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The phase equilibria of the SnBi2Tes-PbBi.Tes-BizTes system were experimentally studied using differential
thermal analysis (DTA), X-ray diffraction (XRD), and scanning electron microscopy (SEM) techniques. According
to the experimental results, the isothermal section of the system at 300 K were constructed and 4 single-phase and
3 two-phase regions were identified. It was shown that along with previously confirmed SnBi.Tes—PbBizTes and
SnBisTe7—PbBisTer sections, SnBisTeio—PbBisTeio section forms continuous series of solid solutions with a
tetradymite-type layered structure. Lattice parameters of solid solutions were determined by full-profile Rietveld
refinements and results show that both a and ¢ parameters increase linearly with the Pb concentration according to
Vegard's law. This study can help elucidate the phase equilibria of the SnTe-PbTe-Bi>Tes pseudo-ternary system
which provides important information for the design of new tetradymite-type layered phases with topological

insulator and thermoelectric properties.
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Introduction

Bismuth and antimony-based chalcogenides which
have tetradymite-type layered structures have received
intensive research attention world-widely in the past
decades owing to the need for new materials for next-
generation  technologies [1-5]. These layered
chalcogenides were among the most studied and
promising materials for thermoelectric power generation
from the 50s of the last century [6-8] and experimental
verification of topological insulating properties — a new
state of quantum matter made these materials even more
attractive for researchers around the world [9-15].
Particularly, homologues series of layered ternary
compounds were found in the AV-Sh(Bi)-Te ternary
systems where A" is Sn, Ge, and Pb elements sparked
wide interest in the research community due to both their
fundamental scientific interest and the opportunities they
offer for observing novel electronic phenomena [16-23].
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Creating new multicomponent functional materials is
mainly based on the phase equilibria data and
thermodynamic properties of the relevant systems [24-29].

The SnTe-PbTe-Bi,Tes pseudo-ternary system is one
key system in terms of having tetradymite-type layered
phases. Since boundary pseudo-binary systems form
ternary compounds with the same general stoichiometric
formula, this pseudo-ternary system can form a series of
solid solutions which is important for the optimization of
the desired properties.

So far, boundary binary phase relations in SnTe-
PbTe-Bi,Tes pseudo-ternary system has been well studied
[30-39]. The latest study on the SnTe-Bi,Tes section [38]
by us described the existence of three tetradymite-type
layered intermediate compounds - SnBi;Tes, SnBisTey,
SnBigTeyg in the 50-100 mol% Bi, Tes range. Similarly, we
described the formation of only three tetradymite-type
layered ternary compounds, namely PbBi,Tes, PbBisTey,
and PbBisTeip in the PbTe-Bi,Tes system [39]. The
electrical and heat transfer properties of Sni.xPbyBi>Tes


https://e.mail.ru/compose/?mailto=mailto%3aaytenagazade94@gmail.com

A.l. Aghazade, E.N. Orujlu, Z.E. Salimov, A.N. Mammadov, M.B. Babanly

series were studied in [40]. The phase relations of
SnBi;Tes-PbBi;Tes and SnBisTes-PbBisTes systems was
studied in [27]. It is worth mentioning that up to now, no
experimental information on the phase diagram of the
SnTe-PbTe-Bi,Tes pseudo-ternary system is available in
the literature despite above mentioned ternary compounds
have been scarcely studied to a large extent as a 3D
topological insulator, and thermoelectric materials.

In this perspective, the present work is aiming to
determine the solid-phase equilibria of the SnBi>Tes-
PbBi,Tes-Bi,Tes system at 300 K within the framework of
an ongoing project for investigating the phase equilibria in
the SnTe-PbTe-Bi,Tes pseudo-ternary system.

I. Experimental Details

Alloys of the title system were synthesized from
binary PbTe, SnTe, and Bi,Tes initial compounds. In order
to synthesize initial compounds, stoichiometric amounts
of pure tin, lead, bismuth, and tellurium (99.999%, Alfa
Aesar, and Sigma-Aldrich) were weighed and melted
together in vacuum-sealed (102 Pa) quartz tubes at
temperatures 30-40 K above their melting point and then
identified using DTA and XRD methods.

