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In the study, band structure calculation in the points of high symmetry of the first Brillouin zone and alongside 

the lines that connect them has been derived by using CASTEP programs in which the pseudopotential method 

with the basis in the form of plane-waves is realized. The calculated value of the lattice parameters using GGA 

functional is well correlated with experimental data. According to the band diagram that was built for the Ag3AsS3 

crystal using GGA method, band gap has an indirect type. The calculated value of the band gap is 𝐸𝑔 = 1.22 еV. 

The experimental value of the band gap obtained by Tauc’s method is 𝐸𝑔
𝑖𝑛𝑑 = 2.01 еV,  𝐸𝑔

𝑑𝑖𝑟 = 2.17 еV. Full and 

partial density of N(E) states for contributions of separate atoms has been calculated. As a result, the top of the 

valence band is formed by 3p-states of S atoms and the bottom of the conduction band is formed by 5s-states of Ag 

atoms and 3p-states of S atoms. 
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Introduction 

The Ag3AsS3 (proustite) crystals are interesting due to 

their physical properties and potential of technical 

application [1–5]. They have been investigating as 

prospective materials for electronics because they are 

piezoelectrics, pyroelectrics, as well as thermal and 

photosensetive semiconductors. The Ag3AsS3 crystal is 

characterized by a dark conductivity of hole mechanism 

and high resistivity [6-9]. According to the requirements 

that are for non-linear optical materials in IR region, 

Ag3AsS3is an acentric single crystal with large non-linear-

optical coefficients d31 = 10.4 pm/V, that is approximately 

1.1 times larger than a commercially used AGS 

(d31 = 30  times d36 in KDP, d22 = 50 times d36 in KDP), 

high refractive index (~3.0), large negative birefringence 

in the IR region of the spectrum and high transparency in 

a wide range (0.6-13μm except a strong absorption band 

at 1600 cm–1) [3-5]. 

In order to understand all processes and phenomena 

better, we need to have more information at crystal 

structure of materials and their change under the influence 

of external fields. The considerable importance has data 

about electronic band structure with which certain 

properties can be associated. This study is devoted to the 

band structure calculation of the Ag3AsS3 crystals by ab 

initio methods.  

I. Calculation method 

The calculations have been carried out by using 

Cambridge Serial Total Energy Package (CASTEP) 

program [10] based on the density functional theory 

(DFT) [11]. The program implements the pseudopotential 

method with a basis in the form of plane-waves. All 

electrons of atoms were divided to the two groups: valence 

electrons (determine the main properties) and core 

electrons (inert). Ag 4d10 5s1, S 3s2 3p4, As 4s2 4p3 

electronic configurations have been used as valence 

electrons. The core electrons together with nuclear charge 

were counted in pseudopotential. The ultrasoft Vanderbilt 
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pseudopotential [12] was used in the calculations which, 

in comparison with the norm-conserving pseudo potential, 

require a smaller number of plane-waves (smaller basis). 

The exchange-correlation interaction was considered as a 

generalized gradient approximation (GGA) in the form of 

Perdew-Burke-Ernzerhoff (PBE) parametrization [13]. 

The cut-off energy of plane waves was chosen to be equal 

to 350 eV. Integration was carried out on a 3×3×3 k-mesh 

chosen according to the Monkhorst-Pack scheme [14]. 

The Kohn-Sham equation was solved self-consistently. 

This procedure was carried out until the energy difference 

of the system in successive steps reached a value of 24 ×
10−7 eV. For optimization of the crystal structure 

Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm 

was used [15]. The structure was optimized until the forces 

acting on each ion were greater than 0.02 eV/Å and the 

total energy of the system coincided with an accuracy of 

5×10–6 eV/atom, the maximum pressure was 0.02 GPa, 

and the maximum ion displacement was 5.0×10–4 Å. 

Band structure calculations were performed for the 

high-symmetry points of the first Brillouin zone and along 

the lines connecting them. For the Ag3AsS3 crystal, the 

band structure calculations have been performed along the 

Brillouin zone in the direction 

Г→A→H→K→Г→M→L→H. 

