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Phase equilibria in the quasi-ternary systems HgS—Ga:S3—Bi(Sh)2Ss were studied by physico-chemical
analysis methods on 177 alloys that were synthesized by direct single-temperature method. Phase diagrams of the
quasi-binary systems HgS-Bi2Ss and Ga2S3-Bi2Ss, six vertical sections (HgGa2Ss—HgBi2Ss, HgGa2S4—Bi2Ss,
HgGasS10-Bi2S3, HgGasS10-HgBIi2S4, HgGa2S4—Sh2S3, and HgS—“GaSbSs”), and liquidus surface projections were
investigated. Due to large primary crystallization region of mercury thiogallate, particularly at the HgGa2S4+—Bi2Ss3
and HgGazS+—HgBi2S4 sections, and low temperature (950-1050 K), the growth of single crystals of mercury

thiogallate is possible using solution-melt method.
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Introduction

According to the literary information, HgGaS, is one
of the best non-linear optical materials for parametric light
generators for the middle IR region of the electromagnetic
spectrum with high laser damage threshold [1]. Single
crystals of the compound were obtained by CVD [2] or
from solution using near-stoichiometric compositions [3]
due to incongruent melting of mercury thiogalate at
1159 K. However, the using of such compositions is

problematic due to high vapor pressure of HgS. The
solution-melt growth method may be the answer. The
alloys of the HgS—Ga,S3-Bi(Sbh).Ss systems may be used
as a solvent but the selection of the growth conditions
requires specific data on the phase diagrams of the system.

Binary system components HgS, Ga,Ss, Bi.Sz and
Sh,Ss melt congruently at 1093 K [4], 1383 K [5], 1048 K
[6], and 823 K [7] respectively, and have narrow
homogeneity regions near the stoichiometric composition.

The crystal structure of HgBi,S4 has an order-disorder
character and consists of (001) layers, which are built up

Table 1.
The crystallographic data on binary and ternary compounds
Compound Space group a Lattice parat;n eters, nm c Ref.
a'-HgS P3:21 0.4136 - 0.9501 [7]
a-HgS F-43m 0.585 - - [7]
a-GaySs F-43m 0.517 - - [7]
S-GaySs3 P6smc 0.3685 - 0.6018 [7]
y-GaySa P65 0.638 - 0.809 [7]
Bi»Ss Pnma 1.1154 1.1288 0.3985 [8]
Sh2S3 Pnma 1.1311 0.3836 1.1229 [9,10]
HgBi»S4 C2/m 1.417 0.406 f=118.27° 1.399 [11]
HgGa,S4 I-4 0.55106 0.55106 1.02392 [12]
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by Bi.Ss rods of edge-sharing square-pyramidal [BiSs]
polyhedra [13]. Such a layered-like structure usually can
cause special properties. The films of the MnSh,S, phase
(structure type of HgBi,S4) films demonstrate a direct
optical transition with variable energy gap values (1.77—
1.53 eV). They behave as p-type semiconductors [14].
According to the work [15], a high thermoelectric
efficiency (for the HgGa,Ss phase) can be achieved
through controlling the carrier concentration and pressure.
High figure of merit of 0.98 was obtained for the p-type
HgGa,Ss chalcopyrite. The materials based on the
HgGa,Ss phase can find application as no polarized
radiation photodetectors [16]. To find an effective method
of obtaining the HgBi;Ss and HgGa,Ss phases are
important issue of the work.

Quasi-binary systems

HgS-Ga:Ss

The HgS-Ga,S; phase diagram belongs to the
peritectic type [17]. Two ternary compounds are formed
in the system, HgGasS10 (endothermic, incongruent, melts
at 1235 K) and HgGa,S4 [18] (peritectic, melts at 1159 K).

Gas,

Fig. 1. Phase diagram of the HgS-Ga,Ss system [17]:
1-1L,2- L+ p-GaySs, 3 — L+HgGaeS10, 4 — L+HgGa,Ss,
5 - L+a, 6 — /))-Gazs:;, 7 — HgGa6810+ ﬂ-G&zS:g,
8— HgGaGSm, 9 —ﬁ-Ga2$3+ ﬁ'-Gazs3, 10— HgGa65m+ ﬂ'-
GasSs, 11 — f-GaSs, 12 HgGa,S4+HgGasS1o,
13 — oatHgGaxSs, 14— o, 15 — 3, 16 — atd,
17 — 6+HgGaZS4, 18 — HgGaZS4+ ﬁ’-Ga283.

