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Abstract

:

In the current study, the peculiar nonlinear optical (NLO) properties of KAgCh (Ch = S, Se) and their structural, electronic, and thermodynamic properties are computed utilizing the FP-LAPW (full-potential linearized augmented plane wave) approach as embedded in Wein2K code. The Perdew–Burke–Ernzerh of generalized gradient approximation (PBE-GGA) was considered for the structural optimization. The computed bandgaps are found to be 2.57 and 2.39 eV for KAgS and KAgSe, respectively. Besides the structural and electronic properties, we also computed the refractive indices n(ω), surface energy loss function (SELF), and nonlinear optical susceptibilities. The estimated refractive indices, energy band gap, and their frequency dependence for the investigated KAgCh (Ch = S, Se) compounds, along with the NLO coefficients, are found to be in good agreement with the earlier reports. These current findings suggest that KAgCh (Ch = S, Se) can be recommended for nonlinear optical applications in the near-infrared spectrum.
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1. Introduction


Extensive research studies have been carried out in the last several years to develop various types of new inorganic and organic nonlinear optical (NLO) compounds. These NLO compounds display promising applications for optical parametric oscillation or amplification via second-harmonic generation, sum and difference frequency mixing, and as efficient photonic devices [1,2,3,4,5,6]. Therefore, exceptionally efficient NLO crystals must be developed for usage in the visible, ultra-violet, and deep ultraviolet range in order to perform laser processing and laser spectroscopy, such as laser tailoring of molecules and optical triggering [7,8,9,10]. Ternary alkali metal chalcogenides with the general formula ABCh, where A represents alkali metals such as Na, K, and Rb; B represents Cu and Ag; and Ch is a chalcogen (S, Se, and Te), have recently attracted the interest of materials researchers [11,12,13,14,15,16]. NaCuCh and KCuCh (Ch = S, Te) were the first alkali metal chalcogenides to be explored that have PbFCl and Ni2 In-type structures [16]. Later on, G. Savelsberg and H. Schäfer [10] explored the new KAgSe compounds, finding that this material adopts a tetragonal PbFCl-type structure with space group P4/nmm (#129). This was followed by a theoretical analysis of its electronic band structure, dynamical behavior, and elastic attributes [8]. Assuming that both KAgS and KAgTe are analogues to KAgSe compound, a theoretical study on structural and thermodynamic stability as well as electronic and elastic properties has been carried out [17,18]. Aside from their properties as 2D materials, KAgCh have a number of notable behaviors, including an ideal direct band gap, impressive optical absorption in the visible light region, significant carrier mobilities, and remarkable performances in the corresponding thermoelectric and photovoltaic nano-devices [9,15,16,17,18,19,20,21,22]. The effect of nonlinearity can also be seen in different types of beam propagation, leading to soliton formation, breather formation, and soliton–breather pair formation [23,24,25,26,27,28,29,30,31,32].



Despite a few notable experimental contributions, we still know relatively little about the electronic and optical characteristics of these KAgCh (Ch = S, Se) ternary alkali metal chalcogenides, which will be crucial for their use in technological applications. Further theoretical research into such properties is thus desired. Motivated by this purpose, we conducted a comprehensive study on the linear and nonlinear optical performance of KAgCh (Ch = S, Se) compounds, which has not been performed by any research group till now to the best of our knowledge. The structural, electronic optical, and thermodynamic properties of KAgCh (Ch = S, Se) compounds are reported in this paper. The three portions of the manuscript include the introduction, a full description of the computational approach adopted in the study, and the results and conclusions determined to be of major value to the field of current investigations.




