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The Ag8SnS6 crystal was synthesized by directly melting a high-purity stoichiometric mixture of elementary 

Ag, Sn, and S in a sealed quartz ampoule. This argyrodite crystallizes in the orthorhombic structure (Pna21 space 

group (No. 33)) at room temperature. The electronic band structure and density of states of an αʹʹ-Ag8SnS6 crystal 

are evaluated theoretically using the generalized gradient approximation (GGA) and local density approximation 

(LDA) in first-principle calculations. A Perdew–Burke–Ernzerhof functional (PBE) and (PBEsol) were utilized for 

GGA calculation. All calculated parameters correlate well with known experimental data. The calculation of the 

effective mass of electrons and holes was performed based on the electronic band structure. The anisotropic 

behavior of electronic band structure is discussed. 
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Introduction 

The argyrodite family [1] has a great variety of 

compounds and is characterized by the general formula 

(A+)12−nBn+(X2−)6 (with A+ = Li+, Cu+, Ag+; Bn+ = Ga3+, 

Si4+, Ge4+, Sn4+, P5+, As5+; X2− = S2−, Se2−, Te2−). These 

compounds are actively studied for potential use in 

photovoltaic [2–4], thermoelectricity [5], nonlinear optic 

[6], solid-state batteries [7], hydrogen generation [8], etc. 

Argyrodites are characterized by a tetrahedrally close-

packed polyanionic structure with weakly bound Ag/Cu 

cations, allowing certain phonon and electronic transport 

manipulations for their practical use, for example, in 

thermoelectricity [5]. 

The Ag8SnS6 compound is formed from the melt at 

1125 K [9] (1112 K [10]) and undergoes one polymorphic 

transformation [10]. The structure of low temperature 

(LT) Ag8SnS6 (αʹʹ-modification) is orthorhombic: space 

group Pna21, a = 1.5298 nm, b = 0.7548 nm, 

c = 1.0699 nm [9, 11], and high temperature (HT) 

Ag8SnS6 (γ-modification) is cubic: space group F-43m, 

a = 1.085 nm [10]. The structural transition between the 

cubic (γ) and orthorhombic (αʹʹ) phases occurs at 455 K 

[5]. 

The literature presented certain studies of the 

electronic characteristics of Ag8SnS6 argyrodite. In [12] 

the electronic and optical properties are investigated using 

density functional theory (DFT) with both GGA 

(generalized gradient approximation) and LDA (local 

density approximation). The Monkhorst–Pack k-points 

grid sampling was set at (2×4×2) points for the first 

Brillouin zone (BZ). The obtained band gap is about 

0.58 eV, which is less than the experimental value of 

1.39 eV. Dielectric function, absorption spectrum, and 

refractive index are also calculated. The static refractive 

index n0 of polycrystalline Ag8SnS6 is 2.04 [12]. Ref [6] 

presents the calculation of the electronic structure and 

optical properties by the DFT with GGA and Perdew–

Burke–Ernzerhof (PBE) functional and the norm-

conserving pseudopotential. BZ was performed using a 

(2×4×3) Monkhorst–Pack k-point. The obtained band gap 

is about 0.55 eV in [6]. The birefringences are 0.095 for 

Ag8SnS6 at 1064 nm [6]. A similar calculation was also 

performed by [13]. In literature presented lattice dynamics 

calculations of 2×1×1 supercell structures of Ag8SnS6, 

each of which contains 120 atoms and was sampled with 

a 2×3×2 Γ-centered k-point grid. The calculations of 

phonon structure confirm the ratting-like, low-lying 
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optical modes and weakly bounded behavior of Ag atoms 

[13]. The density of states for Ag8SnS6 in the LT structure 

(Pna21) was computed using density functional theory 

(DFT), and presented in reference [14]. The calculation 

was performed by DFT with PBEsol exchange-correlation 

functional, with projected augmented wave (PAW) 

method and Monkhorst-Pack k-point grid of (6×6×4) and 

(3×6×4) [14]. In [15], a similar approach was employed to 

calculate the band structure of Ag8SnS6, except an 

additional modified Becke-Johnson (mBJ) exchange 

potential correction. The calculation utilized two hundred 

sixteen independent k points on a grid of 8×17×12 lattice 

points. The resulting band gap was determined to be 

1.3 eV [15]. 

The main objective of this study is to investigate the 

synthesis and crystal structure of the αʹʹ-Ag8SnS6 crystal. 

Additionally, the electronic structure and density of states 

of the crystal will be calculated and analyzed. The 

effective mass of electrons and holes in αʹʹ-Ag8SnS6 

crystal was calculated based on the electron energy 

structure. 