II.  Results and discussion 

2.1. Crystal structure 

The unit cell of the pure Ag3AsS3 crystal consists of 

42 ions that are formed by three types of atoms. The 

crystal belongs to the trigonal symmetry (hexagonal 

scalenohedral -3m crystal class) and has a space group 𝐶3𝑣
6  

(space group No.161) [16]. 

The structural parameters of investigating compound 

are presented in Table 1 and 2. As can be seen from Table 

1, calculated (by using GGA functional method) and 

measured values [16] for the lattice parameters correlate 

well. The general view of the unit cell is presented in 

Fig. 1.  

2.2. Electronic band structure of the Ag3AsS3 

crystal 

Band structure calculation that determines certain 

properties of material have been carried out by using the 

GGA method. Band diagram E(k) was built along the 

directions that connect the special points of the first 

Brillouin zone (Г→A→H→K→Г→M→L→H). The 

view of the first Brillouin zone of the investigating crystal 

is presented in Fig.2.  

Band diagram that was built for the Ag3AsS3 crystal is 

presented in Fig.3 (a). As can be seen in Fig.3 (a), the 

Ag3AsS3 crystal has an indirect band gap.  

The top of the valence band is located in the center of 

Brillouin zone (point Г(0; 0; 0)). The bottom of the 

conduction band is formed by two broad sub bands (0 –  –

6 еV and 1.2 – 8 еV). The lower levels of the valence band 

formed by narrow sub bands nearby 10, 13 and 14.5 еV. 

Previously the electronic band structure of the Ag3AsS3 

crystal had been calculated within the tight-binding 

method with the correction with experimental data [17]. 

The general view of E(k) in the work [17] depicts 

peculiarities of the band diagram that we calculated using 

DFT. The calculated value of the band gap using GGA 

method is Eg = 1.22 еV. At the same time, the 

experimental value of the band gap calculated by Tauc’s 

method (Fig.4) is 
ind

gE = 2.01 еV and
dir

gE = 2.17 еV. 

These results are consistent with the works [1, 18]. 
 

Table 1.  
The experimental structure parameters of theAg3AsS3 

crystal and theoretically calculated ones (optimized with 

GGA functional). 

Parameter GGA Exp.[16] 

a = b(Å) 10.783 10.813 

c (Å) 9.456 8.691 

α (о) 90 90 

β(о) 90 90 

γ (о) 120 120 

V (Å3) 952.297 880.199 
 

Table 2.  

Fractional atomic coordinates of the Ag3AsS3 crystal 

given in the work [16]. 

Аtom Site x/a y/b z/c 

Ag 18b 0.2483 0.2980 0.2194 

As 6a 0 0 0 

S 18b 0.2129 0.0926 0.3743 

 
Fig.1. The projection of the unit cell of the Ag3AsS3 

crystal on the xy plane. 

 
Fig.2. The view of the first Brillouin zone of the Ag3AsS3 

investigating crystal: Г(0;0;0); A(0;0;1/2); H(–0.333; 

0.667; 0); K(–0.333; 0.667; 0); Г(0; 0; 0); M(0;1/2; 0); 

L(0; 1/2; 1/2); H(–0.333; 0.667; 1/2) – points of high 

symmetry, g1, g2, and g3 – directions of axes in the 

reciprocal lattice. 
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For detailed study of origin of energy levels, we 

calculated total and partial density of states (PDOS) N(E) 

for contributions of individual atoms (Fig.3(b)). As can 

been seen in Fig.3(b), the top of the valence band is 

formed by 3-рstates of S atoms. They together with 4р-

states of As atoms form the broad band from 0 to –6 еV. 

The intensive peak around –5 еV corresponds to 4d-states. 

The valence states around –10 еV are formed by core As 

4s-electrons. At energy –13 еV the localized level is 

formed by 3s-states of sulfur with a minor contribution of 

As 4p-electrons. At energy –14.5 еV the narrow peak is 

formed by 3s and 4s-states of As and S, respectively. The 

bottom of conduction band is formed by 5s-states of Ag 

and 3p-states of S. It worth noting that the origin of 

electronic levels that create a band gap is correlated to the 

results obtained in the work [17]. 

