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GENERAL DESCRIPTION OF WORK 

The relevance of the theme and the degree of development. 
The creation of new materials for various purposes with special 
physical properties for high-tech is one of the most pressing prob-
lems of modern chemical materials science. 

Chalcogenides and chalcohalogenides of arsenic subgroup ele-
ments, as well as phases based on them, have long been in the focus 
of researchers as perspective functional materials including photoe-
lectric, thermoelectric, ferroelectric, optical, etc. properties. Many of 
these materials are used in power converters and various fields of 
electronics. In recent years, interest in layered chalcogenides and 
chalcohalogenides of antimony and bismuth has increased sharply. 
This is due to fact that these phases exhibit unique physical properties, 
such as topological insulator (TI) and Rashba spin splitting (RSS). TI 
and RSS materials are very promising for application in spintronics, 
quantum computers, medicine, security systems, and other areas of 
high-tech. 

The purposeful search, obtention, and design of new multi-
component chalcogenide and chalcohalogenide phases are directly 
related to the study of phase equilibria, thermodynamic, crystalloche-
mical, and other physicochemical properties of relevant systems. 
Phase diagram allows predicting new phases in the system, to deter-
mine the nature of their formation, thermal resistance, phase transfor-
mations, primary crystallization and homogeneity areas, etc. These 
data also comprise the thermodynamic properties and crystallograp-
hic parameters of intermediate phases and the physicochemical basis 
of the directional synthesis of new materials. 

One of the ways to create new materials with functional pro-
perties is obtaining solid solutions based on known compounds with 
appropriate properties. Because it is possible to optimize the proper-
ties of solid solutions by changing the composition at a certain range. 

In recent years, four-component systems with  general formu-

las Sb-Bi-Te-Hal BV − X − X′ − Hal and BV − X(X′) − Hal − Hal′ 
(X, X' and Hal, Hal' are two different chalcogens or halogens, respec-
tively) that possess TI and RSS properties are of great interest in 
terms of the search for new pnictogen, chalcogen, and halogen-subs-
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tituted solid solutions based on antimony (bismuth) tellurides and tel-
lurohalogenides. These systems are expected to form wide areas of 
solid solutions based on the corresponding chalcogenide, chalcohalo-

genide, and halogenide phases in the Sb2Te3 − Bi2Te3 − BiHal3 −
SbHal3, B2

VX3 − B2
VX3

′ − BVHal3, B2
VX3 − BVHal3 − BVHal3

′  con-
centration planes, respectively. 

Analysis of the literature data shows that the phase equilibria 
on the above-mentioned concentration planes have not been studied 
practically until our studies. Only the Bi2Se3–Bi2Te3–BiI3 system has 
been studied.  

Object and subject of research. The research objects of the 
dissertation were Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and Bi2S3−BiI3−Bi2Te3 
systems.  

The purpose and objectives of the study: The purpose of the 
dissertation is to obtain new reliable data on phase equilibria and 
thermodynamic properties in Sb2Te3+2BiI3↔Bi2Te3+2SbI3 recipro-
cal and Bi2S3−BiI3−Bi2Te3 quasi-ternary systems.  

To achieve this goal, the following specific tasks were set and 
solved: 

 Synthesis and physicochemical study of the Sb2Te3+2BiI3 ↔ 
Bi2Te3+2SbI3 and Bi2S3−BiI3−Bi2Te3 systems;  

 Determination of phase equilibria in these systems, construc-
tion of  their liquidus surface projections, various polythermal and 
isothermal sections of phase diagrams, determination of types and 
coordinates of non- and monovariant equilibria; 

 Analytical 3D modeling of phase diagrams of the 
Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and Bi2S3−BiI3−Bi2Te3 systems; 

 Determination of the primary crystallization and homogene-
ity areas of the newly revealed intermediate phases, synthesis and 
characterization of their selected samples; 

 Investigation of thermodynamic properties of intermediate 

phases in the Bi2S3−Bi2Te3−TeS system; 
 Investigation of Bi1-xSbxTeI solid solutions using spectrosco-

pic ellipsometry and Raman spectroscopy. 
Research methods. Research on the topic of the dissertation was 

carried out by the traditional physicochemical analysis methods: diffe-
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rential thermal analysis (DTA), X-ray diffraction analysis (XRD), elect-
romotive force (EMF), and scanning electron microscopy (SEM). DTA 
was performed on a multichannel device based on the electronic data re-
corder "TC-08 Thermocouple Data Logger" and "NETZS8CH 404 F1 
Pegasus system" equipment. Powder diffractograms were taken on the 

"D2 Phaser" device of the Bruker Corporation (Germany). "Keithley 

2100 6 1/2 Digit Multimeter" was used for EMF measurements. SEM 
analysis was done using the "JEOLJSM-7600F" device. Spectroscopic 
ellipsometry and Raman spectroscopy measurements were carried out 
using “Woolam IR-VASE rotation compensator spectroscopic ellipso-
meter” and “Confocal Micro – Spectrometer Nanofinder 30 (Tokyo instr., 
Japan)”, respectively. 