I. Experimental details 

The argyrodite compound Ag8SnS6 was synthesized 

by direct melting of a stoichiometric mixture of of high 

purity (>99 %) elemental silver (Ag), tin (Sn), and sulfur 

(S) in an evacuated (10–5 Torr) quartz ampoule. The 

synthesis was carried out in a single-zone furnace 

equipped with elements of rotation and vibration of the 

sample. The temperature regimes of the synthesis were 

chosen based on the analysis of phase diagrams of the 

compound and other studies presented in the literature 

[13-20]. The ampoule was heated at a rate of 50 K to 

1250 K with intermediate exposures at a constant 

temperature for the reactions of elemental sulfur melting, 

formation of binary compounds of sulfur with elemental 

silver and tin, and passing of the reaction between binary 

compounds Ag2S and SnS2 with the formation of Ag8SnS6 

argyrodite. To ensure the homogeneity of the compound, 

after reaching 1250 K, the melt was kept at a constant 

temperature for 60 hours. The sample was then cooled to 

room temperature at a constant rate except for the phase 

transition region where cooling occurred more slowly to 

avoid the destruction during phase change. 

The phase analysis and crystal structure refinement of 

Ag8SnS6 was examined with X-ray diffraction data (XRD) 

obtained on DRON-2.0M diffractometer at room 

temperature with the Kα radiation (λ= 1.936087 Å) of Fe. 

The surface morphology of the crystal was studied using 

a Tescan VEGA 3 LMU scanning electron microscope 

(SEM) equipped with an energy-dispersive X-ray analyzer 

(Oxford Instruments Aztec ONE with a detector of the X-

MaxN20). 

II. Calculation details 

Theoretical calculations in this study were conducted 

using the density functional theory (DFT) approach. To 

calculate the electron band structure of αʹʹ-Ag8SnS6, the 

crystal structure and lattice parameters were obtained from 

X-ray diffraction (XRD) data taken at room temperature. 

To characterize the exchange-correlation energy of the 

electronic subsystem, functional in the approximation of 

local density (LDA) and generalized gradient (GGA) was 

used. For GGA calculation was used two 

parameterizations of the Purdue–Burke–Ernzerhof (PBE 

[21] and PBEsol – for solids [22]). 

The value of the energy of cutting-off (Ecut-off) the 

plane waves is listed in Table 2. This value corresponds to 

the minimum of total energy (Etotal), which is listed in 

Table 2, too. The integration over the BZ was performed 

on the 1×2×1 grid of k points using the Monkhorst–Pack 

scheme [23]. The energy band diagram was constructed 

using specific points in the Brillouin zone (BZ) in 

reciprocal space. The chosen points and their 

corresponding coordinates are as follows: Г(0, 0, 0), X(0, 

0.5, 0), Y(–0.5, 0, 0), Z(0, 0, 0.5), S(–0.5, 0.5, 0), T(–0.5, 

0, 0.5), U(0, 0.5, 0.5) and R(–0.5, 0.5, 0.5). 

III. Results and Discussion 

3.1. Crystal structure 

The Ag8SnS6 crystal structure was determined using 

X-ray diffraction (XRD) analysis. The XRD (see Fig. 1) 

 
Fig. 1. Measured and calculated XRD patterns for Ag8SnS6 crystal (Fe Kα radiation). Experimental data – black 

line, calculated data – red and blue line (detail on the legend to figure). 
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shows that the Ag8SnS6 crystal has a large amorphous 

contribution. This material crystallizes in two different 

crystal structure modifications (αʹʹ and γ). The αʹʹ-Ag8SnS6 

modification belongs to the orthorhombic structure  

(Рna21 space group [24, 25]). High-temperature γ-phase 

Ag8SnS6 crystalizes in a cubic structure with the F-43m 

space group [24, 25]. The temperature of the structural 

transition (from orthorhombic to cubic structure) between 

these modifications of the Ag8SnS6 argyrodite is equal to 

445 K [24, 25]. Two theoretical XRD patterns were used 

(for orthorhombic and cubic crystal structures) for the 

identification of the crystal structure and lattice 

parameters of the studied crystal. 

Based on the XRD data, we obtained the crystal 

structure of the Ag8SnS6 crystal corresponding to the 

orthorhombic structure (Рna21 space group) with lattice 

parameters listed in Table 1. As a result, we obtained αʹʹ-

modification of the Ag8SnS6 crystal at room temperature. 

However, we need to note that the sample presents a small 

amount of the impurities phase of the cubic structure. The 

lattice parameters of the unidentified impurity cubic phase 

were listed in Table 1. 

