
Ag-S 
S-Sn 

Sulfide," J. Chem. Phys., 50(6), 2344-2350 (1969). (Thermo) 
70Cla: J.B. Clark and E. Rapoport, "Effect of Pressure on Solid- 

Solid Transitions in Some Silver and Cuprous Chalcogenides," 
d. Phys. Chem. Solids, 31,247-254 (1970). (Equi Diagram, 
Pressure) 

71Rau: E. Raub and E. Roschel, "Solubility of Sulfur, Selenium, 
and Tellurium in Solid Silver," Metall, 25(1), 7-10 (1971) in 
German. (Equi Diagram) 

71Tho: W.T. Thompson and S.N. Flengas, "Drop Calorimetric 
Measurements on Some Chlorides, Sulfides, and Binary 
Melts," Can. J. Chem., 49, 1550-1563 (1971). (Thermo) 

74Mil: K.C. Mills, Thermodynamic Data for Inorganic Sulfides, 
Selenides, and Tellurides, Butterworths, London (1974). 

*74Rau: H. Rau, "Defect Equilibria in Silver Sulphide," J. Phys. 
Chem. Solids, 35, 1553-1559 (1974). (Equi Diagram, Thermo; 
#) 

78Bonl :  G. Bonnecaze, A. Lichanot, and S. Gromb, "The Study 
of Electrogalvanic and Electronic Properties of Beta Silver 
Sulfide," J. Phys. Chem. Solids, 39,299-310 (1978) in French. 
(Equi Diagram, Thermo) 

78Bon2: G. Bonnecaze, A. Lichanot, and S. Gromb, "The Study 
of Electronic and Electrogalvanic Properties of sAg Sulfide," 

J. Phys. Chem. Solids, 39,813-821 (1978) in French. (Equi Di- 
agram, Thermo) 

78Fue: K. Fueki, K. Ota, and K. Kishio, "Solubility and Diffu- 
sion Coefficient of Sulfur in Silver," Bull. Chem. Soc. Jpn., 
5l (10), 3067-3068 (1978). (Equi Diagram) 

79Dit:  A.V. Ditman and I.N. Kulikova, "Investigation of the 
Dissociation of Solid and Fused Silver Sulfide by the Dew 
Point Method," Zh. Fiz. Khim., 53(1), 260-261 (1979) in Rus- 
sian; TR: Russ. J. Phys. Chem., 53(1), 149 (1979). (Equi Dia- 
gram, Thermo) 

80Mit: K. Mitteilung, "State Diagram of Ag-S in the Region of 
the Compound Ag 2 - ~S," Z. Phys. Chem. Neue Folge (Wies- 
baden), 119,251-255 (1980) in German. (Equi Diagram) 

*81Fuk: N. Fukatsu and Z. Kozuka, "Measurement of the Ther- 
modynamic Quant i t ies  for the Ag-S System by the emf 
Method," J. Jpn. Inst. Met., 45(12), 1263-1270 (1981) in 
Japanese. (Equi Diagram, Thermo) 

*Indicates key paper. 
#Indicates presence of a phase diagram. 
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The S-Sn (Sulfur-Tin) System 
32.06 118.69 

By R.C. Sharma and Y.A. Chang 
University of Wisconsin 

Equilibrium Diagram 

Three  i n t e r m e d i a t e  phases,  SnS, Sn2S3, and  SnS2, are 
formed in  the Sn-S system. SnS and SnS2 mel t  congru- 
ently, whereas Sn2S3 melts  peritectically to a l iquid and 
SnS2. There are two l iquid  miscibi l i ty  gaps, one in  the 
Sn-SnS region, and one in  the SnS2-S region. The three 
eutect ics  are in  the  Sn- r ich  corner ,  be tween  SnS and  
SnzS3, and in  the S-rich corner. All  three  i n t e rmed ia t e  

phases  undergo  severa l  phase  t r a n s f o r m a t i o n s  in  the  
solid state. Figure  1 gives the assessed Sn-S phase dia- 
gram, and  Fig. 2 gives the  Sn-S sys tem from 45 to 75 
at.% S, showing the t ransformat ions  in  the in termediate  
phases in more detail. 

