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Abstract—The phase equilibria in the T1,S-T1,Te-TlgBiTes~TIBiS, system have been studied by differential
thermal analysis and x-ray diffraction. The results have been used to construct the 7—x phase diagram along the
T1,S-TlyBiTeq ([T1Bi( 33350 5T¢eq 5]) and TIBiS,—T1,Te(TlyBiTeg) joins, the 500-K section of the phase diagram
of the T1,S-T1,Te-TlgBiTes—TIBiS, system, and its liquidus diagram. The invariant and univariant phase equi-
libria involved have been identified. The system has been shown to contain wide regions of Tl,Te- and

TlgBiTeg-based quaternary solid solutions.
DOI: 10.1134/S002016850811006X

INTRODUCTION

There is considerable interest in multicomponent
systems based on chalcogenides of heavy p-metals,
motivated by the ongoing search for new thermoelectric
materials [1-3].

Earlier, our group studied several quaternary sys-
tems based on thallium, antimony, and bismuth chalco-
genides [4, 5]. Here, we report our findings on the phase
equilibria in the reciprocal system 3TL,S + Bi,Te; =—
3Tl,Te + Bi,S; in the composition region T1,S-T1,Te—
Tl,BiTe~TIBiS, (A).

The constituent chalcogenides of system A are
semiconductors. In particular, TL,S has attractive photo-
electric properties [6], and TlyBiTe, offers high thermo-
electric performance. The electrical resistivity of
TlyBiTeg is an order of magnitude higher than that of
advanced thermoelectric materials. Its low thermal con-
ductivity in comparison with other thermoelectric mate-
rials insures a high thermoelectric figure of merit [7].

Three of the four constituent binaries of system A—
the pseudobinary joins T1,S—T1,Te (TIBiS,) and Tl,Te—
TlyBiTe,—were studied in [8—10]. The T1,S-T1,Te sys-
tem [8] is pseudobinary, with a eutectic phase diagram
and limited solid-solution series. The T1,S-TIBiS, sys-
tem [9] contains an incongruently melting (820 K)
compound of composition T1,Bi,Ss. Tl,Te and Tl,BiTe,
form a continuous series of solid solutions, which

undergo a morphotropic phase transition at =20 mol %
TlyBiTe, [10] .

! Presented in part at the XII Conference High-Purity Substances
and Materials: Preparation, Analysis, and Application, Nizhni
Novgorod, Russia, May 28-31, 2007.)

EXPERIMENTAL

For phase-equilibrium studies of system A, we syn-
thesized TL,S, Tl,Te, TIBiS,, T1,Bi,Ss, and Tl,BiTes by
melting high-purity (99.999 wt %) elements in silica
ampules pumped down to ~10~ Pa. To obtain phase-
pure TI;Bi,S5, the material was homogenized by
annealing at 800 K for 200 h. The completion of reac-
tions was checked by differential thermal analysis
(DTA) and x-ray diffraction (XRD). The results were
compared to earlier data [§—10].

Alloys of system A were synthesized along the
T1,S-Tl,BiTe, ([TIBig 333S0.5Teg 5]), TL,Te—
TIBiS,(T1,B1,Ss), and TIBiS,~TlyBiTe, joins. In addi-
tion, we synthesized several alloys with compositions
off these joins. The alloys were prepared by melting
appropriate mixtures of constituent chalcogenides in
silica ampules sealed off under a vacuum of ~10 Pa
and were then equilibrated by annealing 20-30 K
below the solidus for =600 h. The annealing tempera-
ture was determined from DTA data for unannealed
cast alloys.

The alloys were characterized by DTA (NTR-70
pyrometer, Chromel-Alumel thermocouples) and pow-
der XRD (DRON-3 diffractometer, CukK, radiation).

RESULTS AND DISCUSSION

Our results are presented in Figs. 1-3 and Tables 1
and 2. For the convenience of comparison, we use the
same designations in the liquidus surface and sections
of the T—x—y phase diagram in Figs. 1-3. Moreover, the
T—x—y phase diagrams are presented with molar ratios
of the constituent phases that enable comparison with
the data in Figs. 2 and 3 without scaling the alloy com-
positions.
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Fig. 1. Phase diagrams along the (a) TIBiS,— TlyBiTeg, (b) T1,S-TlyBiTeg, (¢) TIBiS,~T1,Te, and (d) T1,S— [TIBi( 33350 5Teq 5]

joins of system A.

The T1,B1,S5-T1,Te(TlyBiTes) phase diagrams are
not presented. The phase relations along these joins can

easily be understood from the data in Figs. 2 and 3 and
Tables 1 and 2.