Main provisions for the defense.  
Liquidus surface projections of Sb2Te3+2BiI3↔Bi2Te3+2SbI3 

and Bi2S3−BiI3−Bi2Te3 systems, a number of poly- and isothermal 
sections of phase diagrams.  

1. Newly found non- and monovariant equilibria in the phase 
diagrams of the studied systems, their types, and coordinates. 

2. The new obtained variable composition chalcohalogenide 
phases, their primary crystallization, homogeneity areas, and crystal-
lographic parameters. 

3. Temperature dependence of EMF in the Bi2S3−Bi2Te3−Te−S 
system, partial molar functions of bismuth in alloys, standard integral 
thermodynamic functions of revealed com-pounds, and solid solutions. 

Scientific novelty.  
 The nature of physicochemical interactions has been deter-

mined for the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and Bi2S3−BiI3−Bi2Te3 
systems. It has been shown that the BiTeI − SbTeI, and BiTeI − BiSI 
sections of these systems are non-quasi-binary due to the incongruent 
melting of one of the starting compounds, however are stable at sub-
solidus. Wide areas of solid solutions based on the starting compo-
unds in the first section, and small limited solid solution areas in the 
second section were found;  

 Liquidus surface projections of Sb2Te3+2BiI3↔Bi2Te3+2SbI3 
and Bi2S3−BiI3−Bi2Te3 systems, a number of polythermal and isother-
mal sections of phase diagrams were constructed, primary crystallizati-
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on areas of phases from the liquid, homogeneity areas, as well as, types 
and coordinates of non- and monovariant equilibria were determined; 

 Newly revealed non-stoichiometric phases with different 
compositions were synthesized and identified, their crystal lattice 
types and parameters were determined; 

 Analytical 3D modeling of crystallization surfaces of the  
Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and Bi2S3−BiI3−Bi2Te3 systems was 
carried out. Phase diagrams of these systems and analytical depen-
dencies for binary boundary systems are presented in the form used 
by the OriginLab computer software; 

 Based on EMF measurements, a solid-phase equilibria diag-
ram in the Bi2S3−Bi2Te3−Te−S composition region of the Bi–Te–S 
system at 300 K was constructed, the relative partial molar functions 
of bismuth in alloys of different phase areas were calculated. The ther-
modynamic functions of the tetradymite mineral and solid solution ba-
sed on it with Bi2Te1.8S1.2 formula were determined for the first time; 

  Dielectric functions and Raman spectra of Bi1-xSbxTeI (x = 
0; 0.05 and 0.1) phases were studied. The nature of the dependence 
of the dielectric function on the photon energy was identified based 
on the obtained ellipsometric data, while Raman spectra show that no 
structural changes were observed with an increasing amount of anti-
mony in the solid solution. 

The theoretical and practical significance of the work. The 
newly obtained results on the phase equilibria and thermodynamic 
properties of the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and Bi2S3−BiI3 −Bi2Te3 
systems are a contribution to the chemistry and thermodynamics of 
the multicomponent chalcoiodide and chalco-genide phases. These 
results can be used for the directional synthesis and single crystal 
growth methods of newly found phases in these systems. It is possible 
to change the composition of substitution solid solutions based on 
chalcoiodide compounds in a wide range, which opens up new possi-
bilities for optimizing the properties.  

The practical significance of the research is that the constructed 
phase diagrams, thermodynamic and crystallographic properties of 
the phases are fundamental physical and chemical parameters and 
can be included in relevant electronic databases and handbooks. 
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Testing and application.  The results of the work were repor-
ted and discussed at the following scientific conferences: VIII Все-
российская конференция с международным участием «Физико-
химические процессы в конденсированных средах и на межфаз-
ных границах - Фагран-2018» (Воронеж, Россия 2018); «5

th
 Inter-

national Turkic World Conference on Chemical Sciences and Tech-
nologies – ITWCCST-2019» (Sakarya, Türkiyə 2019); Beynəlxalq 
elmi konfrans «Müasir təbiət və iqtisad elmlərinin aktual problemləri» 
(Gəncə, Azərbaycan 2019, 2020, 2021), «1

st
 International congress 

on natural sciences» (Erzurum, Türkiyə 2021). 
Published scientific works: A total of 14 scientific works inc-

luding 6 articles (4 articles indexed in Clarivate Analytics and Scopus 
databases) based on the materials of the dissertation, were published 
in scientific journals. 6 scientific works were published as abstracts 
of reports at various international conferences.  

The name of the organization in which the dissertation work 
is carried out. The dissertation work was carried out in the "Inorganic 
functional materials" department of the Institute of Catalysis and Inorganic 
Chemistry of the Azerbaijan National Academy of Sciences. 

Personal contribution of the author. Experimental research in 
the dissertation work, processing of the obtained results, and preparation 
of materials for publication was carried out mainly by the author. The 
author's share in the co-authorship of scientific works was decisive. 

The volume and structure of the work. The dissertation con-
sists of an introduction (9164 symbols), four chapters (I-35274,       
II-32819, III-40273, IV-35603 symbols), main results, a list of used 
scientific literature in 225 titles and has a volume of 162 pages. The 
thesis includes 66 figures and 25 tables.  