HgS-Bi2Ss

The HgS-Bi»S; phase diagram belongs to the eutectic
type [19]. The horizontal line at 628 K corresponds to the
polymorphous transformation a-HgS<»a’-HgS. The
formation of the HgBi»S4 compound is reported in [20]
(monoclinic S.G. C2/m, a=14.175 A, b=4.0563 A,
c=13.983 A, p=118,19(3)°), but that is not reflected in the
diagram in [19].

HgS-Sb2Ss3

The HgS-Sh,S; phase diagram belongs to the eutectic
type [19], with the eutectic point coordinates 53 mol.%
Sh,S3 and 735 K. The temperature of the polymorphous
transformation of HgS (618 K) does not depend on the
content of Sh,S; that indicates the absence of solid
solubility in HgS.
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GazSs—Bi2Ss

The GasS3-Bi,S3 system features the BiGagSis
compound that forms incongruently in the reaction
L+Ga;Ss<=>BiGagSis and melts at 723 K [21]. The
coordinates of the eutectic point are 888 K and 40 mol.%
GaySs.
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Fig. 2. Phase diagram of the Ga,Ss;—Bi,Ss system [21]:
1-L,2—-L+GasSs, 3—L+BiGagSis; 4 — GaySs+BiGagSss,
5 — L+Bi2S3, 6 — BiGagS15+Bi2S3, 7 — GaxS3+Bi2Ss.
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GazSs-Sh2Ss

The GazSs—-Sh,S; phase diagram belongs to the
eutectic type [22]. The eutectic point coordinates are
80 mol.% Sh,Sz and 733 K.

Several discrepancies concerning quasi-binary side
systems were the reason for the re-investigation of HgS—
Bi,S3, GaSs:—Bi;Ss, and Ga,Ss—Sh,S; phase diagrams.
Additionally, four vertical sections of the HgS—-Ga,Ss—
Bi,S; system and two sections of the HgS—-Ga,Ss—Sh,S3
system were investigated in this work.

I. Experimental

The compounds and alloys of the studied systems
were synthesized from semiconductor-purity elements
(Ga, Bi, Sb and S) and pre-synthesized HgS. The
calculated amounts of starting components were loaded
into quartz ampoules that were evacuated to residual
pressure of 102 Pa and soldered. Based on the p-T
diagrams of the starting materials, single-temperature
method was selected for the synthesis of alloys. The
synthesis was performed in commercial programmable
furnaces. At the first stage of synthesis, we heated
ampoules with substances in the flame of an oxygen-gas
burner until elemental sulfur is completely bound. As
follows, the components that would create a lot of pressure
were absent. Additionally, the quartz ampoules were
covered with asbestos cord and then, the ampoules were
placed in commercial programmable furnaces. The
temperature was raised at the rate of 20-30 K/h to the
maximum of 1120-1320 K, with 4 h stays at the melting
points of the batch components. The alloys were then
cooled at the rate of 10-20 K/h to 670 K where
homogenizing annealing was held for 500 h. Annealed
alloys were quenched into 25% aqueous NaCl solution.

Differential thermal analysis utilized a Paulik-
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Paulik-Erdei derivatograph, with Pt/Pt-Rh thermocouple
and Al»O3 as a standard. All static parameters were stable
during the experiment. X-ray phase analysis using
WinCSD software package [23] was performed on
diffraction patterns recorded at a DRON 4-13
diffractometer (CuKa radiation). Dashed or dotted part of
lines in the diagrams were plotted theoretically because
during the experiment, we could not register the
thermodynamic effect)

1. Results and discussion

2.1. Quasi-ternary system HgS-GazSs-Bi2S3

2.1.1. Quasi-binary system HgS-Bi.Ss

Since the existence of the HgBi,S4 compound was not
reflected in the phase diagram [10], the HgS-Bi,S3 quasi-
binary system was re-investigated. As a result, it was
confirmed that the compound HgBi,Ss is formed in the
system. The phase diagram belongs to the eutectic type.

