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The -Ag8GeSe6 crystallizes in the orthorhombic structure (Pma21 space group) at room temperature 

and is studied in the framework of density functional theory. The theoretical first-principle calculations of 

the electronic band structure, density of states, Seebeck coefficient, power factor, electrical conductivity 

and effective mass of the electron and hole of -Ag8GeSe6 crystal are estimated by the generalized gradient 

approximation (GGA). A Perdew–Burke–Ernzerhof functional (PBE) was utilized. The effective mass of the 

electrons and holes was calculated based on the electronic band structure. Seebeck coefficient, power factor 

and electrical conductivity as functional temperature are studied and discussed. All obtained values at 

room temperature are compared with known experimental results. 
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1. INTRODUCTION 
 

Ag8GeSe6 compound belongs to the argyrodite-type 

materials and is after the name of its natural mineral 

Ag8GeS6 [1]. At low temperatures, Ag8GeSe6 crystal has 

-modification (T ≤ 271 K), but information about struc-

ture and lattice parameters is still lacking at present. At 

room temperatures, the crystal structure of Ag8GeSe6 

belongs to the orthorhombic space group Pmn21 (No. 31) 

(271 ≤ T ≤ 323 K). And at high temperatures was ob-

served high symmetry face-centered cubic structure () of 

Ag8GeSe6 (F-43m space group, T ≥ 350 K). Need be noted 

that the literature has information about the present ε-

phase in Ag8GeSe6 crystal, witch observed between 323 

and 350 K. The structural information and detailed lat-

tice parameters of ε phase are unknown at present, too. 

But, we found different information about the structure 

transition between these modifications of Ag8GeSe6 ar-

gyrodite. In Ref. [2] was reported that temperatures of 

phase transition are 271 and 323 K, and in Refs. [3, 4] – 

– 4 C (~ 269 K) and 48 C (~ 321 K), respectively for 

 →  and  →  phase transitions. Information about 

the ε-modification of Ag8GeSe6 was reported in Ref. [5]. 

As result, in this work gives results of the studies of fun-

damental properties of the -Ag8GeSe6 between 271 and 

321 K to exclude the effect of a possible structural tran-

sition. 

In the literature we observed same information 

about the fundamental physical properties of  

-Ag8GeSe6. The study of fundamental thermodynamics 

properties based on different thermal analysis and X-

ray diffraction data is given in [1, 6, 7] and thermoelec-

tric properties in [8, 9]. Also, we will be noted that stud-

ies of the electronic energy spectra of -Ag8GeSe6 crystal 

are absent in the literature. 

Ag and Cu-contained argyrodites are defined as chal-

cogenides crystallized in tetrahedrally close-packed 

structures and attract high attention as promising ther-

moelectric materials [10-13]. The most important elec-

tronic characteristics of a crystal for their thermoelectric 

and photovoltaic applications are the bandgap, the effec-

tive electron mass, Seebeck coefficient, and the coeffi-

cients of electric and thermal conductivities [11, 14]. 

The ability to determine the electronic and thermoe-

lectric characteristics of materials by using theoretical 

methods is promising for the evaluation of their possible 

practical applications. In the present work, the electron-

ic band structure, density of states, electron and hole 

effective mass, Seebeck coefficient, power factor and 

electrical conductivity of the -Ag8GeSe6 crystal have 

been calculated for the first time. 

 

2. METHODS OF CALCULATION 
 

The theoretical calculations were performed within 

the framework of the density functional theory (DFT). 

To calculate the properties of -Ag8GeSe6 crystal, a 

crystalline lattice with the basal parameters given be-

low in Table 1 was used. To describe the exchange-

correlation energy of the electronic subsystem, we used 

a functional taken in the approximation of generalized 

gradient (GGA) and Perdew–Burke–Ernzerhof (PBE) 

parameterization [15]. Ultrasoft Vanderbilt’s pseudopo-

tentials [16] served as ionic potentials. 
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Table 1 – Structure parameters of -Ag8GeSe6 crystal (Pma21 – space group) 
 

Methods a, Å b, Å c, Å V, Å3 Ref. 

