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Abstract

:

The electronic structure and optical properties of BaGa4Se7 crystals were studied by generalized gradient approximation (GGA) and Heyd–Scuseria–Ernzerhof (HSE). The electronic structure results showed that BaGa4Se7 is a nonlinear optical crystal with a direct wide band gap. The band gap was calculated to be 2.36 eV using the HSE06 method, which is basically equal to the experimental value. The band structure showed that the top of the valence band was largely contributed by Ga 4s, 4p and Se 4p states, while the bottom of the conduction band was mainly comprised of Ga 4s, 4p, Se 4p, and Ba 5d states. The optical properties showed strong absorption and reflection in the ultraviolet region and strong transmittance in the infrared region. The average static refractive index of BaGa4Se7 was 2.73, and the static birefractive index was 0.04. These values indicate that the material has a good phase-matching ability and a wide laser damage threshold. The above results indicate that BaGa4Se7 is a potential infrared nonlinear optical crystal material.
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1. Introduction


Chalcogenides compounds have become the main research and application materials in the field of nonlinear infrared crystal materials due to their large nonlinear optical coefficients, suitable birefringence and sufficiently high laser damage thresholds [1,2,3,4]. However, the characteristics of metal sulfide in the material’s light absorption and the construction of high nonlinear optical effect units make it a new type of mid-to-far infrared nonlinear optical material [5].



BaGa4S7 and BaGa4Se7 show great second-harmonic generation (SHG) effect in chalcogenides when detected in laser pump, which is about 2–3 times that of the benchmark material AgGaS2 [6]. This has attracted the wide attention of researchers. Eisenmann [7] et al. reported the Pmn21 space group structure of the BaGa4S7 orthorhombic system. Badikov [8,9] and others have successfully grown a high-quality BaGa4S7 single crystal, and tested and calculated the phase matching of its refractive index and frequency doubling. However, due to the high melting point of BaGa4S7, the difficulty of crystal growth and the low nonlinear coefficient, researchers have found a BaGa4Se7 crystal with a larger nonlinear coefficient, a more compact and stable structure [10]. Yao [11] et al. synthesized the BaGa4Se7 compound with β = 121.24 for the first time, and calculated the electronic and optical properties of BaGa4Se7 through first principles. The results show that BaGa4Se7 is a new type of infrared NLO material with good overall performance and may be practically applied in the future. Yelisseyev [12] and others subsequently grew a large BaGa4Se7 crystal, and used crystal optics and spectroscopy to study its optical properties, proving the possibility of controlling the luminescence parameters by annealing after growth in a suitable atmosphere. The non-centrosymmetric structure of the crystal is confirmed, and the experimental results show that BaGa4Se7 is used as an infrared NLO material in many practical applications. Kolker [13] et al. report on the first BaGa4Se7 nanosecond optical parametric oscillator pumped by Q-switched Nd:YLiF4 laser at 1053 nm. The research results show that this newly discovered biaxial monoclinic chalcogenide compound can effectively realize mid-infrared nonlinear down-conversion within its full transparency range (0.47–18 μm) and has good application prospects. However, a more comprehensive evaluation of the performance of BaGa4Se7 crystals requires more accurate calculations for support.



In this work, the electronic and optical properties of the BaGa4Se7 crystal are calculated by the first-principles method. GGA [14] and HSE [15] are used to calculate the electronic properties of the crystal, such as the energy band, density of states, and charge density difference. The optical properties such as static birefringence, transmittance, absorption and reflection characteristics of the crystal are systematically analyzed. The effects of various factors on the performance of BaGa4Se7 crystals are studied.




2. Theoretical Model and Computational Method


2.1. Theoretical Model


BaGa4Se7 has a geometric structure similar to that of BaGa4S7 [16]. The unit cell parameters are as follows: cell parameter a = 7.739 Å, b = 6.635 Å, c = 14.936 Å, α = γ = 90, β = 121.048, unit cell volume 766.937 Å3. The structure model used in the calculation is shown in Figure 1. The GaSe4 tetrahedrons are connected with the vertices to form a three-dimensional frame structure. Ba atoms are located in the frame air attack, and each Ba atom is coordinated with 8 Se atoms. Compared with BaGa4S7, BaGa4Se7 has a more compact and stable structure.