2. Computational Method


The quantum mechanically focused calculations in the present work were performed using the Wien2K code [33] implementation of density functional theory (DFT) [20,34,35,36,37] based on the full-potential linearized augmented plane wave (FP-LAPW) strategy [21]. For the structural optimization, the GGA-PBE approach [22] was considered in conjunction with Tran–Blaha modified Becke–Johnson potential (TB-mBJ) [38] to assess the electronic and optical properties of the investigated compounds. A cut-off value for RMTv × KMAX of 9.0 is considered in this study. The term KMAX represents the largest selected value of the reciprocal lattice vectors utilized to extend the plane wave, while RMT stands for the muffin tin (MT) radius of the smallest atomic sphere [39]. The simulations used a self-consistent precision of total energy of 10−4 Ry. The MT atomic spheres RMT have radii of 2.03, 2.31, 2.50, and 2.65 a.u. for K, Ag, S, and Se atoms, respectively. The charge density and potential were extended up to Gmax = 12 a.u.−1. Using the modified tetrahedron approach, a dense mesh of 17 × 17 × 10 uniformly distributed k-points was employed inside the Brillouin zone (BZ) [40,41], where the total energy concentration is set up to 10−6 Ry. We used the Gibbs2 code [42] to solve the Gibbs function within the quasi-harmonic Debye model to obtain the thermodynamic characteristics of KAgCh (Ch = S, Se) compounds. At temperatures between 0 and 1000 K and pressures between 0 and 8GPa, the thermal effects of KAgCh (Ch = S, Se) were examined. Furthermore, utilizing the Vienna Ab-initio Simulation Package (VASP) [43], we performed the phonon dispersion study in order to study the dynamical stability of the investigated KAgCh (Ch = S, Se).




3. Results and Discussion


3.1. Structural Properties


As shown in Figure 1, the investigated KAgCh (Ch = S, Se) exists in the tetragonal crystal structure [10], where the K, Ag, and Ch atoms are located at specific positions at (1/4, 1/4, 0.657), (3/4, 1/4, 0), and (1/4, 1/4, w), respectively. Accordingly, both KAgS and KAgSe compounds are relaxed and optimized to obtain the ground state parameters. Table 1 includes the optimized structural parameters and experimental results for comparison [10,17].



From Table 1, it is remarked that our obtained lattice parameters are in decent agreement with other reported experimental and theoretical works. Besides, it is remarked that the bulk modulus decreases when going from S to Se, which is principally due to the difference in atomic radius. Furthermore, to know the stability of the studied KAgCh (Ch = S, Se) materials, we computed the formation energy (Ef):


    E   f   ( K A g C h ) = (   E   T     K A g C h   −     E   K   +   E   A g   +   E   C h     )  



(1)




where ET (KAgCh) is the total energy and EK, EAg, and ECh are the energies of K, Ag, and Ch (S/Se) atoms, respectively. The computed Ef for KAgCh (Ch = S, Se) is found to be −0.71 eV/atom and−0.67 eV/atom, respectively. This negative value suggests the formability of the researched KAgCh (Ch = S, Se) compounds [45]. The phonon spectra are computed using the finite displacement approach in the Vienna Ab-initio Simulation Package (VASP). The phonon dispersion in the first Brillouin zone was calculated along high symmetry directions (M-K-Γ-A-L) (Figure 2). The real and imaginary frequencies in the phonon plot for positive and negative frequencies are used to signify the balanced and unbalanced phonon structures, respectively. The lack of an imaginary frequency at the Γ-point attests to the examined KAgCh (Ch = S, Se) compounds’ dynamical stability [46,47]. The obtained results agree with other reports.




3.2. Electronic Properties


Calculating the electronic band structure is necessary to comprehend the physical properties of a crystalline solid, which almost entirely describe optical and transport aspects [48,49]. In the k-space, we computed the electronic band structure for KAgCh (Ch = S, Se) compounds for the high symmetry points in the irreducible Brillouin zone, as displayed in Figure 3a–d. The GGA-PBE potential notably underestimates the band gap of a material, while the TB-mBJ approximation [38,50] may forecast band gaps that are comparable to experimental values. In this investigation, two distinct exchange correlation functionals, the GGA-PBE and TB-mBJ functionals, were used to evaluate the electronic band structures of KAgCh (Ch = S, Se). Figure 3a–d shows that the band gaps of the KAgCh (Ch = S, Se) compounds are direct and are located at Γ point. The calculated direct band gaps by GGA-PBE and TB-mBJ functionals are 1.02 eV and 2.57 eV for KAgS and 1.03 eV and 2.39 eV for KAgSe, respectively. The computed bandgaps obtained with GGA-PBE are in accordance with other reported theoretical results; however, the values obtained by TB-mBJ are different to those estimated by M.A. Mahmoud [17], thus more investigation on the band structure calculation is needed. We also calculated the effective mass [40,51] of electrons and holes using the following relationship:


   m ∗  =  ℏ 2         ∂ 2  E    ∂ 2  k       − 1    



(2)







The effective masses of electrons are approximately 0.70 and 0.63, while the effective masses of holes are 0.37 and 0.32 for KAgS and KAgSe, respectively.



