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PHASE RELATIONSHIP IN THE Bi-Bi;S;-Bils TERNARY SUBSYSTEM
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Phase relationships in the Bi-S-1 ternary system in the Bi-Bi,S;-Bil; have been investigated by
means of DTA and XRD analyses. Existences of ternary compounds BiSI and Bi¢S;713 has been
confirmed, and the nature of their fusion specified. The phase diagram of polythermal section Bi-
BiSI and the projection of the liquidus surface oh this subsyste have been built. Fields of primary
crystallization of all components, types and coordinates of non- and monovariant equilibriums

determined.

Keywords: phase diagram, Bi-S-1 ternary system, bismuth triiodide.

1. INTRODUCTION

The study of phase diagram and
thermodynamic properties of the Bi-S-1 system
is a part of systematic investigation of the AV-
X-1 (AV-As, Sh, Bi; X-S, Se, Te) [1-4]. These
systems attract more attentions because many
ternary phases in these systems are promising
high-performance materials for ferroelectrics,
piezoelectrics, thermoelectrics, photocon-
ductors, piezoelastics [5-7] and recently
discovered topological insulators or materials
showing giant Rashba-type splitting [8]. With
few exceptions many of these compounds
either melt incongruently or decompose in the
solid state, and therefore, their synthesis and,
especially, crystal growth become a tricky
problem [5]. The knowledge of the phase
relationships and constructed phase diagrams
can helps to solve these problems by the
choice of initial compositions for growth of the
large single-crystals of binary and ternary
phases from melt.

Up to present, the phase diagram of the
Bi-S-1 ternary system has not yet been
reported.

In the literature, there is only one report on the

phase diagram of this system, devoted to the
Bil;-Bi,Se; section [9]. According to this
report, the section Bils-Bi,Ses is quasi-binary
and includes two ternary compounds BiSI and
Bi1gSy713  melting incongruently by the
peritectic reactions at 808 K and 990K,
respectively. The eutectic composition has the
melting point of 668 K at about 4 mol % Bi,Ss.
The compositions of peritectic points lie at
35 and 80 mol % BiSs, respectively.

The crystal structures of  both
compounds are well studied. Haase-Wessel
reported that [10] BIiSI  crystallizes
monoclinically in the space group Pnma with a
= 8.519(5) A, b = 4.172(6) A, ¢ = 10.177(8)
and z = 4. According to Ref. [11] Bi19S713 has
a hexagonal lattice, space group P6, , with a =

15.640(2) A, ¢ = 4.029(2) A and z = 2/3.

In this paper, we studied the phase
relationships in the Bi-S-1 ternary system in
Bi-Bi,S;-Bil; concentration range in order to
confirm the existence of ternary phases and
phase relationships in this system, to provide
useful information for searching new materials
or preparing pure and high quality materials.

2. EXPERIMENTAL PART

2.1. Synthesis. Binary Bil, Bilsz and ternary
BiSI, BigSy7ls were synthesized from the
elements of a high purity grade (not less than
99.999%) in sealed (~10 Pa) silica ampoules
following a specially designed method, which

takes into account high volatility of iodine and
sulfur. The synthesis was performed in an
inclined two-zone furnace, with the hot zone
kept at a temperature 20-30 K higher than the
corresponding melting point of a synthesized
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compound, whereas the temperature of the
cold zone was about 400 K. After the main
portion of iodine and sulfur had reacted, the
ampoule was relocated in such a manner that
the product could melt at 650 K (Bil), 700 K
(B"g), 910 K (BIS') and 1050 K (Bi19827|3).
The melt was stirred at this temperature by
shaking the furnace and then cooled with the
furnace. Due to the peritectic character of
formation of Bil, BiSI and BigS,713 they were
subjected to a homogenizing annealing at 585,
750 and 950 K for 500 h. Bi,S3; was prepared
by a one-step annealing of the stoichiometric
mixture of the bismuth and sulfur at 1100 K,
which is above the melting point of Bi,S3
(1048 K), followed by cooling with the
furnace. We have prepared more than sixty
alloys from the composition area Bi-Bils-S.