2.2. Computational Details


All theoretical investigations were performed via the Vienna Ab initio Simulation Package code (VASP) [17]. Geometry optimizations were conducted using the highly accurate GGA method with the Perdew–Burke–Ernzerhof (PBE) exchange-correlation function [18]. The precision of energy convergence was 1 × 10−6 eV, while the force between atoms was 0.01 eV/Å, and the maximum displacement accuracy between atoms was 5 × 10−6 eV. The cut-off energy of the plane wave was set to 560 eV. The first Brillouin zone was sampled with a 3 × 3 × 2 k-point grid, the energy convergence accuracy was 5.0 × 10−6 eV, and the total interatomic force was 0.01 eV/Å. The highly accurate GGA and the hybrid density function of HSE [19] was applied to the calculations to obtain accurate electronic structures and optical characteristics theoretically.





3. Results and Discussion


3.1. Geometric Properties


The structure of the BaGa4Se7 crystal was optimized by the BFGS method, the optimized results and the experimental results are shown in Table 1. The theoretically calculated BaGa4Se7 lattice constants were a = 7.739 Å, b = 6.635 Å, c = 14.936 Å, α = γ = 90, β = 121.048, and the BaGa4Se7 crystal belongs to the orthorhombic crystal system, while the experimentally achieved results were a = 7.625 Å, b = 6.511 Å, c = 14.702 Å, α = γ = 90, β = 121.240, and the relative error was not more than 0.019. The theoretical values are consistent with the experimental values. The results show that the accuracy and reliability of the theoretical model and calculation parameters of BGS material are stable.




3.2. Electronic Structure


3.2.1. Band Structure and Density of States


Based on first principles, the band structure and density of states of BaGa4Se7 crystals were systematically studied by GGA and hybrid functional (HSE06,HSE03,B3LYP and PBE0) methods. The theoretical results obtained by the two methods were compared. Figure 2 shows the band structure of BaGa4Se7 calculated by GGA and hybrid functional methods, and the Fermi level Ef was 0 eV. The top and bottom of the valence band obtained by the two methods are located at the Γ point, indicating that BaGa4Se7 belongs to the direct band gap semiconductor material. The valence band energy portion may be divided into four regions. The valence band region near the Fermi surface overlaps. The band gaps calculated by the GGA, HSE06, HSE03, B3LYP and PBE0 [14,15,18] methods are 1.603 eV, 2.360 eV, 2.396 eV, 2.844 eV and 3.013 eV, respectively. Since the calculated value of the GGA method is usually estimated to be smaller than its true value, the value calculated by the hybrid functional method is usually used for analysis. The energy at the top of the valence band calculated by the two methods is smoother than the energy at the bottom of the conduction band. This indicates that the bottom of the electron effective mass of the conduction band is smaller than the mass of the top of the valence band hole. The conduction band electrons show high mobility. The holes in the valence band show low mobility and the top of the valence band are non-local, and the atomic orbitals that make up the energy band are highly expandable [20]. The laser damage threshold of crystals is particularly important in high-power laser applications. Under the action of the laser, the power limit that optical components can withstand is closely related to the bandgap value of the crystal. The larger the band gap value, the higher the laser damage threshold. As shown in Table 2, the valence band calculated by HSE03 showed a maximum at G, and the conduction band showed a minimum at this point, which indicates that BaGa4Se7 is a direct band gap semiconductor. Table 3 lists the bandgaps of BaGa4Se7 by GGA and hybrid functional methods.