3.2. Morphology analysis 

The morphology of the Ag8SnS6 crystal was 

investigated by SEM. The surface morphology of the  

αʹʹ-Ag8SnS6 crystal shows small agglomeration and cracks 

(see Fig. 2). Energy dispersive X-ray spectrometry was 

used to confirm the elemental composition of the sample 

(Fig. 3). The quantitative result gives the atomic ratio of 

63.97:1.66:34.38 for Ag:Sn:S, which is close to the ideal 

value of 8:1:6 in Ag8SnS6. 

3.3. Analysis of the electron band energy 

structure 

As quoted in the second section of this work, electron 

energy band structure was calculated using three methods 

(LDA, GGA+PBE and GGA+PBEsol). The bandgap (Eg) 

near 0.5 eV was observed for all calculation methods (see 

Table 2), which is lower than the experimentally measured  

Eg = 1.39 eV [12]. The same situation is realized in 

Ref. [12].  

The underestimation of the bandgap value is often 

observed with this calculation approach using. A 

technique called the 'scissor' operator (∆E) is commonly 

employed to align the results closer to experimental 

Table 1 

Structural data for Ag8SnS6 crystal at room temperature 

Method a, Å b, Å c, Å V, Å3 Reference 

XRD 15.298(3) 7.552(2) 10.719(3) 1238.6(3) This work 

XRD 15.298 7.548 10.699 – [26] 

– 15.2980 7.5480 10.6990 1235.41 [12] 

GGA+ 

PBE 
15.4883 7.65393 10.8697 1288.56 [12] 

GGA+ 

PBE 
15.492716 7.661063 10.868171 1289.95 This work 

XRD* 10.711(2) – – 1229.1(8) This work 
*for the unidentified impurity cubic phase 

 

 

Fig. 2. SEM image of αʹʹ-Ag8SnS6 crystal. 
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values. This operator shifts the conduction band to higher 

energy regions, effectively altering the bandgap [27, 28]. 

The adjustment is based on the similarity between the E(k) 

dispersion dependencies of conduction band energies 

derived from the Kohn-Sham equations [29]. The 'scissor' 

operator is applied by shifting the calculated conduction 

bands until the experimental value of the minimum energy 

gap (Eg) of the crystal is attained [27]. The specific values 

used for the 'scissor' operator are listed in Table 2. 

However, it's important to note that this adjustment does 

not significantly impact the overall electronic and 

structural properties trends, as evidenced by previous 

calculations of electronic states [27, 28, 30-32].  

A higher correlation between obtained value of the 

bandgap and experimental data is observed for the 

GGA+PBE method. As a result, this article provides 

electron energy band structure and density of states (DOS, 

see below) calculated using the GGA+PBE method. 

Calculated lattice parameters were listed in Table 1. 

In Fig. 4, the energy band diagrams of the αʹʹ-Ag8SnS6 

crystal are depicted along the highly symmetric lines of 

the Brillouin zone (BZ). The energy levels are measured 

with respect to the Fermi level, represented by the red line 

in Fig. 4. The analysis of the theoretical calculations 

reveals that the smallest bandgap is located at the center 

of the Brillouin zone, specifically at the point Г. This 

indicates that the crystal possesses a direct energy band 

gap (Eg
dir). 

 

Fig. 4. Calculated electron band energy structure of  

αʹʹ-Ag8SnS6 crystal using the GGA+PBE method. 

 

 

Also, we can see from Fig. 4 a clear anisotropy 

difference E(k) between the valence and conduction 

bands. The valence complex top is flatter, which is 

explained by the fact that holes are less mobile than 

electrons. This behavior is caused by the inverse 

relationship between the effective mass (m*) of the 

electron (me*)/hole (mh*) and the spread E(k) of energy 

levels [28]: 

 

 

Fig. 3. Energy dispersion of X-rays analysis of αʹʹ-Ag8SnS6 crystal. 

Table 2 

Energy properties for Ag8SnS6 crystal 

Method Eg
dir, eV ∆E, eV Ecut-off, eV Etotal, keV me

*/m0 mh
*/m0 

LDA 0.506 0.884 800 –133.553 0.780 –6.546 

GGA+PBE 0.534 0.856 850 –133.572 0.806 –6.796 

GGA+PBEsol 0.449 0.941 850 –133.427 0.809 –6.487 
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where h – the Planck constant, E(k) – dependence of the 

band energy E on the electron wave vector k. As a result, 

we can see that the maximum dispersion of valence and 

conduction bands was observed for Г→Z direction (the 

same situation in the Y→T direction). The electrons and 

holes effective masses in αʹʹ-Ag8SnS6 crystal have been 

calculated by employing the Effective Mass Calculator 

[33]. The calculated effective masses for αʹʹ-Ag8SnS6 

crystal are presented in Table 2. The resultant absolute 

value of the |m*| for the conduction band (~0.8 m0) is lower 

than that for the valence band (~6 m0). 

