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Abstract

:

Using the full-potential linearized augmented plane wave (FP-LAPW) method, dependent on density functional theory, the simple cubic ternary fluoroperovskites XZnF3 (X = Al, Cs, Ga, In) compound properties, including structural, elastic, electronic, and optical, are calculated. To include the effect of exchange and correlation potentials, the generalized gradient approximation is applied for the optimization operation. This is identified, when we are changing the metallic cation specified as “X” when shifting to Al from Cs, the value of the bulk modulus is found to increase, showing the rigidity of a material. Depending upon the value of the bulk modulus, we can say that the compound AlZnF3 is harder and cannot be compressed as easily as compared to the other three compounds, which are having a lower value of the bulk modulus from AlZnF3. It is also found that the understudy compounds are mechanically well balanced and anisotropic. The determined value of the Poisson ratio, Cauchy pressure, and Pugh ratio shows our compounds have a ductile nature. From the computation of the band structure, it is found that the compound CsZnF3 is having an indirect band of 3.434 eV from (M-Γ), while the compounds AlZnF3, GaZnF3, and InZnF3 are found to have indirect band gaps of 2.425 eV, 3.665 eV, and 2.875 eV from (M-X), respectively. The optical properties are investigated for radiation up to 40 eV. The main optical spectra peaks are described as per the measured electronic structure. The above findings provide comprehensive insight into understanding the physical properties of Zn-based fluoroperovskites.
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1. Introduction


Among various compounds, one of the families of compounds, known as perovskites, has drawn the attention of material scientists in the field of science and technology. These kinds of materials are studied by researchers using computational and experimental approaches. The compound (CaTiO3), which is the mineral perovskite, was firstly investigated in [1]. After this, incredible attention was given to this family of compounds. Due to having effective uses in science and technology, an extraordinary concentration was set to optical, as well as the electronic properties of perovskites, in the industry of lenses and semiconductors [2]. ABX3 is the representative stoichiometry of perovskite crystal structure, where atoms “A”and “B” are from a standpoint for the cations, which are well-specified for an alkali metal andan alkaline earth metal, respectively, while “X” stands for an anion. Due to atom X, several forms occur from the general structures of perovskite, the compound that would be fluoroperovskites (ABF3), if fluorine appears in the place of X molecule. Whenever oxygen is available, it then becomes oxides-perovskite (ABO3) and nitride-perovskite (ABN3), when nitrogen is positioned at the X atom site. The compounds of fluoroperovskites are most often divided into two sections, the first of which is recognized, such as oxide perovskites, when oxygen is selected in the place of anion, and, as we take anion from the halogens group, that is why the second one will be called halide perovskites. In perovskite materials, all types of compounds exist, such as conductors, semiconductors, and insulators. Due to its well-balanced structure, the exceptional properties of perovskite compounds are commonly analyzed using different experimental methods and modeling. The compound of fluoroperovskites is fascinating for its dielectric examinations, and the application in solid-state devices for this type of material is mostly electronic, optical, etc. The optical properties of perovskite compounds, though, are anisotropic and show the influence of birefringence, plus their structure is compatible with chemical composition, temperature, and pressure [3]. Lufaso and Woodward have previously researched how cubic perovskites could be converted to another structure of the crystal [4]. The ternary fluorides of perovskite crystal structure have been broadly studied for several years; due to their optical characteristics [5,6], these materials have several practical uses such as thermo-electricity [7], as well as physical properties, such as ferroelectricity [8], anti-ferromagnetism [9], and semi-conductivity [10]. In the medical field, such types of materials are significant, being utilization during radiation therapy as well as in X-rays and gamma rays, and in the imaging plates of thermal neutrons; thus, such compounds have a distinct medical application. Additionally, the usage of fluoroperovskite materials in numerous scientific applications, as a fuel for cells, memory appliances, photovoltaics, etc., has been studied and has been demonstrated to be outstanding compounds for microelectronics, as well as in telecommunications [11,12,13]. The crises of energy are reduced by the outstanding thermoelectric properties of these materials and can help the people, where there is a high need for energy. To find out about the material of the form of fluoroperovskites, researchers have made efforts to explore these types of compounds. Based on the Seebeck coefficient and thermal conductivity, the thermoelectric properties of such materials have attracted the attention of the community of technology. Sabir et al. investigated a few of these compounds [14]. The fluoride compounds have a wide bandgap and are known to be a better candidate. The creation of complex material, with a crystal structure that fits the lattice and large band gaps of fluorides, offers the chance order to be alloyed, which follows the lattice as well as the engineering of the band gaps [15]. Initial studies, which are experimental or theoretical, are based on how fluorine and organic or inorganic elements can be mixed with transition metal (TM) [16,17,18,19,20]. Such combinations produce excellently balanced compounds of fluoroperovskites, which have been studied to make these compounds thermodynamically and mechanically stable [21,22]. Due to the diversity of structural variations and configurations, transition-metal-type fluoroperovskites have interesting magnetic properties. Perovskites with a cubic structure, such as the compound KMF3 (M = Mn, Ni), exhibit an anti-ferromagnetic order at higher temperatures [23]. Such compounds also have several suitable thermoelectric and optical applications.



