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Abstract
Structural, optoelectronic, thermoelectric and magnetic properties of layered structured 
compounds EuFAgX (X = S, Se and Te) are investigated using density functional theory 
(DFT). Structural properties are in good agreement with the reported outcomes. Electronic 
properties shows that the understudy compounds are visible light active direct bandgap 
semiconductors. Electrical conductivity also reveals the semiconducting nature of these 
compounds. This study reveals that the substitution of Te by S causes reduction in band 
gape. The outcome demonstrates that EuFAgB (B = S, Se and Te) compounds are optically 
dynamic in the visible region and suitable for optoelectronic devices and are active aspir-
ants for solar cell applications. Based on their thermoelectric characteristics, they are effec-
tive thermoelectric materials for thermoelectric power production for variable systems, 
nano-thermocouples and thermoelectric generation. Understudy compounds are A-type 
anti-ferromagnetic, as shown by magnetic susceptibility and magnetic ground state energy. 
Magnetic probes cannot read anti-ferromagnetic moments because of their anti-ferromag-
netic structure, and data is unaffected by magnetic fields. Therefore, these compounds may 
be excellent candidates for magnetic cloaking devices.
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1  Introduction

Research into fluorine based compounds (Shahzad et al. 2023) is ongoing and extensive. They 
are of such intense interest because even their most fundamental crystalline structure exhib-
its a wide variety of catalytic, optical, electric, magnetic, magneto-resistive and piezoelectric 
properties (Bouafia et al. 2015; Rehman et al. 2021). Due to their inherent superlattice proper-
ties like nearly two-dimensional electronic structures, the fluoro-chalcogenides have gained a 
lot of interest (Yanagi et al. 2003, 2006; Zou et al. 2016, 2013; Ul Islam et al. 2017; Gudelli 
et al. 2015; Charkin et al. 2014, 2012; Richard et al. 2012; Liu et al. 2016; Bannikov et al. 
2012a, 2012b; Zakutayev et al. 2010a, 2010b, 2010c, 2011; Bannikov and Shein 2010; Pott-
gen and Johrendt 2008; Park et al. 2007; Yasukawa et al. 2004; Boudiaf et al. 2017a; Wager 
et al. 2008; Hiramatsu et al. 2007). They show promise as components in a variety of cut-
ting-edge technologies, including p-type semiconductors (Yanagi et al. 2003; Zakutayev et al. 
2010b; Pottgen and Johrendt 2008; Wager et al. 2008), thermoelectric (Zou et al. 2016, 2013; 
Gudelli et al. 2015; Yasukawa et al. 2004), optoelectronic devices (Zou et al. 2016; Hiramatsu 
et al. 2007) and photovoltaic (Zakutayev et al. 2010b, 2011).

These compounds adopted the structure of LaOAgS, also known as "1111" structure and 
composed of two groups (Charkin et  al. 2012; Bannikov and Shein 2010). The supercon-
ductivity and magnetic properties of the metallic-like phases found in first group (Kamihara 
et al. 2008; Johnston 2010). The second group comprises the semiconducting 1111-like sys-
tems, which display unique optical properties (Bannikov and Shein 2010; Ueda et al. 2004; 
Kamioka et al. 2005). The 1111-like materials exhibit remarkable adaptability to a wide range 
of building blocks. The 1111-like oxy-chalcogenides have been the focus of most studies, but 
the 1111-like chalcogenide fluorides have received considerably less attention (Richard et al. 
2012; Zou et al. 2013; Liu et al. 2016; Bannikov et al. 2012b).

Charkin et al. (Charkin et al. 2012) have recently synthesized the 1111 type floro-chalcoge-
nides Sr/BaAgChF (Ch = S and Se) and studied extensively due to their photovoltaic applica-
tion (Boudiaf et al. 2017a, 2018). It is evident from the EuAg4Pn2 pnictides (Pn = As and Sb) 
(Gerke et al. 2013) implies that the arrangement of Eu2+ and Ag+ may be stable in certain 
crystal. Since the ionic radii of Eu2+ and Sr2+ are so near (1.17 and 1.18 Å (Shannon 1976), 
it is reasonable to assume that the EuFAgCh analogs of the previously obtained SrFAgCh 
(Ch = S, Se, and Te) compounds (Charkin et al. 2012) can likewise be prepared. Out of the 
three expected EuFAgCh compounds, only two were synthesized (Plokhikh et al. 2020) and 
their optical gaps are reported in the range of 2.11 and 2.26 eV respectively.

It is reported that these chalcoginides are active photovoltaic materials and the replacement 
of Eu by Sr enhances the optoelectronic and thermoelectric properties (Motomitsu et al. 2006; 
Hoat 2019; Hoat et al. 2019; Lin et al. 2020). It is evident that Eu play a significant role in 
the enhancement of the physical properties of these layered compounds, therefore in the cur-
rent study the structural, optoelectronic, magnetic and thermoelectric properties of EuFAgX 
(X = S, Se and Te) compounds are estimated using density functional theory for thermoelec-
tric and photovoltaic applications.

