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Ternary chalcogenide compounds, in particular phases based on silver and antimony

sulfides, have attracted research attention because of their potential applications. Antimony

chalcogenides are semiconductor materials with photosensitive properties and are

therefore widely used in photoresistors, photocells, electron-beam devices, solar cells,

semiconductor sensitizers, micromechanical, and optical devices. In the study of the

Ag8SnS6–AgSbS2 system, the initial compounds (Ag8SnS6, AgSbS2) were first synthesized.

Elements of at least 99.99 wt.% purity were used in the synthesis. Synthesis involving a

volatile component (sulfur) was carried out using a visual-combined method. Alloys of

the AgSbS2–Ag8SnS6 system were synthesized from ligatures using the ampoule method

in a vertical furnace. The maximum temperature of alloy synthesis was 1200 K. The

synthesis lasted for 3.5 h with mechanical stirring and slow cooling. Annealing of the

AgSbS2–Ag8SnS6 alloys was carried out in evacuated, sealed quartz ampoules at

550–700 K for 380 h. The paper presents data on phase equilibria in the AgSbS2–Ag8SnS6

system. Based on the results of X-ray structural and microstructural analyses, differential

thermal analysis, and thermodynamic calculations, a phase diagram of the

AgSbS2–Ag8SnS6 section over a wide concentration range was constructed. It was found

that this is a quasi-binary section of the ternary system Ag2S–SnS2–Sb2S3. The

AgSbS2–Ag8SnS6 system is eutectic; the eutectic point corresponds to 38 mol.% Ag8SnS6

and 750 K. The homogeneity regions based on AgSbS2 and Ag8SnS6 were determined.

Solid solutions based on AgSbS2 are formed at room temperature (300 K) at 10 mol.%

Ag8SnS6, whereas solid solutions based on Ag8SnS6 are formed at 16 mol.% AgSbS2. Solid

solutions based on AgSbS2 crystallize in the monoclinic syngony, and those based on

Ag8SnS6 crystallize in the rhombic syngony.

Keywords: eutectic, solid solution, Ag2S–SnS2–Sb2S3, phase diagram, system, Gibbs free

energy.
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Introduction

Ternary chalcogenide compounds, in particular
phases based on silver and antimony sulfides, have
attracted the attention of researchers due to their
potential applications. Antimony chalcogenides are

semiconductor materials with photosensitive properties,
and therefore these compounds are widely used in
photoresistors, photocells, electron-beam devices, solar
cells, semiconductor sensitizers, micromechanical and
optical devices. The search for and acquisition of new
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functionally promising materials, especially the growth
of their high-purity single crystals, and the study of
the temperature-composition dependence of the
corresponding systems is of great importance from a
technological point of view [1–5].

The AgSbS2 compound occurs in nature as the
mineral miargyrite. This compound was obtained in
laboratory conditions during the study of the
Ag2S–Sb2S3 section [6]. According to [6], this section
is quasi-binary and forms two congruently melting
compounds Ag3SbS3 and AgSbS2. AgSbS2 crystallizes
in the monoclinic syngony with the following
parameters:1 a=12.861 Å , b=4.409 Å , c=13.282 Å ,
β=98.210. In study [7], AgSbS2 was synthesized using
microwave radiation. In study [4], the phase diagram
of Ag2SnS3–AgSbS2 was constructed, and the
boundaries of solid solutions based on ternary
compounds were determined.

Silver thiostannates (Ag8SnX6; X=S,Se) are
promising inorganic materials with functional
electrophysical properties. The literature contains
information on the study of the side systems that
make up the quasi-ternary system Ag2S–SnS2–Sb2S3.
In a study of the Ag2S–SnS2 system [8], it was
established that three compounds exist with the
following compositions: Ag8SnS6, Ag2SnS3 and
Ag2Sn2S5. The Ag8SnS6 compound melts congruently
at 1125 K and has two polymorphic forms. The
transition from high-temperature modification to high-
temperature modification occurs at a temperature of
444 K [9]. The low-temperature modification of
Ag8SnS6 has a rhombic structure (space group Pmn21)
with lattice parameters: a=15.298 Å , b=7.548 Å ,
c=10.699 Å  [10]. The high-temperature modification
of Ag8SnS6 exhibits a cubic structure (space group
F-43m, a=10.850 Å) [11]. Kitazawa et al. [12] also
studied the Ag2S–SnS2 systems. They determined that
the compounds of the compositions Ag4Sn3S8, Ag8SnS6