In this investigation, our purpose is to provide the structural, elastic, electronic, and optical properties of fluoroperovskite XZnF3 (X = Cs, In, Ga, Al) compounds, by applying the GGA approach. This technique of treating the electronic correlation, with the model such as that of Hubbard, was suggested in the 1990s in density functional theory.




2. Methodology


An ab initio full-potential linear augmented plane wave (FP-LAPW) method, within the generalized gradient approximation (GGA) and as implemented in the WIEN2K code [24], is used. The expansion of spherical harmonic is applied. The plane–wave basis set is selected in the interstitial region (IR) of the unit cell inside the spheres that do not overlap with the muffin-tin radius (RMT). For such compounds, the value of RMT is chosen in such a way that the spheres have not overlapped. To obtain the total energy convergence, the basic functions in the IR are expanded up to Rmt × Kmax = 6.0 inside the atomic spheres for the wave function. For structural optimization, integral through the Brillouin zone is completed, taking 2000 k-points from the mesh in the full Brillouin zone. The structural properties are simulated using the Birch–Murnaghan equation of state, by fitting the energy versus volume curve of the crystal unit cell. The electronic properties are investigated using the GGA approximation within the high symmetry points of the first Brillouin zone. In the real system, the electron density is not as uniformly distributed as the ideal free electron gas. Therefore, a gradient correction of charge density is introduced, called generalized gradient approximation (GGA). Under the condition of GGA, the exchange-correlation energy Exc[ρ] is the function of not only the electron density ρ(r) but also the electron-density gradient ∇ρ. Under the GGA, the exchange-correlation effect also decomposes into two parts, the exchange energy and correlation energy, which are calculated in their appropriate functional forms. GGA can correct the overestimated binding energy of LDA in molecules and solids as well as extend the processing system to the energy and structure of the hydrogen-bond system. The approximation greatly improves the calculation results of the energy related to electrons and exchange. DFT, based on functional GGA, has achieved great success in the efficiency and accuracy of electronic structure calculations and has become the most popular calculation scheme in multi-electronic systems [25,26,27]. The DOS is reported within the energy ranges from −8 eV to 8 eV. For the computation of elastic properties, the IRelast package developed by Murtaza is employed for elastic constants and other parameters. The optical properties for all the interesting compounds are investigated, using the dielectric function within the energy range from 0 eV up to 40 eV. Based on the aforementioned computational methods, we found very accurate and precise results, as described below.




3. Results and Discussion


3.1. Structural Properties


The ideal cubic fluoroperovskite structural compounds, ABF3 has a space group of Pm-3m (221). Among perovskite compounds, we choose to study XZnF3, which crystallizes in the simple cubic structure, having Wyckoff positions of (0, 0, 0), (0.5, 0.5, 0.5), and (0, 0.5, 0.5) for X, Zn, and F, respectively, as shown in Figure 1.



We examine the structural properties of the fluoroperovskite compounds XZnF3 (X = Al, Cs, Ga, In), using a common simulation program, Wien2k. By analyzing energy E0, ground state volume V0, lattice constants that are optimized, bulk modulus B, and the bulk modulus pressure derivative    B ′   , the structural properties of the under-studied materials are taken into consideration. Using the volume optimization process, all these parameters are determined, which adjusts the whole system. To include the effect of exchange and the correlation potential, the generalized gradient approximation along with the term is applied for the optimization of the operation. To identify different characteristics of specific materials, the role of this operation is very significant. Due to this approach, the volume versus energy parabolic curve, called the curve of optimization, is achieved, using the Birch–Murnaghan state equation [28], by adjusting several states’ energy values against their related volume. In Figure 2, the curve between volume and energy is shown for the compounds XZnF3 (X = Al, Cs, Ga, In). These graphs show that, initially, as the unit cell’s energy slowly rises, its volume reduces, and if the energy of the unit cell reaches its lowest limitation, the value of the energy at this lowest limitation is referred to as energy at the ground state, whereas the volume value of the unit cell at the energy of this ground state is called the volume at the ground state.



Table 1 provides the specified value for all the structural parameters. It can be seen from the table that when shifting to Al from Cs, the value of the bulk modulus is found to increase by changing the metallic cation described by ‘X’, showing a material’s rigidity. It can, therefore, be inferred that AlZnF3 is harder and less compressible, based on the B0 values more than CsZnF3, as displayed in Table 1. Although we did not observe sufficient conclusive experimental or theoretical findings, we confirmed our results were in line with the AFLOW’s accessible data [29]. Similar results for the structural properties are reported by Husain et al., while investigating the different physical properties of the NaQF3 (Q = Ag, Pb, Rh, and Ru) compounds. The structural stability, bulk modulus, lattice constants, and other ground state parameters were reported by them. Based on the comparison of the interesting compounds with another similar type of fluoroperovskites, we can confidently declare that our selected materials have a stable cubic crystal structure.




