopyrite-type nano-cluster.

Species HOMO-LUMO gap
(eV)

Electronegativity
(eV)

Hardness
(eV)

Softness
(eV)

Electrophilicity index
(eV)

Dipole moment
(Debye)

CuFeS . . . . . .
CuFeSe . . . . . .
CuFeTe . . . . . .
AgFeS . . . . . .
AgFeSe . . . . . .
AgFeTe . . . . . .
AuFeS . . . . . .
AuFeSe . . . . . .
AuFeTe . . . . . .
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The molecular softness of chalcopyrite-type nano-cluster XFeY2 is computed and presented in Table 1.
Molecular softness of these clusters is in the range of 0.251–0.638 eV.Minimumvalue of softness is observed for
AuFeS2 whereas AuFeTe2 displays the maximum value. Cluster with maximum HOMO-LUMO energy gap
shows the minimum softness values and vice-versa.

The electrophilicity index is a factor to check how much energy is being reduced because of excessive
movement of electrons during the interaction of donor-acceptor, which is influenced by ionization energy and
electron affinity [85]. The maximum value of electrophilicity index is found for nano-cluster AgFeTe2 whereas
the least value is observed for AuFeS2.

The dipole moment of chalcopyrite-type nano-cluster XFeY2 is calculated in Debye. The result shows that
minimumvalue of dipolemoment is obtained for CuFeS2whereas CuFeTe2 displays themaximumvalue. Nano-
clusters CuFeTe2 and AgFeS2 display large dipole moment more than five Debye.

Optical properties

In order to investigate the optical properties of chalcopyrite-type nano-clusters XFeY2, we have calculated the
optical electronegativity (Δχ∗), refractive index (n), dielectric constant (ε) and IR and Raman activity. Pauling
in his seminal work introduced the chemical bonding concept with the help of optical electronegativity [86].
According to Pauling’s theory, optical electronegativity plays an important role in the ionicity. The computed
optical electronegativity and refractive index of nano-cluster XFeY2 is presented in Figure 2. Refractive index of
these clusters is obtained fromMoss relation, Ravindra relation, Herve relation and Reddy relation. The result
shows that the optical electronegativity and refractive index are interrelated with the energy gap of XFeY2.
Cluster with high energy gap displays the maximum value of optical electronegativity and the least value of
refractive index. The maximum value of optical electronegativity (1.070 eV) is found for cluster AuFeS2,
whereas the minimum value (0.421 eV) is obtained for AuFeTe2. The refractive index data obtained from Moss
relation and Herve relation are close, whereas data computed from Reddy relation is higher. Computed data
from these relationships clearly shows that nano-clusters CuFeTe2 and AuFeS2 display the maximum and
minimumvalue of refractive index respectively. The result reveals that refractive index of XFeY2 increases from
S to Se to Te. It follows similar order as reported previously for chalcopyrite-type semiconductors [57, 67, 74].
Refractive index of these chalcopyrite-type nano-clusters follow the trend as, nCu-based > nAg-based > nAu-based.

Dielectric constant of chalcopyrite-type semiconductor material is intensely related with the refractive
index. It is reported that refractive index of chalcopyrite-type materials is equal to square root of dielectric
constant [60–62]. The computed dielectric constant of XFeY2 from Moss relation, Ravindra relation, Herve
relation and Reddy relation are presented in Table 2. Computed data shows that dielectric constant of XFeY2
increases from S to Se to Te.

IR and Raman activity of chalcopyrite-type nano-clusters XFeY2 are reported in Figure 3. For CuFeS2
cluster, vibrational frequency is in the range of 0–406.55 cm−1. Maximum intensity of IR i.e. 36.433 km/mol is

Figure 2: Optical electronegativity and refractive index of
XFeY2 (X=Cu, Ag, Au and Y=S, Se, Te) chalcopyrite-type
nano-cluster.
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Figure 3: IR and Raman activity of XFeY2 (X=Cu, Ag, Au and Y=S, Se, Te) chalcopyrite-type nano-cluster.
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Figure 3: Continued.
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Figure 3: Continued.
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found at 268.73 cm−1. At the maximum frequency i.e. 406.55 cm−1 intensity of IR is observed as 28.21 km/mol.
The vibrational frequency is in the range of 0–360.96 cm−1 for CuFeSe2 cluster. Peak intensity of IR 54.81 km/
mol is observed at 360.96 cm−1. For CuFeTe2 cluster, vibrational frequency is in the range of 0–257.74 cm−1.
Peak intensity of IR 15.75 km/mol is found at frequency 178.89 cm−1. At maximum frequency i.e. 257.74 cm−1

intensity of IR is observed as 3.39 km/mol. For AgFeS2, vibrational frequency is observed in the range of 0–
406.09 cm−1. Maximum intensity of IR i.e. 15.75 km/mol is found at 214.09 cm−1, whereas at maximum fre-
quency 406.09 cm−1 IR intensity is observed as 2.73 km/mol. Vibrational frequency for AgFeSe2 cluster lies in
the range of 0–273.91 cm−1. Peak intensity of IR i.e. 7.19 km/mol is observed at maximum frequency. Cluster
AgFeTe2 is having vibrational frequency in the range of 0–229.86 cm−1. IR intensity of 3.76 km/mol is found at
174.84 cm−1, whereas peak of IR intensity 3.84 km/mol lies at maximum frequency 229.86 cm−1. For AuFeS2
vibrational frequency is in the range of 0–470.12 cm−1. Peak IR intensity 51.87 km/mol is found at 329.63 cm−1,
however an intensity of 17.06 km/mol is observed atmaximum frequency 470.12 cm−1. Vibrational frequency of
AuFeSe2 is found in the range of 0–326.94 cm−1. Maximum intensity of IR 59.02 km/mol is observed at
maximum frequency, however weak intensity of 4.84 km/mol is found at 262.28 cm−1. For cluster AuFeTe2
vibrational frequency is in the range of 0–306.03 cm−1. Maximum IR intensity 74.89 km/mol is observed at
maximum frequency.