L i q u i d u s .  The mel t ing  points  of Sn and S are 231.9681 
and 115.22 ~ respectively [Melt]. The Sn-S l iquidus was 
d e t e r m i n e d  by [06Pel ] ,  [09Bi l l ,  [43And] ,  [ 6 1 A l b l ] ,  

Table 1 Invariant Reactions in the Sn-S System 
Compositions 

F -  of the respective phases.--- I Temperature, Reaction 
Reaction at.% S ~ type Reference 

L1 ~ (Sn) + ~SnS . . . . . . . . . . . . . . . . . . . . . .  �9 . . . . .  50 -231 Eutectic [Assessed] 
L2 ~ L1 +/3SnS . . . . . . . . . . . . . . . . . . . . . . .  -48 -7.5 50 858 Monotectic [43And] 

. . . . . .  50 860 [61Albl, 69Moh] 
-48 ... 50 855 [66Karl 
-48 -7.5 50 860 [Assessed] 

L2 ~/3SnS + ySn2S3 . . . . . . . . . . . . . . . . . . .  55 50 60 740 [61Albl] 
55 50 57(a) 705 [66Karl 
55.6 >50 <60 738 [69Moh, Assessed] 

L2 + flSnS2 ~ 8Sn2S3 . . . . . . . . . . . . . . . . . . .  -59  66.67 60 745 [66Karl 
-56.5 66.67 60 760 [69Moh] 

56.5 66.67 60 760 [Assessed] 
L2~-flSnS2 + L3 . . . . . . . . . . . . . . . . . . . . . . .  -70 66.67 -98 841 [69Moh, Assessed] 
L3 ~ aSnS2 + (/3S) . . . . . . . . . . . . . . . . . . . . .  <~100 66.67 <100 112 [69Moh, Assessed] 

Eutectic 

Peritectic 

Monotectic 
Eutectic 

(a) [66Karl found Sn3S4 to be a stable phase in the Sn-S system and suggested a eutectic reaction, L2 ~ SnS + Sn3S4 (also see text). 
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Fig. 1 Assessed Sn-S Phase Diagram 
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Fig. 2 Sn-S Phase Diagram Between 45 and 75 at.% S 
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Table 2 Sn-S Crystal Structure Data 
Homogeneity, Pearson S p a c e  S t r u k t u r b e r i c h t  

Phase at .% S symbol group designation Prototype Reference 

flSn . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 t I4  fA ~ _ A 5  /3Sn [Pearson2] 
aSnS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 o P 8  P n m a  B16 GeS [Pearson2] 
aSn2S3 . . . . . . . . . . . . . . . . . . . . . . . . . .  60 o P 2 0  P n a m  . . . . . .  [Pearson2] 
aSnS2 . . . . . . . . . . . . . . . . . . . . . . . . . . .  66.67 hP3 P 3 m l  C 6  CdI2 [Pearson2] 
flS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 100 mP48 P 2 1 / a  . . . . . .  lPearson2] 
aS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 100 oP128 F d d d  . . . . . .  [Pearson2] 
Metastable phases 
SnS (thin film) . . . . . . . . . . . . . . . . . . .  50 c F 8  F 4 3 m  B 3  ZnS (sphalerite) [Pearson2] 
SnaS4 . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 7 . 1 4  Tetragonal . . . . . . . . .  [57Bok, 66Karl 

Table 3 Sn-S Lattice Parameter Data 
C o m p o s i t i o n ,  I L a t t i c e  p a r a m e t e r s ,  n m .  I 

Phase at .% S a b c Reference 

• 8 n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

a S n S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 0  
a S n 2 S 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 0  

aSnS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66.67 

/~S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  lOO 
c~S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 0  

Metastable phases 
SnS (thin film) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 
Sn3S4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57.14 

(a) B = 83~ 16'. 

0.58315 --. 0 .31814  [Pearson2] 
1.120 0.399 0.434 [Pearson2] 
0.8864 1.4020 0.3747 [62Moo, Pearson2] 
0.8881 4.2145 0.3762 [66Karl 
0.3639 "" 0.5868 [28Oft] 
0.3646 ... 0.5880 [Pearson2] 
1.092 1.098 1 .104(a)  [Pearson2] 
1.0465 1.2866 2.4486 [Pearson2] 

0 . 5 4 4 5  . . . . . .  [Pearson2] 
0.7553 ... 0.8383 [57Bok] 

[66Karl, and [69Moh]. [43And] also determined the liq- 
uid miscibility gap in the Sn-SnS region. The data are 
shown in Fig. 1. 