 

MAIN CONTENT OF WORK 

In the introduction part of dissertation work, the relevance of 
the dissertation is justified, the purpose of the work, scientific novelty, 
practical significance and the main provisions for defense is given. 

In the first chapter of the dissertation, the current state of rese-
arch on Bi (Sb) containing multicomponent chalcogenide and chalco-
halo-genide systems was carried out and the choice of research objects 
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was justified. 
It also provides literature data on phase equilibria and physicoc-

hemical properties in the binary and ternary boundary systems of the 
Sb2Te3+2BiI3↔Bi2Te3+2SbI3 reciprocal and Bi2S3−BiI3−Bi2Te3 qua-
si-ternary systems. This information was used for planning of experi-
mental studies and the analysis of the obtained results. 

The second chapter is devoted to a brief description of the syn-
thesis and physicochemical research methods used in the dissertation. 

The primary binary and ternary compounds of the studied 
systems were synthesized by co-melting of stoichiometric quantities of 
high purity (99.999%) elementary components (purchased from German 
company Alfa Aesar) in quartz ampoules under vacuum (~ 10

-2
 Pa). Due 

to the high saturated vapor pressure of sulfur and iodine at the melting 
temperatures of the compounds, the synthesis was carried out in an 
inclined two-zone furnace. The identification of the synthesized com-
pounds was checked by DTA and XRD methods. 

Samples of the studied systems were prepared by melting of pre-
synthesized and identified starting binary and ternary compounds in 
quartz ampoules under vacuum conditions. After synthesis, the samp-
les were subjected to short and long-term heat treatment at temperatu-
res below 30-50 °C from the solidus, depending on the melting charac-
teristics, and were gradually cooled by switching off the furnace from 
the power source. Specific synthesis conditions of compounds and 
samples are given in the dissertation. 

The synthesized samples were characterized using DTA (TC-08 
Thermocouple Data Logger and NETZSCH 404 F1 Pegasus devices; 
chromel-alumel thermocouples), XRD (Bruker D2 Phaser diffracto-
meter, CuKα-radiation) and SEM (JEOLJSM-7600F scanning elect-
ron microscopy) methods. 

The third chapter presents the results of the study of phase 
equilibria in the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and Bi2S3−BiI3−Bi2Te3 
systems.  

Phase equilibria in the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 system.  
In order to determine the nature of the phase equilibria in this system, 
obtained results on a number of internal sections and the literature 
data of boundary quasibinary systems were processed together. 
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SbTeI−BiTeI section. Figure 1 presents the powder XRD pat-
terns of thermally treated alloys. As can be seen, diffraction patterns 
of all the samples between pure BiTeI and the alloy of the 40 mol% 
BiTeI composition are similar to each other and differ only by a 
slight shift of the diffraction lines. On the other hand, the diffraction 
pattern of the 10 mol% BiTeI sample consists mainly of the SbTeI 
diffraction lines. The powder diffractograms of the 20 and 30 mol% 
BiTeI-containing samples consist of peaks of both mutually saturated 
solid solutions.  

 
Figure 1. Powder  diffractograms of some alloys of the 

SbTeI-BiTeI system 

 

T-x diagram (Fig.2) of the system was constructed using DTA 
results. The system is completely non-quasibinary due to the 
incongruent melting character of the SbTeI. However, it is stable in 
subsolidus and forms wide substitutional solid solutions based on the 
starting compounds. Liquidus consists of two curves. A solid phase of 
Sb2-xBixTe3 composition (α-phase) primarily crystallizes in the 0-80 
mol% BiTeI composition intervale, while solid solutions based on 
BiTeI (γ2-phase) crystallize in the ˃80 mol% BiTeI phase region. 
Crystallization in the L+α field continues with monovariant L+α↔γ1 



10 

 

and L+α ↔γ2 peritectic reactions (Fig. 6; Table1). The horizontal line 
at 668 K conforms L+α+γ2↔γ2 transition reaction. The γ1+γ2 phase is 
formed as a result of this reaction in ~ 15-27 mol% BiTeI concen-
tration range. At the peritectic reaction temperature, the homogeneity 
area of the γ1 – phase is ~ 15 mol%,  and the homogeneity area of the 
γ2 - phase is ~ 73 mol%. 

 
Figure 2. Phase diagram of the SbTeI-BiTeI system 

 

Solid-phase equilibria diagram at 300K (Fig. 3). It can be seen 

from the phase diagram that the system is reversible reciprocal, 

which means it does not have a stable diagonal. This can be explained 

by the fact that one of the boundary quasi-binary sides of the system 

(Sb2Te3−Bi2Te3) forms continuous (α), the other (SbI3−BiI3) wide  

solid solution areas (β1 and β2) on the basis of starting binary compo-

unds. Experience has shown that such reciprocal systems are usually 

adiagonal, because the decisive role in the formation of phase areas 

belongs to solid solutions, not stoichiometric compounds. 