2 � Computational detail

The full-potential linear augmented plane wave (FP-LAPW) approaches are used to exe-
cute the structure and optoelectronic nature of EuFAgX (X = S, Se and Te) inside a density 
functional theory (DFT) (Hohenberg and Kohn 1964) that is implemented in the WIEN2k 
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package (Blaha et  al. 2020). Generalized Gradient Approximation (GGA-PBESol) (Per-
dew et al. 1996), GGA with Hubbard U (GGA + U) (Kohn and Sham 1965) are employed 
to treat the exchange and correlation while Becke-Johnson and modified Becke-Johnson 
potential (BJ and mBJ) (Tran and Blaha 2009; Koller et  al. 2012) with Hubbard U (BJ/
mBJ + U) With Jeff = U-J was calculated treated by the method used by Tsuneda and Hirao 
(2014) using the self-interaction corrections (SIC) method by taking J = 0. Several values 
of Hubbard U were evaluated to optimize Hubbard U and U = 7 eV/Eu was selected for 
the current computations (Elqahtani et al. 2020; Taha et al. 2023) were also used for bet-
ter treatment at very low computational rate. To prevent the outflow of charges, the FP-
LAPW approach divides the area into an interstitial zone and a muffin-tin sphere region. In 
a muffin-tin sphere, a harmonic expansion setup is located close to around lMax = 10 and is 
also set RMT = 1 0. 0/KMAX. Although a particular thousands number of K-points are used 
in the Brillouin Zone, the energy between subsequent iterations is assumed to be 0.1 mRy, 
and the force is lowered to 1 mRy Bohr-1. Kramar Kroning relation is used to estimate the 
optical properties and BoltzTrap package is used to estimates the temperature dependent 
properties (Madsen et al. 2006).

3 � Results and discussion

3.1 � Structural properties

The structural properties of these EuFAgX (X = S, Se and Te) compounds are investi-
gated employing experimentally reported structure data (Plokhikh et al. 2020) depicted 
in Fig. 1. The Birch-Murnaghan equation of state (Birch 1947) is set to evaluate the unit 
cell of each compound through the GGA + U shown in Fig. 2 to determine the structure 
properties and the detail of which are provided in Table 1. The lattice constants from 
the Table 1 are a = b = 4.05 Å and c = 9.23 Å for EuFAgS, a = b = 4.14 Å and c = 9.20 Å 
for EuFAgSe and a = b = 4.30 Å and c = 9.52 Å for EuFAgTe. The results reported for 
these compounds are relatively close to experimental results (Plokhikh et al. 2020) and 
are increasing when X goes from S to Te due to increasing in their atomic radii and 

Fig. 1   Unite cell structure of lay-
ered structured EuFAgX (X = S, 
Se and Te) compounds
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larger than the isotropic compound BaMnPnF (Pn = As, Sb, Bi) (Plokhikh et al. 1111; 
Saparov et  al. 2013), EuFZnPn (Pn = P, As, Sb) (Plokhikh et  al. 2016) and compara-
ble with the others silver based compounds (BiAgOCh; Ch = S, Se or Te and BaAgFCh 
(Ch = S, Se or Te)) (Gamon et al. 2018; Boudiaf et al. 2017b). The computed bulk mod-
uli (B0) of the understudy compounds are of 83.28, 94.98 and 121.33 GPa respectively. 
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Fig. 2   Energy versus volume optimization curve of the layered structured EuFAgX (X = S, Se and Te) com-
pounds

Table 1   Calculated lattice constants, bulk modulus, ground state energy, bond lengths and bond angles of 
the EuFAgX (X = S, Se and Te) compounds

Parameters EuFAgS EuFAgSe Exp(Plokhikh 
et al. 2020)

EuFAgTe Exp(Plokhikh 
et al. 2020)

a (Å) 4.05 4.14 4.15 4.31 4.32
c (Å) 9.23 9.20 9.21 9.53 9.54
c/a 2.27 2.21 – 2.21 –
B0(GPa) 83.28 94.98 – 121.33 –
E0 (Ry)  − 66,620.37689 − 74,820.97695 – − 83,721.0770 –
ECoh (Ry)  − 2.1779  − 3.3267 –  − 5.0852 –
ΔH (Ry)  − 0.5444  − 0.8316 –  − 1.2713 –
Eu-F 2.46 2.49 2.50 2.52 2.54
Eu-B 3.15 2.24 3.25 3.41 3.42
Ag-B 2.66 2.74 2.75 2.86 2.88
θ1(Eu-F-Eu)deg 106.89 110.97 111.85 114.78 115.87
θ2(Eu-F-Eu)deg 114.12 107.67 108.29 97.11 97.30
θ1(B-Ag-B)deg 92.87 96.87 97.73 104.56 105.96
θ2(B-Ag-B)deg 119.54 115.26 115.64 112.87 116.75
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B0 for EuFAgTe is larger than the rest compounds confirms that this compound is harder 
among the series.

The theoretical stability parameter cohesive energy (ECoh) and enthalpy of formation 
(ΔH) has been determined (Plokhikh et al. 2020) from E0 and is listed in Table 1. Cou-
lomb interactions flanked by nuclei and electrons in a compound lead to more incredible 
ECoh and ΔH, indicating the system is tightly coupled and integrated. As the electron-
nucleus interaction energy increases, the system becomes more tightly coupled. The 
ECoh and ΔH of EuFAgX (X = S, Se and Te) compounds lie in the range of -5.0852 to 
-2.1779 Ry and -1.2713 to -0.5444 Ry respectively. The negative values of ECoh and ΔH 
shown in Table 1 demonstrate their thermodynamic stability. According to ECoh and ΔH 
EuFAgTe is the most stable compound and is due to the higher value than the of EuF-
AgX (X = S and Se).