T.K

6

40 60
BiyS3, mol.%
Fig. 3. Phase diagram of the HgS—-Bi,S; system: 1 — L,
2 -L +a-HgS, 3L + HgBizS4, 4 — L + Bi,Ss,

5-— a—HgS + HgBiZS4, 6— HgBiZS4 + Bi,Ss,

7 — a’- HgS+HgBI,S4 (a-HgS — sphalerite, a’- HgS —
cinnabar) (a line at 628 K is polymorphic transition of
Hgs;).

HgS 20 80 Bi,S;

The system liquidus consists of three fields of the
primary crystallization of HgS, HgBi»S4, and Bi»Ss. The
interaction of HgBi,S4 and other system components is
eutectic. The system features two eutectic reactions,
L—a-HgS(sphalerite) + HgBi»Ss (eutectic coordinates
955 K and 38 mol.% BizS3) and L—HgBi»Ss + Bi,Ss
(969 K, 55 mol.% Bi,Ss). The horizontal line at 618 K
reflects the polymorphous transformation o-HgS«—
a’- HgS.

2.1.2. Quasi-binary system GazSs—Bi2Ss

The full-valent chalcogenides of the A'";BV';
composition (A" — Ga, In; BV' - S, Se, Te) are known to
have a range of polymorphous transformations that were
disregarded in the Ga,Ss— Bi»S3 phase diagram in [12].

The system liquidus (Fig. 4) is represented by the
fields of the primary crystallization of S-solid solutions of
HT-Ga,S; (field 2) and g’-solid solutions of LT-Ga,Ss
(field 6), and of Bi,Ss (field 7). The region of primary
crystallization of g-solid solutions extends to 32 mol.%
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Bi,Ss. The metatectic reaction p-Ga;Sz—L+p"-GazSs
occurs at 1136 K. The invariant eutectic process L«
S-GaSs+Bi,Ss takes place at 909 K, the eutectic point
coordinate is 65 mol.% Bi,Ss.

TK
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80 | BiyS3
BiyS3. mol.%

Fig. 4. Phase diagram of the Ga,Ss—Bi,S3 system:

1-L,2-L+p-GasSs, 3 - f-GarSs,

4 —,B-G&zSg + ,b)'-Gazss, 5 —,B’-Ga283, 6-L+ ﬁ'-GaQSQ,,

7-L + Bi,S3, 8 —,b)'-Gazsg + BiySs.

GaZS3

According to [12], the BiGasSis compound exists in
the temperature range 948-723 K. A sample of the
BiGayS1s composition was annealed at 670 K, 770 K, and
870 K. Based on X-ray phase analysis (using X’Pert High
Score Plus program), the alloy is two-phase in the entire
temperature range and consists of ’-Ga,Sz and Bi»Ss.

2.1.3. The HgGazS+—HgBi2S4 section
((HgS)o.5(GazSs)o5—(HgS)o.5(Bi2Ss)o.5)

The vertical section HgGa;S+—HgBi:Ss (Fig. 6)
belongs to the eutectic type. Given the incongruent
formation of mercury thiogallate, the section is quasi-
binary only in the sub-solidus part. The section liquidus
consists of three fields of the primary crystallization of
HgGasS10, HgGa2S4 and HgBIi2Sa. The crystallization of
all alloys ends in the invariant eutectic process
L—HgGa,Ss+HgBIi,Ss at 915 K. The horizontal line at
1130 K corresponds to the binary peritectic process
L+ Hg.Ga6810<—> HgGaZS4.

2.1.4. The
(((HgS)o05(GazS3)0.5—Bi2Ss)

Phase diagram of the HgGa,S.—Bi,S; section (Fig. 7)
is similar to the previous section.