The SbTeI−BiTeI quasi-stable section is divided the system into 

two independent subsystems in the subsolidus: Sb2Te3−SbTeI−BiTeI− 

Bi2Te3 and SbI3−SbTeI−BiTeI−BiI3. These subsystems do not have a 

stable diagonal as well.  

All phase fields shown in Fig.3 were confirmed by XRD and 

SEM methods. XRD patterns and SEM images of some samples (a-e) 

are given in Figures 4 and 5, respectively. 
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Figure 3. Solid-phase equilibria diagram of the 

Sb2Te3+2BiI3↔Bi2Te3+2SbI3 system at 300 K 

 

 
Figure 4. XRD patterns for selected alloys of the 

Sb2Te3+2BiI3↔Bi2Te3+2SbI3 system in Fig. 3: #1 (a) 80%Bi2Te3−20%2SbI3; 

#2 (b) 20%Sb2Te3−80%2BiI3; #3 (c) 80%Sb2Te3−20%2BiI3; #4 (d) 

20%Bi2Te3−80%2SbI3 və #5 (e) 60%SbI3−40%BiTeI 
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Figure 5. SEM images of some samples of the 

Sb2Te3+2BiI3↔Bi2Te3+2SbI3 system in Figure 3:a) #6; b) #7; c) #2 

 

The diffraction pattern of sample #1 consists of peaks of the α and 

γ2 phases, and the diffraction pattern of sample #2 consists of the 

diffraction lines of the β2 and γ2 phases. The diffraction patterns of 

samples #3, #4, and #5 confirm that they are triphasic. Sample #3 

consists of the diffraction lines of α, γ1 and γ2 phases, while samples 

#4 and #5 consists of the diffraction lines of β1, β2, and γ2 phases.  

In Figure 4, the diffraction lines of the different phases are 

marked with different colored figures. Also, the formation of α+γ1, 

β1+γ1 and β2+γ2 two-phase fields in the phase diagram is confirmed 

by the SEM results of samples # 6, # 7 and # 2 (Fig 5a-c). It is seen 

that γ1-phase co-crystallizes with α-phase in Figure 5a, and with β1-

phase in Figure 5b. The two-phase equilibrium of γ2 and β2-phases 

shown in Figure 4b is confirmed by the sample # 2 in Figure 5c. 
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The liquidus surface projection. The liquidus surface of the 

system consists of 5 primary crystallization fields (Fig. 6). The wi-

dest liquidus surfaces belong to the α- and γ2- phases (1 and 2 fields). 

This opens up a wide range of possibilities for the selection of liquid 

phase compositions for single crystals growth of given compositions 

by directional crystallization. 

The liquidus surfaces of the other phases (β1-, β2- and γ1- solid 

solutions) are in the form of thin strips along with the SbI3−BiI3 bo-

undary system. This is due to their crystallization temperatures are 

very low compared to the α- and γ2- phases 

The liquidus surfaces of the different phases are separated by a 

series of monovariant equilibrium curves and nonvariant equilibrium 

points. The types of all observed nonvariant and monovariant equi-

libria in the system are given in Table 1. The composition and tempe-

ratures of nonvariant equilibrium points, temperature ranges of mo-

novariant equilibrium curves are given in this Table as well.  

 
Figure 6. The liquidus surface projection of the 

Sb2Te3+2BiI3↔Bi2Te3+2SbI3 system. The primary crystallization fields 

of phases: 1-α; 2-γ2; 3-γ1; 4-β1; 5-β2 
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It should be noted that the eutectic equilibrium curve starting 

from the e4-eutectic point crosses the SbTeI−BiTeI quasi-stable secti-

on and transform into a peritectic equilibrium curve on this section 

(Fig. 6, K-point). Therefore, this curve is shown as 2 independent 

curves (e4K and KP2) in Table 1. 

Table 1 

Non- and monovariant equilibria in the 

Sb2Te3+2BiI3↔Bi2Te3+2SbI3 system 
Points in 

Fig. 6 
Equilibria 

Composition, mol% 
T,K 

Sb2Te3 Bi2Te3 2SbI3 

D L ↔ BiTeI  66,67  828 

e1 L ↔ SbTeI + SbI3 1  99 444 

e2 L ↔ 1 + 2   87 418 

e3 L ↔ BiTeI + BiI3  2  680 

e4 L ↔ Bi2Te3 + BiTeI  75  823 

P1 L + Sb2Te3 ↔ SbTeI 5  95 645 

P2 L +  + γ2 ↔ γ1 8  85 668 

U1 L + γ1 ↔ 1 + γ2 3  86 442 

U2 L + γ2 ↔ 1 + 2 2  84 438 

e4K L ↔  + γ2  823-810 

KP2 L +  ↔ γ2 810-665 

P2P1 L +  ↔ γ1 665-645 

P2U1 L ↔ γ1 + γ2 665-442 

e1U1 L ↔ 1 + γ1 444-442 

U1U2 L ↔ 1 + γ2 442-438 

U2e2 L ↔ 1 + 2 438-418 

e3U2 L ↔ 2 + γ2 680-438 

 

Phase equilibria in the Bi2Te3−Bi2S3−BiI3 system. 
Analysis of XRD results of samples of the BiSI − BiTeI section 

shows that it is stable in solid-state (Fig.7). 