Figure 3 is the calculation of the total density of states and partial density of states of BaGa4Se7 using the GGA and hybrid functional methods, reflecting the contribution of different electronic states to the valence band and conduction band. The projected density of states shows the contribution of each atomic orbital. It can be seen from Figure 3 that the s orbital is mainly provided by Ga and Se atoms, the p orbital is mainly provided by Ba, Ga and Se atoms, and the d orbital is mainly provided by Ba and Ga atoms. Simultaneously, Figure 3a shows that the valence band is composed of four energy regions, −29~−26 eV, −18~−13 eV, −13~−10 eV, −8–0 eV, two different pans. The shape of the density of states calculated by the function is similar, and the peak position has a certain shift. In the conduction band, the position of the density of state peak calculated by HSE06 moves to the high energy region, and the valence band near the Fermi surface basically coincide. At the low energy region of the valence band, the position of the density of state peak calculated by HSE06 moves to the low energy direction. The −28~−26 eV Valence zone (HSE06 was −39~−28 eV) is contributed by Ba-s orbital electrons, this orbital Ba atom does not form chemical bonds with other atoms; −15~−13 eV valence zone (HSE06 is −18~−15 eV) contributed by Ga atom 3d orbital and Se 4s orbital electrons, Ga 3d orbital.



Electrons have a greater contribution, and have a certain contribution to the Ga and Se chemical bond; the −13~−10 eV valence band region (HSE06 was −15~−12 eV) Ba 5p orbital and Se 4s orbital have a certain contribution to the chemical bond of Ba and Se; the valence band region of −8–0 eV is mainly composed of Ga 4s and 4p, Se 4p, orbital electrons, showing Ga and Se atoms The orbital hybridization between Ga and Se atoms indicates that there is a strong chemical bond between Ga and Se atoms. The main contribution from the bottom of the conduction band by Ga 4s, 4p, Se 4p, and Ba 5d orbital electrons, indicating that [Ga4Se7] −2 determines the energy band gap of BaGa4Se7 shows that the optical properties of BaGa4Se7 are mainly determined by the electron orbital coupling between Ga and Se atoms. The orbital electrons of Ba have a strong locality and make little contribution to optical properties.




3.2.2. Differential Charge Density


Figure 4 shows a graph of the differential charge density of BaGa4Se7. In Figure 4a, the green area indicates the loss of electrons, and the yellow area indicates the gain of electrons. The differential charge density of the unit cell can more intuitively understand the bonding characteristics and electron transfer between BaGa4Se7 atoms. It can be seen from the figure that Se atoms have a strong ability to gain electrons, Ga atoms have a strong ability to lose electrons, Ba atoms are relatively isolated, and the ability to lose electrons is weak. Se-Ga atoms form strong chemical bonds, and Ba and Se atoms form relatively weak chemical bonds. Figure 4b shows the differential charge density diagram of BaGa4Se7.The blue area represents the electronic loss, and the red area represents the electronic gain. The depth of the color is related to the number of transferred electrons, the darker the color change, the more electrons transferred. It can be seen from the figure that the electron cloud distribution between Ga atoms and Se atoms is anisotropic, and the electron cloud around the Se atoms has strong polarization characteristics. In addition, the electron cloud density between Ga atoms and Se atoms overlaps to a certain extent, and the electron clouds outside the Ga nucleus are all segregated toward the Se atoms. From the electronegativity of the atoms, Ga atoms have a strong ability to lose electrons, and Se atoms can gain electrons. The positive and negative charge centers do not overlap, and a strong polar covalent bond is formed between the two atoms, while the Ba atom is quite ionized and isolated, with a very small amount of overlap with the electron cloud density between the Se atoms, and the charge distribution is close. It is spherical, so Ga, Se, and Ba atoms exhibit strong ionic bond characteristics, and the covalent bond is weak. These results indicate that BaGa4Se7 has weak and strong covalent bonds mixing with an ionic semiconductor material.





3.3. Optical Properties


The macroscopic optical properties of solids can be described by complex dielectric function or complex refractive index in the linear response range


   ε 1     = n   2  −  κ 2   



(1)






   ε 2   = 2 n  κ  



(2)




where n and κ are the refractive index and extinction coefficient, respectively.



