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Lead and silver thiogallates are notable for their practical applications in nonlinear optical

devices, detectors, solar cells, photodiodes, and phosphors. This study aims to develop

materials with multifunctional properties and investigate the AgGaS2–PbGa2S4 system.

The initial sulfides, AgGaS2 and PbGa2S4, were synthesized from high-purity elements

sealed in evacuated quartz ampoules (0.133 Pa). Complex alloys of the AgGaS2–PbGa2S4

system were prepared at 1200–1350 K. Polycrystalline samples were annealed at 850 K

for 270 hours. Phase equilibria in the AgGaS2–PbGa2S4 system were analyzed using a

combination of physicochemical methods, including differential thermal analysis, powder

X-ray diffraction, microstructural analysis, microhardness, and density measurements,

and the phase diagram was constructed. The system was identified as a quasi-binary

section of the quasi-ternary Ag2S–Ga2S3–PbS system, belonging to the eutectic type.

The eutectic point was determined at 1100 K and 55 mol.% PbGa2S4. Solid solution

regions were identified based on the primary components. At room temperature, the

AgGaS2 solid solution region extends to 10 mol.% PbGa2S4, while the PbGa2S4 solid

solution region extends to 18 mol.% AgGaS2. At the eutectic temperature, these solubilities

increase to 20 and 25 mol.%, respectively. AgGaS2-based solid solutions crystallize in

chalcopyrite-type structures, while PbGa2S4-based solid solutions adopt orthorhombic

structures.
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Introduction
Crystals of silver and lead thiogallates have

recently aroused particular interest in the study of
systems containing sulfides with the formulae AIÂØÑ2

VI

and ÀÂ2Ñ4. First of all, this is due to the emerging
possibilities of their practical use in the manufacture
of nonlinear optical devices, detectors, solar cells,
photodiodes and phosphors [1–9]. The study of the
optical properties of PbGa2S4 lead thiogallate crystals
revealed that it is a promising material for
optoelectronics [10].

In the PbS–Ga2S3 system [11,12], compounds
of PbGa2S4 and Pb2Ga2S5 are formed. According to
ref. [11], both compounds are formed by a peritectic

reaction and melt with decomposition at temperatures
of 1203 and 1173 K, respectively. In contrast to ref.
[11], study [12] found that PbGa2S4 and Pb2Ga2S5

melt congruently at 1163 and 1033 K, respectively;
and in general, the PbS–Ga2S3 system behaves like
the Cu2S–Ga2S3 and SrS–Ga2S3 systems. According
to ref. [13], PbGa2S4 is a phase of variable composition.
The PbGa2S4 compound belongs to the EuGa2S4

structural type and crystallizes in the orthorhombic
system (a=20.44 Å , b=20.64 Å , c=12.09 Å ; space
group Fddd, z=32, ρ=4.94 g/cm3 [11]).

Study of the Ag2S–Ga2S3 system showed that
three compounds are formed in the system with the
compositions AgGaS2, Ag9GaS6 and Ag2Ga20S31.
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Ag2Ga20S31 is formed by a peritectic reaction at a
temperature of 1263 K, and the compounds AgGaS2

and Ag9GaS6 are congruent at 1270 K and 1063 K,
respectively. The compounds AgGaS2 and Ag9GaS6

crystallize in the chalcopyrite structural type:
a=5.7544 Å , c=10.299 Å ; space group I42d. The
Ag9GaS6 compound crystallizes into orthorhombic
systems with parameters a=10.777 Å , b=7.706 Å ,
c=7.605 Å .

The purpose of this research work was to obtain
materials with multifunctional properties and study
the AgGaS2–PbGa2S4 system.

Experimental

The alloys for studying the AgGaS2–PbGa2S4

system were prepared from master alloys in evacuated
quartz ampoules at a temperature of 1200–1350 K.
Pure elements were used as starting materials (Ag,
highly pure grade; Ga, Gl-000 grade; sulfur highly
pure grade; and Pb containing main substance no less
than 99.999%).

Polycrystalline samples were annealed at 850 K
for 270 hours. The pressed alloys of the
AgGaS2–PbGa2S4 system were studied by differential
thermal analysis (DTA), powder X-ray diffraction
(XRD), microstructural analysis (MSA microscope
MIM-7), measuring the density and microhardness
(PMT-3 device). DTA was performed using
NETZSCH 404 F1 Pegasus at room temperature to
approximately 1400 K, depending on the alloy
composition, at a heating rate of 10 K/min.
Temperature accuracy was ±2 K. Powder X-ray
diffraction data were examined on a Bruker D2 Phaser
diffractometer using CuKα1 radiation (λ=1.54056 Å).