3.2. Elastic Properties


Few of the elastic constants (Cij) are found that exhibit the properties of a material to apply forces. Such elastic constants (Cij) are significant and essential to describe the mechanical response of compounds. It relates to the mechanical and dynamic features of crystals, whereas elastic constants further characterize the deformation of material as stress is employed, and when stress is eliminated, it comes back to its normal form [30]. Details about the stability of the structure, the bonding behavior of the neighboring planes of atoms, and the character of anisotropy could also be acquired using elastic constants. The nature of each of these compounds in this work is cubic, so C11, C12, and C44 are the three different elastic constants that were introduced in the cubic crystal symmetry to quantify the mechanical characteristics like rigidity, and also stability. Therefore, those three constants are enough to explain in detail the elastic properties, such as the mechanical response and stability of the structure of the material. Materials having a crystal structure in the cubic form, would be well balanced mechanically when the formulas of restriction shown below are satisfied.


       C  44   > 0 ,        C  11   −    C  12    2  > 0        C  12     <  B    <  C  11   ;            C    11   <  B    <  C  11   ;         2  C  11   +      C    11     / 3 > 0        



(1)







The conclusions drawn from the compounds investigated indicate that all XZnF3 (X = Al, Cs, Ga, In) compounds obey all of the stability criteria described above, thus, we can say that our compounds are stable mechanically. Table 2 displays the values defined for C11, C12, and C44 for AlZnF3, CsZnF3, GaZnF3, and InZnF3, applying GGA together with others estimated values. To the best of our knowledge, Cij values for these compounds have not been reported to match our findings.



It could be seen from the table that the C11 value for GaZnF3 is greater, which indicates that it is more elastic than other materials. The higher C44 value gives information on the stiffness of a material. The compound CsZnF3 could be stiffer, from the measured C44 values, than the other three compounds, and the elastic anisotropy factor (A) of a compound is an essential factor in the applied and engineering sciences. It provides an idea that a micro-crack is expected in the induction of compounds. This could also be applied to describing the degree of elastic anisotropy. It is said that the material is like a full isotropic, whenever the elastic anisotropy factor [A= 2C44/(C11 − C12)] is 1. This material is also called elastic anisotropic. The elastic anisotropy value is determined by applying the GGA approach to the XZnF3 compounds (X = Al, Cs, Ga, In), shown in Table 2. From the table, it is clear that the value of A is not equal to 1 for all compounds, so our compounds are anisotropic. The Paugh ratio suggested by B/G is just another parameter used to measure ductility, and this ductility has a threshold value of 1.75. Table 2 shows defined values for XZnF3 (X = Al, Cs, Ga, In). It explains that for all of the compounds tested, the B/G values are higher than 1.75 and, therefore, show ductile nature. Poisson’s ratio (v) also defines the ductility of the compounds and their brittleness; the poison ratio threshold value is 0.26, so a compound having a Poisson ratio greater than 0.26 is ductile, whereas a compound having a threshold value lower than 0.26 is brittle. The value of the poison ratio (v) is higher than 0.26 for all compounds under study, so the essence of all these materials is ductile. Material elasticity is also indicated by Cauchy pressure, indicated by CP. If the CP value is positive, it will be ductile, and if negative, then the compound will be brittle. It is given by this equation:


   C P  =      C    12   −      C    44    



(2)







From Table 2, it is clear that the CP value for all materials is positive, so this implies a ductile nature. Table 2 also shows certain elastic parameters that represent the rigidity of the material, including Shear Modulus (G), Bulk Modulus (B), and Young Modulus (E).




3.3. Electronic Properties


The structures of the electronic band provide the main significance in solid-state physics while investigating different materials. This defines the role of the states of energy available at different symmetric points. Various properties of the materials are known to be dependent on band structure, such as magnetic, electrical, and thermal characteristics. Information about a material, whether it is used for conductors, semiconductors, or insulators, is obtained from the band structure. The level of the fermi energy, described by the dotted lines, is highly meaningful in the band structure depicted by EF, which is filled at zero temperature. The part higher than the Fermi level is called a conductive band, while the portion just below the Fermi level is called the valence band, and the lowest part of the valence band is called the core band. The position of the Fermi level makes a major contribution to the essence of a compound. If this is situated between the conductive band and the valence band, the material will be a semiconductor or an insulator, otherwise the compound would be taken as metallic. Dependent on such concepts, we calculated the structure of the electron band by applying GGA, assuming 2000 k-points from the mesh to implement the exchange as well as the correlation effects. The calculated electronic band structure for the compounds XZnF3 (X = Al, Cs, Ga, In) is shown in Figure 3. It can be seen that the lower point for CsZnF3 of the conduction band is situated at the Γ point of symmetry, whereas the higher point is at the M point of symmetry in the valence band, resulting in an indirect bandgap of 3.434 eV (M-Γ). The InZnF3, GaZnF3, and AlZnF3 compounds are indirectly band gaps of (M-X), having band gaps of 2.875 eV, 3.665 eV, and 2.425 eV, respectively.