The nominal compositions of alloys were selected on
several cross-sections as well as specific phase regions of
the SnBi;Tes-PbBi,Tes-Bi;Tes concentration triangle to
study phase equilibria in the whole phase diagram. The
weight of each sample was about 0.5 g. Predetermined
amounts of initial compounds were weighed and melted
together in a furnace at 1100 K for 5 h and then quenched
in ice water. The alloys were annealed at 800 K for
1000 hours.

Identification of phase alloys was performed with
DTA using the LINSEIS HDSC PT1600 system (accuracy
+2 K) with a heating rate of 10 K/min. XRD analysis was
carried out on Bruker D2 PHASER diffractometer using
CuKoy radiation within the scanning range of 26 = 5+75.
X’pert Highscore Plus and Match 3! Crystal Impact
software was used for the determination of lattice
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parameters and pattern indexing. The micrographs were
received using the Tescan Vega 3 SBH Scanning Electron
Microscope equipped with Thermo Scientific Ultra Dry
Compact EDS detector.

I1. Results and Discussion

25 alloys were prepared to construct the isothermal
section at 300 K in the SnBi,Tes-PbBi,Tes-BizTes system.
In our previous work [27], phase equilibria in the
SnBi,Tes—PbBi,Tes and SnBisTe—PbBisTe; sections
were already investigated in detail. It was revealed that
both sections of the title system form continuous series of
solid solutions with a tetradymite-type structure.

In order to determine phase equilibria in the
SnBigTe—PbBisTey section, annealed alloys with
compositions of 20, 40, 60, and 80 mol% PbBisTe1o were
studied by the powder XRD and DTA methods. Fig. 1
shows the XRD results of these alloys. It is clear from the
comparison of the diffractograms that the diffraction
patterns of all intermediate compositions are qualitatively
similar to the initial ternary compounds and alloys have
typical tetradymite-type layered diffraction patterns. An
analysis of these XRD results confirms that all the
reflection peaks of the intermediate alloys can be indexed
to the rhombohedral unit cell (hexagonal axis, space group
R-3m) and no remarkable impure phases — initial or other
compounds are observed. As the concentration of lead
increases in alloys, the peaks shift to lower angles which
is characteristic of continuous series of solid solutions.
This small shift can be attributed to the small differences
between the atomic radii of tin and lead.

The lattice constants of the alloys are calculated by the
Rietveld technique and obtained results for Sni.
xPbxBisTeio alloys including previously studied Sni.
«PbxBi2Tes and SnixPbyBisTe; alloys as well as initial
ternary compounds are summarized in Table 1. The
calculated values of lattice constants for initial ternary
compounds — SnBi,Tes, SnBisTez, SnBisTe1, PbBi;Te4,
PbBisTer, and PbBigTes are in good agreement with those
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Fig. 1. The XRD patterns of alloys of the SnBigTe1o—PbBisTeio section.
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Table 1.
Crystal structure parameters of some phases

Composition, mol% Crystal system Space group I;attlce constants, Z(\: Ref.
SnBi2Tes rhombohedral R-3m 4.40388(3) 41.6015(4) [27]

20 mol% PbBi>Tes rhombohedral R-3m 4.4102(2) 41.625(4) [27]

40 mol% PbBi2Tes rhombohedral R-3m 4.4198(3) 41.655(2) [27]

60 mol% PbBi,Te4 rhombohedral R-3m 4.4263(2) 41.673(4) [27]

80 mol% PbBi,Te4 rhombohedral R-3m 4.4304(3) 41.695(3) [27]
PbBi2Tes rhombohedral R-3m 4.4385(6) 41.733(7) [27]
SnBisTer trigonal P-3ml 4.3998(2) 23.981(3) [27]

25 mol% PbBisTer trigonal P-3m1 4.4052(3) 23.964(2) [27]