As can be seen, the diffraction pattern of a sample containing 90 

mol% BiSI consists mainly of the BiSI diffraction peaks, where the 

most intensive peaks of BiTeI are observed at 12.8º, 26.9º, 35.5º, and 

46.3º. The diffraction pattern of a sample containing 10 mol% BiSI 

consists mainly of diffraction peaks of BiTeI, where the most intensive 

peaks of solid solutions based on BiSI are observed at 18º, 20.1º, 22.5º, 



15 

 

and 28.5º. According to these results, it can be estimated that the 

homogeneity of BiTeI at room temperature is ~ 7-8 mol%, and ~ 5 mol% 

for BiSI. Diffraction patterns of samples containing 10-90 mol% BiSI 

consist of peaks of both mutually saturated solid solutions. 

 
Figure 7. XRD patterns of some alloys of the BiTeI-BiSI system  

 
Figure 8. Phase diagram of the BiTeI-BiSI system 
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It is shown from the T-x diagram (Fig. 8) that the system is comp-

letely non-quasi-binary because the BiSI compound melts with the peri-

tectic reaction, but is stable at subsolidus and forms limited solid solution 

fields based on the starting compounds (γ1 and γ2 phases). 

Solid-phase equilibria diagram at 300K. Our results also confir-

med the existence of β1-, β2- and δ- phases along the Bi2S3−Bi2Te3 

boundary quasibinary system. As a result of the interaction of the 

above-mentioned phases and BiI3 phase, a number of two and three-

phase fields are formed in the subsolidus of the Bi2S3−Bi2Te3−BiI3 

system (Fig. 9).  

 
 

Figure 9. Solid-phase equilibria diagram of the 

Bi2Te3−Bi2S3−BiI3 system at 300 K 

As can be seen from Figure 9, the Bi2S3+3BiTeI↔Bi2Te3+3BiSI 

reciprocal system in the Bi2S3−BiSI−BiTeI−Bi2Te3 field of the con-

centration triangle is reversible reciprocal, and none of its diagonals is 

stable. In this subsystem, the decisive role in the formation of phase fi-

elds belongs to the δ-phase based on tetradymite. This phase forms 

stable tie-lines with all other phases (β1 (Bi2S3), β2 (Bi2Te3), C (Bi19S27I3), 

γ1 (BiSI), γ2  (BiTeI)) of the subsystem: δ+β1, δ+β2, δ+C, δ+γ1 və δ+γ2. 
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Four three-phase fields β1+C+δ, C+γ1+δ, γ1+γ2+δ və β2+γ2+δ are for-

med between these two-phase fields, two-phase fields of side quasi-bi-

nary systems - β1+C, C+γ1, β2+γ2, as well as γ1+γ2 tie line. 

The liquidus surface projection. Figure 10 shows types of re-

vealed non- and monovariant equilibria in the system, while coordi-

nates are listed in Tables 2 and 3, respectively. 

 

Figure 10. The liquidus surface projection of the Bi2S3−Bi2Te3−BiI3 

system. The primary crystallization fields of phases: 1-β1, 2-Bi19S27I3 

(c), 3-δ, 4-β2, 5-γ1, 6-γ2, 7-BiI3 

It can be seen in Figure 10 that the liquidus surface consists of 

7 primary crystallization fields and they contain all existing phases in 

the system. 1-3 fields in the picture, which reflect the primary 

crystallization of β1, C (Bi19S27I3), and δ-phases from the liquid pha-

se, occupy large areas in the concentration triangle. The liquidus sur-

face of the BiI3 compound has almost degenerated. This field is sche-

matically zoomed in Figure 10 (scale is negligible). 

Primary crystallization fields are delimited by two peritectic 

(P1U1, P2U2) and nine eutectics (e1U1, U1U2, e2U3, e3U3, U2U4, U3U4, 
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U4E, e4E, e5E) equilibrium curves (Table 3). Conjugate points of all 

three primary crystallization surfaces represent four-phase nonvariant 

equilibria. Four of these points (U1, U2, U3 və U4) represent transition 

equilibria, and one reflects (E) eutectic equilibrium (Table 2). All 

these points follow "star rule". 

Table 2 

Nonvariant equilibria in the Bi2S3-Bi2Te3-BiI3 system 
Points in 

Fig. 10 
Equilibria 

Composition, mol% 
T,K 

BiI3 Bi2Te3 

D1 L ↔ Bi2Te2S  66,67 898 

D2 L ↔ BiTeI 50 50 828 

P1 L + 1 ↔ c 20  990 

P2 L + c ↔ γ1 63  808 

U1 L + 1 ↔ δ + c 13  880 

U2 L + c ↔ γ1 + δ 64  775 

U3 L + 2 ↔ γ2 + δ 43  807 

U4 L + δ ↔ γ1 + γ2 74  753 

e1 L ↔ 1 + 2  59 895 

e2 L ↔ 2 + δ  91 853 

e3 L ↔ 2 + γ2 43 57 823 

e4 L ↔ γ1 + BiI3 97  670 

e5 L ↔ γ2 + BiI3 ~99 ~1 680 

E L ↔ γ1 + γ2 + BiI3 ~99 <1 668 

Table 3 

Monovariant equilibria in the Bi2S3-Bi2Te3-BiI3 system  
Curves in Fig. 10 Equilibria T,K 