We will now take a glance at the available states for electrons inside the system. State density gives a very complete description of the compounds and explains the valence band and the conduction band’s involvement, larger and smaller. This includes both the valence and conduction band structure as well as explanations of state distribution, which suggests what consists of the valence band state and the conduction band. Knowledge about the electron density of state (DOS) is needed to understand and explain the bonding nature, band structures, etc., of a compound. To estimate certain characteristics of XZnF3 (X = Al, Cs, Ga, In), materials are shown in Figure 4, and the total (TDOS) and partial density of state (PDOS) are calculated. The state density plot for AlZnF3 reveals that there is a great contribution of the F-p state in the valence band, along with a little bit of contribution from the state of Al-s and Zn-d, whereas there is a minor contribution from the F-p state in the conduction band. Looking at the CsZnF3 plot, it is evident that there is a significant contribution from the Zn-d and F-p states in the conductive band, along with a contribution from the Cs-p state. In the case of GaZnF3 and InZnF3, there is a dominant contribution from the F-p and Zn-d states in the valence band, while in the conduction band there is a very minor contribution from the F-p state, a slight contribution from the Ga-s state (in the case of GaZnF3), and an In-s state (in the case of InZnF3) could be seen in the valence band.




3.4. Optical Properties


It is particularly important for the study of the optical properties of a compound because it describes in what way electromagnetic waves react to a compound. It also describes the internal components of the compound. The optical properties of XZnF3 compounds (X = Al, Cs, Ga, In) are evaluated by using the GGA method within the Density Functional theory scheme. A clear explanation of all-optical parameters, consisting of the real part, the imaginary part of the dielectric function, reflectivity, refractive index, extinction coefficient, absorption coefficient, and optical conductivity, is provided below. From the information of the complex dielectric function   ε  ω  =  ε 1   ω  + i  ε 2   ω   , the optical characteristics of matter could be defined [31,32,33]. The real and imaginary parts of the dielectric function, respectively, are    ε 1   ω    and    ε 2   ω  .   The imaginary part    ε 2   ω    is directly connected to the structure of the electronic band. Outlining all relevant transitions amongst the occupied and the unoccupied states, takes into account sufficient transitional dipole matrix elements with the expression below [34,35,36].


   ε 2   ω  =    e 2  ħ   π  m 2   ω 2      ∑   v , c   ∫      M  c v    k     2  δ    ω  c v    k  − ω    d 3  k  



(3)







The real part could be derived from the imaginary part, utilizing the famous Kramers–Kronig transformation [37].


   ε 1   ω  = 1 +  2 π    P     ∫  0 ∞     ω ′   ε 2    ω ′      ω  ’ 2   −  ω 2    d  ω ′   



(4)




where P sets out the fundamental value of the integral. The other optical parameters such as the optical conductivity, reflectivity, coefficient of absorption, extinction coefficient, and refractive index can be obtained by using the real and imaginary part of the dielectric function. It can be seen from Figure 5 that the compounds are more effective in the range of energy of 2.5 eV to 9 eV, in the case of    ε 1   ω  ,   while in the case of    ε 2   ω    the compounds are more active from 4 eV to 14 eV, since in between this energy range there are many sharp peaks, which arise due to the electronic transition from the valence band to the conduction band. The threshold energy of the dielectric function is occurring at about 2.425 eV, 3.434 eV, 3.665 eV, and 2.875 eV for AlZnF3, CsZnF3, GaZnF3 and InZnF3, respectively. These energy points are called the basic absorption edge. At the range of high energy, it could be seen that the optical activity is lower than 1 eV.



3.4.1. Refractive Index and Extinction Coefficient


An essential parameter that specifies how much the refractive index refracts. This is very useful in photoelectrical applications. This has two parts, real and imaginary part. The imaginary part specified by K(ω) is known as the coefficient of extinction. The index of refraction value is different for various materials. The defined refraction index for compounds XZnF3 (X = Al, Cs, Ga, In) can be seen in Figure 6. For AlZnF3, CsZnF3, GaZnF3, and InZnF3 compounds, the static refractive index represented by n(0) is 2.0357, 1.652, 1.878, and 1.914, respectively. The highest value of the refraction index for AlZnF3, CsZnF3, GaZnF3, and InZnF3 is 2.707 at 2.855 eV, 2.009 at 12.17 eV, 2.492 at 4.693 eV, and 2.487 at 3.161 eV, respectively, as depicted in Figure 6. Looking at the extinction coefficient K(ω) shown in Figure 7, it can be seen from the figure that for AlZnF3, CsZnF3, GaZnF3, and InZnF3, the highest medium absorption is at 5.857 eV, 15.84 eV, 7.022 eV, and 6.409 eV, respectively.