50 mol% PbBisTer trigonal P-3m1 4.4107(3) 23.938(4) [27]

75 mol% PbBisTer trigonal P-3m1 4.4152(4) 23.914(2) [27]
PbBisTe7 trigonal P-3ml 4.4233(4) 23.879(7) [27]
SnBisTeo rhombohedral R-3m 4.3873(8) 102.431(1) This work

20 mol% PbBisTe1o rhombohedral R-3m 4.3881(5) 102.455(4) This work

40 mol% PbBisTe1o rhombohedral R-3m 4.3934(2) 102.472(3) This work

60 mol% PbBisTe1o rhombohedral R-3m 4.3956(3) 102.499(6) This work

80 mol% PbBisTe1o rhombohedral R-3m 4.3975(3) 102.513(4) This work
PbBisTe1o rhombohedral R-3m 4.4012(5) 102.538(2) [39]
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Fig. 2. Concentration dependence of lattice parameters of
Sn1xPbxBigTeio alloys.

reported in [32,34,35] confirm the good accuracy of the
present calculations. Besides, lattice parameters vary
almost linearly with a composition according to Vegard's
law (Fig. 2). These results allow us to conclude the
successful formation of continuous solid solutions in

the whole concentration range in the SnBigTeio—PbBisTe1o
section.

The combined results of DTA, XRD, and SEM
measurements were used to construct a polythermal
section SnBisTei-PbBisTey of the phase diagram. As
seen from Fig. 3, this section is entirely located in the
liquidus surface of the d-phase which is a solid solution
with the general formula of Sn1.«PbxBisTe;. Therefore, this
phase initially crystallizes from the melt. At the next stage
of crystallization, L+d<¢ (859-851 K) monovariant
peritectic reaction occurs, which leads to formation of a
homogeneous g-phase (Sni-«PbxBisTe1o).

Thus, all 3 studied polythermal sections (SnBi;Tes-
PbBizTE4 [27], SnBi4Te7-PbBi4Te7 [27], SnBieTelo-
PbBigTei1o ) on which continuous series of solid solutions
are formed, are not quasi-binary due to the incongruent
melting of the initial ternary compounds. However, in the
subsolidus region, all these sections are stable. The
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Fig. 3. T-x diagram of the SnBisTe1o-PbBigTeio section.

crystallization processes in all these sections and the
general form of their T-x diagrams are qualitatively the
same. At the first stage, primary crystallization of the
adjacent more refractory phase is observed, and then it
enters into a peritectic reaction with the melt to form the
final product (y-, 8- or e-phase).

According to the experimental data and literature data
[27], a solid-phase equilibria diagram of the SnBi.Tes-
PbBi,Tes-Bi,Tes system at 300 K temperature was
constructed (Fig. 4.) As can be seen, the system consists
of'the v-, §-, and e-fields, which represent continuous solid
solutions formed on the SnBi,Tes-PbBi;Tes, SnBisTer-
PbBisTer, and SnBisTe1o-PbBigTeso sections, respectively.
B-phase reflects the solubility based on the Bi,Tes binary
compound.

In order to confirm the existence of different phase
regions in the SnBi,Tes-PbBi,Tes-Bi,Tes system, selected
alloys inside the concentration triangle were studied by
powder XRD and SEM methods. The results are presented in
Fig. 5. In all diffractograms, the diffraction lines belonging to
different phases are distinguished by different symbols. Fig.
5(a) and (b) show the XRD patterns and SEM micrographs of
alloy #1. As can be seen, the XRD pattern contains diffraction
lines of y-, and 8-phases, dark gray and light gray regions
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Fig. 5. The XRD patterns and SEM images of alloys #1 (a and b) and #2 (c and d) are in Fig. 4.

belonging to these phases can easily distinguished in the SEM
images as well. Alloy #2 is in the B-+¢ -two-phase region, and
the XRD pattern and SEM micrograph are shown in Fig. 5(c)
and (d) confirm this.