GGA + PBE 7.908322 7.775797 11.005394 676.760 This work 

XRD 7.844 7.738 10.92 662.37 [9] 

XRD 7.823(1) 7.712(2) 10.885(3) 656.703 [17] 

XRD 7.8402 7.7322 10.9118 – [18, 19] 
 

 
 

Fig. 1 – View of crystal structure of the -Ag8GeSe6 crystal 
 

 
 

Fig. 2 – BZ of the -Ag8GeSe6 crystal 
 

 

Table 2 – Atoms position in the -Ag8GeSe6 crystal 
 

Element Atom number x/a y/b z/c 

Ge 1 0 0.247551 0.518164 

Ge 2 0.5 – 0.247551 1.018164 

Se 1 0.249410 0.750861 0.899941 

Se 2 0.250590 – 0.750861 1.399941 

Se 3 0.749410 – 0.750861 1.399941 

Se 4 – 0.249410 0.750861 0.899941 

Se 5 0 0.002139 0.647734 

Se 6 0 0.280266 – 0.001472 

Se 7 0 0.805766 0.248183 

Se 8 0 0.486825 0.649148 

Se 9 0.5 – 0.002139 1.147734 

Se 10 0.5 – 0.280266 0.498528 

Se 11 0.5 – 0.805766 0.748183 

Se 12 0.5 – 0.486825 1.149148 

Ag 1 0.205206 0.104198 0.859224 

Ag 2 0.197794 0.531362 0.268453 

Ag 3 0.198581 0.158629 0.161074 

Ag 4 0.294794 – 0.104198 1.359224 

Ag 5 0.302206 – 0.531362 0.768453 

Ag 6 0.301419 – 0.158629 0.661074 

Ag 7 0.705206 – 0.104198 1.359224 

Ag 8 0.697794 – 0.531362 0.768453 

Ag 9 0.698581 – 0.158629 0.661074 

Ag 10 – 0.205206 0.104198 0.859224 

Ag 11 – 0.197794 0.531362 0.268453 

Ag 12 – 0.198581 0.158629 0.161074 

Ag 13 0 0.616266 0.042336 

Ag 14 0 0.724870 0.482324 

Ag 15 0.5 – 0.616266 0.542336 

Ag 16 0.5 – 0.724870 0.982324 
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In our calculations, the value Ecut-off  330 eV was 

taken for the cutting-off energy of the plane waves (this 

energy corresponded to minimum value of the total 

energy). The convergence of the total energy was about 

5  10 – 6 eV/atom. Integration over the Brillouin zone 

(BZ) was performed on a 2  2  1 grid of k points, us-

ing a Monkhorst–Pack scheme [20]. The atomic coordi-

nates and the unit-cell parameters were optimized fol-

lowing a Broyden–Fletcher–Goldfarb–Shanno tech-

nique (see information in Table 1 and 2). Optimization 

was continued until the forces acting on atoms became 

less than 0.01 eV/Å, the maximum displacement less 

than 5.0  10 – 4 Å, and the mechanical stresses in the 

cell less than 0.02 GPa. Obtained of -Ag8GeSe6 optimi-

zation structure is drawn in Fig. 1 for visualization. 

Optimization lattice parameters and atom positions are 

listed in Table 1 and 2. The energy band diagram was 

constructed using the points Z(0, 0, 0.5), T(– 0.5, 0, 0.5), 

Y(– 0.5, 0, 0), S(– 0.5,0.5,0), X(0, 0.5, 0), U(0, 0.5, 0.5), 

R(– 0.5, 0.5,0.5) and Г(0, 0, 0) of the Brillouin zone in 

the reciprocal space (see Fig. 2). 

 

3. RESULTS AND DISCUSSION 
 

The electron energy band structure building along the 

highly symmetrical lines of the BZ (see blue lines in 

Fig. 3) is shown in Fig. 3. On this figure, the red line cor-

responded to the Fermi level. This means that the energy 

on the band structure is counted from the Fermi level. As 

can see in Fig. 3, the higher position of the energy level of 

the valence band is localized in the Г-point of BZ. Also, the 

lower position of the conduction band is localized in the  

Г-point of BZ, too. The smallest band gap of -Ag8GeSe6 

crystal corresponds to the difference between these energy 

positions and was equal to 0.85 eV (also see Table 3). As 

results, the band gap of -Ag8GeSe6 crystal is found to be 

of direct type. Comparing the obtained theoretical results 

with the known other data is listed in Table 3. 