The density of states (DOS) computation can be used to better clarify how distinct atomic states contribute to the band structure [41,52]. The amount of accessible electronic states per unit energy per unit volume is generally referred to as the DOS [39]. Figure 4a,b illustrates the total and partial DOS of KAgCh (Ch = S, Se) materials. From this figure, one can notice that the valence band maximum is occupied principally by the Ag-d and Ch-s states, while the lowest conduction band is formed by Ag-s and s,p orbitals for Ch atoms. Additionally, a strong hybridization between Ag-d states and Ch-s states indicates a covalent character of the Ag-Ch bond.




3.3. Thermodynamic Properties


The quasi-harmonic Debye approximation is used in this study to examine the thermodynamic properties of KAgCh (Ch = S, Se). The specific heat at a constant volume and pressure (Cv and Cp), thermal expansion (α), and Debye temperature (θD) were calculated in the pressure range 0–8 GPa. The quasi-harmonic Debye model was demonstrated to perform well for temperatures between 0 K and 1000 K. Figure 5a and Figure 6a display graphically how the temperature and pressure affect the specific heat capacity (CV) for KAgCh (Ch = S, Se). Upon comparing the CV diagrams of the two compounds, it can be seen that CV increases linearly up to 300 K. When temperatures are between 300 K and 700 K, it increases more slowly, and when temperatures are beyond 700 K, CV is almost constant. According to the well-known Debye model, CV is expected to rise at low temperatures. This can be explained by functioning of long-wavelength vibration modes of the lattice and, if the lattice is considered as a continuum, it is possible to approach these modes [53]. However, as suggested by Petit and Dulong’s law [54], at significantly high temperatures, the classical behavior (CV(T) α 3R for mono-atomic materials) is observed. For KAgCh (Ch = S, Se), the computed values of CV at 300 K (0 GPa) were discovered to be 67 J mol−1 K−1 and 68 J mol−1 K−1, respectively.



According to Figure 5b and Figure 6b, it is shown that both pressure and temperature affect the Debye temperature (θD) [55] of KAgCh (Ch = S, Se). It is obvious when comparing the two plots that the value of θD falls very gradually, but achieves a constant value over a range of temperature and pressure. For both substances, it decreases with the increasing temperature at a pressure of 0 GPa. At a particular temperature, it is seen that the value of θD increases with pressure. The computed values of θD for KAgCh (Ch = S, Se) at a pressure of 0 GPa and ambient temperature are 428 and 367 K, respectively.



Further, Figure 5c and Figure 6c display the heat capacity Cp variation with pressure and temperature. As the temperature rises, the variation characteristics of Cp values, which are similar to those of Cv at lower temperatures, become more evident. On the other hand, when the temperature is high, the behavior of Cp is found to be different from Cv. With the increase in pressure, Cp decreases without converging to a single value. There is a noticeable increase in the heat capacity as the temperature rises.



Moreover, Figure 5d and Figure 6d display the variation in the thermal expansion coefficient (α) with changing temperature and pressure. It is relatively simple to demonstrate using these data that the value increases linearly and gradually at high temperatures, but abruptly above 300 K. This can be observed by comparing the two sets of data. The saturation of up to 300 K may be the reason for this trend. KAgS was calculated to have a value of 1.92 × 10−5 per Kelvin, while KAgSe has a value of 1.97 × 10−5 per Kelvin at a pressure of 0 GPa and ambient temperature. Pressure has been discovered to have the potential to lower this value [56]. The influence of pressure on the value, however, becomes more pronounced and diminishes more quickly as the temperature rises. This is because of the fact that the quasi-harmonic model performs poorly in conditions of both high temperature and low pressure.