The section liquidus consists of three fields of the
primary crystallization of HgGasS10, HgGa2S4 and BizSs.
The section is quasi-binary only in the sub-solidus part due
to incongruent type of formation of mercury thiogallate.
The crystallization of all alloys ends in the binary eutectic
L—HgGa,Ss+Bi>Sz at 920 K. The horizontal line at

HgGazS4+—Bi2Ss section

1048 K reflects the binary peritectic  process
L+ HgGa6810<—> HgGazS4.
2.1.5. The HgGasS10-Bi2Ss section

((HgS)o.25(Gaz2S3)0.75—-Bi2S3)
The liquidus of the HgGasS10-Bi2S3 section (Fig. 8)
consists of three fields of the primary crystallization of
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Fig. 5. Experimental diffraction pattern of the BiGayS1s sample annealed at 770 K (red line) and theoretical patterns
of binary compounds (green line — Bi,Ss, blue line — 5"-Ga,S3).
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Fig. 6. Phase diagram of the HgGa,Ss+—HgBi»S4
system: 1 — L, 2 — L + HgGasS10, 3 — L + HgGasS1o +
+HgGazSs, 4 — L + HgBIiSs, 5 — L + HgGasSs,
6 — HgGazS4 + HgBI»S4. Hereafter, the top composition
axis represents the molar fraction of one of the binary
compounds from the concentration triangle. (Table S1.
Compositions of the alloys of the HgGa,Ss— HgBIi2S4
section re-calculated to the concentration triangle of
the quasi-ternary system HgS—Ga,Ss—Bi»S3).

B-GasSs, f-GazS3 and HgBi2Ss. The transitional process
U; (L + p-GasSs <« HgGasSio + S-Ga.S3) occurs at
1080 K and U; (L + HgGagS10 «» B-GazSs + HgGasSa4)
occurs at 1003 K. The invariant ternary eutectic process
L fB’-GazSs + HgGazSs + BizSs at 902 K completes the
crystallization of all alloys.

2.1.6. The HgBi2S:—HgGasS10 section
((HgS)o5(Bi2Ss)05—(HgS)0.2(GazSs)o.s)

The liquidus of the HgGasSio— HgBi»Ss section
(Fig. 9) consists of three fields of the primary
crystallization of p’-GasSs, f-Ga.Ss and HgBi:Ss. The
crystallization of almost all alloys ends in four-phase
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Fig. 7. Phase diagram of the HgGa,S4—Bi,S3 system:
1-1L1,2-L + HgGasS1, 3 — L + HgGasS10 +
+HgGazSs, 4 — L + HgGa:Ss, 5 — L + BisSs,
6 — HgGa.Ss + Bi;Ss, (Table S2. Compositions of
the alloys of the HgGa;S:—Bi,S; section re-
calculated to the concentration triangle of the quasi-
ternary system HgS-Ga,S3—BizSs).

eutectic processes L« f-Ga,S; + HgGa:Ss + BiySs3
(902 K) and L HgBi,S4 + HgGa,S4 + Bi,S3 (864 K). The
line at ~1025 K is not invariant. The HgGasS1o exists in
the temperature range 1235 K —923+973 K (Fig.1). Below
923 K it decomposes into HgGa,Ss and '-Ga,Ss (field
10). The field 8 is binary, and in the field 9, HgGa,Ss
crystallizes and the field is ternary.

2.1.7. The HgS-Ga2Ss—Bi2Ss section at 670 K

Phase equilibria in the quasi-ternary system HgS—
GayS3—Bi,Ss were studied on 95 alloys, the chemical and
phase composition of which is shown in Fig. 10.
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Fig. 8. Phase diagram of the HgGagS10—Bi2Ss system:
1-L 2-L+ ﬂ-Gﬂst, 3 - ,b)-G8.253 + HgGaeslo,
4 — HgGaeslo, 5—-L+ ﬂr-Gazsg, 6-L+ ﬁ’—Ga283 +
+4-Ga,Ss, 7 L + p-GaSs + HgGasSio,
8 — L + ["-GaySz + HgGazS4, 9 — f'-GaySs + HgGasSio,
10 — "-Ga,Ss + HgGagS1o + HgGa;S4, 11 — L + BizSs,
12 — p-GayS3 + BizSs + HgGaySs, 13 — f-GaySs +
+HgGazS4, 14 — L + BizS; + HgGa,Ss, (Table S3.
Compositions of the alloys of the HgGasSi0-BizSs3
section re-calculated to the concentration triangle of
the quasi-ternary system HgS—Ga,Ss—Bi»Ss;)

BiS; “© &

O - single-phase sample
(} - two-phase sample
@ - three-phase sample

GayS, % HgS 4[)Hgéﬂzs4 HeS

20
mol

Fig. 10. The number of phases in equilibrium at 670 K.