Usually using adiabatic approximation and single electron approximation to discuss the interaction between light and solid, while indirect transitions are ignored, and only the excitation of electrons in direct transitions is considered. According to the definition of the direct transition probability and the Kramers–Kronig dispersion relationship, the energy loss of reflectance, absorption coefficient, complex refractive index, birefringence and crystal dielectric function can be obtained [21,22,23]
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where    ε 0    is the dielectric constant in a vacuum,    λ 0    is the wavelength in vacuum,  ℏ  is Planck constant,  C  and  V  are conduction and valence bands, BZ is the first Brillouin zone,   K →   is electron wave vector,  a  is the unit direction vector of vector potential A,    M  V , C     is the transition matrix element,  ω  is the frequency of the electromagnetic wave,    E C   (  K →  )    and    E V   (  K →  )    are the eigenlevels on the conduction and valence bands,   R ( ω )   is the reflectivity,  α  is the absorption coefficient and   L ( ω )   is the energy loss function.



3.3.1. BaGa4Se7 Complex Dielectric Function


The dielectric function is mainly used to characterize all kinds of spectral information of the crystal, reflecting the energy band structure and electronic structure of the material. As a semiconductor material, the BaGa4Se7 spectrum by electronic transitions between energy levels is generated, the peak of each dielectric can be explained by the band structure and the density of states of the material.



As was already mentioned, BaGa4Se7 belongs to the orthorhombic crystal system, so in order to study the optical anisotropy of the crystal, the incident light of which the polarization direction was in parallel to the crystal axis was selected. Figure 5a,b shows the real part of the dielectric function    ε  1 x   ,  ε   1 y    ,  ε  1 z     calculated by GGA and HSE06 methods, and Figure 5c,d shows the imaginary part    ε  2 x   ,  ε   2 y    ,  ε  2 z     x z obtained by GGA and HSE06 methods. As shown in Figure 5, the curve shape of the real parts of the dielectric function calculated by the two methods was similar, while the peak value was not at the same photon energy and was not equal. By comparing Figure 5a,b, it can be seen that the maximum value of the dielectric function calculated by the GGA method was 9.32 and located at 2.76 eV, while the maximum value of the dielectric function calculated by the HSE06 method was 6.28 and located at 4.36 eV. When the frequency of    ε 1  ( ω )   was 0, the average static dielectric constant    ε 1  a v e   ( 0 )   of BaGa4Se7 calculated by GGA and HSE06 methods were 5.906 and 3.74, respectively. However, the average static dielectric constants    ε 1  ( ω )   coincided with each other in different directions, and the peak was also in the same position. All the above facts showed that the optical anisotropy of BaGa4Se7 crystal is relatively weak [24]. In the next step, we further investigated the reflectivity, absorption coefficient, complex refractive index, birefringence, and loss function.



The imaginary part of the complex dielectric function    ε 2  ( ω )   determines the linear response of the light field [25,26]. The results in Figure 5c show a method in GGA, corresponding to the bottom of the conduction band electron transitions directly associated with the threshold of transition from the valence band to the top of the peak at 1.07 eV at the dielectric. The first    ε 2  ( ω )   peak was located at 4.65 eV, which was mainly due to the valence band from the conduction band of the electron transitions, so the    ε 2  ( ω )   gradually tended to decrease with the increase of photon energy. When the photon energy was less than 18.0 eV, there were four peak values of P1, P2, P3, and P4 in the imaginary part of the dielectric function, and the corresponding photon energies were 4.45 eV, 9.18 eV, 16.21 eV, and 18.84 eV, respectively. From the HSE06 calculation results (Figure 5d), the first    ε 2  ( ω )   peak was located at 5.88 eV, which could be assigned to the electron transition from the upper valence band to the bottom of the conduction band. When the photon energy was lower than 21 eV, the imaginary part of the dielectric function also had four dielectric electrode peaks with photon energies at 5.88 eV, 10.78 eV, 18.11 eV, and 20.34 eV, respectively. As the photon energy increased,    ε 2  ( ω )   gradually decreased, and finally tended to 0. For the P1 peak, it was known from the density of states diagram that it could be mainly derived from the transition of the p-state electrons of O and Ga atoms to the bottom of the conduction band. The P2 peak was derived from the transition of the s-state electrons of Se and Ga atoms to the bottom of the conduction band. Furthermore, the P3 peak could be assigned to the transition of the Se electron of the Se atom to the bottom of the conduction band, while the P4 peak could be originated from the transition of the d state of the Ga atom and the p state of the Ba atom to the bottom of the conduction band. These dielectric peaks corresponded to the reflection peaks given in the reflection spectrum (Figure 6), which were the macroscopic manifestation of the interband transition of the electrons of solid under the perturbation of the photoelectromagnetic wave field. In other words, the transition mechanism of the reflection peak was consistent with that of the absorption peak of the dielectric spectrum.