Results and discussions

In order to study the nature of the interaction
in the AgGaS2–PbGa2S4 system, 12 alloys were
synthesized (Table).

The DTA results revealed two endothermic effects
in the thermograms of alloys containing 0–100%
PbGa2S4. Microstructural analysis data showed that
alloys similar in composition to the ternary compounds
AgGaS2 and PbGa2S4 (100–90 and 100–82 mol.%,
respectively) consist of one phase; with an increase in
the content of the second component, two-phase
regions are noted. In the subsolidus of the system, in
the concentration range of 10–82 mol.% PbGa2S4,
two phases (α+β) co-crystallize. The XRD results of
alloys of the AgGaS2–PbGa2S4 system are consistent
with the MSA and DTA data and confirm the
existence of solid solutions based on AgGaS2 and
PbGa2S4. Considering the results of DTA, MSA, XRF
and microhardness measurements, a state diagram of
the AgGaS2–PbGa2S4 system was constructed
(Fig. 1).

As can be seen from Fig. 1, the system is a
quasi-binary section of the quasi-ternary system
Ag2S–Ga2S3–PbS and belongs to the eutectic type.
The liquidus system consists of two branches of the
primary crystallization phase AgGaS2 and PbGa2S4

intersecting the eutectic point, characterizing non-
variant equilibrium

L→α(AgGaS2)+β(PbGa2S4).

The coordinates of the eutectic point are as
follows: 55 mol.% PbGa2S4 and T=1100 K. Based

Results of thermal and microstructural analysis of alloys in

the AgGaS2–PbGa2S4 system

Composition, 

mol.% 

AgGaS2 PbGa2S4 

Thermal 

effects, K 

Phase 

composition 

100 0 1270 α 

90 10 1180, 1245 α 

80 20 1115, 1205 α+β 

70 30 1100, 1175 α+β 

60 40 1100, 1145 α+β 

50 50 1100, 1125 α+β 

45 55 
1100 

(eutectic) 
α+β 

40 60 110, 1130 α+β 

30 70 1105, 1145 α+β 

18 82 1110, 1155 β 

10 90 1145, 1160 β 

0 100 1165 β 

Fig. 1. Phase diagram of the AgGaS2–PbGa2S4 system
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on the initial components, limited areas of solid
solutions are formed. The results of X-ray phase
analysis showed that the diffraction patterns of alloys
containing 0–10 mol.% PbGa2S4 and 0–18 mol.%
AgGaS2 are identical to the diffraction patterns of the
parent ternary compounds AgGaS2 and PbGa2S4,
respectively. They are substitutional solid solutions.
Based on the data obtained, the microhardness of the
alloys of the AgGaS2–PbGa2S4 system was measured
and a microhardness (Hµ) vs. composition diagram
was constructed (Fig. 2).

The graph shows that the microhardness values
of samples rich in AgGaS2 and PbGa2S4 increase
significantly from 3860 to 3990 MPa and from 2250
to 2400 MPa with the formation of solid solutions.

The densities of samples belonging to the

AgGaS2–PbGa2S4 system were measured and a density
vs. composition diagram was constructed (Fig. 3). It
showed that the density of the samples varies within
the density of the original sulfides (AgGaS2 and
PbGa2S4).

Conclusions

1. Using physical and chemical analysis methods
(DTA, XRF, and MSA), the T vs. x phase diagram
of the AgGaS2–PbGa2S4 system was constructed. It
was determined that the AgGaS2–PbGa2S4 system is
a quasi-binary cross-section of the quasi-ternary system
Ag2S–Ga2S3–PbS and belongs to the eutectic type.

2. In the AgGaS2–PbGa2S4 system, the
formation of solid solutions of the initial components
was revealed. The solubility based on AgGaS2 at room
temperature (300 K) is 10 mol.% PbGa2S4, and that
on the basis of PbGa2S4 is 18 mol.% AgGaS2.
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ÔÀÇÎÂÀ Ä²ÀÃÐÀÌÀ ÑÈÑÒÅÌÈ AgGaS
2
–PbGa