e1U1 L ↔ 1 + δ 895-880 

P1U1 L + 1 ↔ c 990-880 

U1U2 L ↔ c + δ 880-775 

P2U2 L + c ↔ γ1 808-775 

U2U4 L ↔ γ1 + δ 775-753 

e2U3 L ↔ 2 + δ 853-807 

e3U3 L ↔ 2 + γ2 823-807 

U3U4 L ↔ γ2 + δ 807-753 

U4E L ↔ γ1 + γ2 753-668 

e4E L ↔ γ1 + BiI3 670-668 

e5E L ↔ γ2 + BiI3 680-668 
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In the third chapter of the dissertation, a number of polythermal 

sections of both systems are given and explained in detail. 

Multi 3D modeling of phase diagrams of Sb2Te3+BiI3↔  

Bi2Te3+SbI3 and Bi2S3−BiI3−Bi2Te3 systems. In both systems, 

analytical expressions were obtained for the liquidus surfaces of dif-

ferent phases, and using these expressions crystallization fields were 

modeled and their 3D images were created (Fig. 11). Analytical de-

pendencies for crystallization surfaces were obtained using the liqui-

dus temperatures of different samples of boundary quasi-binary and 

ternary systems. Analytical expressions allow to visualize crystalliza-

tion surfaces separately and on one graph for all phases. 

 

Figure 11. 3D images of crystallization surfaces of different phases in 

the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 (a) and Bi2S3−BiI3−Bi2Te3 (b) systems 

 

The fourth chapter is dedicated to the study of the thermody-

namic properties of binary and three-component phases formed in the 

Bi2S3−Bi2Te3−Te−S composition region of the Bi−Te−S system by 

electromotive force (EMF) method.  

At the beginning of the chapter, the basics of the EMF method 

for thermodynamic study, its advantages and disadvantages are briefly 

explained, use of solid and liquid electrolytes is explained. Also, the 

specific aspects of its application to multicomponent heterogeneous 

systems are studied and experimental research is planned. Then, the 

application of EMF method and mathematical processing of results are 

(a) (b) 
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given. In the last two paragraphs, the results of the thermodynamic 

study of the intermediate phases of the Bi2S3−Bi2Te3−Te−S system are 

presented and discussed.  

For the thermodynamic study of the Bi2S3−Bi2Te3−Te−S 

system, concentration cell of (1) type were assembled:  

(-) Bi (s.) │ ionic liquid + Bi
3+

│ Bi-S-Te (s.) (+)               (1) 

Elemental bismuth was used as the left electrode. The right electro-

des were made from equilibrated alloys of Bi2S3+Te+S, Bi2S3+Te+γ and 

Bi2Te3+Te+γ three-phase fields and homogeneity  field of γ-phase with 

0.5 mol% tellurium excess (solid solution based on γ – Bi2Te2S).  

BiCl3 added ionic liquid (morpholine formate) was chosen as 

the electrolyte. Morpholine, formic acid, and anhydrous BiCl3 (Alfa 

Aesar) were used to prepare the ionic liquid. 

EMF measurements were performed with a Keithley 2100 6 

1/2 Digit Multimeter, and results were processed using “Microsoft 

Excel 2010” computer program. The detailed description of the expe-

riments is given in the dissertation. 

The temperature dependencies of EMF were determined for all 

studied alloys. EMF values for alloys taken from Bi2S3+S+Te three-

phase field were measured in the 300-380 K temperature range, whi-

le other alloys are measured in the 300-450 K temperature range. 

Our EMF measurements showed linearity of the EMF depen-

dences upon temperature. This indicates that the composition of the 

equilibrium phases in the relevant heterogeneous fields is stable re-

gardless of temperature, and it provides a basis for thermodynamic 

calculations based on the EMF measurements. 

The results of EMF measurements were processed by the least-

squares method and presented in the form of equations: 

E = a + bT ± t [
SE

2

n
+ Sb

2(T − T̅)2]
1/2

               

    (2)   

Here n - is the number of pairs of E and T values; SE and Sb - are disper-

sions of individual EMF measurements and constant b; T̅ - the average 

absolute temperature; t – Student’s test. In experiments where the 

number of test points is n≥20, at 95% confidence interval is t≤2. 
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In order to perform thermodynamic calculations for different 

phase fields, equations of (2) type were obtained (Table.4). Using 

these equations and  

∆G̅Bi= − zFE 

∆S̅Bi = zF (
∂E

∂T
)

P
= zFb 

∆H̅Bi = −zF [E − T (
∂E

∂T
)

P
] = −zFa 

thermodynamic expressions, the relative partial molar functions of 

bismuth in alloys were calculated (Table.5). In these expressions, z - is 

the charge of the potential-forming component; F - Faraday constant; 

a and b are constants of equation (3). 