3.3.2. BaGa4Se7 Reflection and Absorption Spectrum


Figure 6 shows the reflection and absorption spectra of the BaGa4Se7 crystals calculated by GGA and HSE06. Figure 6a shows the reflection spectrum of BaGa4Se7. The calculation results of GGA and HSE06 showed that the shape of the reflection spectrum calculated by the two methods was very similar, the energy was less than 10.65 eV, and the reflectance calculated by the HSE06 method was significantly larger, the energy was equal to 10.65 eV, and the reflectance was the same. When the energy was less than 4 eV, the reflectance calculated by GGA was less than 16%, and the reflectance calculated by HSE06 was less than 29%. Then, the reflectance increased with the increase of energy, which is due to the influence of the energy band transition of BaGa4Se7. The energy was near 8.77 eV, and the reflectivity reached the peak value. The GGA result was 80.5%, and the HSE06 result was 64.6%. As the energy continued to increase, the reflectivity rapidly decreased to zero. When the energy exceeded 21 eV, the optical opacity was displayed. The above results show that the BaGa4Se7 crystal has a strong reflection in the ultraviolet band, low reflectivity in the infrared band, and strong corresponding light transmittance. Figure 6b shows the absorption spectrum of BaGa4Se7, with an absorption coefficient of 105 cm−1. The optical absorption is the most important optical property. The BaGa4Se7 crystal reflects light emission spectrum of the mechanism by the electronic transitions between the energy levels produced. The shape of the absorption spectrum calculated by the two methods is also very similar. The absorption edge calculated by GGA was at 1.804 eV, and the absorption edge calculated by HSE06 was at 2.918 eV, which falls in the ultraviolet region. This is related to the bandgap value. Intrinsic absorption begins to appear on the absorption edge. As the photon energy increases (the wavelength decreases), the absorption coefficient increases sharply by the order of 105, and strong light absorption occurs, indicating the start of a direct transition. GGA calculated the strongest absorption peak at 5.78 eV, corresponding to the wavelength of 204 nm, HSE06 calculated the strongest absorption peak at 7.76 eV, the corresponding wavelength was 225 nm, located in the ultraviolet region, the corresponding transmittance was small, in contrast, to absorption in the infrared band. The coefficient was very small, and the corresponding transmittance was relatively large. According to the above analysis results of the reflection spectrum and absorption spectrum, it can be seen that the BaGa4Se7 crystal has a higher reflectivity and absorption coefficient in the ultraviolet band, and a lower reflectivity and absorption coefficient in the infrared band, corresponding to stronger transmittance, and the larger band gap value. The larger range of the light-transmitting area and the bandgap value calculated according to the HSE06 method was 2.58 eV, it can be seen that the shortest wavelength of the transmitted light was about 0.30 μm. The area can be used as an important frequency conversion crystal.




3.3.3. BaGa4Se7 Complex Refractive Index


Figure 7 is the calculated complex refractive index of the BaGa4Se7 tetragonal crystal. The complex refractive index is the most important optical constant of the absorbing medium. The real refractive index n is determined by the propagation speed of the light wave in the BaGa4Se7 tetragonal crystal, and the imaginary extinction coefficient k is determined by the attenuation (absorption of light energy) when the light wave propagates in the BaGa4Se7 tetragonal crystal. From the results in the figure, it can be concluded that the calculation curves of the GGA and HSE06 methods are very similar. The peak is not at the same photon energy. The refractive index calculated by the GGA method was 2.4, and the maximum peak of 3.11 corresponds to the photon energy value of 2.73 eV. When the photon energy is 20 eV, the extinction coefficient is reduced to 0, and the refractive index tends to be flat with frequency, approximately equal to 1, which changes to normal dispersion. Using the HSE06 method to calculate, the refractive index was 1.91, the maximum peak value was 4.61, and the corresponding photon energy value was 2.67 eV. When the photon energy is 21.6 eV, the extinction coefficient decreases to 0, and the refractive index tends to be flat with frequency, changing to normal dispersion.