2
S

4

Ø.Ã. Ìàììàäîâ, Ã.Ð. Ãóðáàíîâ, Ð.À. ²ñìà¿ëîâà

Ò³îãàëëàòè ñâèíöþ òà ñð³áëà âèð³çíÿþòüñÿ øèðîêè-
ìè ìîæëèâîñòÿìè ïðàêòè÷íîãî çàñòîñóâàííÿ â íåë³í³éíèõ
îïòè÷íèõ ïðèñòðîÿõ, äåòåêòîðàõ, ñîíÿ÷íèõ áàòàðåÿõ, ôî-
òîä³îäàõ òà ëþì³íîôîðàõ. Ìåòîþ öüîãî äîñë³äæåííÿ º
ðîçðîáêà ìàòåð³àë³â ³ç áàãàòîôóíêö³îíàëüíèìè âëàñòè-
âîñòÿìè òà âèâ÷åííÿ ñèñòåìè AgGaS2–PbGa2S4. Âèõ³äí³
ñóëüô³äè AgGaS2 ³ PbGa2S4 áóëè ñèíòåçîâàí³ ç âèñîêî-
÷èñòèõ åëåìåíò³â ó êâàðöîâèõ àìïóëàõ, åâàêóéîâàíèõ äî
òèñêó 0,133 Ïà. Êîìïëåêñí³ ñïëàâè ñèñòåìè
AgGaS2–PbGa2S4 áóëè îäåðæàí³ çà òåìïåðàòóðè 1200–
1350 Ê. Ïîë³êðèñòàë³÷í³ çðàçêè â³äïàëþâàëè çà òåìïåðàòó-
ðè 850 Ê ïðîòÿãîì 270 ãîäèí. Ôàçîâ³ ð³âíîâàãè â ñèñòåì³
AgGaS2–PbGa2S4 áóëè äîñë³äæåí³ çà äîïîìîãîþ êîìïëåêñó
ô³çèêî-õ³ì³÷íèõ ìåòîä³â, âêëþ÷àþ÷è äèôåðåíö³àëüíèé  òåð-
ì³÷íèé àíàë³ç, ðåíòãåí³âñüêó ïîðîøêîâó äèôðàêö³þ, ì³êðî-
ñòðóêòóðíèé àíàë³ç, âèì³ðþâàííÿ ì³êðîòâåðäîñò³ òà ãóñòè-
íè, ùî äîçâîëèëî ïîáóäóâàòè ôàçîâó ä³àãðàìó. Áóëî âñòà-
íîâëåíî, ùî ñèñòåìà AgGaS2–PbGa2S4 º êâàç³á³íàðíèì ïå-
ðåð³çîì êâàç³-ïîòð³éíî¿ ñèñòåìè Ag2S–Ga2S3–PbS ³ íàëå-
æèòü äî åâòåêòè÷íîãî òèïó. Åâòåêòè÷íà òî÷êà ìàº êîîðäè-
íàòè: òåìïåðàòóðà 1100 Ê ³ âì³ñò 55 ìîë.% PbGa2S4. Ä³-
ëÿíêè òâåðäèõ ðîç÷èí³â ³äåíòèô³êîâàíî íà îñíîâ³ ïî÷àòêî-
âèõ êîìïîíåíò³â. Çà ê³ìíàòíî¿ òåìïåðàòóðè ä³ëÿíêà
òâåðäèõ ðîç÷èí³â íà îñíîâ³ AgGaS2 ðîçøèðþºòüñÿ äî
10 ìîë.% PbGa2S4, à íà îñíîâ³ PbGa2S4 – äî 18 ìîë.% AgGaS2.
Çà åâòåêòè÷íî¿ òåìïåðàòóðè ö³ ðîç÷èííîñò³ çðîñòàþòü äî 20
³ 25 ìîë.%, â³äïîâ³äíî. Òâåðä³ ðîç÷èíè íà îñíîâ³ AgGaS2

êðèñòàë³çóþòüñÿ â ñòðóêòóðàõ òèïó õàëüêîï³ðèòó, òîä³ ÿê
òâåðä³ ðîç÷èíè íà îñíîâ³ PbGa2S4 ìàþòü îðòîðîìá³÷íó
ñòðóêòóðó.

Êëþ÷îâ³ ñëîâà: PbS–Ga2S3–Ag2S; êâàç³á³íàðíà ñèñòåìà;
òâåðä³ ðîç÷èíè; AgGaS2; ïîòð³éíà ñèñòåìà; åâòåêòèêà.
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PbGa2S4 system. The initial sulfides, AgGaS2 and PbGa2S4, were
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were annealed at 850 K for 270 hours. Phase equilibria in the
AgGaS2–PbGa2S4 system were analyzed using a combination of
physicochemical methods, including differential thermal analysis,
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solution region extends to 10 mol.% PbGa2S4, while the PbGa2S4

solid solution region extends to 18 mol.% AgGaS2. At the eutectic
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