3.4.2. Absorption Coefficient


The absorption coefficient displayed as I(ω) defines the absorption of light through an optical medium per unit length. This determines how far it pierces inside the medium. A compound having a greater coefficient of absorption has a strong capacity of absorption and a compound with a poor absorption coefficient is poorly absorbent and clear for incident light. The absorption coefficient for compounds XZnF3 (X = Al, Cs, Ga, In) is indicated in Figure 8. The threshold point of the I(ω) is practical energy, so compounds start absorbing electromagnetic radiation quickly. For AlZnF3, CsZnF3, GaZnF3, and InZnF3, it is located around 2.549 eV, 4.203 eV, 3.713 eV, and 3.039 eV, respectively. The absorption intensity of the spectrum I(ω) keeps fluctuating. At about 23.32 eV for AlZnF3, 19.460 eV for CsZnF3, 19.2 eV for GaZnF3, and around 18.97 eV for InZnF3, the maximum I(ω) is calculated to be about 104.832, 234.034, 133.71, and 149.47, respectively. After the maximum point, a sharp reduction in the spectrum occurs at a high energy level.




3.4.3. Reflectivity


The coefficient of reflectivity or reflection refers to the ratio of the power that is reflected in the incident power, which is expressed through R(ω). Figure 9 depicts the plots of reflectivity for XZnF3 (X = Al, Cs, Ga, In). The optical properties perform a significant part in the analysis of the structure of compound surfaces. High reflectivity is observed for AlZnF3, CsZnF3, GaZnF3, and InZnF3, as show in Figure 8, at about 27.188%, 45.22%, 36.55%, and 35.15%, respectively. In the energy range of [(9.779−13.027 eV), (16.948–23.25 eV), (23.99−35 eV)] for AlZnF3, [(10.085–13.701), (23.137−35)] for CsZnF3, [(0−5.735 eV), (25.281−35 eV)] for GaZnF3, and [(9.901–18.480 eV), (23.137−35 eV)] for InZnF3, the R(ω) is lower than 10%. In these areas, for incident photons the testing compounds are clear, suggesting that a compound may be utilized to manufacture lenses and anti-reflective coating. Current research reveals that reflectivity hits a maximum value of 27.188% at about 3.835 eV for AlZnF3, 45.22% at about 21.482 eV for CsZnF3, 36.55% at about 6.960 eV for GaZnF3, and 35.15% at around 6.53 eV for InZnF3, respectively.




3.4.4. Optical Conductivity


The optical conductivity   σ  ω    is a significant optical design parameter, which describes the electron’s conduction through an electromagnetic field that is employed. Figure 10 shows the investigated   σ  ω    for XZnF3 compounds. The key point of the   σ  ω    spectrum is the functional energy that significantly increases the conduction of electrons. For AlZnF3, CsZnF3, GaZnF3, and InZnF3, this is determined around 2.426 eV, 4.0196 eV, 3.5906 eV, and 2.977 eV, respectively. The higher   σ  ω     is found to be 3869.75 Ω−1 cm−1 at 5.674 eV for AlZnF3, 7725.49 Ω−1 cm−1 at 13.578 eV for CsZnF3, 6577.03 Ω−1 cm−1 at 6.899 eV is for GaZnF3, and 5834.73 Ω−1 cm−1 at 6.654 eV for AlZnF3.






4. Conclusions


We have concluded the structural, elastic, electronic, and optical properties implying DFT for the cubic fluoroperovskite XZnF3 (X = Cs, In, Ga, Al) compounds. From our results, these compounds are structurally optimized, which is achieved using the Birch–Murnaghan state equation. From these optimization curves, we have found these compounds are more stable when having optimized energy that concerns the corresponding volume. Mechanically, all our compounds are found to be stable, ductile, and anisotropic. The electronic properties of these compounds reveal that the compounds of interest are semiconductors, having an indirect bandgap in CsZnF3 from (Mv − Γ), while InZnF3, GaZnF3, and AlZnF3 have an indirect bandgap (Mv − X). We have found a bonding character for these compounds that is dominantly ionic and partly covalent. Through the investigation of optical characteristics of the dielectric function from the real and the imaginary parts, we have found that these compounds possess high optical conductivity and absorption at low energy. We are fully confident in our more precise results, and the applications of the above-reported compounds can be deemed relevant in many electronics and semiconducting processing industries.







