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Abstract 
Complex copper-based chalcogenides are among the most important functional materials in modern engineering and 
technology due to their diverse physical and physicochemical properties, environmental safety and availability. The 
development of new similar materials and the improvement of the applied characteristics of known compounds is largely 
associated with the use of approaches based on the physicochemical analysis and, in particular, the “composition-structure-
property” relationship. 
This review summarizes the available data on phase equilibria in ternary systems Cu-Tl(BIV, BV)-X (BIV-Si, Ge, Sn; BV-As, 
Sb, Bi; X-S, Se, Te) and the thermodynamic properties of their intermediate phases. Similar data are also considered for 
more complex systems forming solid solutions of various types of substitution based on known ternary copper chalcogenides. 
A significant part of the presented sets of mutually consistent data on phase equilibria and thermodynamic properties of 
the considered systems was obtained by our group over the past 10-15 years. Although these data cover only a small part 
of the systems described above, they provide great possibilities for manipulation of composition and structure, including 
entropic engineering strategies. The authors consider it extremely important to further develop fundamental research on 
phase equilibria and thermodynamic properties of complex copper chalcogenides and use their results widely in selecting 
alloy compositions for physical measurements. 
Keywords: Environmentally friendly materials, Complex copper chalcogenides, Phase diagram, Solid solutions, 
Thermodynamic properties 
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1. Introduction
Metal chalcogenides are currently used or 

considered promising for use in various areas 
of modern high technologies as semiconductor, 
thermoelectric, photoelectric, optical, magnetic 
and other materials due to their diverse physical 
and physicochemical properties [1–9]. The 
discovery of a new quantum state of matter, a 
topological insulator, at the beginning of our 
century [10], provided new impetus to research 
of physics, chemistry and materials science 
of chalcogenides. It turned out that many-
layered chalcogenides have the properties of a 
topological insulator [11–17], and some of them 
combine the properties of a topological insulator 
and a magnet [18–21] and are extremely 
promising for a variety of applications, including 
spintronics, quantum memory and information 
processing devices, security systems, and 
medicine [13, 14]. 

In recent decades, copper-based chalcogenides 
have also attracted attention from researchers as 
environmentally friendly, safe, and affordable 
functional materials [5–9, 22–30]. Many of 
these compounds, along with unique electronic 
properties, have high ionic conductivity and 
can be used as solid-state electrodes, selective 
membranes, sensors, etc. Synthetic analogues of 
natural copper chalcogenide minerals should be 
especially noted among the intensively studied 
similar materials [31–37]. These compounds are 
very attractive as mixed ion-electron conductors, 
thermoelectrics, photovoltaics, photocatalysts, 
and optical materials.

In addition, according to several recent studies, 
some copper-based chalcogenides are promising 
for use in medicine [22, 38–40]. It should also be 
noted that many copper chalcogenides exist in 
nature as minerals and are of great interest to 
the geochemistry of the Earth [41, 42].

Analysis of data from many studies [22, 
34–37] on complex copper chalcogenides 
demonstrated that their functional properties 
can be significantly improved by manipulating 
the structure and composition, including the 
concept of entropy engineering. The latter implies 
thermodynamic stabilization of phases with 
favorable applied characteristics by increasing 
the complexity of the composition and structural 
disorder [35]. 
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The solution to the most important problems of 
materials science, especially in the so-called alloy 
systems, which include chalcogenides, is mainly 
associated with the use of physicochemical analysis 
[43, 44]. At the initial stage of development of new 
materials, the application of this method involves 
obtaining reliable data on phase equilibria in the 
corresponding systems, which allows not only the 
identification of new compounds or phases of 
variable composition but also the establishment 
of their nature of formation, thermal stability, 
primary crystallization and homogeneity regions, 
the presence of phase transitions, etc. [14, 37, 45–
47]. The combination of these data forms the basis 
for the development of methods for the synthesis 
and growth of crystals with specified composition 
and properties.

The use of physicochemical analysis is also 
very effective for the design of known materials 
and the optimization of their properties. It is based 
on the well-known relationship “composition-
structure-property”. For the optimization of 
the functional indicators of certain compounds 
of stoichiometric composition, it is important 
to establish the nature of the physicochemical 
interaction in complex systems that include such 
compounds - structural or formula analogues, 
since the formation of various types of solid 
solutions (cationic, anionic and both types 
simultaneously) of substitution can be expected 
[14, 37, 48]. This allows the control of properties 
by varying structure and composition. 

Optimization of the indicated technological 
parameters and many other processes requires 
their deeper thermodynamic analysis and the 
implementation of appropriate thermodynamic 
calculations. The efficiency of such calculations 
is directly related to the reliability and accuracy 
of data on the thermodynamic properties of 
substances involved in the considered processes 
[47, 49]. 