The sections HgGa,Ss—Bi»S3; and HgGa,S+—HgBI>Ss
are quasi-binary only in the sub-solidus region due to
incongruent type of formation of HgGa,S.a.

2.1.8. Liquidus surface projection of the quasi-

ternary system HgS-GazS3—Bi2S3

Liquidus surface projection of the HgS—-Ga,S3s—Bi,Ss

system on the concentration triangle was plotted from the
results presented above (Fig.10). Liquidus surface
projection of the HgS-Ga,Ss—Bi,S3 system onto  the
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Fig. 9. Phase diagram of the HgBi»Ssi—HgGasS1o
system: 1 — L, 2 - L + f-GaySs3, 3 — L + -Ga,Ss +
+HgGa6810, 4 — ﬂ-G&zSg + HgGaeslo, 5-— HgGaeSm,
6 — L + HgGasS10, 7 — L + HgGasS10 + HgGazSs,
8 — -GazSs + HgGagS10, 9 — f-GaSz + HgGasS10 +
+HQGazS4, 10 — f-GaySs + HgGaSs, 11 — L + -
GaySs + HgGazSs, 12 — L + HgGaySs, 13 — L + BipSs+
+HgGazSs, 14 — L + HgBixSs, 15 — L + HgGazSs +
+HgBIi;Ss, 16 — HgBi;Ss + BixSs + HgGazSs,
17 — Bi,S;3 + HgGa284, 18 — ﬂ'-Gazs3 + Bi,S3; + +
HgGa,Ss (Table S4. Compositions of the alloys of the
HgGasS10-HgBIi,Ss section re-calculated to the
concentration triangle of the quasi-ternary system
HgS—Gazsa—Bizss).

concentration triangle (Fig. 11) was plotted from the
results presented above. It consists of five fields of the
primary crystallization of HgS, HgGasSs, BizSs,
HgGasS10, HYBI2Ss, S-GasSs, and S-GapSs which are
separated by eleven monovariant lines and fourteen
invariant points. The nature and temperature of invariant
processes are summarized in Fig. 11.

Bi,S;

/
/
S

Ga,S; P3 HgS
Fig. 11. Liquidus surface projection of the quasi-ternary
system HgS—Ga»Ss—Bi»Sa.

HgGagS1



O.V. Smitiukh, L.1. Petrus’

" Ksasibinapna cucrema
HgS - BiS3

KBazibinapHa cucrema
Bi253 = GaZS3

KBasinorpiiiHa cucrema
HgS - Ga)S3 - BipS3

KBazibinapHa cuctema
HgS - GayS3

rI[()x<)|1. +B-GayS3 <>HgGagS 10 15:(;;1254 U ‘(—

I
I
!
|
|

1 |3(,{ B-GayS3« ],+[Y-(iu:$;| ml

I
I‘)()()I L*’H:»’81254+31253| e1| | I]()().‘sll, HgGagS 10 <P'-GayS3 IIg(iﬂ:SJIUz

|125,1 L+p-GapS3 <1 lg(;;.[,sl,)lp3|

909> p'-GiayS3+BiyS;3

e;l
=

__(‘)ISP.‘—’Hg(?quJH 1gBirSy

€.

&

[}
I
I
I
[o55 L < HeS+HgBinS,[e) :
I
I
I
|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

92(L <~ HeGayS 4+BisS;

1159

L+HgGagS1g 91(g<;;.zs4|pz|

es

[‘)(lzll - IlgiiquJ-[('-anS;-liilS;lE-‘l

—>|s(..1]1,ong(;u3s4 HeBisS4+ BisS3| E2|
1

||()44| L+HgGaySy < HgSI p 1|

I
—'—>|x<>7]1 < HeGaySy liglailm-llg.ﬂlElk_ !
1

Fig.12. The nature and temperature of invariant processes in the HgS—Ga;Ss—Bi,Ss system.