Table  4 

Temperature dependences of the EMF measurements of the (1) 

type cells for some phase fields of the Bi2S3–Bi2Te3–Te–S system 

№ Phase area  E, mV = a + bT ± t ∙ SE(T) 

1 Bi2S3+S+Те 359,58 − 0,0639T ± 2 [
0,25

30
+ 1,6 ∙ 10−5(T − 341,5)2]

1/2

 

2 
Bi2S3+ 

Bi2Te1.8S1.2(γ)+Te 230,53 − 0,0347T ± 2 [
0,21

30
+ 3,7 ∙ 10−6(T − 375,5)2]

1/2

 

3 Bi2Te2S(γ)+Te 223,34 − 0,0489T ± 2 [
0,22

30
+ 3,9 ∙ 10−6(T − 375,5)2]

1/2

 

4 Bi2Te3+γ+Te 142,18 − 0,0266T ± 2 [
0,20

30
+ 3,5 ∙ 10−6(T − 375,5)2]

1/2

 

 

Table 5 

The relative partial thermodynamic functions of bismuth in 

alloys of  the Bi2S3-Bi2Tе3-Te-S system (T=298 K) 

Phase area 
−∆G̅Bi −∆H̅Bi ∆S̅Bi 

J/(mol·K) kJ/mol 

Bi2S3+S+Те 98,568±0,113 104,08±0,78 -18,50±2,28 

Bi2S3+Bi2Te1.8S1.2(γ)+Te 63,736±0,099 66,73±0,42 -10,04±1,11 

Bi2Te2S(γ)+Te 60,428±0,102 64,65±0,43 -14,16±1,14 

Bi2Te3+γ+Te 38,855±0,097 41,15±0,41 -7,71±1,08 
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According to the phase diagram, the partial molar functions of 

bismuth in the Bi2S3+S+Te and Bi2Te3+γ+Te three-phase fields are 

thermodynamic functions of the following virtual-cell reactions: 

Bi+1.5S=0.5Bi2S3                                                     (3) 

Bi+1.5Te=Bi2Te3                                                                                 (4)  

The EMF values for the Bi2S3+Bi2Te1.8S1.2 (γ)+Te three-phase 

field correspond to the virtual-cell reaction: 

             Bi +  
1

3
 Bi2S3 +1,5Te = 

5

6
 Bi2Te1.8S1.2                         (5) 

According to the relations (3) - (5), the standard integral 

thermodynamic functions and standard entropies of Bi2S3, Bi2Te3 and 

sulfur-rich γ-phase (Bi2Te1.8S1.2) can be calculated by the following 

equations: 

    ∆f Z
0(Bi2S3) = 2∆Z̅Bi                                                                  (6) 

    ∆f Z
0(Bi2Te3) = 2∆Z̅Bi                                                                (7) 

    ∆f Z
0(Bi2Te1.8S1.2) = 1.2∆Z̅Bi + 0.4∆f Z

0(Bi2S3)                      (8) 

    S0(Bi2S3) = 2∆S̅Bi + 2S0(Bi) + 3S0(S)                                     (9) 

    S0(Bi2Te3) = 2∆S̅Bi + 2S0(Bi) + 3S0(Te)                              (10) 

S0(Bi2Te1.8S1.2) = 1.2∆S̅Bi + 1.2S0(Bi) + 0.4S0(Bi2S3)  +
1.8S0(Te)                                                                                        (11) 

In expressions (6) - (8), Z  G(H). 

Integral thermodynamic functions of the γ-phase corresponding 

to Bi2Te2S stoichiometric composition were calculated by graphical 

integration of the Gibbs-Duhem equation. 

Table 6 

Integral thermodynamic functions of phases in the Bi-S-Te 

system 

 

Phase 

−∆f G
0(298 K) −∆f H

0(298 K) S0(298 K) 

kJmol
-1

 Jmol
-1
К

-1
 

Bi2S3 197,1±0,2 208,2±1,1 172,2±4,7 

Bi2Te1.8S1.2 155,30,2 163,4±0,8 214,0±2,9 

Bi2Te2S 151,50,3 159,7±0,9 217,3±2,8 

Bi2Te3 77,70,2 82,3±0,6 246,5±3,1 
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The obtained final results are given in Table 6. The standard 

deviations were calculated by the accumulation of errors. In addition 

to the data in Table 5, literature data on the standard entropies of bis-

muth (56,7 ± 0,5 J / (mol K)), sulfur (31,9 ± 0,2 J / (mol K)) and tel-

lurium (49.5 ± 0.2 J / (mol K)) were used to calculate the integral 

thermodynamic functions.  

Dielectric function and Raman spectra of Bi1-xSbxTeI solid 

solutions. In the dissertation, the photon energy dependence of the 

dielectric function which is obtained from ellipsometric data at room 

temperature for alloys of Bi1-xSbxTeI solid solutions with x=0; 0,05; 

0,1 compositions and Raman spectra of samples of the same composi-

tion are given. The left panel of Figure 12 shows the intraband optical 

transitions of the bandgap at  “0” crossing points of the dielectric func-

tion for Bi1-xSbxTeI solid solutions, while the right panel shows the in-

terband optical transitions. There is no evidence that the bandgap chan-

ges depending on the composition. That is, the compositions x = 0, 0.05 

and 0.1 show the same dielectric function in the region above 1 eV. 

