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Abstract. Phase relations of the TI-Sb-Th-Te quaternary system in the Tl,Te-Tl;SbTeg-TlgThTeg section
were experimentally studied by using the differential thermal analysis, powder X-ray diffraction
technique, and microhardness measurements. Several polythermal sections, an isothermal sections at 300
and 740 K, and projections of the liquidus and solidus surfaces were constructed. A wide areas of solid
solutions with a TlsTes structure, which are of interest as potential thermoelectric materials, is formed in
the system.
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1. Introduction

Materials based on multinary chalcogenides are essential due to their functional
properties like as optic, photoelectric, magnet, thermoelectric, topological insulators et
al. (Kolobov & Tominaga, 2016; Ahluwalia, 2017; Alonso-Vante, 2018; Scheer &
Schock, 2011; Ghang et al., 2014; Macia, 2015; Gao et al., 2013; Duan et al., 2015;
Papagno et al., 2016; Okamoto et al., 2012).

Thallium subtelluride, TlsTes due to features of its crystal structure, is suitable
"matrix" for the fabrication of novel complex materials (Schewe et al., 1989; Bhan &
Schubert, 1970). Such materials include TI,A"™Tes and TlsBV Teg -type (A'V-Sn, Pb; BY-
Sb, Bi) compounds (Gotuk et al., 1979; Babanly et al., 1985a, b) which also possess a
good thermoelectric performance (Guo et al., 2013; 2014; Yamanaka et al., 2003).
Moreover, the Dirac-like surface states in the TlsTez and its non-superconducting
derivative [T14](T1l;—Snx)Tes was found by authors of Ref. (Arpino et al., 2015).

Earlier Babanly and coauthors (Babanly et al., 2009; Imamaliyeva et al., 2008)
showed the formation of a new class of ternary cation-substituted structural analogs of
TlsTes with common formula TlgLnTeg (Ln-Ce, Nd, Sm, Gd, Th, Tm). It was also
showed that ytterbium does not form the compound of TlgYbTes-type that apparently
associated with the stability of the electronic configuration of the ytterbium atom
(Imamaliyeva et al., 2015). A little later these results were confirmed (Bangarigadu-
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Sanasy et al., 2011, 2013, 2014), which and determined the thermoelectric and magnetic
properties for a number TlgLnTeg-type compounds.

The design and development of novel methods for controlled synthesis and
growth of large single crystals requiredetailed studies of respective phase diagrams and
the thermodynamic functions (Zlomanov et al., 2013; Tomashyk, 2016). On other hand,
according to loffe (loffe, 1957), incorporation of the heavy atoms into crystal lattice can
improve their thermoelectric properties and give them additional functionality. For this
purpose, the phase equilibria of a number of systems including compounds with the
TlsTes structure (Imamaliyeva et al., 20173, b, ¢, 2018) were investigated. As a result, it
was shown that these systems are characterized by the formation of continuous series of
solid solutions.

This study reports a detailed experimental investigation of the phase equilibria in
the Tl,Te-TlsSbTes-TlyThTeg section of the TI-Sh-Th-Te quaternary system.

TI,Te and TlgSbTes compounds melt congruently at 698 (Asadov et al., 1977)
and 800 K (Borgros, 1977), while TlgTbTegs melts with decomposition by the peritectic
reaction at 780 K (Imamaliyeva et al., 2017a). Tl,Te crystallizes in the monoclinic
system (sp.gr. C2/c; a = 15.662; b = 8.987; ¢=31.196A, p=100.76°, z=44) (Cerny et al.,
2002). The tetragonal lattice parameters of TlgSbTegand TlgTbTeg are equal: a = 8.829,
c = 13.001 A, z=2 (Wacker, 1991); a=8.871, ¢=12.973, z=2 (Imamaliyeva et al.,
2017a).

TlgShTes-TlgThTeg and Tl,Te-TlgThTeg sections are non-quasi-binary due to
peritectic melting of TloThTes (Imamaliyeva et al., 2017a, d). The first system is
characterized by the formation of continuous series of solid solutions while second
section by limited solid solutions.

There are 2 variants of the phase diagram of the system Tl,Te-TlgShTeg in the
literature. According to Botgros (Botgros et al., 1977), the system is characterized by
the formation of a continuous series of solid solutions. According to the data of
(Babanly et al., 1985), there is a morphotropic phase transition in solid solutions near
TI,Te. Taking into account that the Tl,Te and TlgSbTes compounds have completely
different crystalline structures, this statement seems unlikely. Considering this, we
reinvestigated the TI,Te-TlgSbTeg system.

2. Experimental

2.1. Materials and syntheses

For samples preparation we used high purity elements: thallium (99.999%),
antimony (99.999 %), terbium (99.9%), and tellurium (99.999%). All the elements were
purchased from Alpha Aesar Company. Because thallium is stored in water, it was dried
and the oxide film was removed before use. We used protective gloves at all times when
working with thallium because thallium and its compounds are highly toxic and contact
with skin is dangerous.