The calculated bond lengths between the Eu-F, Eu-X and Ag-X and bond angles θ1 
and θ2.

between Eu-F-E and θ1 and θ2 between X-Ag-X at different site in comparison with 
the experimental results of available compounds are listed in Table 1. The reported data 
are in agreement with the experiments as clear from the Table 1 (Plokhikh et al. 2020) 
and show that bond length between the Eu-F, Eu-X and Ag-X are varying in the range 
of 2.46 to 2.52 Å, 3.15 to 3.41 Å and 2.66 to 2.86 Å respectively for the compounds 
EuFAgX (X = S, Se and Te) and bond angle θ1 between the Eu-F-Eu and θ1 between 
X-Ag-X are changing from 106.89 to 114.78 and 92.87 to 104.56(°) respectively for 
the compounds EuFAgX (X = S, Se and Te) and bond angle θ2 between the Eu-F-Eu 
and X-Ag-X are changing from 114.12 to 97.11(°) and 119.54 to 112.87(°) respectively 
for these compounds. Similarly the Bi-O-Bi angles in BiCuSeO and BiCuTeO lie in the 
range of 105.10°-118.60° while for AgBiTeO is 90.01° to 119.99° which show that thes 
compounds are less distorted that the ABiTeO (Mukherjee and Singh 2020), and have 
more distortion in the structure as compare to BiCuSeO and BiCuTeO (Hiramatsu et al. 
2008).

As seen in the different plan view of Fig. 1 these compounds are made up of [E2F2]2+ 
cationic fluorite-type blocks and [Ag2X2]2− (X = S-Te) anionic layers that are indefi-
nitely extended along the 4-axis. Additionally, each FEu4 tetrahedral block is encircled 
by AgB4 tetrahedral block. One Eu and four F atoms make up the FEu4 block (Fig. 1). 
The c/a ratio shows how the tetrahedra is flattened. If c/a ratio is small the tetrahedra 
will be more flattened and hence the Eu-F-Eu angle will be large. In Table 1 it is shown 
that as we going from S to Te base compounds the c/a ratio decreases and θ1 between 
Eu-F-Eu and X-Ag-X is increases. As the θ1 increases causes to reduce the θ2 between 
Eu-F-Eu and X-Ag-X in EuFAgX (X = S, Se and Te) compounds.

On the other hand the small dissimilarity in the ionic radii of Sr and Eu make it clear 
that the cell structures of the studied compounds are extremely close to the equivalent 
strontium based fluoride chalcogenides (Shannon 1976). Very comparable bonding pat-
terns are reflected in the nearly identical Ag-B bond distance in the Sr, Ba and Eu based 
compounds. Because of the growing mismatch between the FN4 (N = Eu, Sr or Ba) and 
CX4 (C = Cu, or Ag) tetrahedra, the N-F distances elongate significantly and exhibit 
very similar increase upon replacing S with Se and Se with Te. The pattern is indistin-
guishable from that illustrated for iso-structural Mg, Mn, Zn, and Cd pnictides (Charkin 
et  al. 2012; Birch 1947; Plokhikh et  al. 1111, 2018; Saparov et  al. 2013). There is a 
correspondence between the N-X distances of Cu and Ag compounds and the Eu-Te dis-
tances of the structurally related Cu0.66EuTe2 (Patschke et al. 1999).
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3.2 � Electronic properties

The number of states occupied by a system at any energy is described by its density of 
states, and this function determines the bulk characteristics of materials. The total density 
of states (TDOS) for the compounds under investigation is calculated using GGA-PBESol, 
GGA + U, BJ + U and mBJ + U approaches and presented in Fig. 3. The TDOS for these 
compounds reveals the presence of energy gap flanked by the conduction bands (CB) 
and valance band (VB) and there is no overlapping of densities around the Fermi level 
(EF) disclose the semiconductor nature of EuFAgX (X = S, Se and Te) compounds trough 
GGA + U, BJ + U and mBJ + U while shows metallic nature via GGA potential. As these 
compounds are reported semiconductor therefore the results calculated by GGA potential 
is unacceptable while estimated results through GGA + U, BJ + U and mBJ + U is reason-
able due to in agreement with the experimental results additionally the electron possessed 
by Eu-f states are strongly correlated and cannot be treated by GGA potential.

From the TDOS the estimated bandgap values are given in Table 2. The estimated band-
gaps are 2.10  eV, 2.27  eV and 3.51  eV for EuFAgS, 1.98  eV, 2.07  eV and 3.20  eV for 
EuFAgSe and 1.77 eV, 1.99 and 2.96 eV for EuFAgTe by GGA + U, BJ + U and mBJ + U 
potentials. The reported bandgap for EuFAgS is 2 eV to 2.22 eV, for EuFAgSe is 1.71 eV 
and 2.11 eV and for EuFAgTe is 1.95 eV and 2.26 eV by Plokhikh et al. (Plokhikh et al. 
2020). In the current study different potentials were used to find out the correct and exact 
nature of bandgap value for these compounds. According to reported band gaps, the inves-
tigation through BJ + U is reasonable (Plokhikh et al. 2020). Therefore, all the other prop-
erties are estimated by employing BJ + U potential.