3.3.4. BaGa4Se7 Refractive Index and Birefringence


Figure 8 shows a graph of the main refractive index and birefringence Δn of BaGa4Se7 crystals in different directions calculated by the GGA and HSE06 methods as a function of energy. The average static refractive indexes calculated by GGA and HSE03 methods were 2.27 and 1.88, respectively. The birefringence is defined as the maximum difference Δn between two or three principal refractive indexes in a heterogeneous body, which is an important physical quantity to measure the performance of nonlinear crystals. It can be seen from Figure 8 that the static birefringence of BaGa4Se7 calculated by the GGA method was 0.118, which had a maximum value (0.35) at an energy value of 3.06 eV. In the infrared region, its birefringence was less than 0.118. The static birefringence of BaGa4Se7 calculated by the HSE06 method was 0.140, which had a maximum value (0.20) at an energy value of 4.75 eV, while in the infrared region, its birefringence was less than 0.140. The results show that, due to the small bandgap of BaGa4Se7 tetragonal crystal calculated by the GGA method, the average static refractive index became larger, and the range of birefringence changed in the mid-to-far infrared region. However, sufficient second-order frequency doubling (second harmonic generation, SHG) and suitable birefringence output are the conditions for judging whether a nonlinear optical crystal material is good. The smaller the refractive index, the more effective it is to avoid the loss of SHG output conversion rate. The average static refractive index of BaGa4Se7 is 1.88, which is smaller than the refractive index of the commercially available infrared nonlinear optical crystal, AgGaS2 [27]. The proper birefringence can not only enable the nonlinear optical crystal to achieve phase matching in a wider band but also avoid the dispersion effect that causes the nonlinear efficiency to decrease. The calculation results show that the BaGa4Se7 tetragonal crystal has excellent phase matching performance, and the bandgap value of the BaGa4Se7 tetragonal crystal is 2.360 eV. The above conclusions show that BaGa4Se7 tetragonal crystal is an excellent infrared nonlinear optical material. This appropriate birefringence rate, high laser damage threshold and wide transmission band range are basic conditions for excellent nonlinear optical crystal performance and are widely used in the field of military infrared confrontation [28], environmental monitoring [29] and medical [30] applications. The resulting optical properties of the material are predicted by theoretical calculations, which is of great help to the experiments.




3.3.5. BaGa4Se7 Energy Loss Function


Figure 9 shows the energy loss spectrum of the BaGa4Se7 tetragonal crystal, describing the loss of energy when electrons pass through a uniform dielectric. It represents the loss function peak plasma oscillation-related features, called the oscillation frequency corresponding to the plasma frequency. It can be seen from the figure that the maximum electron energy loss peaks of the BaGa4Se7 tetragonal crystal calculated by the GGA and HSE06 methods located at 10.66 eV and 10.30 eV, and their values were 27.59 and 7.55. This result is consistent with the result of the reflection spectrum in Figure 6a. In addition, from the analysis of the energy band structure diagram in Figure 2 and the density of states diagram in Figure 3, it shows that the peak is derived from the transition from the Ba s state to the bottom of the conduction band. The calculation results of the HSE06 method show that when the energy is greater than 21 eV, the electrons of the BaGa4Se7 crystal energy loss is zero, which corresponds to the extinction coefficient.