Stoichiometric amounts of the initial elements were weighed with accuracy
+0.0001 g, put into silica tubesof about 20 cm in length and then were sealed under a
vacuum of 107 Pa.

Tl,Te and TlgSbTeg compounds were synthesized by heating in a resistance
furnace at 850 K followed by cooling in the switched-off furnace.

The synthesis of the TlgTbTes compound was carried out at 1000 K. The
intermediate ingot of TlgTbhTeg was carefully powdered in an agate mortar, pressed into
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a pellet and annealed at 750 K within ~800 h. because an equilibrium state could not be
obtained even after the long-time. We deposited a thin layer of carbon on the inner side
of a quartz tube with the aim of to avoid reaction between the terbium and the quartz
ampoule.

The purity of the synthesized Tl,Te, TlgSbTes, and TlgThTes compounds was
monitored by the DTA and XRD techniques.

We observed only one endothermic effect for Tl,Te (695 K) and TlgShTeg (800
K) and two effects for TlgTbTeg which correspond to the peritectic reaction at 780 K
and its liquidus at 1120 K.

Powder XRD data showed that all the samples are phase-pure. Their patterns
were indexed using Topas V3.0 software. The obtained unit cell parameters werein
good agreement with relevant literature data (Asadov et al., 1977; Imamaliyeva et al.,
2017a; Wacker, 1991) (Table 1).

Pre-synthesized compounds were used for the preparation of the samples of the
TI,Te-TlgSbTes-TlgThTes system. After synthesis the samples containing >60%
TlgTbTes were carefully powdered, mixed, pressed into pellets and annealed at 680 K
during ~ 800 h in order to complete the homogenization. The mass of each sample was
about 1 g.

2.2. Methods

The samples were analyzed by X-ray diffraction and differential thermal
analysis as well as microhardness measurements.

The phase identification of powdered specimen was performed using a Bruker
D8 diffractometer (CuK,, radiation) at room temperature in the 26 range of 6-75°. The
unit cell parameters of initial compounds and intermediate samples were calculated by
indexing of powder patterns using Topas V3.0 software. An accuracy of the crystal
lattice parameters is shown in parentheses (Table).

Table 1. DTA data, microhardness values and crystal lattice parameters for
some samples of the Tl,Te-Tl,SbTeg-TlgThTeg system

Phase Thermal Microhardness, Lattice parameters, A
effects, K MPa
TI,Te 695 1400 a=15.662(8); b = 8.987(4);
¢ =31.196(12), B = 100.760, z = 44
T|9’95Sb0'05Te5'05 702 1515 -
Tlo oSbo.Tes 1 702-715 1330, 1520 | -
TlosSbosTes 708-728 1320 a = 8.9098(4); ¢ = 12.6792(10)
TI9,65b0,4Te5,4 727-753 1270 a= 88889(5), c= 127604(9)
T|9’55b0'5T65' 740-762 - -
Tl 4SbosTess 750-773 1180 a = 8.8690(4); c = 12.8416(9)
Tl, ,SbosTess 775-790 1100 a = 8.8490(3); ¢ = 12.9228(9)
Tl,ShTes 800 1000 a = 8.8301(2); ¢ = 13.0039(10)

The temperatures of the thermal effects were determined by using a NETZSCH
404 F1 Pegasus differential scanning calorimeter in the range of temperatures from the
room temperature to ~1400 K at a heating rate of 10 K- min™ and accuracy about +2°.

Microhardness measurements were done with a microhardness testerPMT-3, the
typical loading being 20 g and accuracy about 20 MPa.
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3. Results and discussion

An analysis of experimental results and data on boundary systems (Babanly et
al., 1985a; Botgros, et al, 1977; Imamaliyeva et al., 2017a) enabled us to refine the
phase diagram TI,Te-TlySbTeg and to construct the diagram of the phase relations in the
TI,Te-TlgSbTes-TlgThTeg system (Table 1, Fig.1-6).

The TI,Te-TlgSbTeg system (Fig. 1) is quasi-binary and forms a phase diagram
of the peritectic type. The coordinates of the L+3<«>a peritectic equilibrium are 5 mol%
TlgSbTes and 702 K (a- and &- are solid solutions based on Tl Te u TlgSbTes,
respectively). o- and - phases are separated by a two-phase region a+96.