Similarly the chalcogenides BaFAgCh (Ch = S, Se and Te) are also direct band gap 
semiconductors and their band gap values obtained through TB-mBJ (GGA-08) is 2.81 eV 

Fig. 3   Total DOS of the layered 
structured EuFAgX (X = S, Se 
and Te) compounds
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(1.451 eV) for BaFAgS, 2.66 eV (1.32 eV) for BaFAgSe and 2.59 eV (1.53 eV) for BaF-
AgTe (Boudiaf et  al. 2017b). The band gap value of SrCuFS is 3.0  eV and SrCuFSe is 
2.7 eV (Shannon 1976); BaCuFS is 3.2 eV and BaCuFSe is 3.0 eV; BaCuFTe is 2.3 eV 
(Park et al. 2007). The estimated band gap is 1.1 eV for BiCuOS and 0.8 eV for BiCuOSe 
and 0.4 for BiCuOTe (Hiramatsu et al. 2008). 3.1 eV for LaCuOS, 2.8 eV is for LaCuOSe 
and 2.4 eV is for LaCuOTe (Hiramatsu et al. 2008). These band gaps for the understudy 
compounds are much smaller than these isotropic compounds due to huge difference in the 
atomic radii of constituent’s atoms. On the other hand there is a clearly isotropic trend in 
the decreasing of band gap as Ch goes from S to Te.

The figure also disclose that as we go from S to Te the band gap reduces for the under 
study compounds, because of increase in anion size or generally the band gap should be 
reduced when more electronegative cations are replaced with less electronegative ones, and 
this is indeed the case: going from 0.33 eV to 0.15 eV in the Sr3In2As4 to Eu3In2As4 (Taha 
et al. 2023) and also growing from GGA → mBJ + U.

Additionally, the band structures for EuFAgX (X = S, Se and Te) are calculated and dis-
played in Fig. 4 to further validate their semiconducting nature. The figure shows that there 
is no overlapping at the EF and maxima of VB align with the minima of CB at the central 
symmetry for both compounds indicate their direct band gap character.

The element’s partial density of states (PDOS) is also considered to determine their 
relative importance, as shown in Fig. 5 demonstrates that densities are distributed in two 
sections in the whole energy range. Eu-f, F-p, Ag-d and B-p states take part in the sec-
tion from -7.5 eV to 0 eV and from threshold value to 6.5 eV correspondingly in all com-
pounds with variation in contributions in the VB and CB such that the contribution of B-p 
are greater than the Eu-f, Ag-d and F-p in CB as compare to VB while Eu-f state shows 
greater contribution in the VB as compare to CB. From the VB and CB, it is evident that 
their energy gap accurse between the d state of Ag-d, B-p and B-P atom in all compounds. 
Additionally compared to other compounds of the same kind, such as the EuFZnPn and 
EuFMnPn series, the electronic structures of the EuFAgB series are in excellent agreement 
with these isotropic compounds.

3.3 � Optical properties

Optical properties of materials refer to how they interact with light, including how they 
absorb, reflect and transmit light. These properties play a crucial role in various applica-
tions, such as designing optical devices, understanding material behavior, and developing 
new technologies and play a crucial role in various technologies and industries, including 

Table 2   Comparison of present and others band gaps of the EuFAgX (X = S, Se and Te) compounds

Compounds GGA​ GGA + U BJ + U mBJ + U Other(Plokhikh 
et al. 2020)

Exp(Plokhikh 
et al. 2020)

EuFAgS Metal 2.10 2.27 3.51 2.0 2 to 2.22
EuFAgSe Metal 1.98 2.07 3.20 1.71 2.11
EuFAgTe Metal 1.77 1.90 2.96 1.95 2.26
Eu/μBFAgS 6.97 7.87 – – – –
Eu/μBFAgSe 6.94 7.69 – – – 7.78
Eu/μBFAgTe 6.91 7.56 – – – 7.45
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electronics, photonics, optoelectronics and solar cells. Therefore it is significant to examine 
the interaction of light wave with these materials in response to the optoelectronic appli-
cation. Thus, optical properties for the under study compounds EuFAgB (B = S, Se and 
Te) are estimated in the energy range of 0-14  eV. In the presented work the calculated 
optical factors are real and imaginary component of the dielectric function (ε1 (ω) and ε2 
(ω)), oscillator strength (σ (ω)), extinction coefficient (k (ω)), energy loss function (L (ω)), 
reflectivity (R (ω)) refractive index (n (ω)), and optical conductivity (α (ω)) in the three (X 
and Z) axis and given in Fig. 6a-b. In Fig. 6a, the compound’s various physical properties 
are represented by the real component of the ε1 (ω). The static dielectric function (ε1 (0)) 
is the value occur at the 0 frequency limit. In Fig. 6a the (ε1 (0) lie at 4.97 eV, 5.69 eV 
and 7.22 eV in X direction and 4.35, 4.76 and 5.87 eV in Z direction respectively for all 