Invariant Reactions.  Data  for the invar iant  reactions, 
along with the assessed values, are given in Table 1. 

SnS, Sn2S3, and SnS~ Phases .  SnS exists in two allo- 
tropic forms. The low-tempera ture  form, aSnS, t rans-  
forms to the high tempera ture  form, flSnS at - 6 0 2  ~ 
[58Orr, 66Kar,  69Moh]. aSnS is essent ia l ly  stoichio- 
metric, whereas/3SnS can dissolve excess S. It  has a max- 
i m u m  S con t en t  of 50.5 a t .% S a t  a b o u t  700 ~ in 
equi l ibr ium with Sn2S3 [69Moh]. flSnS mel ts  congru- 
ently,  and its me l t ing  point  was repor ted  as: 880 ~ 
[06Pel, 09Pel], 870 ~ [08Bill, 882 ~ [09Bill, 880 ~ 
[58Orr], 881.5 ~ [61Albl], 875 ~ [66Karl, and 880 ~ 
[69Moh]. The mel t ing  point of flSnS as 880 ~ is pre- 
ferred. 

[69Moh] found four forms of Sn2S~ between room temper- 
ature and its peritectic melt ing point. These are desig- 
nated a, fl, T, and 8Sn2S3 in Fig. 2. The low-temperature 
form, aSn2S3, is essentially stoichiometric, whereas the 
high-temperature forms,/3, T, and ~Sn2S3, were found to 
dissolve some S as well as Sn [69Moh]. The peritectic 
me l t ing  t e m p e r a t u r e  of Sn2S3 is g iven as 745 ~ by 
[66Karl and 760 ~ by [69Moh]. A peritectic temperature 
of 760 ~ is preferred. 

According to [69Moh], the SnS2 phase exists in two al- 
lotropic forms, aSnS2 (low-temperature form) and/~SnS2 
( h i g h - t e m p e r a t u r e  form),  aSnS2 is e s sen t i a l l y  stoi- 
chiometric, whereas  flSnS2 is sl ightly Sn-rich at  high 
temperatures, flSnS2 melts congruently at 870 ~ accord- 

ing to [61Albl], and at 865 ~ according to [69Moh]. The 
melting point of 865 ~ is preferred. 

Figure 2 gives the phase relationships and transforma- 
tion temperatures for the different forms of the interme- 
diate phases in the Sn-S system [69Moh]. 

Apart  from the three intermediate  phases, SnS, Sn2S3, 
and SnS2, [37Ger] obta ined Sn4S5 as an in te rmedia te  
product during the thermal decomposition of $nS2 (SnSz 

Sn2S3 ---> Sn4S5 ~ SnS),  and  [57Bok] ,  [ 61Alb l ] ,  
[66Karl, and [67Karl reported the existence of Sn3S4. 
[71Bar], from their  Mfssbauer  effect studies, concluded 
that only SnS and SnS2 are formed. [69Moh], in their ex- 
tensive investigation of the Sn-S system by X-ray diffrac- 
t ion,  op t i ca l  mic roscopy ,  and  d i f f e r e n t i a l  t h e r m a l  
analysis, found SnS, Sn2S3, and SnS2 to be the only stable 
intermediate phases. Based on the work of [69Moh], SnS, 
Sn2S3, and SnS2 are assessed as the stable intermediate 
phases in the Sn-S system; however, Sn4S5 and Sn3S4 may 
exist as metastable phases. 

Solid Solubilities. The mutual  solid solubilities of Sn and 
S are negligible and have not been de termined  accu- 
rately. S in the solid state exists in two allotropic forms. 
aS is stable up to 95.5 ~ where it transforms to ~S. flS 
melts at  115.22 ~ The presence of Sn in S lowers the 
melting point of flS, as well as the flS ~ aS transit ion 
temperature  [69Moh] (see inser t  in Fig. 1). flSn trans-  
forms to aSn at 13 ~ 

Crystal Structures and Lattice Parameters 

Crystal structures and lattice parameters  for the phases 
in the Sn-S system are given in Tables 2 and 3, respec- 
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tively. In addition, [61Alb1] l isted powder diffraction 
data for Sn2S3 and Sn3S4 from the literature, and [69Moh] 
reported powder diffraction da ta  for the various high- 
temperature modifications of SnS, Sn2S3, and SnS2. 