The TIBiS,~TlyBiTes join (Fig. la) is almost
pseudobinary, with a eutectic phase diagram (e;) (the
coordinates of the invariant and univariant equilibria
involved are listed in Tables 1 and 2). The extent of the
terminal solid solutions is =1-2 mol %.

The T1,S-Tl,BiTe, join (Fig. 1b) is not pseudobin-
ary, with complex phase relations. Its liquidus com-
prises three branches, corresponding to the primary
crystallization of the o-, C- (T1,Bi,Ss), and &,-phases
(ovand 9, are T1,S- and TlyBiTeg-based solid solutions).
Below the two-phase fields, univariant eutectic reac-
tions (Table 2, curves e,P,, P,P,, P,P5) bring the sys-
tem into a three-phase state: L + oo + C, L + C + 3,, and

L+ 8, + a. The horizontal representing the invariant peritec-
tic reaction (Table 1, P,) extends from =2 to =38 mol %
TlyBiTes. In the composition range =2-85 mol %
TlyBiTeq, crystallization reaches completion through a
univariant eutectic reaction (Table 2, P,P5), resulting in
a two-phase equilibrium: o + 9,.

The TIBiS,—T1,Te join (Fig. 1c) is also not pseudo-
binary, with two-phase (Y + 8,, C + 3,, 0L + 3,, 0, + 0,)
and three-phase (y+ C + 8,, C + 0L + 0,, 0L + O, + O,)
solid-state equilibria (y and &, are TIBiS,- and
Tl,Te-based solid solutions). Its liquidus comprises
three branches, corresponding to the primary crystalli-
zation of the y-, §,-, and J;-phases. Below the liquidus
are curves representing univariant eutectic (L = Y+ 9,
L= C+9,, L= 0.+ 9,) and peritectic (L + &, == 9,)
reactions (Table 2). These reactions result in three-
phase regions: L+ Y+ 8,, L+ C + §,, L + o + 9,, and
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Table 1. Invariant equilibria in system A

JAFAROV et al.

Plg)ilgt ;n Equilibrium mol % y T,K

: 2T1,S 2T1,Te TIBiS,
e L+—=0+9, 42 58 - 608
e L—0o+C 88 - 12 713
e3 L==7+9, - - 33 770
1 L+y==C 38 - 62 815
PR O S - 97 3 715
P, L+y=—=C+3, 53 22 25 730
P, L+C==a+9d, 64 31 5 650
P L+8 =5, +0 41 56 3 610

L+ 8, + §,, respectively. Crystallization reaches com-
pletion through univariant reactions (p,P3, P,P3, P, P,,
and e;P)) in the composition ranges 5-9, 12-26, 52-59,
and 98-99 mol % TIBiS, and through invariant reac-
tions (P;, P,, and P;) in the ranges 9-12, 26-52, and
59-98 mol % TIBiS, (Tables 1, 2).

The T1,S—[TIBij333505T¢eys] join (Fig. 1d) is also
not pseudobinary, with a variety of heterogeneous equi-
libria, which can easily be understood by comparing
Fig. 1d with Figs. 2 and 3.

Figure 2 shows the 500-K section of the phase dia-
gram of system A, which clearly illustrates the subsoli-
dus phase relations in this system. The o-phase field
extends along the T1,S-Tl,Te pseudobinary join and is
=2 mol % in width and 5 mol % in length. The fields of
the d,- and J,-phases (T1,Te- and TlyBiTe¢-based solid
solutions, respectively) extend up to =12 mol %.
T1,Bi1,S5 dissolves insignificant amounts of other com-
ponents. The homogeneity range of the y-phase is
=2 mol % in width. The system contains six two-phase
regions (0t + O, 0, + Oy, 0+ &y, C+ 0, C+ d,, Y+ 0,)
and three three-phase regions (ot + 8, + ,, C + 0. + §,,
v+ C + §,). Note that the Tl,Te-Tl,BiTe, constituent
binary has a morphotropic phase transition, 8, = 9.,
and the 8, + 0, two-phase region is essentially degener-

Table 2. Univariant equilibria in system A

Curve libri Temperature range,
in lljllg 3 Equilibrium p Il(l g
€2P2 L+=—0o+C 7132650
nP |L+y=—cC 815-730
P Le—=y+§ 770-730
PPy |L+8, =23, 715-610
P, P, L—C+ 82 730-650
PPy |L+— 0+3§, 650-610
P3el L<:>(x+61 610-608

ate. Away from this binary system, the 8, + 9, region
broadens, up to 5-6 mol % (Fig. 2).

The liquidus diagram (Fig. 3) comprises five primary
crystallization fields, bounded by curves and points repre-
senting uni- and invariant equilibria (Tables 1, 2).
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