Fig. 4   Electronic band of the lay-
ered structured EuFAgX (X = S, 
Se and Te) compounds
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EuFAgX (X = S, Se and Te) compounds. The value of ε1 (0) at X direction are 5.01, 5.92 
and 7.46 and at Z direction the ε1 (0) is 4.35, 5.43 and 6.0 respectively. The ε1 (0) for 
the understudy compounds are very close to BaFAgCh (Ch = S, Se and Te) and SrFCuCh 
(Ch = S, Se and Te) (Shannon 1976; Boudiaf et  al. 2017b) such that the ε1 (0) for these 
compounds lies in the range of 4.625-6.294 and 4.70-5.472 respectively at X and Z direc-
tions. Spectra are seen to increase after the zero frequency, peak at their highest points are 
6.86, 7.39 and 9.66 lies at 4.39 eV, 2.10 eV and 3.00 eV in X axis and 8.04, 8.60 and 10.84 
lies at 4.50 eV, 4.34 eV and 3.49 eV in z axis respectively for EuFAgX (X = S, Se and Te) 
compounds. Additionally the ε1 (0) show inverse relation with the bad gap and agree with 
the model presented by Penn et al. (Penn 1962) and the difference in the ε1 (0) at x and z 
axis indicate the optical anisotropy reveal by the understudy compounds. The spectra are 
seen to decline and eventually drop to zero after this highest peak. The substance has lost 
its dielectric properties and has turned into metal (Hu et al. 2022; Selmani et al. 2022).

The ε2 (ω)) is provided in Fig. 6a associated with the absorption property of the materi-
als and are zero up to the energies below the estimated band gap as indicate clearly that 
up to 1.97 eV and 2.02 eV, 1.84 eV and 1.92 eV, 1.56 eV and 1.74 eV there is no spec-
tra which correspond to the optical gap of these compounds in x and z crystallographic 
axis respectively. The Figure also shows that the optical gap shrinks from S to Te due to 
increase in the lattice constants as also clear from the Figs. 3 and 4. The band gaps reported 
for these compounds are found active in visible region make them potential applicant for 
solar cell application.

The same trend as reduction in band gap is also observed in the isotropic BiAgOCh 
Ch = S and Se while BaFAgCh and SrFCuCh Ch = S, Se and Te) compounds (Motomitsu 
et  al. 2006; Hoat 2019; Hoat et  al. 2019; Gamon et al. 2018; Hiramatsu et  al. 2008). In 
Fig. 6a After the threshold value the rise in the curve is apparent in compounds EuFAgX 
(X = S, Se and Te) on x-axis achieved the highest peak at 5.94 eV, 5.72 eV and 4.55 eV 

Fig. 5   Partial DOSs of the lay-
ered structured EuFAgX (X = S, 
Se and Te) compounds
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Fig. 6   (a, b) Optical plots of the layered structured EuFAgX (X = S, Se and Te) compounds
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respectively and on z-axis achieved the highest peak at 5.40  eV, 5.31  eV and 4.58  eV 
respectively due to major inter bond transition (Almishal and Rashwan 2022; Rehman et al. 
2022).

Figure 6a shows the reflectivity (R (ω)) for the understudy compounds. According to 
the graph, the zero-energy reflectance (R (ω) at 0 eV (R(0)) for EuFAgX (X = S, Se and 
Te) are in the range of 14 to 21% on x-axis and 12 to 18% on z-axis respectively. Similarly 
BaFAgCh shows R(0) up to 13 to 17% at x axis and 12 to 16% at z axis, SrFCuCh (Ch = S, 
Se and Te) shows 13.4 to 18.5% at x axis and 11.7 to 17.2% at z-axis respectively (Shannon 
1976; Plokhikh et al. 2020; Motomitsu et al. 2006; Hoat 2019; Hoat et al. 2019). In com-
parison the understudy compounds are more reflective then Sr and Ba base chalcogenides 
at zero frequency limit. Highest reflectivities of 68 to 69% correspond to 13.56 eV for EuF-
AgS on x and z-axis respectively, highest reflectivity of 70 to 67% correspond to 13.56 eV 
for EuFAgSe on x and z-axis respectively and highest reflectivity of 67 to 64% correspond 
to 13.56 eV for EuFAgTe on x and z-axis respectively. The maximum reflectivity shown 
by SrFCuCh (Ch = S, Se and Te) lie in the range of 39.56 to 45.5% and 33.89 to 36.80% 
at x and z axis in the ultraviolet region also demonstrate that the understudy compounds 
indicate greater reflectivity then the SrFCuCh (Ch = S, Se and Te) (Shannon 1976; Plokh-
ikh et al. 2020; Motomitsu et al. 2006; Hoat 2019; Hoat et al. 2019). Curiously, reflectance 
increases as energy approach the point where ε1 (ω) becomes zero. The high reflectivity 
in these materials occurs at ultraviolet region therefore high-frequency radiation might be 
blocked by using these materials and are more suitable than the isotropic SrFCuCh (Ch = S, 
Se and Te) (Shannon 1976; Plokhikh et al. 2020; Motomitsu et al. 2006; Hoat 2019; Hoat 
et al. 2019; Sharma et al. 2022; Su et al. 2022; Qaisi et al. 2022).

Figure 6b correspond to refractive index (n(ω)). The fixed value of the refractive index 
(n(0)) is computed in the range 2.26 to 2.68 on x-axis and 2.10 to 2.42 on z-axis for EuF-
AgX (X = S, Se and Te) respectively. The value of the n(0) demonstrate that it follow the 
relation  

�

(n(0)) =
√

�
1
(0)

�

 and are close to the n(0) (2.15–2.33 and 2.05–2.13 at x and z 
axis) for SrFCuCh (Ch = S, Se and Te) (Shannon 1976; Plokhikh et al. 2020; Motomitsu 
et al. 2006; Hoat 2019; Hoat et al. 2019). After n(0) real part of n(ω) rises and reach its 
peak value where the value of energies are 4.28 eV, 4.17 eV and 3.06 eV on x-axis and 
4.99 eV, 4.42 eV and 3.52 eV on z-axis for EuFAgX (X = S, Se and Te) respectively. The 
prominent values of n(ω) observed for the compounds under investigation respectively is 
due to the drop off in the maximum number of photons upon entry to the materials (Khan 
et al. 2022).