Author Contributions


Writing: review and editing, A.H.; Conceptualization, M.H.; Methodology, M.S. (Muhammad Sajjad); Supervision, N.R.; Software, R.K., Investigation, M.S. (Mohammad Sohail); Funding Acquisition, I.H.A.; Data Curation, S.I.; Original Draft Preparation, M.I.K.; Project Administration, S.A.M.E.; Resources, A.M.E.-S.; Visualization, H.O.E. All authors have read and agreed to the published version of the manuscript.




Funding


The authors gratefully acknowledge the research funding from the Deanship of Scientific Research at King Khalid University for funding this work through the research groups program under grant number R.G.P.1/105/42.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interests.




References


	



Davidson, M.W.; Lofgren, G.E. Photomicrography in the geological sciences. J. Geol. Educ. 1991, 39, 403–418. [Google Scholar] [CrossRef]

	



Jin, Z.; Wu, Y.; Li, S.; Chen, S.; Zhang, W.; Wu, Q.; Zhang, C. First-principles calculation of the electronic structure, optical, elastic and thermodynamic properties of cubic perovskite LiBeF3. Mater. Res. Express 2020, 6, 1251161–12511624. [Google Scholar] [CrossRef]

	



Erum, N.; Iqbal, M.A. Effect of pressure variation on structural, elastic, mechanical, optoelectronic and thermodynamic properties of SrNaF3 fluoroperovskite. Mater. Res. Express 2017, 4, 1263111–12631114. [Google Scholar]

	



Lufaso, M.W.; Woodward, P.M. Prediction of the crystal structures of perovskites using the software program SPuDS. Acta Crystallogr. B Struct. Sci. 2001, 57, 725–738. [Google Scholar] [CrossRef] [PubMed]

	



Ullah, R.; AliM, A.; Murad, S.; Khan, A.; Dar, S.A.; Mahmood, I.; Laref, A. Structural, electronic and optical properties of cubic perovskite RbYbF3 under pressure: A first principles study. Mater. Res. Express 2019, 6, 125901–125923. [Google Scholar] [CrossRef]

	



Khan, S.; Zaman, S.U.; Ahmad, R.; Mehmood, N.; Arif, M.; Kim, H.J. Ab initio investigations of structural, elastic, electronic and optical properties of the fluoroperovskite TIXF3 (X= Ca, Cd, Hg, and Mg) compounds. Mater. Res. Express 2020, 6, 125923–125941. [Google Scholar] [CrossRef]

	



Ali, A.; Rahman, A.U.; Rahman, G. Thermoelectric properties of KCaF3. Phys. B Condens. Matter 2019, 565, 18–24. [Google Scholar] [CrossRef]

	



Sun, X.; Wang, G.; Yang, K. Electronic Structure and Polarization of NaMgF 3/NaCaF3 Superlattices: Insight from First-Principles. Mater. Sci. Eng. 2020, 774, 120161–120164. [Google Scholar]

	



Vaitheeswaran, G.; Kanchana, V.; Kumar, R.S.; Cornelius, A.L.; NiCol, M.F.; Svane, A.; Christensen, N.E.; Eriksson, O. High-pressure structural study of fluoro-perovskite CsCdF3 up to 60 GPa: A combined experimental and theoretical study. Phys. Rev. B 2021, 81, 0751051–0751056. [Google Scholar]

	



ur rehman Hashmi, M.R.; Zafar, M.; Shakil, M.; Sattar, A.; Ahmed, S.; Ahmad, S.A. First-principles calculation of the structural, electronic, and magnetic properties of cubic perovskite RbXF3 (X = Mn, V, Co, Fe). Chin. Phys. B 2016, 25, 1174011–1174016. [Google Scholar]

	



Zeba, I.; Kiran, R.; Shakil, M.; Rafique, M.; Ahmadb, R.; Gillani, S.S.A. Study the effect of magnesium doping concentration on structural and optoelectronic response of NaCa1−xMgxF3 fluoro-perovskite: First-principles computation. Optik 2020, 218, 1649901–1649909. [Google Scholar] [CrossRef]

	



Kravchyk, K.V.; Zünd, T.; Wörle, M.; Kovalenko, M.V.; Bodnarchuk, M.I. NaFeF3 nanoplates as low-cost sodium and lithium cathode materials for stationary energy storage. Chem. Mater. 2018, 30, 1825–1829. [Google Scholar] [CrossRef]

	



Arar, R.; Ouahrani, T.; Varshney, D.; Khenata, R.; Murtaza, G.; Rached, D.; Bouhemadou, A.; Al-Douri, Y.; BinOmran, S.; Reshak, A.H. Structural, mechanical and electronic properties of sodium based fluoroperovskites NaXF3 (X= Mg, Zn) from first-principle calculations. Mater. Sci. Semicond. Process. 2015, 33, 127–135. [Google Scholar] [CrossRef]