2.2. Quasi-ternary system HgS—-Ga2Ss—Sb2S3

2.2.1. Quasi-binary system Ga»S3-Sh2Ss3

Fifteen samples were synthesized to investigate the
phase diagram of the Ga»S;—Sh,S; system. The phase
diagram is plotted from the results of differential thermal
analysis (DTA) (Fig. 13).

T, K,
1400 A

1100 A

1000+

900

800

700

733 K
8

40 60
Sb,y S5, mol.%
Fig. 13. Phase diagram of the Ga;Ss—Sh,S; system:
1-L,2-L+p-GaSs 3 f-GasSs, 4 — f-GasSs + f5-
GaySs, 5 — ﬁ’-Ga283, 6 -L+ ,B’-Ga283, 7 — L + Sh,S3,
8—+ ﬁ’-63253 + Sh,Ss.

Gas Sy 20 80 $h,S3

The system liquidus consists of fields of the primary
crystallization of £ -solid solutions of HT-Ga,S; (field 2),
S’-solid solutions of LT-Ga,S; (field 6), and of Sh,S;3
(field 7). The extent of the region of primary
crystallization of y-solid solutions reaches 52 mol.%
Sh,Ss. The invariant metatectic process f-GaySs <> L+ -
GaySs3 occurs at 1091 K. The eutectic process L < f'-
GaySs+ShyS; take place at 733 K. The eutectic point
corresponds to 80 mol.% Sh;Ss.
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2.2.2. The HgGa2S+—Sh2Ss section
((HgS)o.5(GazSs)0.5—Sh2Ss)
The HgGa;Ss—Sh,S; phase diagram plotted from DTA

results is shown in Fig. 14.
mol.% Sh,S,
oD

-5.26
1111
-17.65
-33.3
-42.8
-53.85
-66.67
81,82

wy
ol
I

900 -

800 -

700 -

HgGasS, 20 40 60

(Hg8), (Ga S5 szs3, mol.%
Fig. 14. Phase diagram of the HgGa,S4—Sh,S; system:
1-L,2-L+ HgGaGSm, 3—-L+ HgGa284, 4 — L + Sb,Ss;
5-L+ HgGaeslo + HgGa284, 6— HgGa284 + Sh,Ss.
(Table S5. Compositions of the alloys of the HgGa,Ss—
Sh,Ss section re-calculated to the concentration triangle of
the quasi-ternary system HgS—-Ga,Ss— Sh,S3).

80 Sb,S,

The investigated section (Fig.14) belongs to the
eutectic type. The vertical section is quasi-binary only in
the sub-solidus part due to incongruent mercury
thiogallate. Liquidus of the section is described with three
fields of the primary crystallization of HgGagS1o (field 2),
HgGa,Ss (field 4), and Sh,S; (field 5). The invariant
process at 729 K refers to a binary eutectic L <
HgGa,S4+Sh,S3 which completes the crystallization of all
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alloys. The horizontal line at 950 K relates to the peritectic
process L + HgGasS10 <> HgGazSa.

2.2.3. The
((HgS)o.2(Ga2S3)o0.s—Sh2S3)

Liquidus of the wvertical section HgGasSi10—Sh2Ss
(Fig.15) consists of three fields of the primary
crystallization of g-solid solutions of HT-GaS;s (field 2)),
f’-solid solutions of LT-Ga.Ss (field 5)), and of Sb.Ss
(field 11). The crystallization of all alloys ends in the
invariant ternary eutectic process at 680 K L « f’-Ga,S3
+ HgGa;Ss + SbySs. The horizontal line at 1080 K
corresponds to the transition reaction L + $-Ga,S; <
p’-GaS; + HgGasSio. The transition reaction L +
HgGasS10 < f-Ga,Ss + HgGa,S, takes place at 1003 K
leading to the crystallization of mercury thiogallate in the
sub-solidus region.