Conclusion

The solid-phase equilibria diagram of the SnBi,Tes-
PbBi,Tes-Bi,Tes system at 300K was investigated by
means of powder XRD, DTA, and SEM methods. The
formation of continuous solid solutions with a
tetradymite-type layered structure was revealed in 3
sections - SnBi;Tes-PbBi;Tes, SnBisTes-PbBisTer, and
SnBigTe1o-PbBigTeo of the studied system. Besides, there
is a solid solubility based on the initial binary compound
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Bi,Tes. Lattice parameters of solid solutions were refined
via the Rietveld technique. Overall, the 300 K isothermal
section of this system contains 4 single-phase and 3 two-
phase regions. The obtained solid solutions and newly
characterized phases with tetradymite-type structures are
of great interest as topological insulators and
thermoelectric materials.
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Experimental investigation of the solid phase equilibria at 300 K in the SnBi,Tes-PbBi,;Tes-Bi,Tes system

A.L Arxasane!, €.H. Opyiiny?, 3.E. Canimon?, A.H. Mammanos™® M.B. ba6annu?

ExcnepuMeHTanbHe 10CTIKeHHS TBepA0(Pa3HOI piBHOBAru y
cuctemi SnBi2Tes-PbBi2Tes-BizTes mpu 300 K

Ynemumym xamanizy ma neopzaniunoi ximii imeni M. Haziesa, Baxy, Azepbaiioscan
2 Asepbatioocancoruii Oepoicagnutl ynisepcumem nagmu ma npomuciosocmi, baxy, Aszepbatioscan
34sepbatioscancoxuti mexniunuii ynieepcumem, Baxy, Azepbaiioncan, aytenagazade94@gmail.com, elnur.oruclu@yahoo.com

@asoBi piBHOBarn cuctemun SnBizTes-PbBizTes-BizTes excnepuMeHTanpHO —OCTIHKEHO METOAAMH
mudepenmianpaoro repmignoro ananizy (ATA), pentreniBebkoi mudpaxuii (POA) Ta ckaHy0401 eNEKTPOHHOL
mikpockortii (CEM). 3a pe3ynapraTamMu eKCIiepuMeEHTY 00yIoBaHO i30TepMiuHui nepetud cuctemu mpu 300 K i
BuaiteHo 4 ogHodasHi Ta 3 nBodasHi obmacti. ITokasaHo, mo HoOpsx i3 paHimle MiITBEPIKEHUMH Po3pizamMu
SnBi2Tes—PbBi2Tes ta SnBisTer—PbBisTes, po3piz SnBisTeio—PbBisTeiw yrBoproe cyiinbHuil psij TBEpAUX
PO3YMHIB i3 IIApyBaTOI CTPYKTYpPOIO TETpaauMiTOBOrO THIy. [lapaMeTpu pemiiTku TBEpAMX PO3UYMHIB OyiH
BU3HAYEHI MOBHONPO(QUILHUM yTOYHEHHsM PiTBenpma. Pesynbratu mokasyroTh, IO SIK IMapameTpH a, Tak i C
3pOCTArOTh JiHIIHO 13 KOHIEHTpamielo Pb, BiamoBigHo 1o 3akoHy Berapma. Lle mocmimkeHHS MOXKE ITOTIOMOTTH
3’sicyBartH (a3oBi piBHOBaru ncesaonoTpiinHoi cucremu SnTe-PbTe-BizTes, sika Hajgae BaxIMBY iHPOPMALIIFO 1Ist
PO3pOOKH HOBUX HIapyBaTHX (a3 TETPagMMITOBOTO THILY i3 TOHOJIOTIYHUM i30JSTOPOM 1 TEPMOETICKTPHYHIMHU
BJIACTHBOCTSIMH.

Kuarouogi ciioBa: cucrema SnBiz2Tes-PbBi2Tes-BizTes, pospis SnBisTeiw—PbBisTe1o, TBepnodasua piBHoBara,
TOIIOJIOTIUHI 130JIITOPH, TEPMOEIEKTPUYHI MaTepialiy.
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