and Ag2SnS3 are formed in the systems.
There is no information on the phase

diagram of Ag8SnS6–AgSbS2 in the literature. The
aim of this study is to investigate the phase diagram
Ag8SnS6–AgSbS 2 of the four-component
Ag–Sn–Sb–S system and determine the boundaries
of solid solutions based on both components.

Experimental

When studying the Ag8SnS6–AgSbS2 system, the
initial compounds (Ag8SnS6 and AgSbS2) were first
synthesized. Elements of at least 99.99 wt.% purity
were used in the synthesis. Synthesis involving a
volatile component, in this case sulfur, was carried
out using a visual-combined method. Alloys of the
AgSbS2–Ag8SnS6 system were synthesized from

ligatures using the ampoule method in a vertical
furnace. The maximum temperature of alloy synthesis
was 1200 K. The synthesis lasted for 3.5 h using a
mechanical stirrer with slow cooling. Annealing of
the AgSbS2–Ag8SnS6 system alloys was carried out in
evacuated and sealed quartz ampoules at 550–700 K
for 380 h. The annealed samples were quenched in
cold water.

The interaction in the Ag8SnS6–AgSbS2 systems
was studied by differential thermal analysis (DTA),
X-ray phase analysis (XPA), microstructural analysis
(MSA), and density determination. XPA was
performed on a D2 PHASER model X-ray device
using CuKα radiation (Ni filter). DTA of the alloys
of the system was carried out in evacuated quartz
ampoules on a differential scanning calorimeter
NETZSCH 404 F1 Pegasus system and using
NETZSCH Proteus software. The accuracy of
temperature measurements was ±2Ê.

When studying the microstructure of the
alloys, an etchant of the composition
NH4NO3 (3–8 wt.%)+K2Cr2O7 (0.02–0.5 wt.%)+concentrated
H2SO4 was used, the etching time was 20 s. The
MSA of the alloys of the systems was studied using a
metallographic microscope MIM-8 on pre-etched
sections. The phase diagram of the AgSbS2–Ag8SnS6

system was constructed using experimental methods
of physicochemical analysis (DTA, MSA, X-ray
fluorescence, microhardness and density
measurements) with the use of thermodynamic
calculations.

Results and discussion

Experimental results
To study the phase equilibrium in the

AgSbS2–Ag8SnS6 system, 12 alloys of different
compositions were synthesized (Table 1).

Based on the results of physicochemical analysis
(XRD, DTA, MSA and density determination), a T
vs. composition phase diagram of the AgSbS2–Ag8SnS6

system was constructed (Fig. 1). The DTA results
showed that all thermograms of alloys of the system
with a composition of 30–70 mol.% Ag8SnS6 have
three endothermic effects except for those containing
38 mol.% Ag8SnS6, and four endothermic effects are
observed for alloys of 90 and 80 mol.% AgSbS2

(Table 1). The effects at 640 K correspond to the
phase transition β(AgSbS2)↔β′(AgSbS2).

As can be seen from Fig. 1, the phase diagram
of the AgSbS2–Ag8SnS6 system belongs to the eutectic
type with limited solubility of the initial components
in the solid state. At room temperature, the solubility
of a system based on AgSbS2 is 10 mol.% Ag8SnS6,
while the solubility of a system based on Ag8SnS6 is

1 Miargyrite AgSbS2. P. 2001-2005. Mineral Data Publishing, version 1. handbookof-mineralogy.org/pdfs/miargyrite.pdf.
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with the DTA data and confirm the existence of solid
solutions based on AgSbS2 and Ag8SnS6. According to
XRD data (Fig. 2), the diffraction lines of alloys
containing 0–10 mol.% Ag8SnS6 are identical to the
diffraction pattern of AgSbS2. The diffraction lines of
alloys with compositions of 10–84 mol.% Ag8SnS6

consist of a set of reflection lines of AgSbS2 and
Ag8SnS6 phases. The diffraction patterns of alloys from
the region of solid solutions of 84–100 mol.% Ag8SnS6

are identical to the diffraction pattern of Ag8SnS6.
The above alloys have solid solution structures.