Thermodynamics 
Liquid Alloys. [61Che] measured  the PH2s/PH2 rat io in 
equilibrium with dilute solutions of S in liquid Sn in the 
temperature  range 500 to 700 ~ They expressed their  
results as: 

k '  - PH2S 
PH2 • at.%S (Eq 1) 

where PH2S and PH2 a r e  the par t ia l  pressures of H2S(g) 
and H2(g) in the gas, respectively, in equilibrium with 
the liquid solution. They obtained: 

735 
log k '  - 1.461 (Eq 2) 

T 

where T is in K. 

SnS, Sn=S3, and SnS2 Phases. The Gibbs energy of for- 
m a t i o n  of SnS was  m e a s u r e d  by  [25Jel l ,  [39Kap] ,  
[51Sud], [55Ric], [65Rau], and [66Esp]. [74Mill assessed 
these data and suggested AfH~ 298 K) to be -108  
kJ/mol. [58Orr] and [74Bla] measured the heat content of 
SnS as a function of temperature.  [58Orr], based on their 
heat content measurements,  found the enthalpy of trans- 

Table 4 Thermodynamic Data for the 
SnS(cd) Phase 

1 
Sn(L) + ~ S2(g) ~c~ aSnS(cd) 

AG O = - 173170 + 92.222 T J/mol 
500 < T < 875 K 

aSnS(cd) ~=~ flSnS(cd) 
ht~H = 670 J/mol 
Ttr = 875 K 

Sn(L) + -~ S2(g) ~=~ flSnS(cd) 

AG O = - 172 500 + 91.456 T J/mol 
875 < T < 1153 K 
fiSnS(cd) ~ SnS(L) 
hf~H = 31600J/mol 
Tf~ = 1153 K 

formation for the aSnS to BSnS transition to be 670 J/tool 
at 602 ~ and the enthalpy of fusion of flSnS to be 31.6 
kJ/mol at  880 ~ Table 4 summarizes  thermodynamic 
data for SnS. The Gibbs energy of formation for the SnS 
phase, given in Table 4, is obtained from hfH~ 298 
K) selected by [74Mil] and [G~ - H ~  values 
from [74Mill for the SnS phase, from [71Stu] for S and 
from [Hultgren, El for Sn. 

[70Gla2] measured the volume change during the melt- 
ing of SnS and [70Glal] determined the viscosity of SnS 
liquid. [61Alb2] investigated the electrical properties of 
the SnS phase. 

The Gibbs energy of formation of Sn2S3 was determined 
by [37Ger], [65Rau],  and [67Karl .  [65Rau] obta ined 
hfH~ 298 K) for the fo rma t ion  of Sn2S3 to be 
-297.5 kJ/mol; however, [74Mill assessed hfH~ 
298 K) to be -263.5 kJ/mol, from the data of [37Ger] and 
[67Karl. S~ 298 K) was estimated as 164 J/mol. K 
by [74Mill. 

The Gibbs energy of formation of SnS2 was determined 
by [37Ger] and [67Karl .  F rom these  m e a s u r e m e n t s ,  
[74Mil assessed AfH~ 298 K) for the formation SnS2 
as -153 .6  kJ/mol. S~ 298 K) for SnS2 is 87.5 J/  
mol. K [74Mill. 

[37Ger] and [67Karl also measured the dissociation pres- 
sure of metastable  Sn3S4. From these data, [74Mill ob- 
tained AfH~ 298 K) for the formation of Sn3S 4 a s  
-370 kJ/mol. S~ 298 K) for SnaS4 was estimated as 
243.5 J/mol. K by [74Mill. 

[74Mill listed [G~ - H~ values for SnS, Sn3S4, 
8n283, and SnS2.  

Vapor Pressure. SnS vaporizes with very little decompo- 
sition. The vapor  pressure of SnS(g) over SnS(cd) was 
measured by [52Hsi], [55Ric], [60Klu], [62Col], [65Rau], 
and [79Gall. All these data are summarized in Table 5, 
along with the assessed values. The assessed values are 
based on thermodynamic data selected by [74Mill. 

[62Col] reported the presence of Sn2S2(g) species, in addi- 
tion to SnS(g), on vaporization of SnS(cd). They obtained 
hrH~ 2 SnS,  g, 298 K) as 203.8 kJ /mol .  
S~ g, 298 K) = 314 J/mol. K was assumed. 
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