In the next step of this studies need to understand 

the nature of these energy bands. This problem can be 

resolved by using an analysis of the density of states and 

their partial contributions (see Fig. 4). 

The analysis of the partial contributions of individual 

levels to the function of the total density of states can be 

summarized as follows: 

1. Energy bands in the ranging from – 9 to – 7 eV are 

formed by s-states of Se. 

2. Energy bands in the ranging from – 15 to – 12 eV 

are formed by s-states of Ge. 

3. Top of the valence band is composed of the  

d-states of Ag, and p-states of Ag and Se. 

4. Bottom of the conduction band is composed of the 

s- and p-states of Ag. 

Such contribution is caused by the highest relative 

content of silver and selenium atoms in -Ag8GeSe6. The 

smaller content explains the smallest partial DOS of 

germanium in the formula unit -Ag8GeSe6. 

As result, we assume that the direct band gap transi-

tion (see discussed above) in -Ag8GeSe6 can be formed 

by the Ag-Se links. Also, the hybridization of electronic 

states in the energy ranges close to the energy gap Eg is 

observed. This manifests itself in similar partial DOS 

maxims (see energy range of the top valence and bottom 

conduction bands in Fig. 4). This can affect the electron 

conductivity of the -Ag8GeSe6 crystal because the elec-

trons of the most numerous silver and selenium atoms 

form mainly the electronic states [11, 21]. 
 

 
 

Fig. 3 – Electron band energy structure of the -Ag8GeSe6 

crystal 

 
 

Fig. 4 – Total and partial densities of states of -Ag8GeSe6 

crystal calculated in the GGA+PBE approximation (vertical 

red line correspondent to Fermi level) 
 

In addition, the behavior of the energy bands near 

the band gap shows high anisotropy E(k) (see Fig. 3). 

Also, this behavior (E(k)) for the valence and conduction 

bands is different. The valence complex top is flatter 

than the bottom of conductivity bands. This is explained 

by the fact that holes can be less mobile than electrons. 

This behavior is caused by the inverse relationship be-

tween the effective mass (m) of the electron(me)/hole(mh) 

and the spread E(k) of energy levels [22]: 
 

 
*

2 2

2 2

1 4· ( )d E k

h dkm


 , (1) 

 

where h is the Planck constant, and E(k) is the depend-

ence of the band energy E on the electron wave vector k. 

The electron conductivity of materials is one of the 

important parameters for their practice area application 

use. According to the semiconductor theory [22] the spe-

cific conductivity () of a material is dependent on the 

charged particle's mobility (), 
 

 nq  , (2) 
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where q is the particle's charge and n is the charged 

particle's concentration. 

The electron mobility  is can be presented by the 

following relation [25, 26]: 
 

 
*

i

i

q

m


  , (3) 

 

where τi is the relaxation time, which is inversely pro-

portional to the ionized impurity concentration ni, 

 

 1 3/2

i i
n T  , (4) 

 

where T is the thermodynamic temperature. At this 

time, the electron mobility  satisfies the following re-

lation: 
 

 
3 2

*

/

i

i

qT

m n
  , (5) 

 

As can see from Eqs. (2) and (5), information about 

effective masses of electrons and holes need for analysis 

of the basic thermoelectric properties. The effective 

masses of electrons and holes in the -Ag8GeSe6 crystal 

have been calculated by utilizing the Effective Mass 

Calculator [23]. The calculated effective masses are 

presented in Table 3. The obtained absolute value of 

the |m| for the conduction band (~ 0.7m0) is lower 

than that for the valence band (~ 1.4m0). The same re-

sults were observed for other types of argyrodites in 

Refs. [10, 21]. 
 