To determine the boundaries of solid solutions
in the AgSbS2–Ag8SnS6 system, alloys of different
compositions on both sides were additionally
synthesized. The resulting alloys were annealed at
700 and 550 K for 170 h and then quenched
(Table 2).

Solid solutions based on AgSbS2 crystallize in
monoclinic syngony, while solid solutions based on
thiostannates (Ag8SnS6) crystallize in orthorhombic
syngony. As can be seen from Table 3, the
orthorhombic lattice parameters increase with an
increase in the AgSbS2 content.

Measurement of the density of alloys in the
AgSbS2–Ag8SnS6 system showed that the density varies
within the density range of AgSbS2 and Ag8SnS6

(Table 4).
As can be seen from Table 4, the microhardness

values of alloys rich in AgSbS2 and Ag8SnS6 increase
significantly from 1400 to 1570 MPa (β) and from
2710 to 2885 MPa (α), respectively, upon the
formation of solid solutions.

Table 1

Composition and DTA results of alloys of the

 AgSbS2–Ag8SnS6 system

Composition, 

mol.% AgSbS2 
Thermal effects, K 

100 785 

90 640; 660; 765; 780 

80 640; 645; 750; 775 

70 650; 750; 765 

62 750 (eutectic) 

60 640; 750; 770 

50 640; 750; 875 

40 640; 750; 935 

30 640; 750; 980 

20 805; 1020 

10 960; 080 

0.0 1155 

Fig. 1. Phase diagram of the AgSbS2–Ag8SnS6 system

16 mol.% AgSbS2. At the eutectic temperature, the
solubility reaches 15 and 25 mol.%, respectively. The
eutectic has a composition of 38 mol.% Ag8SnS6 and
crystallizes at a temperature of 750 K.

The study of the microstructure of samples of
the AgSbS2–Ag8SnS6 system showed that they are all
two-phase, with the exception of alloys near the initial
components (0–10 and 84–100 mol.% Ag8SnS6),
which are solid solutions. The results of XRD and
MSA of the alloys of the studied system are consistent

Fig. 2. XRD patterns of alloys of the AgSbS2–Ag8SnS6

system: 1 – Ag8SnS6; 2 – 85 mîl.% Ag8SnS6;

3 – 50 mîl.% Ag8SnS6; 4 – 10 mîl.% Ag8SnS6; 5 – AgSbS2
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Thermodynamic calculations
The boundaries of solid solutions based on

α(Ag8SnS6) and β(AgSbS2) were refined using the
temperature-concentration dependence of the Gibbs
free energy. The Ag8SnS6 and AgSbS2 compounds
differ significantly in composition and crystallographic
data. Therefore, for thermodynamic calculations, a
modified version of the regular solution model was
used, taking into account the dependence of the mixing
parameter on the composition [4,13]:

( ) ( ) ( )[ ]xxxxRTxaxG
nmmix

T
−−++−=∆ 1ln1ln1 . (1)

Here the first term represents the enthalpy of
mixing of solid solutions within the framework of the
asymmetric version of the regular solution model
(according to the model of strictly regular solutions
m=1; n=1), the second term represents the
configurational entropy of mixing of solid solutions.
The dependences of free energy of mixing of the
solid solutions of Ag8SnS6 and AgSbS2 are visualized
in Fig. 3, which allows clarifying the boundaries of
solid solutions in the Ag8SnS6–AgSbS2 system
(Fig. 1). The analytical dependences of the Gibbs

free energy of mixing on the composition for solid
solutions based on the compounds Ag8SnS6 and AgSbS2

are presented in the captions to Fig. 3. The calculations
were performed using the OriginLab program.