L (ω) is the energy loss function for moving electrons inside a material is seen in Fig. 6a. 
The peak in the curve of the understudy compounds is caused by plasma frequency reso-
nance. L (ω), which depends on loss of energy and momentum transfer (Ullah et al. 2016; 
Loughin et al. 1996), measures the material response to an electromagnetic perturbation. 
According to Fig. 6a, the lower energy related with photons than the bandgap value results 
in no scattering. Figure  6a shows that the presence of discrete energy bands causes the 
EuFAgX (X = S, Se and Te) compounds to loss energy at 8.28, 8.20 and 12.88 eV respec-
tively on x-axis and loss energy at 8.34, 8.53 and 12.53 eV on z-axis respectively.

To quantify the quantity of electrons concerned in an optical transition, the oscillator 
strength (σ (ω)) or sum rule is needed. The calculation of oscillator strength was done for 
current compounds which are under studies; Fig. 6a demonstrates when energy increase 
then σ (ω) also enhances. As the energy increases past the bandgap, the number of elec-
trons in the system rapidly increases from zero when the energy is low. It is obvious from 
Fig. 6a that the σ (ω) demonstrates that 19–23 numbers of electron in both x and z axis 
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involve in the optical transition appropriately in different orientations of EuFAgX (X = S, 
Se and Te).

Electrons will conduct through the material when an electromagnetic field is produced, 
and optical conductivity is a crucial optical property for this to happen. The (α(ω)) spectra 
of these EuFAgX (X = S, Se and Te) compounds are displayed in Fig.  6b According to 
Fig.  6b, optical conduction begins around the threshold value and continues to increase 
beyond it, reaching maximal conductivity of 5.25, 5.59 and 4.63 Ω−1 cm−1 on x axis and 
5.63, 5.18 and 6.05 Ω−1  cm−1 on z axis for all EuFAgX (X = S, Se and Te) compounds 
respectively.

The extinction coefficient measure the relations of an electromagnetic wave with a 
material represented by k(ω) (Aliabad et al. 2009; Abasi et al. 2020; Al-Douri et al. 2012; 
Chaudhry et al. 2016; Benahmed et al. 2018; Salik et al. 2020). Accordingly, if a material’s 
k(ω) is very small, it will have a small absorbance and a large transmittance. The extinction 
coefficient for little-studied chemicals is close to ε2 (ω).

In Fig. 6b, it is apparent that mostly up to band gap the k(ω) have zero value and show 
little absorbance and high transmittance. The maximum value of 1.64 eV at 6.68 eV on 
x-axis and 1.59 eV at 9.86 eV on z-axis for EuFAgS, 1.86 eV at 6.70 eV on x-axis and 
1.66 eV at 5.48 eV on z-axis for EuFAgSe and 1.54 eV at 3.93 eV on x-axis and 1.44 eV 
at 10.02 eV on z-axis for EuFAgTe respectively shows that in these region the compounds 
have poor wave transmission and strong wave absorption.

The optical properties show different responses in different crystallographic direction 
as clear from Fig.  6a, b and from Table 2 which demonstrate that these compounds are 
anisotropic optical materials and from the band gap value and optical conductivity these 
compounds are potential candidates for solar cell and photovoltaic applications.

3.4 � Thermoelectric properties

The thermoelectric generator converts thermal energy to electrical power. As things go, the 
study explaining the thermoelectric (TE) properties is rapidly expanding. When thermo-
electric materials are employed on a large scale (Computer cooling and TE refrigeration), 
their TE characteristics should be researched to evaluate their actual performance at rela-
tively high temperatures. Active thermoelectric materials have been discovered in semicon-
ductors with a narrow bandgap.

Transport parameters of these compounds are explored in a temperature from 25 
to 800 K using the BoltzTrap program (Madsen et  al. 2006). Electrical conductivity (σ) 
examines the flow of free charges. The estimated σ for EuFAgX (X = S, Se and Te) com-
pounds is presented in Fig. 7. At lower temperatures, the σ for EuFAgX (X = S, Se and Te) 
are very low, while increasing with rises in temperature. Besides σ also increases as we go 
from S → Te. The conductivity of the EuFAgTe is greater than the rest of two compounds 
because EuFAgTe possess low band gap as compare to EuFAgSe and EuFAgS. The varia-
tion in energy gap causes the alteration in electrical conductivity. At 300 K, the electrical 
conductivity of these compounds EuFAgX (X = S, Se and Te) 5.12 × 1017, 6.14 × 1017 and 
1.67 × 1018 S/ms respectively. Conversely the electrical conductivity of the Zn doped BiCu-
SeO is 4.34 × 103 S/m, for Ca and Ba doped BiCuSeO are 20 × 103 S/m and 17.54 × 103 
S/m respectively (Das et al. 2019; Zhao et al. 2014). The higher value of electrical conduc-
tivity for the understudy compounds are due to the involvement of the relaxation time and 
are comparable with the isotropic one.