HgGasS10-Sh2Ss section

«— mol.% Sb,S3
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2
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T.K
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1100

1000

900

800

700

" 680 K

20 40 60 80  HgGagSio

SbyS;
< (HgS), (GasSy), -

HgGagS (. mol.%
Fig. 15. Phase diagram of the HgGagS10—ShS3 system:
1-L,2-L+p-GasSs, 3—L + f-GaySs + HgGasS1o,
4 — HgGaeslo, 5-L+ ﬁ’-Ga283, 6-L+ ﬂ-Ga283 +
+ﬂ -GagSs, 7 - L + ﬂ’-63253 + HgGaeslo,
8—L+ ,B’-Gazss + HgGaZS4, 9 —,B’-Ga283 + HgGaBSm,
10 —ﬁ’-63253 + HgGaeSm + HgG8284, 11 — L + Sh,S;,
12 —ﬁ’-63253 + Sh,S3 + HgGaZS4,
13 — ’-Ga,S3 + HgGazS4, 14 — Sh,S3 + HgGazSs, (Table
S6. Compositions of the alloys of the HgGagS10-Sh2S3
section re-calculated to the concentration triangle of the
quasi-ternary system HgS—GazSs— Sh.Ss).

2.2.4. The HgS—(Ga2zS3)0.5(Sb2Ss)os

Liquidus of the wvertical section HgS-
(GazS3)o05(Sh2Ss)os (Fig. 16) consists of four fields of the
primary crystallization of f’-Ga,Ss (field 7), HgGasS1o
(field 5), HgGazSs (field 3), and Sh,Ss (field 2). The
crystallization of almost all alloys ends in four-phase
eutectic processes L <> ’-GaySs + HgGaSs + SbySs (680
K) and L <« HgS + HgGa,Ss + Sh,Sz (690 K). The
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horizontal line at 618 K refers to the
transformation of mercury sulfide.

polymorphous

<— mol.% HgS
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Fig. 16. Phase diagram of the HgS— (GaS3)05(Sh2Ss3)o0s

system: 1-L, 2—L+a-HgS, 3—L + HgGa,S,,

4L+ +HgGa284 + HgGaeslo, 5-L+ HgGaeslo,

6 — L + -Ga Sz + HgGaeS10, 7 — L + £7-GaySs,

8 — L + f-GaySs + ShyS3, 9 — L + °-GaySs + HgGazS4,

10 — B-GayS;3 + Sh,Ss, 11 — L + Sh,S; + HgGasSs,

12 — L + a-HgS + Sh;S3, 13 — a-HgS + Sh,Ss + HgGazS4,

14 — 5-HgS + Sh,S3 + HgGa,Ss, 15 — HgGazSs + Sh,Ss,

16 - p-GaSs + Sh,Ss + HgGa,Ss (Table S7.

Compositions of the alloys of the HgGagS10—Sh2S3 section

re-calculated to the concentration triangle of the quasi-

ternary system HgS—-GaySs— Sh,Ss).

20

2.2.5. Liquidus surface projection of the
quasiternary system HgS—-Ga2Ss—Sh2S3

Phase equilibria in the quasi-ternary system HgS—
GayS3-Bi,Ss were studied on 82 alloys the chemical and
phase composition of which is shown in Fig. 17.

Liquidus surface projection of the HgS—Ga,Ss—Sh,Ss
is presented in Fig. 17. It consists of six fields of the
primary crystallization of a-HgS (field eiEips ), HgGaoSa
(ﬁeld p3E163E2U2p2), szSs ( field e1Eie3Eqes ), HgGaBSm
(ﬁeld p2U2U1p1 ), ﬂ-G&st (ﬁeld p1U1m ), and ﬁ’-G&st
(field mU.UzEze;) which are separated by ten
monovariant lines. The nature and temperature of
invariant process are summarized in Fig. 18.

The system HgS—GaySs—ShSs is triangulated by the

quasi-binary  section HgGa;Ss—~ Sh,S; into two
subsystems, HgS-HgGa,Ss—Sh,S; and HgGaySs+—GazSs—
Sh,S;, that can be considered independently.