Conclusions

1. The phase diagram of the AgSbS2–Ag8SnS6

system was studied and constructed using
physicochemical analysis methods (XRD, DTA, and
MSA). It was found that the system is a quasi-binary
section of the Ag2S–SnS2–Sb2S3 ternary system and
belongs to the eutectic type.

2. The formation of solid solutions based on the
initial components was detected in the AgSbS2–Ag8SnS6

system. At room temperature, the solubility of a system
based on AgSbS2 is 10 mol.% Ag8SnS6, and the
solubility of a system based on Ag8SnS6 is 16 mol.%
AgSbS2.

3. Within the framework of the asymmetric
version of the regular solution model, the dependences
of the Gibbs free energy on temperature and
composition were determined, which made it possible
to clarify the boundaries of solid solutions based on
AgSbS2 and Ag8SnS6 compounds.

Table 3

Crystal lattice parameters of solid solutions based on Ag8SnS6 in the AgSbS2–Ag8SnS6 system

Table 2

Annealing of alloys of the AgSbS2–Ag8SnS6 system at temperatures of 550 and 700 K

Composition, 

mol.% AgSbS2 
Lattice parameters, A

0
 Pr.gr Syngony 

0.00 a=15.298; b=7.548; с=10.699 Pmn21 rhombic 

0.02 а=15.301; b=7.550; с=10.700 Pmn21 rhombic 

0.04 а=15.303; b=7.553; с=10.704 Pmn21 rhombic 

0.06 а=15.304; b=7.555;с=10.705 Pmn21 rhombic 

0.08 а=15.306; b=7.556; с=10.706 Pmn21 rhombic 

0.10 а=15.308; b=7.561; с=10.707 Pmn21 rhombic 

0.12 a=15.310; b=7.562; с=10.709 Pmn21 rhombic 

0.14 a=15.313; b=7.569; с=10.714 Pmn21 rhombic 

Composition, mol.% Composition, mol.% 
Phases Phases 

AgSbS2 Ag8SnS6 
550 К 700 К 

AgSbS2 Ag8SnS6 
550 К 700 К 

0.0 100 α α 18 82 β+α β+α 

2.0 98 α α 100 0,0 β β 

4.0 96 α α 98 2.0 β β 

6.0 94 α α 96 4.0 β β 

8.0 92 α α 94 6.0 β β 

10 90 α α 92 8.0 β β 

12 88 α α 90 10 β+α β 

14 86 β+α α 88 12 β+α β+α 

16 84 β+α α 
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Table 4

Microhardness and density of alloys of the

AgSbS2–Ag8SnS6 system

Fig. 3. Dependences of the free energy of formation of solid solutions in the Ag8SnS6 and AgSbS2 system (x is the mole fraction

of AgSbS2) on the temperature and composition:

1 – ( ) ( ) ( )x1lnx1500314.8xlnx500314.8xx133000G 7.12mix
T −−⋅⋅+⋅⋅+−⋅=∆ ;

2 – ( ) ( ) ( )x1lnx1640314.8xlnx640314.8xx133000G 7.12mix
T −−⋅⋅+⋅⋅+−⋅=∆ ;

 3 – ( ) ( ) ( )x1lnx1640314.8xlnx640314.8xx135000G 22mix
T −−⋅⋅+⋅⋅+−⋅=∆ ;

 4 – ( ) ( ) ( )x1lnx1750314.8xlnx750314.8xx133000G 1.28.1mix
T −−⋅⋅+⋅⋅+−⋅=∆

Composition, 

mol.% 

AgSbS2 

Microhardness, 

MPa 
Density, g/cm

3
 

100 1400 5.28 

90 1570 5.37 

80 1575 5.49 

70 1560 5.54 

62 1560 5.62 

60 not measured 5.64 

50 not measured 5.73 

40 2885 5.84 

30 2880 5.94 

20 2880 6.05 

10 2885 6.16 

0 2710 6.28 
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ÄÎÑË²ÄÆÅÍÍß ÔÀÇÈ ÇÌ²ÍÍÎÃÎ ÑÊËÀÄÓ
ÓÇÄÎÂÆ ÏÅÐÅÒÈÍÓ AgSbS