This means that the intraband optical transitions in the left panel over-

lap with the interband optical transitions in the right panel. 

 
Figure 12. Dielectric function of Bi1-xSbxTeI in a wide range of photon 

energies: left panel-real part; right panel-imaginary part 
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Figure 13. Raman spectra of the Bi1-xSbxTeI  

samples at room temperature 

 

In Figure 13, the observed peaks with frequencies of 92.9, 101, 

and 148.6 cm
-1

 in the Raman curves as trilayer blocks of BiTeI are 

the peaks of Te, Bi, and I, respectively. Although antimony is lighter 

than bismuth and the atomic radius is smaller, all the effects obser-

ved in BiTeI are observed without any changes in the Bi1-xSbxTeI 

samples with the composition of x = 0.05 and 0.1. However, two pe-

aks with frequencies of 119.5 and 139.3 cm
-1

 appear in the Raman 

spectra of a sample with x = 0.1 composition. Both peaks show 

strong peaks observed in the Raman spectra of pure SbTeI in the fre-

quency range 120-140 cm
-1

. In this case, the spectra of Bi1-xSbxTeI 

correspond to different crystal structures (hexagonal and monoclinic) 

of BiTeI and SbTeI. However, it does not indicate that the sample 

with x = 0.1 composition changed to the monoclinic phase. It should 

be noted that solid solutions between two compounds of the same 

structure can also show peaks of two different shapes. 
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Results 

1. Sb-Bi-Te-I and Bi-Te-S-I systems were studied for the first time 

using differential thermal analysis, X-ray diffraction analysis, mic-

rostructural analysis on the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 and 

Bi2S3−BiI3−Bi2Te3 concentration planes, and the nature of physical 

and chemical interactions were determined. It was established that 

these subsystems are reciprocal and quasi-ternary, respectively.  

2. Liquidus surface projection of the Sb2Te3+2BiI3↔Bi2Te3+2SbI3 

reciprocal system,  SbTeI−BiTeI, 2SbTeI−Bi2Te3, Sb2Te3−2BiTeI, 

SbTeI-BiI3, SbI3-BiTeI, Sb2Te3-2BiI3 polythermal sections and 

isothermal section at 300 K were constructed. It is shown that the 

liquidus surface consists of 5 primary crystallization fields. A num-

ber of mono- and nonvariant equilibria are found in the system, 

their types and coordinates were determined. 

3. A full T-x-y diagram of Bi2S3−BiI3−Bi2Te3 quasi-ternary system, 

BiSI−BiTeI, Bi2Te2S−1.5BiTeI, 1.5BiSI−Bi2Te3, Bi2S3−1.5BiTeI 

sections, Bi2Te2S−BiI3 and “Bi2Te2S”−BiI3 polythermal sections, 

isothermal sections at 750, 800 and 850 K were constructed. The 

primary crystallization areas of 7 phases, the coordinates of the 

curves and points that limiting them, the types of corresponding 

equilibria were determined.  

4. It was found that the BiTeI−SbTeI and BiTeI−BiSI sections of the 

studied systems are completely non-quasi-binary due to the in-

congruent melting of SbTeI and BiSI compounds, but are stable at 

subsolidus. BiTeI−SbTeI system is characterized by the formation 

of wide solid solution areas based on starting compounds. At room 

temperature, ~ 67 mol% solubility based on BiTeI and ~ 10 mol% 

solubility based on SbTeI were observed. In the BiTeI − BiSI 

system, relatively small solid solution areas are formed based on 

starting compounds. The solubility for BiSI and BiTeI at room 

temperature is ~ 6 and ~ 10 mol%, respectively. 

5. An analytical expression for composition dependence of primary 

crystallization temperatures of two- and three-component phases in 

the Sb2Te3+2BiI3⇄Bi2Te3+2SbI3 and BiI3-Bi2S3-Bi2Te3 systems 

was determined, and three-dimensional images of liquidus surfaces 
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were obtained. The obtained 3D models fit well with experimen-

tally constructed phase diagrams. 

6. Based on the EMF measurements in the Bi2S3−Bi2Te3−Te−S system, 

the relative partial molar functions in alloys of bismuth were calcula-

ted in the relevant concentration areas. A solid-phase equilibria diag-

ram in this composition region of the Bi-Te-S system at 300 K was 

constructed, standard integral thermodynamic functions of tetradymi-

te mineral and  Bi2Te1.8S1.2 solid solution based on it, as well as Bi2S3 

and Bi2Te3 compounds, were determined. 

7. Raman spectra and dielectric functions of Bi1-xSbxTeI solid soluti-

ons were studied. It was found that there was no change in the 

structure of solid solutions up to the sample with x = 0.1 and that 

the interband optical transitions in the bandgap of solid solutions is 

overlapping with intraband transitions. 
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