4. Conclusions


In this work, we used PBE, HSE06, HSE03 B3LYP, and PBE0 methods to calculate the electronic structure and optical properties of BaGa4Se7 crystals. By comparing and analyzing the results of the four methods, the band gap values calculated by the HSE06 method were basically consistent with the experimental values, showing that this method is the most suitable for calculating crystal properties. The band structure showed that the top of the valence band was largely contributed by Ga 4s, 4p and Se 4p electrons, while the bottom of the conduction band mainly comprised Ga 4s, 4p, Se 4p, and Ba 5d electrons. The calculated optical properties show that the BaGa4Se7 crystal has strong absorption and reflection characteristics in the ultraviolet region and strong transmittance in the infrared region. These results indicate that the BaGa4Se7 crystal is an excellent infrared nonlinear crystal material.
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Figure 1. The structural model of BaGa4Se7. 
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Figure 2. Band structure of BaGa4Se7. (a) GGA method, (b) HSE06 method, (c) GGA method, (d) HSE06 method. (e) PBE0 method. 
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Figure 3. The global state density and partial wave state density of BaGa4Se7, (a) GGA method, (b) HSE06 method, (c) HSE03 method, (d) B3LYP method and (e) PBE0 method. 
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Figure 4. (a) Three-dimensional diagram of differential charge density of BaGa4Se7, (b) the differential charge density diagram of BaGa4Se7. 
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Figure 5. Complex dielectric function of BaGa4Se7; the real part of the dielectric function calculation of GGA (a) and HSE06 (b) method, the imaginary part of the dielectric function calculation of GGA (c) and HSE06 (d) method. 
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Figure 6. The reflection spectrum and absorption spectrum of BaGa4Se7, (a) the reflection spectrum, (b) the absorption spectrum. 
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Figure 7. Complex refractive index of BaGa4Se7. 
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Figure 8. Main index and birefringence of BaGa4Se7, (a) GGA method, (b) HSE06 method. 
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Figure 9. Energy loss function of BaGa4Se7. 
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Table 1. Comparison of geometric structure optimization results and experimental results of BGS.






Table 1. Comparison of geometric structure optimization results and experimental results of BGS.





	Parameters
	Theoretical Value
	Experimental Value [11]
	Relative Errors





	a/Å
	7.739
	7.625
	0.014



	b/Å
	6.635
	6.511
	0.019



	c/Å
	14.936
	14.702
	0.015



	α = γ(°)
	90
	90
	0.000



	β(°)
	121.048
	121.240
	0.001
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Table 2. The characteristic energy values at EV and EC of the first Brillouin region of BaGa4Se7.
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Method

	
Parameter

	
Z

	
G

	
Y

	
A

	
B

	
D

	
E

	
C






	
GGA

	
EV (eV)

	
−0.084

	
0

	
−0.125

	
−0.256

	
−0.197

	
−0.258

	
−0.449

	
−0.170




	
EC (eV)

	
2.070

	
1.600

	
2.050

	
2.840

	
3

	
3.100

	
2.920

	
2.370




	
HSE06

	
EV (eV)

	
−0.084

	
0

	
−0.198

	
−0.368

	
−0.237

	
−0.294

	
−0.540

	
−0.251




	
EC (eV)

	
2.942

	
2.360

	
2.860

	
3.711

	
3.849

	
3.960

	
3.850

	
3.201




	
HSE03

	
EV (eV)

	
−0.086

	
0

	
−0.203

	
−0.378

	
−0.241

	
−0.297

	
−0.528

	
−0.242




	
EC (eV)

	
2.960

	
2.396

	
2.840

	
3.660

	
3.850

	
3.940

	
3.760

	
3.170




	
B3LYP

	
EV (eV)

	
0.098

	
0

	
−0.151

	
−0.374

	
−0.277

	
−0.359

	
−0.600

	
−0.212




	
EC (eV)

	
3.310

	
2.840

	
3.240

	
4.140

	
4.250

	
4.410

	
4.220

	
1.360




	
PBE0

	
EV (eV)

	
−0.094

	
0

	
−0.217

	
−0.409

	
−0.263

	
−0.314

	
−0.560

	
−0.260




	
EC (eV)

	
3.500

	
3.010

	
3.470

	
4.310

	
4.510

	
4.600

	
4.420

	
3.820
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Table 3. The bandgap of BaGa4Se7 by GGA and hybrid functional methods.
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	Method
	Theoretical Value (eV)
	Experimental Value (eV)
	Relative Error /%





	GGA
	1.603
	2.640
	0.392



	HSE03
	2.396
	2.640
	0.092



	HSE06
	2.360
	2.640
	0.106



	B3LYP
	2.844
	2.640
	0.080



	PBE0
	3.013
	2.640
	0.141
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