2
–Ag

8
SnS

6
 Ó ×ÅÒÂÅÐÒÍ²É

ÑÈÑÒÅÌ² Ag–Sn–Sb–S

Øàðàôàò Õ. Ìàììàäîâ, Àñèô Í. Ìàììàäîâ

Òðèêîìïîíåíòí³ õàëüêîãåí³äí³ ñïîëóêè, çîêðåìà ôàçè
íà îñíîâ³ ñóëüô³ä³â ñð³áëà òà ñóðìè, âèêëèêàëè ³íòåðåñ ó
äîñë³äíèê³â ÷åðåç ¿õí³ ïîòåíö³éí³ çàñòîñóâàííÿ. Ñóðìîâ³
õàëüêîãåí³äè º íàï³âïðîâ³äíèêîâèìè ìàòåð³àëàìè ç ôîòî-
÷óòëèâèìè âëàñòèâîñòÿìè, òîìó ö³ ñïîëóêè øèðîêî çàñòî-
ñîâóþòüñÿ ó ôîòîðåçèñòîðàõ, ôîòîåëåìåíòàõ, åëåêòðîííî-
ïðîìåíåâèõ ïðèëàäàõ, ñîíÿ÷íèõ åëåìåíòàõ, íàï³âïðîâ³ä-
íèêîâèõ ñåíñèòèçàòîðàõ, ì³êðîìåõàí³÷íèõ òà îïòè÷íèõ
ïðèñòðîÿõ. Ïðè âèâ÷åíí³ ñèñòåìè Ag8SnS6–AgSbS2 ñïî÷àò-
êó áóëî ñèíòåçîâàíî âèõ³äí³ ñïîëóêè (Ag8SnS6, AgSbS2). Äëÿ
ñèíòåçó âèêîðèñòîâóâàëè åëåìåíòè ÷èñòîòîþ íå ìåíøå
99,99 ìàñ.%. Ñèíòåç ³ç âèêîðèñòàííÿì ëåòêîãî êîìïîíåí-
òó (ñ³ðêè) ïðîâîäèëè â³çóàëüíî-êîìá³íîâàíèì ìåòîäîì.
Ñïëàâè ñèñòåìè Ag8SnS6–AgSbS2 îòðèìóâàëè ³ç ë³ãàòóð àì-
ïóëüíèì ìåòîäîì ó âåðòèêàëüí³é ïå÷³. Ìàêñèìàëüíà
òåìïåðàòóðà ñèíòåçó ñïëàâ³â ñòàíîâèëà 1200 Ê. Ñèíòåç òðè-
âàâ 3,5 ãîä ç ìåõàí³÷íèì ïåðåì³øóâàííÿì ³ ïîâ³ëüíèì îõî-
ëîäæåííÿì. Â³äïàë ñïëàâ³â ñèñòåìè Ag8SnS6–AgSbS2 ïðî-
âîäèëè ó âàêóóìîâàíèõ ³ çàïàÿíèõ êâàðöîâèõ àìïóëàõ ïðè
550–700 Ê ïðîòÿãîì 380 ãîä. Ó ðîáîò³ íàâåäåíî äàí³ ùîäî
ôàçîâî¿ ð³âíîâàãè â ñèñòåì³ AgSbS2–Ag8SnS6. Íà îñíîâ³ ðå-
çóëüòàò³â ðåíòãåíîñòðóêòóðíîãî òà ì³êðîñòðóêòóðíîãî
àíàë³ç³â, äèôåðåíö³éíîãî òåðì³÷íîãî àíàë³çó òà òåðìîäèíà-
ì³÷íèõ ðîçðàõóíê³â áóëî ïîáóäîâàíî ôàçîâó ä³àãðàìó ïå-
ðåòèíó AgSbS2–Ag8SnS6 ó øèðîêîìó êîíöåíòðàö³éíîìó
ä³àïàçîí³. Âñòàíîâëåíî, ùî öå êâàç³á³íàðíèé ïåðåð³ç òðè-
êîìïîíåíòíî¿ ñèñòåìè Ag2S–SnS2–Sb2S3. Ñèñòåìà
AgSbS2–Ag8SnS6 º åâòåêòè÷íîþ; êîîðäèíàòè åâòåêòèêè
â³äïîâ³äàþòü 38 ìîë.% Ag8SnS6 òà 750 Ê. Ó ñèñòåì³ âèçíà-
÷åíî ä³ëÿíêè ãîìîãåííîñò³, ùî áàçóþòüñÿ íà AgSbS2 òà
Ag8SnS6. Ïðè ê³ìíàòí³é òåìïåðàòóð³ (300 Ê) òâåðä³ ðîç÷èíè
íà îñíîâ³ AgSbS2 óòâîðþþòüñÿ ïðè 10 ìîë.% Ag8SnS6, òîä³
ÿê òâåðä³ ðîç÷èíè íà îñíîâ³ Ag8SnS6 óòâîðþþòüñÿ äî
16 ìîë.% AgSbS2. Òâåðä³ ðîç÷èíè íà îñíîâ³ AgSbS2 êðèñòà-
ë³çóþòüñÿ â ìîíîêë³íí³é ñèíãîí³¿, à ò³, ùî áàçóþòüñÿ íà
Ag8SnS6, – ó ðîìá³÷í³é ñèíãîí³¿.