For cluster CuFeS2, threeRamanspectra ofmagnitude 7.23, 5.15 and45.39 a.u. are observedat frequency 157.65,
262.33 and 373.20 cm−1 respectively. Raman spectra of less intensity 0.21 a.u. is also found at maximum frequency
406.55 cm−1. For CuFeSe2 cluster,maximum intensity of Raman spectra 23.64a.u. is foundat frequency 360.96 cm−1.
There are two other Raman spectra of magnitude 9.57 and 8.41 a.u. are found at frequency 171.45 and 262.37 cm−1

respectively. The highest magnitude of Raman spectra 678.77 a.u. is found at frequency 257.73 cm−1 for CuFeTe2
cluster. At vibrational frequencies 117.61 and 178.89 cm−1 Raman spectra of magnitude 121.50 and 265.61 a.u. are
observed. For cluster AgFeS2, peak intensity of Raman 3029.65 a.u. is observed at 330.0 cm−1. Raman spectra of
magnitude 517.82 a.u. is found at low frequency 108.86 cm−1, however at maximum frequency 406.09 cm−1 Raman
spectra of magnitude 57.87 a.u. is observed. For cluster AgFeSe2, highest magnitude of Raman spectra is found at
frequency 181.14 cm−1. The second largest magnitude of Raman spectra 57.90 a.u. is observed at lowest vibrational
frequency 67.40 cm−1 whereas at maximum frequency 273.91 cm−1 lowest magnitude of Raman spectra 11.33 a.u. is
found. For AgFeTe2 cluster, maximum magnitude of Raman spectra 32.34 a.u. is observed at 174.84 cm−1. Raman
spectraofmagnitude 15.87a.u. is foundatmaximumfrequency 229.86 cm−1whereas spectra 16.22a.u. is observedat
low frequency 45.60 cm−1. For cluster AuFeS2, the largest magnitude of Raman spectra 31.15 a.u. is observed at
maximumfrequency470.12 cm−1. Ramanspectraof lessmagnitude6.12, 18.61and9.60a.u. are foundat frequencies
150.60, 220.86 and 329.63 cm−1 respectively. For cluster AuFeSe2, highestmagnitude of spectra 21.23 a.u. is found at
262.28 cm−1. Raman spectra of magnitude 4.90, 8.76 and 4.10 a.u., are observed at frequencies 108.72, 155.64 and
326.94 cm−1 respectively. The largest magnitude of Raman spectra 25.46 a.u. is found at 181.89 cm−1 for cluster
AuFeTe2. At maximum frequency 306.03 cm−1 Raman spectra of 5.04 a.u. is observed. The result reveals that
vibrational frequency decreases from S to Se to Te.

Table : Dielectric constant of XFeY (X=Cu, Ag, Au; Y=S, Se, Te) chalcopyrite-type nano-cluster.

Species Moss relation Ravindra relation Herve relation Reddy relation

CuFeS . . . .
CuFeSe . . . .
CuFeTe . . . .
AgFeS . . . .
AgFeSe . . . .
AgFeTe . . . .
AuFeS . . . .
AuFeSe . . . .
AuFeTe . . . .
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For chalcopyrite-type nano-cluster CuFeS2, the computed bond lengths between dCu–S, dCu–Fe and dFe–S
are 2.296, 2.726 and 2.229 Å respectively. The computed bond lengths are in agreement with the experimental
results. Hall and Stewart [87] reported experimentally the bond lengths between Cu–S and Fe–S are 2.302 and
2.257 Å respectively. Lazewski et al. [88] also reported bond lengths between Cu–S and Fe–S for CuFeS2 by
using DFT technique as 2.305 and 2.256 Å respectively. For cluster CuFeTe2, the bond lengths between dCu–Fe,
dCu–Te and dTe–Te are calculated as 2.347, 2.618 and 2.812 Å respectively. Dzhabbarov et al. [89] reported the
bond lengths between Cu–Fe for CuFeTe2 as 2.5 Å. Bond length between Te–Te is reported by Abdullaev et al.
[90] for CuFeTe2 material as 2.6 Å.

Conclusion

Structure, electronic and optical properties of iron-based chalcopyrite-type nano-cluster XFeY2 are thoroughly
investigated by using Density Functional Theory. The optimized ground state configurations and low-lying
isomers of each cluster have real vibrational frequencies. The computed HOMO-LUMO energy gap is in the
range of 1.568–3.982 eV, which specifies that these nano-clusters can be potential candidate for optoelectronic
devices and solar cells. The data reveals that chalcopyrite-type material AuFeS2 having star-shape geometry
with point group C2v and spinmultiplicity sextet displays themaximumstabilitywithHOMO-LUMOenergy gap
of 3.982 eV. The result shows that HOMO-LUMO energy gap, optical electronegativity and vibrational fre-
quency of XFeY2 decreases from S to Se to Te, whereas refractive index and dielectric constant increases from S
to Se to Te.
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