Eu based layered EuFAgX (X = S, Se and Te) magnetic semiconductors…

1 3

Page 13 of 22  1292

Lattice vibrations and electron conduction usually cause heat conduction in materi-
als. Due to the BoltzTraP package’s limitations, the electrical component of thermal 
conductivity (κ) for the understudied compounds is estimated, as given in Fig. 8. The κ 
increases substantially as the temperature rises, as shown in the graph. At low tempera-
tures, the κ of the investigated compound are nearly constant, but they fluctuate as the 
temperature grows. The κ of these compounds are 3.91 × 108, 1.37 × 109 and 2.79 × 109 
W/mks at 300  K for EuFAgX (X = S, Se and Te) respectively. The κ for these com-
pounds rises from EuFAgS to EuFAgSe and then to EuFAgTe.

The level of the thermoelectric voltage grows at the moment that two different mate-
rials are held at different temperatures. Limited voltage patterns result from tempera-
ture changes between two materials. When the temperature gradient is established, high 
thermoelectric voltage values verify increased degrees of efficiency. The efficiency of 
thermocouples is determined by the Seebeck coefficient (S), which determine the volt-
age ratio to the temperature differential.

Figure  9 shows the Seebeck coefficient (S) for EuFAgX (X = S, Se and Te) 
compounds. Positive value of S suggests a p-type semiconductor, while negative value 
indicates an n-type semiconductor. The value of S for these compounds are -1.71 × 10–5, 
-2.97 × 10–5 and -4.38 × 10–5  V/K at 300  K respectively which shows its n-type semi-
conducting nature and reveals that electrons are principal carrier and S enhances with 
growing temperature for all these compounds.

The Seebeck coefficient values of BiCuSeO range from 350 µVK−1 at 300 K to 425 
µVK−1 at 923 K, and decrease down to 69 µVK−1 at 300 K and 167 µVK−1 at 923 K 
upon 0.125 Ba.

doping (Zhao et  al. 2014) and 286, 273 and 262 for Bi0.94Zn0.06CuSeO, 
Bi0.92Zn0.08CuSeO and Bi0.90Zn0.10CuSeO at 773 K respectively (Das et al. 2019). While 
from 55–178 µVK−1, for Bi1-xPbxCuOTe (x = 0, 0.01, 0.02, 0.04 and 0.06) at 300 K (An 
et al. 2014). The Seebeck value for the understudy compounds are close to the Seebeck 

Fig. 7   Electrical conductivity of the layered structured EuFAgX (X = S, Se and Te) compounds
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value of Ba:BiCuSeO and BiCuOTe at room temperature make the reported results 
rational and logical.

A thermoelectric component called the power factor (PF) governs the power genera-
tion ability of materials. The calculated PF for these compounds is shown in Fig. 10; 
the PF of all compounds increases as the concentration of carriers grows with increas-
ing temperature up to 300 K. The greatest value of PF for EuFAgX (X = S, Se and Te) 
compounds at 300  K temperature are 4.91 × 108, 5.42 × 108 and 9.85 × 108 W/mK2s 

Fig. 8   Thermal conductivity of the layered structured EuFAgX (X = S, Se and Te) compounds

Fig. 9   Seebeck coefficient of the layered structured EuFAgX (X = S, Se and Te) compounds
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respectively. The power factor of 0.35 mW/mK2 was obtained for Bi0.98Zn0.02CuSeO 
sample at 773 K, which is almost twice that of the pristine sample (0.18 mW/mK2) at 
the same temperature. This value is lower than the Pb ( 0.8 mW/mK2), Ba(0.62 mW/
mK2) and Ca ( 0.65 mW/mK2) and for Mg (0.2 mW/mK2) doped at Bi in BiCuSeO 
at 773 K (Zhao et  al. 2014), for Bi1-xPbxCuOTe (x = 0, 0.01, 0.02, 0.04 and 0.06) are 
4–7.5 × 10–4 W/mK2, from 0.1 to 3.6  μW/cmK2 (An et  al. 2014), for Bi1-xMxCuSeO 
(M = Mg, Ca, Sr, and Ba) at 300  K while 4.478 (1010 W/mK2s) and 5.949 (1010 W/
mK2s) (Zhao et al. 2014) for SrFCuS and SrFCuSe, respectively at 600 K (Hoat 2019). 
The Power Factor of the understudy compound is reliable with the SrFCuS and SrF-
CuSe and are greater than the other reported results.

A unit less number called the figure of merit significantly impacts how well ther-
moelectric materials work. The figure of merit is the most crucial indicator of thermo-
electric material performance. Figure  11 display the calculated ZT for each of these 
compounds; for EuFAgX (X = S, Se and Te) ZT values are 0.0176, 0.0394 and 0.251 
at room temperature and 0.263, 0.465 and 0.807 at 800 K. The ZT value is 0.48 was 
achieved for the Bi0.98Zn0.02.

CuSeO sample at 773  K, Ni-doped BiCuSeO (0.25 at 773  K) for 0.04% and Mg-
doped BiCuSeO (0.37 at 773  K) for 0.125% doping, 0.09 to 0.27 for Bi1-xPbxCuOTe 
(x = 0, 0.01, 0.02, 0.04 and 0.06) at 300 K (An et  al. 2014), and the ZT at 1200 K is 
0.967 and 0.966 for SrFCuS and SrFCuSe respectively (Hoat 2019; Zhao et al. 2014). 
This high value of ZT for the understudy compounds makes them suitable for use in 
a variety of thermoelectric applications, consist of but not restricted to nano-thermo-
couples, thermoelectric peltier micro coolers, and thermoelectric power generators for 
wearable systems at low temperature (Din et al. 2022).