3.4. Optical Properties


3.4.1. Linear Optical Property


We estimated that the optical characteristics of KAgCh (Ch = S, Se) subject to photon energy are significant for applications in optoelectronic devices. TB-mBJ functional was used to calculate all of the parameters. Because of the functional inaccurate prediction of the energy band gap with the GGA-PBE, it was ignored. Figure 7a,b shows the predicted optical characteristics of KAgCh (Ch = S, Se) for a photon energy up to 12 eV. The hexagonal structure of KAgCh (Ch = S, Se) enables us to determine the associated properties for two polarization directions   ( E ∥ x   a n d   E ∥ z )  . In order to analyze the optical response of a medium and its dispersive behavior at all photon energies, we determined the real (    ε   1    ) and the imaginary (    ε   2    ) parts of the dielectric function of KAgS and KAgSe, which are displayed in Figure 7a,b. The static dielectric constant ε1(0) reflects the dielectric response at the zero-frequency limit [57]. All of the obtained values of the static dielectric constant are listed in Table 2. From Table 2, it can be deduced that the highest static dielectric constant is obtained in the case of the KAgCh (Ch = S, Se) compounds in the direction of polarization E∥z.



A transition between the occupied states at the upper valence band and the unoccupied at the occupied at the conduction band minimum is considered to be the origin of the major absorption peak shown in the     ε   2   ( ω )   curve, which is positioned at about 206 nm (6 eV) [48,58,59,60]. It should be remarked from Figure 8 that the extinction coefficient curve k(ω) and the imaginary portion of the dielectric function     ε   2   ( ω )   exhibit behavior that is comparable.



Next, Figure 8 shows the spectral dependence of the refractive index on the photon energy. It can be observed that the n(ω) curves have high values at low frequencies, which decrease significantly towards higher frequencies. At low optical frequencies, the Wemple–DiDomenico (WDD) single oscillator model is commonly used to analyze the refractive index. The WDD model is given by the following relation:


    (   n   2   − 1 )   − 1   =     E   0       E   d     −   1     E   0     E   d       ( h ν )   2    



(3)




where     E   d     and     E   0     denote the dispersion of the electronic dielectric function and the single oscillator energy, respectively. From the low-frequency region, by fitting the plot     (   n   2   − 1 )   − 1     versus     ( h ν )   2   ,   we can estimate the dispersion parameters and the single oscillator energies for KAgS and KAgSe. Figure 9 illustrates the spectral dependence of the     (   n   2   − 1 )   − 1     versus     ( h ν )   2     for both KAgS and KAgSe compounds. A crucial parameter given by the WDD model is the oscillator strength found from   F =   E   0     E   d    . The values of     E   d     and     E   0     and   F   are reported in Table 2. Once the values     E   0     and     E   d     are calculated, the determination of the static refractive index (    n   0    ) is deduced using the following relation [61]:


    n   0   =     1 +     E   d       E   0         1 / 2    



(4)







All simulated static refractive indexes   n ( 0 )   for KAgS and KAgSe compounds are given in Table 2. The obtained values of static refractive index obey the relation   n   0   =     ε   1       1   2       0    .



The photon-energy-dependent absorption coefficient of KAgCh (Ch = S, Se) is shown in Figure 10. It is important to take note of the several peaks in this absorption spectra caused by the interband transitions from the bonding band to the anti-bonding band [62]. The maximum absorptions are observed in the UV range for the KAgSe compound along the E//z polarization direction. In the visible range, all compounds under study show very low absorption, which indicates high transmittance of light.



By definition,   L ( ω )   is the surface energy loss function describing the energy loss of a fast electron crossing a medium and for the determination of plasmon frequency [45,63,64,65]. The calculated surface energy loss function (SELF   L ( ω )  ) spectra for   K A g S   and   K A g S e   are presented in Figure 11.



In addition, the surface energy loss function (SELF) represents the energy loss of fast electrons crossing the surface of the material and can be evaluated by the following relation [66]:


  S E L F = − I m     1   ε + 1     =     ε   2       (   ε   1   + 1 )   2   +   ε   2   2      



(5)







The electron energy loss takes on relatively low values for energies below 6 eV. Beyond 3 eV, energy that coincides with the peak of the absorption observed in     ε   2   ( ω )   spectrum, the electron energy loss increases. The characteristic behavior of the dielectric depends not only on its constitutive parameters, but also on the energy.



The electron conduction process produced in the material is described by the optical conductivity, which is calculated using the following relation [66]:


    σ   o p t   =   α n c   4 π    



(6)







We notice, according to Figure 12, an increase in conductivity going from the visible to the UV range, with a gradual increase for KAgSe material in the x polarization direction.