Table 3 – Band gap (Eg) and effective mass of the electron 

(me) and hole (mh) of the -Ag8GeSe6 crystal in Г point of BZ 

(m0- mass of free electron) 
 

Eg, eV Effective mass Ref. 

me/m0 mh/m0 

0.85 0.69466 – 1.43341 This work 

0.85 – – [9] 

0.87 – – [24] 
 

Analysis of Eqs. (2) and (5) show that the electron 

mobility and conductivity are higher than hole mobility 

and conductivity (|mh|/|me|  1) for the studied com-

pound, and increase with increasing temperature 

(i~ T3/2) and decrease with increasing carrier concentra-

tion (I ~ ni
 – 1). Also, in Refs. [10, 27-30] was quoted that 

the effective mass of the electron is about 0.16m0 and 

2.0m0 for n-type and p-type conduction's, respectively. 

Based, on these results we assumed that the -Ag8GeSe6 

is a semiconductor with n-type conductivity. 

One of the main thermoelectric parameters is the 

Seebeck coeffient [31], which is proportional to the ef-

fective mass m, temperature T, and the inverse charge 

carrier density n−2/3. 
 

 

2/32
*

2

2

33

B

i

k
m T

ne




 
  

 
, (6) 

 

where, kB is Boltzmann constant, e is the electron 

charge and ħ is Planck constant. The large Seebeck 

coefficient is expected in material possessing large ef-

fective mass and small carrier concentration (see 

Eq. (6)). 

To obtain the Seebeck coefficient () of -Ag8GeSe6 

crystal need to have a carrier concentration close to its 

optimum. Using well-known relations (7)-(9) of the 

semiconductor theory can be calculated carrier concen-

tration of -Ag8GeSe6 crystal. 
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 i e hn n n  . (9) 

 

In Eqs. (7) and (8), EF is the position of the Fermi 

level, Ec – bottom of the conduction band, and Ev – top 

of the valence band. 

The temperature behavior of carrier concentration 

(n) calculated by Eq. (9) is shown in Fig. 5. As can see 

from Fig. 5, the optimal carrier concentration for  

modification of the Ag8GeSe6, which we used for calcu-

lations of the Seebeck coefficient, is between 5 1014–

5 1016 cm – 3. In literature was quoted about experi-

mental studies of the Seebeck coefficient (– 200 V/K at 

room temperature) [8, 9]. From the temperature behav-

ior of the Seebeck coefficient with different carrier con-

centration (see Fig. 6) was established that the optimal 

carrier concentration is 1.75 1016 cm – 3 at room temper-

ature. This concentration shows a good correlation with 

the value obtained from the temperature behavior of 

carrier concentration (see Fig. 5). The decrease of the 

Seebeck coefficient || is observed when the carrier 

concentration increases (see Fig. 6). For every carrier 

concentration the absolute value of Seebeck coefficient 

|| increases with the increase in temperature (see 

Fig. 6). These features are in agreement with Eq. (6). 

Also, Ref. [10] was quoted that the optimum carrier 

concentration for n-type argyrodites is less than 

1019 cm-3, while p-type needs 1020 cm – 3 or higher. The 

obtained value of optimum carrier concentration 

(1.75 1016 cm-3 at room temperature) confirms that the 

-Ag8GeSe6 crystal shows n-type conductivity. 
 

 
 

Fig. 5 – Temperature behavior of carrier concentration of  

-Ag8GeSe6 crystal 
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Fig. 6 – Dependence of Seebeck coefficient α on temperature 

for -Ag8GeSe6 crystal with different carrier concentration (see 

legend on figure). Circle: for p-type conductivity, square:  

n-type conductivity 

Afterward, the power factor PF, as the main ther-

moelectric value, may be calculated using the Eq. (10). 

To obtain the thermoelectric figure of merit zT (see 

Eq. (11)) of material has to know the coefficient of 

thermal conductivity κ (κ  κe + κph). The value of κ is a 

sum of the corresponding electron and phonon compo-

nents. The coefficient of electron thermal conductivity 

κe of -Ag8GeSe6 is determined using the Wiedemann-

Franz Law (see Eq. (12)). 
 

 2PF   . (10) 
 

 
2 T

zT
 


 . (11) 

 

 e L T  . (12) 

 

where, L is the Lorenz number. 