	



Sabir, B.; Murtaza, G.; Mahmood, Q.; Ahmad, R.; Bhamu, K. First principles investigations of electronics, magnetic, and thermoelectric properties of rare earth based PrYO3 (Y = Cr, V) perovskites. Curr. Appl. Phys. 2017, 17, 1539–1546. [Google Scholar] [CrossRef]

	



Nishimatsu, T.; Terakubo, N.; Mizuseki, H.; Kawazoe, Y.; Pawlak, D.A.; Shimamura, K.; Fukuda, T. Band structures of perovskite-like fluorides for vacuum-ultraviolet-transparent lens materials. Jpn. J. Appl. Phys. 2002, 41, L365–L367. [Google Scholar] [CrossRef]

	



Mubarak, A.; Al-Omari, S. First-principles calculations of two cubic fluoropervskite compounds: RbFeF3 and RbNiF3. J. Magn. Magn. Mater. 2015, 382, 211–218. [Google Scholar] [CrossRef]

	



Zeb, R.; Ali, Z.; Ahmad, I.; Khan, I. Structural and magnetic properties of TlTF3 (T= Fe, Co and Ni) by hybrid functional theory. J. Magn. Magn. Mater. 2015, 388, 143–149. [Google Scholar] [CrossRef]

	



Oleaga, A.; Salazar, A.; Skrzypek, D. Critical behaviour of magnetic transitions in KCoF3 and KNiF3 perovskites. J. Alloys Compd. 2015, 629, 178–183. [Google Scholar] [CrossRef]

	



Weetman, C.; Inoue, S. The Road Travelled: After Main-Group Elements as Transition Metals. ChemCatChem 2018, 10, 4213–4228. [Google Scholar] [CrossRef]

	



Gluck, R.; Lee, T.; Smith, F. Preparation and properties of AgNiF3 crystals. Mater. Res. Bull. 1974, 9, 305–309. [Google Scholar] [CrossRef]

	



Körbel, S.; Marques, M.A.; Botti, S. Stability and electronic properties of new inorganic perovskites from high-throughput ab initio calculations. J. Mater. Chem. C 2016, 4, 3157–3167. [Google Scholar] [CrossRef]

	



Mubarak, A. The mechanical, optical and thermoelectric properties of MCoF3 (M= K and Rb) compounds. Mod. Phys. Lett. B 2017, 31, 17500331–175003317. [Google Scholar] [CrossRef]

	



Clark, L.; Lightfoot, P. Magnetic Properties of Transition Metal Fluoride Perovskites. In Photonic and Electronic Properties of Fluoride Materials; Elsevier: Amsterdam, The Netherlands, 2016; pp. 261–284. [Google Scholar]

	



Tran, F.; Blaha, P. Accurate band gaps of semiconductors and insulators with a semilocal exchange-correlation potential. Phys. Rev. Lett. 2009, 102, 226401–226404. [Google Scholar] [CrossRef]

	



Qin, L.; Duan, Y.; Shi, H.; Shi, L.; Tang, G. Hybrid density functional theory studies of AlN and GaN under uniaxial strain. J. Phys. Condens. Matter 2012, 25, 45801. [Google Scholar] [CrossRef]

	



Shinde, R.; Yamijala, S.S.; Wong, B.M. Improved band gaps and structural properties from Wannier–Fermi–Löwdin self-interaction corrections for periodic systems. J. Phys. Condens. Matter 2020, 33, 115501. [Google Scholar] [CrossRef]

	



Zhang, R.; Zhao, C.; Huo, Y.; Han, Y.; Hong, J.; Liu, Y.; Zhang, A.; Guo, R.; Ai, Y. Theoretical calculation of toxic/radioactive metal ion capture by novel nanomaterials. In Emerging Nanomaterials for Recovery of Toxic and Radioactive Metal Ions from Environmental Media; Elsevier: Amsterdam, The Netherlands, 2022; pp. 313–379. [Google Scholar]

	



Murnaghan, F. The compressibility of media under extreme pressures. Proc. Natl. Acad. Sci. USA 1994, 30, 244–247. [Google Scholar] [CrossRef] [PubMed]

	



Curtarolo, S.; Setyawan, W.; Hart, G.L.W.; Jahnatek, M.; Chepulskii, R.V.; Taylor, R.H.; Wang, S.; Xue, J.; Yang, K.; Levy, O.; et al. AFLOW: An automatic framework for high-throughput materials discovery. Comput. Mater. Sci. 2012, 58, 218–226. [Google Scholar] [CrossRef]

	



Reshak, A.H.; Jamal, M. DFT calculation for elastic constants of orthorhombic structure within WIEN2K code: A new package (ortho-elastic). J. Alloys Compd. 2012, 543, 147–151. [Google Scholar] [CrossRef]

	