3.4. Analysis of the electron density of states 

By analyzing the partial contributions of individual 

levels to the total density of states (DOS) and the 

contributions of individual bands to the electronic density, 

the origins of the valence and conduction bands in the αʹʹ-

Ag8SnS6 crystal can be identified. Fig. 5 illustrates this 

analysis, providing insights into the specific bands and 

energy levels that contribute to the electronic properties of 

the crystal. 

The lowest energy bands lying in the range from –14 

to –12 eV are formed by s- electronic states of S. The 

formation of subsequent bands that are spread from –7 to 

–6 eV and the energy marker comes from the contribution 

of the s- electronic states of Sn. The top of the valence 

band is composed of the d- electronic states of Ag, with 

some ‘admixture’ of the p- electronic states of Ag and S. 

On the other hand, the bottom of the conduction band is 

mainly composed of the s- and p- electronic states of Ag. 

This mainly is caused by the highest relative content 

of argentum and sulfur atoms in αʹʹ-Ag8SnS6. The smallest 

partial DOS of tin is explained by the smaller content in 

the formula unit αʹʹ-Ag8SnS6. We assume that the direct-

bandgap transition (localized at the point Г of the BZ) can 

be formed by the Ag–S links.  

The band structure of the αʹʹ-Ag8SnS6 crystal exhibits 

a significant hybridization of electronic states near the 

energy gap (Eg). This is evident from the similar maxima 

in the partial density of states (DOS) within the energy 

range from the top of the valence to the bottom of 

conduction bands, as shown in Fig. 4. This observation 

suggests that the electronic states primarily originate from 

the bonding electrons of the most numerous atoms, such 

as silver (argentum) and sulfur. This hybridization and 

contribution of these atoms to the electronic states are 

likely to play a crucial role in the electron conductivity 

characteristics of αʹʹ-Ag8SnS6. 

Conclusion 

In this work, the crystal and electronic structure of the 

αʹʹ-Ag8SnS6 crystal have been studied. The main results 

obtained by us can be summarized in brief as follows. 

The Ag8SnS6 crystal was synthesized and grown and 

its X-ray-based crystal structure was studied. The lattice 

parameters a= 15.298(3) Å, b= 7.552(2) Å, 

c= 10.719(3) Å, V= 1238.6(3) Å3, Pna21 space group 

(No. 33) for αʹʹ-Ag8SnS6 crystal were refined and showed 

good correlation with known literature data. XRD analysis 

showed impurities with cubic crystal structure in the 

sample. We do not reject the possibility of binary 

impurities in the sample. 

The electronic energy spectrum of the αʹʹ-Ag8SnS6 

crystal was investigated through first-principle theoretical 

studies using the reliable techniques of DFT. In these 

studies, various approximations were employed, including 

the LDA, GGA+PBEsol, and GGA+PBE. The GGA+PBE 

method showed a higher correlation of obtained value of 

the bandgap with experimental data. It was established 

that the smallest bandgap in the electronic energy 

spectrum of the αʹʹ-Ag8SnS6 crystal is situated at the center 

of the Brillouin zone, specifically at the Г point. 

Therefore, our argyrodite should reveal direct optical 

transitions. The direct-bandgap transition (localized at the 

 
Fig. 5. Calculated electron density of states of αʹʹ-Ag8SnS6 crystal using the GGA+PBE method. 
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point Г of the BZ) can be formed by the Ag–S links. The 

band structure of the αʹʹ-Ag8SnS6 crystal exhibits a 

significant hybridization of electronic states in the energy 

ranges near the energy gap (Eg). The effective mass of the 

electron (~0.8m0) and hole (~6m0) was calculated based on 

results of the electronic structure. Dispersion behaviors of 

electron energy level are discuses based on results of 

effective mass. 
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Кристал Ag8SnS6 було вирощено шляхом прямого плавлення високочистої стехіометричної суміші 

елементарних Ag, Sn та S у герметичній кварцовій ампулі. Даний аргіродит кристалізується в 

орторомбічній структурі (просторова група Pna21 (№ 33)) при кімнатній температурі. Проведено 

першопринципні розрахунки електронної зонної структури та густини станів кристала αʹʹ-Ag8SnS6 з 

використанням узагальненого градієнтного наближення (GGA) і наближення локальної щільності (LDA). 

Функціонал Пердью–Берка–Ернзерхофа (PBE) та PBEsol було застосовано для GGA розрахунків. Усі 

розраховані характеристики добре корелюють з наявними експериментальними даними. На основі 

електронної зонної структури розраховано ефективну масу електронів і дірок. Обговорюється анізотропна 

поведінка електронної зонної структури. 

Ключові слова: аргіродит, синтез, Х- променева дифракція, морфологія, теорія функціонала густини, 

зонна структура, ефективна маса, щільність станів. 
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