 

 
Fig. 4. Spectral dependence of the absorption coefficient 

of Ag3AsS3. 

 

2.3. Optical properties 

The results of band structure calculation may be used 

for an analysis of optical properties of materials. It is well-

known that optical properties of materials are determined 

with dielectric function ε that depends on frequency ε(ω) 

(energy). The function is complex and consist of real ε1(ω) 

and imaginary ε2(ω) parts. For the Ag3AsS3 crystal optical 

properties are obtained from the frequency dependence of 

the complex dielectric function ε(ω) = ε1(ω) + iε2(ω), 

where i = √−1. It is also known that the real part of 

dielectric function explains refractive properties and is 

related to the refractive index.  The imaginary part ε2(ω) 

explains processes of light absorption in the material and 

associated with transitions of electrons to higher energy 

levels during light absorption [19]. The frequency 

dependence of the imaginary part of the dielectric function 

ε2(ω) is calculated using equation (1) by integrating in k-

space the elements of the dipole matrix operator between 

the filled states in the valence band and the empty states 

of the conducting band levels 

 

𝜀2(𝜔) =
2𝜋𝑒2

𝛺𝜀0
∑ |⟨𝜓𝑘

𝑐 |𝑢𝒓|𝜓𝑘
𝑣⟩|2𝛿(𝐸𝑘

𝑐 − 𝐸𝑘
𝑣 − 𝐸)𝑘,𝑣,𝑐 , (1) 

 

where E is energy; u the vector of polarization of incident 

beam;  𝜓𝑘
𝑐

 and 𝜓𝑘
𝑣

 are a wave functions of the conduction 

band and valence band in k-space, respectively; Ω is 

volume of a unit cell; e is the electron charge; ε0 the 

dielectric constant for vacuum; r is electron position 

operator. 

The real 𝜀1(𝜔) can be obtained from an imaginary 

dielectric function. For this, the well-known Kamers-

Kronig relation is used. The relation connects the spectral 

dependence of the real and imaginary parts of the 

dielectric function [20]:  

 

 𝜀1(𝜔) = 1 +
2

𝜋
∫

𝜀2(𝜔′)𝜔′ 𝑑𝜔′

𝜔′2−𝜔2

∞

0
.  (2) 

 

The spectrum of the real ε1(ω) and imaginary ε2(ω) 

parts was calculated using GGA functional. The frequency 

dependence of ε1 and ε2 calculated for the light wave 

polarization directions E||Z and E⟂Z are shown in Fig.5. 

As shown in figure, the dielectric function is characterized 
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Fig.3. The electronic structure (a) and density of states (b) of the Ag3AsS3 crystal obtained with using GGA 

functional. 
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by significant anisotropy, which is determined by the 

difference in the positions of the bands and their 

intensities. Also, for the comparison of dielectric function 

Fig.5 contain its experimentally obtained real and 

imaginary part reported in [17].  The theoretical dielectric 

functions are consistent with the experimental. 

Insignificant deviations can be related to not taking into 

account indirect transitions. According to group 

theoretical analysis performed within the dipole 

approximation [21] the allowed inter band transitions in 

the center of first Brillouin zone between electronic states 

(without spin consideration) are following:Г1 → Г3, Г3 → 

Г1, Г2 → Г3, Г3 → Г2– for Е⟂Z, and Г1 → Г1, Г2 → Г2, Г3 

→ Г3 – for E||Z. As expected, the dielectric function for 

Е⟂Z polarization of light the is more instance than for E||Z 

polarization. This is confirmed by the larger amount of 

allowed transitions in Г point. 

From spectral dependence of real and imaginary parts 

of dielectric functions we can obtain other optical 

properties also, for instance, a refractive index n(ω), the 

coefficient of extinction k(ω) which are related to each 

other as follows N = n + ik. 

In the work, n and k are calculated using following 

formulas [22]: 

 

 𝑛 = √(𝜀1
2+𝜀2

2)
1/2

+𝜀1

2
,     𝑘 = √(𝜀1

2+𝜀2
2)

1/2
−𝜀1

2
.  (3) 

 

Frequency dependence of refractive index ni and the 

extinction coefficient ki of the Ag3AsS3 crystal is presented 

in Fig.6.  