But, for obtaining phonon components of thermal 

conductivity need information about phonon energy 

spectra. In this work, we do not study the temperature 

behavior of the figure of merit and phonon components 

of thermal conductivity. 
 

 
 

Fig. 7 – Temperature behavior of electric conductivity (black) 

and electron components of thermal conductivity (red) for  

-Ag8GeSe6 crystal. Blue marks are corresponding to the value 

at room temperature 
 

 
 

Fig. 8 – Temperature dependence of power factor for  

-Ag8GeSe6 crystal. Blue mark is corresponding to the value at 

room temperature 

 

Fig. 7 and 8 show the temperature behavior of elec-

tric conductivity (calculated using Eq. (2)), electron 

components of thermal conductivity (Eq. (12)) and pow-

er factor (Eq. (10)). For all these parameters show in-

crease behavior with increasing temperature. Compar-

ing the theoretical results of thermoelectric properties 

with the experimental data is listed in Table 4. 

 

4. CONCLUSION 
 

In this work, theoretical studies of the electron en-

ergy spectrum, the density of states, and related with 

them thermoelectric properties for the -Ag8GeSe6 crys-

tal have been calculated using the GGA + PBE approx-

imations. Based on the electron energy structure has 

been established that the smallest optical band gap is 

localized at the Г-point of the BZ and corresponds to 

direct optical transitions. The absolute value of the 

effective mass of the electron (~ 0.7m0) and hole 

(~ 1.4m0) was calculated based on the results of the 

electronic structure. The electron mobility and conduc-

tivity are higher than hole mobility and conductivity 

(|mh|/|me|  1) for the studied compound. Dispersion 

behaviors of electron energy level are discussed based 

on results of effective masses study. Based on this cal-

culation, the carrier concentration is calculated as a 

function of temperature. Also, the Seebeck coefficient is 

calculated as a function of carrier concentration and 

temperature for n- and p-type conductivity. The de-

crease of the Seebeck coefficient || is observed when 

the carrier concentration increases and increases with 

the temperature increase. Optimal value of the carrier 

concentration (1.75 1016 cm – 3) obtained by comparisons 

of the calculated values with known experimental re-

sults. The dependence of the electric conductivity, elec-

tron components of thermal conductivity and power 

factor as a function of temperature are obtained. Corre-

late analysis of the main thermoelectrically properties 

shows high coincide. As result, this method of calcula-

tion can be used for the ability to determine the elec-

tronic and thermoelectric characteristics of materials. 
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Table 4 – Thermoelectric properties of the -Ag8GeSe6 crystal at room temperature (300 K). Italic value was estimated from the 

figure 
 

n 1016, cm – 3 , cm2 V – 1 s – 1 , S m – 1 α, V K – 1 PF, W cm – 1 K2 κe, W m – 1 K – 1 Ref. 

1.75 3140 879 – 207 0.37 0.0065 This work 

1.15 4769 880 – 207 0.38 – [8] 

0.15 663.99 – – 200 – – [9] 
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Електронна структура та термоелектричні властивості кристала -Ag8GeSe6, розраховані 

за методом теорією функціоналу густини 
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-Ag8GeSe6 кристалізується в ромбічній структурі (просторова група Pma21) при кімнатній темпе-

ратурі та досліджується в рамках теорії функціоналу густини. Теоретичні першопринципні розрахун-

ки електронної зонної структури, густини станів, коефіцієнта Зеєбека, коефіцієнта потужності, елект-

ропровідності та ефективної маси електрона та дірки кристала -Ag8GeSe6 оцінені за допомогою уза-

гальненого градієнтного наближення (GGA). Було використано функціонал Пердью–Берка–

Ернзерхофа (PBE). Ефективна маса електронів і дірок була розрахована на основі електронної зонної 

структури. Вивчаються та обговорюються коефіцієнт Зеєбека, коефіцієнт потужності та електропро-

відність як функціональна температура. Усі отримані значення при кімнатній температурі порівню-

ються з відомими експериментальними результатами. 
 

Ключові слова: Теорія функціоналу густини, Електронна зона, Ефективна маса, Густина стану,  

Коефіцієнт Зеєбека, Коефіцієнт потужності. 
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