Fig. 10   Power Factor of the layered structured EuFAgX (X = S, Se and Te) compounds
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3.5 � Magnetic properties

Electron spin and orbital motion are intrinsically linked to the magnetic properties of 
materials.

Magnetism in magnetic materials results from the exchange interactions of electrons. 
Materials are ferromagnetic when their magnetic moments align in a parallel fashion 
and they are anti-ferromagnetic when their magnetic moments are aligned anti-parallel 
(Kamioka et al. 2005; Boudiaf et al. 2018).

Figure 12 displays the magnetic ground state energy versus volume for ferromagnetic 
(FM), non-magnetic (NM) and A, C and G type anti-ferromagnetic (AFM) magnetic 
arrangements explored for studying the magnetic nature of EuFAgX (X = S, Se and Te). It 
can be seen from the figure that the G-type AFM is the stable magnetic phase for all com-
pounds as its ground state energy is lower than that of the other magnetic phases. Similarly 
the isotropic Eu based EuTAsF.

(T = Zn, Mn, and Fe) compounds are also G-type AFM and AFM behavior is reported 
for EuMnPnF compounds (Pn = P, As, Sb) (Plokhikh et al. 2018).

The computed magnetic moments for Eu atom in EuFAgX (X = S, Se and Te) are pre-
sented in Table 2. The magnetic moments of Eu atom are 7.87, 7.69 and 7.56µB respec-
tively. Experimentally only magnetic moments for EuFAgSe and EuFAgTe are 7.78/Eu µB 
and 7.45/Eu µB respectively are reported (Plokhikh et al. 2020) and there is no data avail-
able for EuFAgS. On the other hand the magnetic moment per Eu is 7 µB and 7.67 µB for 
EuZnPnF (Pn = As, Sb), 5.47 µB, 4.59 µB and 5.64 µB for EuTAsF (T = Zn, Mn, and Fe) 
(Plokhikh et al. 2023). The calculated magnetic moment per Eu is in close agreement with 
the experiments and other reported results indicating that the reported results are reason-
able. The magnetic moment of Eu atom is decreasing going from S to Te because of the 
distance between the Eu atom is increasing which decreases its transition temperature and 
magnetic moments (Alwadai et al. 2022; Asmar et al. 2018).

Fig. 11   ZT plot of the layered structured EuFAgX (X = S, Se and Te) compounds
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The magnetic susceptibility (χ) for these EuFAgX (X = S, Se and Te) compounds is 
determined by BoltzTraP program (Koller et al. 2012) and explained through Curie Weiss 
law (Mehmood et  al. 2020) represented in Fig.  13. The graph makes it evident that the 
understudy compounds are AFM in nature. The computed χ for EuFAgS is 1.31 × 10−3emu/
mole, for EuFAgSe is 1.32 × 10−3emu/mole and for EuFAgTe is 1.34 × 10–3 emu/mole at 
3 K. From the figure the transition temperatures (TN) for these compounds are 10, 9 and 

Fig. 12   magnetic optimization 
plot of the layered structured 
EuFAgX (X = S, Se and Te) 
compounds

Fig. 13   Magnetic Susceptibility of the layered structured EuFAgX (X = S, Se and Te) compounds
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8 K respectively for EuFAgX (X = S, Se and Te) compounds and experimentally reported 
TN are 5 and 1.8 K for EuFAgX (X = S and Te). Similarly the TN of 2 to 3 K and 2.4 to 3 K 
are reported for EuZnPnF (Pn = As, Sb) and EuTAsF (T = Zn, Mn, and Fe) (Plokhikh et al. 
2023) make the results obtained for the understudy compounds are rational and logical. 
The outcomes for these compounds provided here are in good accord with the experimen-
tal data shows that the result reported for EuFAgSe is sensible. Conversely the χ for these 
compounds decreasing as progress from S to Te base compounds following the magnetic 
moments (Alwadai et al. 2022; Asmar et al. 2018). As the underlying compounds are anti-
ferromagnetic, magnetic probes cannot access the information stored in anti-ferromagnetic 
moments. It is hence suitable for use in magnetically non-disruptive storage systems.

4 � Conclusions

The FP-LAPW technique with GGA, GGA + U potentials with addition of, BJ + U and 
mBJ + U in the domain of DFT are utilized to examine the structural, optoelectronic ther-
moelectric and magnetic properties of EuFAgX (X = S, Se and Te) tetra one type com-
pounds. All the structural parameters are in good approximation with experimental results. 
The result presented by total and partial density of state specify that EuFAgX (X = S, Se 
and Te) are semiconductor and their electrical conductivity also discloses the semiconduc-
tor nature of the corresponding compounds. 1.77–3.57 eV are the band gap values respec-
tively for EuFAgX (X = S, Se and Te) and reduces as replacing S by se and Te and behave 
direct band gap nature elucidated from band structure. The outcomes demonstrate that 
under study materials are optically dynamic in the visible range of electromagnetic spec-
trum signifying that they could be employed suitable candidates for as solar cell device. 
The reported thermoelectric properties also suggest that these compounds are suitable 
materials for thermoelectric applications due to their anti-ferromagnetic nature these can 
be used as magnetic clocking devise as magnetic probes cannot access the information 
stored in anti-ferromagnetic moments and hence suitable for use in magnetically non-dis-
ruptive storage systems.
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