Other parameter that is related to the dielectric 

function is the absorption coefficient of material α. It is 

obtained from expression:  

 

 𝛼 =
2𝑘𝜔

𝑐
,  (4) 

 

and it indicates the part of lost energy loss due to the 

passage of the wave through the material. 

It can be seen from the figure that the calculated 

dependence of the absorption coefficient of the crystal is 

characterized by an increase in α with increasing photon 

energy, reaching a maximum at an energy of 

approximately 8.5 eV, followed by a rapid decrease. Also, 

it is worth noting that the studied crystal has a large value 

of the absorption coefficient α, which lies within the range 

of 1-3 ×105 cm–1. A similar high value was previously 

obtained for other crystals of group I-III-VI2, which is also 

of the order of 105 cm–1 [23,24]. 
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Fig.5. The spectral dependence of the real and imaginary parts of the dielectric function are calculated using the 

GGA functional for the directions of light polarization (а) E⟂Z and (b) E||Z (experimental data taken from work 

[16]). 

 

0 2 4 6 8 10 12 14 16 18 20
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

 

 

n
, 
k

Energy, eV

 n
x

 k
x

 n
z

 k
z

 
0 2 4 6 8 10 12 14 16 18 20 22 24

0,0

5,0x10
4

1,0x10
5

1,5x10
5

2,0x10
5

2,5x10
5

3,0x10
5

 

 

A
b

s
o

rp
ti
o

n
, 
a

.u
.

Energy, eV

 
x

 
z

 
Fig.6. Spectral dependence of the refractive index n 

and the extinction coefficient k of the Ag3AsS3 

crystal calculated using the GGA functional. 

Fig.7. Spectral dependence of absorption coefficient α of 

the Ag3AsS3 crystal for directions E⟂Z and E||Z 

calculated using the GGA functional. 
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Conclusions 

In the study, the band structure calculation in the 

points of high symmetry of the first Brillouin zone and 

along the lines connecting them have been prepared using 

CASTEP program based on pseudo potential method with 

basis in the form of plane waves. The calculated and 

measured parameters of the lattice are correlated well. 

According to the band structure of the Ag3AsS3 crystal that 

was built using GGA functional method, the band gap is 

indirect. The calculated value of band gap is Eg = 1.22 еV. 

The experimental value of band gap estimated by Tauc’s 

method is 𝐸𝑔
𝑖𝑛𝑑=2.01 еV and 𝐸𝑔

𝑑𝑖𝑟=2.17 еV, respectively. 

The full and partial density of states N(E) for contributions 

of individual atoms have been calculated. As a result, the 

top of the valence band formed by 3р-states of S and the 

bottom of the conduction band formed by 5s-states of 

silver and 3p-states of sulfur. A spectral dependences of 

the optical function has been calculated. Shown a good 

agreement with the experimental data. 
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У роботі проведено розрахунок зонної структури у точках високої симетрії першої зони Бріллюена і 

вздовж ліній, що їх з’єднують за допомогою програми CASTEP в якій реалізований псевдо потенціальний 

метод з базисом у вигляді плоских хвиль. Розраховані значення параметрів ґратки з використанням GGA 

функціоналів добре узгоджуються з експериментальними даними. Згідно зонної діаграми, побудованої 

використовуючи GGA метод для кристала Ag3AsS3, заборонена зона є непрямрого типу. Розраховане нами 

значення ширини забороненої зони становить 𝐸𝑔= 1,22 еВ. Експериментальне значення ширини 

забороненої зони оціненої методом Тауца становить 𝐸𝑔
𝑖𝑛𝑑 = 2,01 еВ, 𝐸𝑔

𝑑𝑖𝑟= 2,17 еВ.  

Розраховано повну та парціальну густини станів N(E) для внесків окремих атомів встановлено, що 

вершина валентної зони утворена 3р-станами сірки, а дно зони провідності утворене 5s-станами срібла та 

3p-станами сірки. 

Ключові слова: Ag3AsS3, зонна структура, теорія функціонала густини, оптичні спектри. 
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