Crystallization of alloys of the HgS-HgGa,S:—Sh,S3
subsystem is finished in the invariant eutectic process
L < a-HgS+Sh,S3+HQgGa,S4 at 690 K. Crystallization of
alloys in the HgGa»S4—Ga,S3—Sh,S3 subsystem ends in the
invariant eutectic process L <> B’-GaSa+Sh,S3+HgGa»S4
at 680 K.

Taking into account the concentration boundaries and
the initial crystallization temperature of mercury
thiogallate in the pi1EiesE2P2popa field, such compositions
may be proposed in order to grow crystals by solution-
melt method: 25 mol.% HgS — 25 mol.% Ga,S;— 50 mol.
% Sh,Sz (T = 900 K), and 50 mol.% HgS — 20 mol.%
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The temperature difference between the liquidus and
solidus is around 200 K that is a sufficient range for
obtaining large single crystals of mercury thiogallate.

Conclusions and Future Work

A total of 177 alloys were investigated by DTA and
X-ray diffraction methods in the quasi-ternary systems
HgSfGazSyBi(Sb)st.

The liquidus surface projections in the entire
concentration range were plotted. Due to large primary
crystallization region of mercury thiogallate and low
temperature (950-1050 K), the growth of HgGa,S4 single
crystals by solution-melt method is possible, particularly
at the HgGa,S+—Bi,Ss and HgGa,S,—HgBi,Ss sections.
Bi,S3 is favored as a solvent over HgBi,Ss because of
smaller amount of HgS involved and, accordingly, a
decrease in vapor pressure in a sample of a given
composition.

The HgS-Ga,S3-Sh,S3 system also features a large
primary crystallization field of mercury thiogallate
HgGa,S4. Two compositions were proposed for the single
crystal growth by solution-melt method, 25 mol.% HgS —
25 mol.% GaySs— 50 mol.% Sh,Ss, and 50 mol.% HgS —
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20 mol.% GazS3— 30 mol.% Sb,Ss.
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O.V. Smitiukh, L.1. Petrus’

0O.B. Cwmitiox, LI. ITetpych

da3oBi piBHoBaru B cucremax HgS-Ga»S:-Bi(Sh)2Ss

Bonuncvruii hayionanwruti yrieepcumem imeni Jleci Yxpainxu, kagedpa ximii ma mexnonoeii, m. Jyyvx, Yxpaina,
Smitiukh.Oleksandr@vnu.edu.ua

®a30Bi piBHOBard B KBa3inoTpiHux cucremax HYS—GazSs—Bi(Sh)2Ss Gymu mocimipkeHi i3 BUKOPHCTaHHIM
(i3MKO-XIMIYHUX METO/IB aHati3y 177 cruiaBiB, AKi Oy CHHTE30BaHi OJHO TEMIIEPATyPHUM METOJIOM. Y poOOTi
npezacTaBieHo (a3oBi piBHOBaru kBasibiHapHux cucreM HQS-Bi2Ss i GazSs—BizSs, mectn mepepisie (HgGa2Ss—
HgBi2S4, HgGa2S4—Bi2Ss, HgGaeS10-Bi2S3, HgGasS10-HgBi2Ss, HgGa2S4—Sb2S3, and HgS—“GaSbS3”) i moBepxHst
JKBIAYCY JOCHTIIKEHUX CHUCTEM. BCTaHOBJIEHO, 110 B CHCTEMaX iCHYe BeJMKa 00JIaCTh MEPBUHHOI KpUCTami3amii
Tioranary, 30kpema Ha nepepizax HgGa2Ss+Bi2S3 i HgGa2S4—HgBI2S4, i Hu3bKa Temmeparypa miasnenns (950-
1050 K). Tomy, sik 3py4HHHl METOJ BHPOIIYBaHHS MOHOKDHCTAIB TiOTraiaTy MPOMOHYEMO BHKOPHCTOBYBAaTH
PO3YHH-PO3IUIABHUN METO/I.

Kirouosi cioBa: ¢a3osi giarpamu, comigyc, kBa3ibiHapHa cUCTeMa, IOBEPXHS JIKBIAYCY CHCTEMHU.
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