Solli, D.; McCormick, C.; Ropers, C.; Morehead, J.; Chiao, R.; Hickmann, J. Demonstration of superluminal effects in an absorptionless, nonreflective system. Phys. Rev. Lett. 2003, 91, 1439061–1439064. [Google Scholar] [CrossRef]

	



Kramers, H.A. Collected Scientific Papers; North-Holland Publishing Company: Amsterdam, The Netherlands, 1956. [Google Scholar]

	



Kronig, R.d. On the theory of dispersion of X-rays. J. Opt. Soc. Am. 1926, 12, 547–556. [Google Scholar] [CrossRef]

	



Bassani, G.F.; Parravicini, G.P. Electronic States and Optical Transitions in Solids; Pergamon: Oxford, UK, 1975. [Google Scholar]

	



Puschnig, P.; Ambrosch-Draxl, C. Optical absorption spectra of semiconductors and insulators including electron-hole correlations: An ab initio study within the LAPW method. Phys. Rev. B 2002, 66, 1651051–1651059. [Google Scholar] [CrossRef]

	



Ambrosch-Draxl, C.; Sofo, J.O. Linear optical properties of solids within the full-potential linearized augmented planewave method. Comput. Phys. Commun. 2006, 75, 1–14. [Google Scholar] [CrossRef]

	



Cardona, M.; Peter, Y.Y. Fundamentals of Semiconductors; Springer: Berlin/Heidelberg, Germany, 2005. [Google Scholar]








[image: Materials 15 02669 g001 550] 





Figure 1. Prototype crystal structure of ternary InZnF3. 
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Figure 2. Variation in energy against volume for XZnF3 (X = Al, Cs, Ga, In). 
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Figure 3. The calculated band structure of XZnF3 (X = Al, Cs, Ga, In). Different colors depict the various atomic states. 
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Figure 4. Total and partial density of states (TDOS and PDOS) of XZnF3 (X = Al, Cs, Ga, In) compounds. 
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Figure 5. Real part    ε 1   ω    and imaginary part    ε 2   ω    of the dielectric function for XZnF3 compounds (X = Al, Cs, Ga, In). 
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Figure 6. Investigated refractive index n(ω) of the dielectric function for XZnF3 (X = Al, Cs, Ga, In). 
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Figure 7. Investigated extinction coefficient K(ω) of the dielectric function for XZnF3 (X = Al, Cs, Ga, In). 
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Figure 8. Absorption coefficient of XZnF3 (X = Al, Cs, Ga, In). 
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Figure 9. Reflectivity of XZnF3 (X = Al, Cs, Ga, In). 
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Figure 10. Optical conductivity of XZnF3 (X = Al, Cs, Ga, In). 
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Table 1. Using GGA potential, calculated values of structural parameters include ground state lattice constant (a0), ground state volume (V0), ground-state energy (E0), bulk modulus B(GPa), and the derivative of bulk modulus   B ′   of XZnF3 compounds (X = Al, Cs, Ga, In).
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	Compounds
	Lattice Constant (a0)
	Bulk Modulus (GPa)
	Derivative of Bulk Modulus (GPa)
	Ground State Volume (V0)
	Ground State Energy (E0)





	CsZnF3
	4.29 Å
	64.74
	4.86
	534.40
	−19,772.55



	InZnF3
	4.19 Å
	72.28
	4.71
	497.66
	−15,958.34



	GaZnF3
	4.12 Å
	74.57
	4.56
	473.29
	−8080.04



	AlZnF3
	4.13 Å
	74.66
	4.56
	476.24
	−4677.37
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Table 2. Calculated values for the elastic constants of XZnF3 (X = Al, Cs, Ga, In). The computed cubic elastic constants C11, C12, C44, the bulk modulus B, anisotropy factor A, Young’s modulus E, Poisson ration υ, Shear modulus G, and the Pugh ratio B/G.






Table 2. Calculated values for the elastic constants of XZnF3 (X = Al, Cs, Ga, In). The computed cubic elastic constants C11, C12, C44, the bulk modulus B, anisotropy factor A, Young’s modulus E, Poisson ration υ, Shear modulus G, and the Pugh ratio B/G.





	Compounds
	C11

(GPa)
	C12

(GPa)
	C44

(GPa)
	B

(GPa)
	A
	G

(GPa)
	E

(GPa)
	v
	B/G





	CsZnF3
	87.43
	53.96
	35.36
	65.13
	2.11
	26.19
	69.28
	0.45
	2.48



	InZnF3
	90.94
	61.18
	17.95
	71.00
	1.20
	16.65
	46.34
	0.56
	4.26



	GaZnF3
	100.18
	60.45
	21.45
	73.70
	1.08
	20.80
	53.04
	0.53
	3.54



	AlZnF3
	95.22
	66.82
	19.01
	76.45
	1.33
	16.91
	47.26
	0.57
	4.51
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