At the peritectic temperature, the homogeneity region of Tl,Te is about 7 mol%,
and for TlySbTes ~85 mol%. With decreasing temperature, these regions narrow
somewhat and according to the microhardness measurements and XRD data they are ~5
mol% and ~75 mol%, respectively at 300 K.
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Figure 1. Phase diagram, microhardness values and crystal lattice parameters
for the samples of the Tl,Te-TlyShTeg system

Powder XRD results confirm the wide regions of solid solutions in the Tl,Te-
TlgShTes system (Fig.2). The alloys with compositions > 20 mol% TlgShTes are
monophasic with TlsTes-type diffraction patterns. For example, the diffraction pattern 3
presents a pattern with composition 20 mol% TlsSbTes. Alloys containing 10-15 mol%
TlgShTeg is bi-phasic (diffraction pattern 2) and besides the 5-phase reflections contains
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reflections of a-phase based on Tl,Te (diffraction pattern 2). Solid solutions containing
more than 20 mol% TlsSbTes obey the Vegard’s law (Fig.1,c) (Ferey, 2017).
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Figure 2. XRD patterns for different compositions in the Tl,Te TlgSbTeg system.
1- Tl,Te; 2- 15mol% Tl,SbTeg; 3-20 mol% Tl,ShTeg; 4-TlgShTeg

Microhardness measurements are in good agreement with plotted phase diagram
(Fig.1, b). The microhardness values of initial compounds are increased within
homogeneity areas of a- and d-phases, and remain constant in the o+ two-phase region
(Glazov, 1969).

The solid-phase equilibria diagram

This diagram (Fig. 3) clearly demonstrates the location of the phase regions in the
TI,Te -TlgThTes-TlgShTes system at room temperature. As can be seen, the system
consists of two single-phase fields (a- and 8-), limited by o+d two-phase region. Fig.3.
presents the studied sections and alloys compositions.

The liquidus surface projection (Fig. 4)

Liquidus of Tl,Te-TlgSbTes-TlgThTes section consists of three areas of the
primary crystallization of a-,5-phases and TITbTe, compound. These areas are limited
by lines of p1p:1' and pop2" which correspond to the monovariant peritectic equilibria L+
TITbTe,<>6 and L+d«>a. Solidus surface consists of two areas corresponding to the
completion of crystallization a- and &-phases.
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Figure 3. The solid-phase diagram of the Tl,Te-TlgSbTes-TlgThTegsection.
The studied sections (das-dot lines) and alloys compositions (circles) are shown
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Figure 4. Projection of the liquidus and solidus (dashed lines) surface of the Tl,Te-TlgThTeg-TlgSbTeq
system. Primary crystallization fields of phases: 1-a; 2-3; 3- TITbTe,.

Polythermal sections of the Tl,Te-TlgSbTes-TlgThTeg system (Fig.5)

Figs. 5a-c  show the polythermal sections 2Tl,Te-[C], TlsShTes-[A]
and TlgTbTes-[B] of the Tl,Te-TlgSbTes-TlgThTes system, where A, B, and C
are equimolar compositions on the boundary systems as shown in Fig.3.
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Fig.5. Polythermal sections Tl,Te-[A], TlsSbTeg-[B] and TlgThTeg-[C] of the phase diagram
of the TI,Te -TlgTbTes-TlyShTeg system

The liquidus of TI,Te-[C] section consists of two curves of primary
crystallization of a- and 3-phases. The intersection point of these curves corresponds to
the monovariant peritectic reaction L+3<>a. (702 K). This section passes through the a,
a+d and 6- phase areas below the solidus.

The &-phase crystallizes from the TlgoSbTes-[A] section over the entire
compositions interval from the melt (Fig.5, b).

The &-phase crystallizes from the TlgThTeg-[B] section in the composition range
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up to ~65 mol% of TlgThTes, whereas in the TlgTbTes- rich alloys, the TITbTe,
compound first crystallizes (Imamaliyeva et al., 2017a), then the monovariant peritectic
equilibrium L+ TITbTe,«>d occurs. In the latter reaction, the TITbTe;, is completely
consumed first and the excess of the melt crystallizes into the - phase.

Isothermal section at 740 K (Fig. 6)

The isothermal section of the phase diagram at 740 K is presented on Fig.6. As
can be seen, the connods are practically radial from the Tl,Te coner of the concentration
triangle, which is associated with the proximity of the melting temperatures of TlgThTeg
and TlgShTeg.

T1,SbTe,

1 1
60 80 TL,TbTe,
mol.% T1,TbTe,

Figure 6. The isothermal section of the phase diagram of the
Tl,Te-TlsSbTeg-TlgThTeg system at 740 K.

4, Conclusion

A full T-x-y diagram of the TI,Te-TlsSbTes-TlgThTegsystem, including the
phase diagrams of boundary system Tl,Te-TlgSbTes, some polythermal sections, an
isothermal section at 300 and 740 K, and the liquidus and solidus surface projections
were constructed. It was found that wide areas of &-solid solutions with the TlsTes
structure occupy more than 90% of the concentration triangle. Obtained experimental
data can be used for choosing the composition of solution-melt and for determining of
temperature conditions for growing crystals of &- phase with a given composition.
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