Hence, the wide application of physicochemical 
analysis for solving problems of materials science 
of chalcogenides, in particular, conducting 
comprehensive studies of phase equilibria and 
thermodynamic properties of the corresponding 
systems is important. Some aspects of such 
complex studies were considered by us in several 
studies [47, 50, 51]. Due to the widespread 
application of this approach in the study of 
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complex copper-based chalcogenide systems 
discussed in this review, we will only note that 
the basis of the approach is the use of the EMF 
method in a complex of experimental methods for 
studying phase equilibria. The EMF method, being 
one of the most accurate equilibrium methods 
of chemical thermodynamics, allows combining 
studies of phase equilibria and thermodynamic 
properties. We have used this approach since 
the beginning of the 1980s for the investigation 
of ternary thallium-containing chalcogenide 
systems [51–55], and in subsequent years also 
for other systems [50, 56–59]. 

The purpose of this review was to demonstrate 
the importance of the physicochemical analysis 
method and, in particular, the development of 
studies on phase equilibria and thermodynamic 
properties of multicomponent copper-based 
chalcogenide systems for the elaboration of 
scientific foundations for obtaining new complex 
phases with controlled composition, structure 
and properties. 

The three sections of the review present the 
results of a study of phase equilibria in ternary 
and quaternary systems composed of copper 
chalcogenides and p1–p3-elements. At the 
beginning of each section, a general description 
is provided, crystallographic data of the most 
characteristic compounds of the corresponding 
class are shown, and a brief overview of their 
functional properties is presented. After, data 

on phase equilibria in the considered ternary 
and quaternary systems and fundamental 
thermodynamic characteristics of intermediate 
phases are presented and discussed. 

2. Copper-thallium chalcogenides 
and phases based on them

The most characteristic copper chalcogenides 
with p1-elements are compounds of the 
chalcopyrite type with the general formula 
CuBIIIX2 (BIII-Al, Ga, In, Tl; X-S, Se, Te) [1, 22]. 
At the same time, thallium and copper form a 
series of chalcogenides (see subsection 2.1), in 
which thallium is present in a more characteristic 
oxidation state (1+): CuTlX, Cu3TlX2, Cu9TlX5 and 
others. The CuTlS2 and CuTlS crystal structures 
are shown in Fig. 2.1 and crystallographic data 
of copper-thallium chalcogenides are presented 
in Table 2.1. 

The crystal structure of the CuTlS was 
established in [60] by powder and single-crystal 
X-ray diffraction methods. It has been shown 
that it crystallizes in the tetragonal syngony in 
the PbFCl structural type. The layers of Cu2S2, 
formed by CuS4 tetrahedra with common edges, 
placed between double foils of Tl atoms. The Cu 
atoms are located inside the layers at the centers 
of tetrahedra, and Tl atoms are located in square 
two-dimensional networks and determine the а 
parameter. Each Tl atom is located in a pyramid 
cup and is bonded to four sulfur atoms at the base.

Fig. 2.1. Crystal structures of CuTlS2 and CuTlS
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Copper chalcogenides with elements of the 
gallium subgroup, as well as solid solutions and 
doped phases based on them, are excellent materials 
[22] for photovoltaic [62–70], optoelectronic [71–
73], and thermoelectric [70, 75–80] devices, as well 
as luminescent materials [81–83].

The use of these materials as solar energy 
absorbers is because the width of their band 
gap correlates well with the maximum photon 
power density in the sunlight spectrum and 
at the same time demonstrates long-term 
stability and resistance to radiation [22, 84]. 
Several studies proposed changing the bulk or 
surface composition by sulphidization [65, 67, 
68], regulation the ratios of constituent atoms, 
adding alloying components [61, 63, 66], and 
other strategies [22] to increase their efficiency. It 
should be noted that sulphidization of the Cu(Ga, 
In)Se2 layers led to the record efficiency (23.35%) 
of the solar cell [85]. Thin-film solar cells based 
on Cu(Ga, In)Se2 are also considered promising 
for generating electricity at space stations [86]. 

Copper chalcogenides with p1-elements with 
a wide range of band gap energies and unique 
optical properties are very promising for use in 
optoelectronic and light-emitting devices [22, 72, 
73]. The authors of [81] reported the development 
of quantum dot LEDs exhibiting red color with a 
narrow emission peak by controlling the copper 
content in Cu(GaIn)S2 phases. 

Copper-thallium selenides and tellurides 
are of interest as thermoelectric materials with 

abnormally low thermal conductivity [22, 75, 76, 
80, 87].

The main reasons for the relatively low 
efficiency of photovoltaic and thermoelectric 
systems based on copper-gallium chalcogenides 
(indium, thallium) and the proposed optimization 
methods for obtaining their nanocrystals with 
specified characteristics are discussed in reviews 
[22, 66]. 

2.1. Phase equilibria in the Cu-Tl-X systems
The results of studies on phase equilibria 

in the indicated systems carried out before the 
beginning of the 90s of the last century are 
summarized in [91]. The results of the most 
important works of the indicated period, as well 
as the research performed in subsequent years 
by our group, are presented and discussed below. 