As a rule, the all samples (total mass, 0.5 g)
were obtained out of initial elemental
components or preliminary  synthesized
compounds. After melting most of the alloys
were annealed at 400 K and 360 K for 1000 h.
2.2. Analysis. X-ray powder diffraction
(XRD) and differential thermal analysis
(DTA) were used to analyze the samples. The
XRD analysis was performed on a Bruker D8
ADVANCE diffractometer with Cu-Kay
radiation. For the DTA measurements, the
NTR-72 device equipped with two chromel-
alumel thermocouples was used. The ramp rate
was 5 K m*. Temperatures of thermal effects
were taken mainly from the heating curves.
XRD confirmed that the pre-synthesized
binary compounds were phase-pure.

3. RESULTS AND DISCUSSION
3.1. Isothermal sections of the Bi-S-I ternary system at 300 K

The isothermal sections of the Bi-Bi,Ss-Bils
ternary system at 300 K (Fig. 1) confirm the
formation of the both ternary compound BiSI
and BiygSy71s. There are six three-phase

regions in this subsystem. BiSI plays a key
role in the distribution of the phase areas in
subsolidus. This compound forms connod lines
with another phases oh this subsystem.

C, - BiSI
C, - Bi;,S,,1;

Bi 10 20 30

Figure 1. Isothermal section of the Bi-Bil3-Bi,S; system at 300K.
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Figure 2. Polythermal section Bi-BiSI

3.2. The section Bi-BiSI (Fig. 2)
characterized by a complicated reaction
scheme. This section crosses the immiscibility
area in the composition regions of 26-80 mol
% Bi. In the solid state it is consist of two-
phase mixture of Bil+C,. This section clearly
features two horizontal lines at 725 and 541 K,
respectively, according to the invariant
monotectic (M) and invariant transition (Us)
equilibriums. Below 725 K the both ternary
compounds jointly crystallizes from liquid,
while BiSI and Bi crystallizes by the invariant
transition Us (Table 1) at 541 K. Schematic
descriptions of some degenerate monovariant
equilibriums and the phase areas very close to
the elemental bismuth is given in Fig. 2 as
blow-ups.

3.3. The liquidus surface of the Bi-S-I

system

The liquidus surface of the Bi-S-I
system in the Bi-Bi,Ss-Bil; composition area
consists of eight fields corresponding to the
primary crystallization of the five binary, two
ternary compounds and elemental bismuth

(Fig.3). The fields of the primary
crystallization of Bi,Ss, BiSI and BijgS71s are
very large and occupy more than 95% of the
total area of this subsystem. Wide
immiscibility field are observed in this system.
It is starts from the Bi-l system (m1m1’) and
spreads into the Bi-Bil3-BiS3 subsystem.
Subsequently, the eutectic (es) and peritectic
(ps) curves from the Bils-Bi,S; quasi-binary
system pass through these fields and transform
quadriphase monotectic equilibriums M; and
M. The fields of the primary crystallization of
the elemental bismuth and binary (Bil, Bi;l;
and Bigl,) components as well as some
invariant and monovariant equilibriums are
degenerated very close to elemental bismuth.
Schematic descriptions of these area are given
in Fig. 3 as blow-ups. Table 1 summarizes the
types and coordinates of nonvariant
equilibriums, including the binary border
subsystems, whereas Table 2 specifies the
types and temperature intervals for the
monovariant equilibriums.
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Figure 3. Projection of liquidus surface of the subsystem Bi-Bils-Bi,Ss. Areas of primary
crystallization of phases: 1 - Bi,Ss; 2 - BiSI; 3 - Bi1gSy7l3; 4 - Bils; 5 - Bil; 6 - Bizly; 7 - Bigl,; 8 -
Bi;

Table 1.Invariant equilibriums in the system Bi-Bi,S3-Bils;