Êëþ÷îâ³ ñëîâà: åâòåêòèêà; òâåðäèé ðîç÷èí;
Ag2S–SnS2–Sb2S3; ôàçîâà ä³àãðàìà; ñèñòåìà; â³ëüíà åíåðã³ÿ
Ã³ááñà.
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Ternary chalcogenide compounds, in particular phases based
on silver and antimony sulfides, have attracted research attention
because of their potential applications. Antimony chalcogenides
are semiconductor materials with photosensitive properties and
are therefore widely used in photoresistors, photocells, electron-
beam devices, solar cells, semiconductor sensitizers,
micromechanical, and optical devices. In the study of the Ag8SnS6–
AgSbS2 system, the initial compounds (Ag8SnS6, AgSbS2) were
first synthesized. Elements of at least 99.99 wt.% purity were
used in the synthesis. Synthesis involving a volatile component
(sulfur) was carried out using a visual-combined method. Alloys
of the AgSbS2–Ag8SnS6 system were synthesized from ligatures
using the ampoule method in a vertical furnace. The maximum
temperature of alloy synthesis was 1200 K. The synthesis lasted
for 3.5 h with mechanical stirring and slow cooling. Annealing of
the AgSbS2–Ag8SnS6 alloys was carried out in evacuated, sealed
quartz ampoules at 550–700 K for 380 h. The paper presents
data on phase equilibria in the AgSbS2–Ag8SnS6 system. Based
on the results of X-ray structural and microstructural analyses,
differential thermal analysis, and thermodynamic calculations, a
phase diagram of the AgSbS2–Ag8SnS6 section over a wide
concentration range was constructed. It was found that this is a
quasi-binary section of the ternary system Ag2S–SnS2–Sb2S3.
The AgSbS2–Ag8SnS6 system is eutectic; the eutectic point
corresponds to 38 mol.% Ag8SnS6 and 750 K. The homogeneity
regions based on AgSbS2 and Ag8SnS6 were determined. Solid
solutions based on AgSbS2 are formed at room temperature
(300 K) at 10 mol.% Ag8SnS6, whereas solid solutions based on
Ag8SnS6 are formed at 16 mol.% AgSbS2. Solid solutions based
on AgSbS2 crystallize in the monoclinic syngony, and those based
on Ag8SnS6 crystallize in the rhombic syngony.

Keywords: eutectic; solid solution; Ag2S–SnS2–Sb2S3; phase
diagram; system; Gibbs free energy.
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