3.4.2. Nonlinear Optical Parameters


The nonlinearity in optical material occurs when the medium interacts with an intense electromagnetic field, leading to the second and third harmonic effect. The nonlinear refractive index (    n   2    ) and the third-order nonlinear optical susceptibility (    χ   ( 3 )    ) can be estimated using generalized Miller’s rule:


    χ     3     =   A       4 π     4             E   d       E   0         4    



(7)






    n   2   =   12 π   χ     3       n ( 0 )    



(8)




where the constant A is equal to   1.7 ×   10   − 10     esu [66] and     E   0     and     E   d     are the dispersion parameters presented above in Table 2. The estimated values of     n   2     and     χ   ( 3 )     are summarized in Table 3. All simulated parameters are in the same range as the other materials used in nonlinear optics applications [67,68]. The results presented in Table 3 reveal the highest value of nonlinear optical parameters in KAgSe compounds for the z polarization direction, suggesting that this compound is promising for nonlinear optical devices.






4. Conclusions


Overall, we have determined the structural, linear, and nonlinear optical coefficients, as well as the electronic structure, of KAgCh (Ch = S, Se), by employing density functional theory as embedded in Wein2k code. The estimated lattice parameters are in close agreement with earlier experimental and theoretical reports. The computed bandgap values for KAgS and KAgSe are 2.57 and 2.39 eV, respectively, which are higher than those reported for many other comparable NLO compounds. The phonon dispersion spectrum predicts the dynamical stability of the studied KAgCh (Ch = S, Se). Additionally, the computed refractive indices for KAgCh (Ch = S, Se) are quite similar to their equivalent experimental values. We also determined the nonlinear refractive index (    n   2    ) and the third-order nonlinear optical susceptibility (    χ   ( 3 )    ) for KAgCh (Ch = S, Se). The computed parameters agree well with the experimental and theoretical reports. Both KAgS and KAgSe compounds have good second-order NLO coefficients, large bandgap values, and acceptable optical birefringence, making them suitable candidates for NLO applications.
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Figure 1. Crystal structure of KAgCh (Ch = S, Se) using VESTA [26]. 
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Figure 2. Phonon dispersion spectrum for (a) KAgS and (b) KAgSe. 






Figure 2. Phonon dispersion spectrum for (a) KAgS and (b) KAgSe.



[image: Crystals 13 00726 g002]







[image: Crystals 13 00726 g003 550] 





Figure 3. (a–d) Computed band structure for KAgCh (Ch = S, Se) employing different exchange correlation functionals. 
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Figure 4. (a,b) Computed density of states for KAgCh (Ch = S, Se) employing TB-mBJ exchange correlation functionals. 
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Figure 5. (a–d) Variation indifferent thermodynamic parameters with temperature (0–1000 K) and pressure (0–8 GPa) for KAgS. 
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Figure 6. (a–d) Variation indifferent thermodynamic parameters with temperature (0–1000 K) and pressure (0–8 GPa) for KAgSe. 
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Figure 7. Calculated real and imaginary parts of the dielectric function of (a) KAgS and (b) KAgSe. 
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Figure 8. Computed complex refractive index   n ( ω )   and extinction coefficient   k ( ω )   of (a) KAgS and (b) KAgSe. 
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Figure 9.     (   n   2   − 1 )   − 1     versus     ( h ν )   2     for σ(ω) of   K A g S   and   K A g S e  . 
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Figure 10. Calculated absorption coefficient   α ( ω )   of KAgCh (Ch = S, Se). 
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Figure 11. Simulated surface energy loss function L(ω) of   K A g S   and   K A g S e  . 
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Figure 12. Simulated optical conductivity σ(ω) of   K A g S   and   K A g S e  . 
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Table 1. Lattice parameters (Å), c/a ratio, bulk modulus B (GPa), its derivative B’, and formation energy Ef (eV) for KAgCh (Ch = S, Se).
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Table 2. Calculated optical constants for KAgS and KAgSe: static dielectric constant     ϵ   1     0    , static refractive index   n   0    , oscillator energy     E   0    , dispersion energy     E   d    , and oscillator strength   F  .
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Table 3. Nonlinear optical parameters: nonlinear refractive index     n   2     and third-order nonlinear optical susceptibility     χ     3       for KAgS and KAgSe.
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