Point on Equilibrium Composition, at.% T,K
Figure 6 S I

D, L < Bi,S, 60 - 1048
D, L < Bil, - 75 681

e1 L < Bi +Bi,S, >99 - 544

) L < Bi+Bigl, >99 - 542

€3 L < BiSI + Bil, 3.5 70 668

P1 L+ Bil, < Bil - 4 603

P2 L + Bil < Bi,l, - 2.5 573

P3 L + Bi,l, & Bi,l, - 2 568

Pa L + Bi,S, & Bi, S, 1, 45 19 990

Ps L +Bi,S,, 1, < BiSI 15 56.5 808

E: L < Bi+Bigl, +BiSI - - 540

Us L + Bil, < Bil +BiSI - - 600

Uz L + Bil < Bi, 1, + BiSI - - 570

Us L +Bi,l, < Bi,l, +BiSI - - 565

U, L + Bi,S, < Bi+Bi,S,,I, - - 542

Us L +Bi,S,, 1, < Bi+BIiSI - - 241
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my(my) L, < L, +Bil, - 60 625
M:(My) L, +Bi,S,,l, <L, +BiSI 11(3) 50 (6) 725
Ma(M) L, +BiSl< L, +Bil, 2 (<1) 58 (4) 610

Notes: Conjugate invariant points and their compositions are in parentheses.

Table 2.Monovariant equilibriums in the system Bi-Bi,Ss-Bil;

Curves on Figure 6 Equilibrium Temperature ranges, K
esMz (M2'Uy) L,(L,) < BiSI+Bil, 668-600

esEz L, < BiSI+Bil, 668-383

PsMs ; psMy L,(L,) < Bi,S, I, +BiSl 808-541; 808-385
PaUs L+ Bi,S, < Bi,S,,1, 990-542

PaMs (M3'U) L,(L,) < BiS,.1, +Bi,S, 990-386

p1Us L < Bil, +Bil 603-600

UiU; L < Bil+BiSI 600-570

p2U> L < Bi, 1, +Bil 573-570

UzUs L < Bi,l, +BiSI 570-565

psUs L < Bi,l, +Bi,l, 568-565

UsE L < Bi,l, +BiSI 565-540

ek L < Bi,yl, +Bi 542-540

e1Uy L < Bi+Bi,S, 544-542

UaUs L < Bi+Bi,S,,l, 542-541

UsEs L < Bi+BiSI 541-540

Notes: Conjugate monotectic curves are in parentheses.
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Bi-Bi,S3-Bil; SISTEMINDO FAZA TARAZLIQLARI
Z.S.0liyev, S.S.Musayeva, F.Y.Cafarli, O.A.Oliyev, M.B.Babanl:

Bi-S-I sisteminda faza tarazl:glar: Bi-Bi,S;-Bils gat:/iq sahasinda DTA va RFA (sullarz ilo 0yranilmigdir.
Bu gati/iq sahasinda BiSI va BiygSy713 Ucli birlagmalorinin mévcudlugu tasdiq edilmig, onlarin arima
xarakteri daqiglagdirilmigdir. Bi-BiSI politermik kasiyinin faza diagram: va hamginin, likvidus sathinin
proyeksiyas: qurulmugdur. Sistemda bitiin komponentlorin ilkin kristallagsma sahalori, non- va
monovariant tarazl:qlar:n tiplori va koordinatlar: tayin edilmigdir.

Acar sozlar: faza diagram:, Bi-S-1 sistemi.

®A30BbIE PABHOBECHA B CHCTEME Bi-Bi,S3-Bils;

3.C.Anues, C.C.Mycaeea, @.A./rcaghapnu, O.A.Anuee, M.b.babanot

Memooamu J[TA u P@A uzyuenvt gpazosvie pasnosecus 6 cucmeme Bi-S-1 6 obracmu cocmasos
Bi-Bi,S3-Bils. Iloomeeporcoeno cywecmsosanue mpoiinvix coeounenui BiSl u BiigSorls, ymounen
xapakmep ux naagnenus. Ilocmpoenvl noaumepmuyeckue paspesvi (Pazoeou  Ouazpammvl, d
makaice npoexyusi nogepxnocmu auxsuodyca. Onpeoenenv 001aCMU NEPEUYHOL KPUCTALTUZAYUU
6cex KOMNOHEHMO8, MUNbl U KOOPOUHAMbL HOH- U MOHOBAPUAHMHBIX PABHOBECU.

Knroueswie cnosa: gpaszosasn ouacpamma, cucmema Bi-S-1.

Redaksiyaya daxil olub 10.12.2012.
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