The Cu-Tl-S system. The quasi-binary 
section of the Cu2S-Tl2S system was studied 
almost simultaneously by two groups of authors 
[92, 93]. According to [92] (Fig. 2.2), three 
ternary compounds are formed in the system: 
Cu9TlS5, Cu3TlS2, and CuTlS. The first two melt 
with decomposition by peritectic reactions at 
706 and 693 K, respectively, and the last one 
melts congruently at 689 K. The phase diagram 
constructed in [93] reflects two congruently 
melting compounds CuTlS and Cu8Tl2S5. Later, 
in the study [94], crystallographic data for the 
CuTlS2 and CuTlS compounds are presented 
(Table 2.1). The phase diagram presented in [92] 

Table 2.1. Crystallographic parameters of the copper-thallium chalcogenides

Compound Crystal system, sp. gr. and lattice parameters, nm Ref.
CuTlS2 Tetragonal, I42d, a = 0.5576, c = 1.1256 [94]

CuTlS
Tetragonal, P4/nmm, а = 0.3922(2), с = 0.8123(6) [60]
Tetragonal, P4/mmm, а = 0.3912, с = 0.8164 [94]

Cu3TlS2 Monoclinic, С2/m, а = 1.463, b = 0.3863, с = 0.8298, b = 111.72° [89]
Cu7TlS4 Tetragonal, I4/m, a = 1.01792(18), c = 0.38567(9) [90]
CuTlSe2 Tetragonal, I42d, a = 0.583, c = 1.162 [100]
CuTlSe Tetragonal, P4/nmm, а = 0.4087(6), с = 0.8195(19) [100]

Cu3TlSe2 Monoclinic, С2/m, а = 1.52128, b = 0.40115, с = 0.83944, b = 111.7° [88]
Cu2TlSe2 Tetragonal, I4/mmm, a = 0.380, c = 1.377 [100]
Cu7TlSe4 Tetragonal, I4/m, a = 1.04453(18), c = 0.39735(8) [90]
CuTl4Te3 Tetragonal, I4/mcm, a = 0.8929(1), c = 1.2603(1) [106]

Cu2TlTe2 Tetragonal, I4/mmm, a = 0.4001, c = 1.4208 [100]
Cu3TlTe2 Tetragonal, P42/nnm, a = 0.8427(4), c = 1.4492(6) [105]
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was confirmed by the authors of [95]. The CuTlS-S 
and CuTlS-Tl sections are also quasi-binary. The 
first is characterized by the formation of the 
compound CuTlS2 with incongruent melting at 
620 K [96] (Fig. 2.2), and the second is designated 
by the presence of a wide immiscibility region and 
degenerate eutectic [97]. 

The study [98] presents a complete Т-х-у 
diagram of the Cu-Tl-S system, including a diagram 
of solid-phase equilibria at 300 K and a projection 
of the liquidus surface (Fig. 2.3). As can be seen, 
the system is characterized by the presence of 
four ternary compounds of practically constant 
composition. The liquidus surface consists of 
10 primary crystallization fields, including four 
ternary compounds. A characteristic feature of the 
system is the presence of three wide immiscibility 
regions of two liquid phases and a region of 
immiscibility of three liquid phases. 

The Cu-Tl-Se system. Quasi-binary section 
Cu2Se-Tl2Se (Fig. 2.4) of this system is characterized 
by the formation of ternary compounds CuTlSe, 
Cu7Tl3Se5, Cu3TlSe2, Cu8Tl2Se5 and Cu9TlSe5 [99]. 
According to [91], the CuTlSe-TlSe, CuTlSe-Tl, and 
CuTlSe-Se sections are also quasi-binary. The first 
one forms a phase diagram of a simple eutectic 
type, the second one forms a phase diagram of a 
monotectic type, and the third one is characterized 
by the formation of a ternary compound CuTlSe2 
that melts incongruently at 550 K (Fig. 2.4)

The literature contains information on the 
synthesis and crystal structure of about ten copper 
selenides with thallium [91, 100]. However, a 
complete picture of phase equilibria in the Cu-Tl-

Se system has not been obtained yet. A fragment of 
the solid-phase equilibrium diagram, constructed 
by us based on the data of studies [91, 102] is shown 
in Fig.2.5 and a projection of the liquidus surface 
of the Cu-Cu2Se-Tl2Se-Tl subsystem is shown in 
Fig. 2.6. This projection, the corresponding sulfide 
projection, is characterized by the presence of 
wide double and triple immiscibility regions and 
is congruently triangulated into three elementary 
triangles.

The Cu-Tl-Te system. Phase equilibria in this 
system have been studied for the Cu2Te-Tl2Te3 
section [103, 104]. This section is not quasi-binary 
due to the incongruent melting of Tl2Te3, but is 
stable below the solidus and is characterized by 
the formation of the ternary compounds CuTlTe2 
and Cu3TlTe3 with incongruent melting at 573 
and 673 K, respectively. According to [95, 101], 
the Cu2Te-Tl2Te section, unlike similar sulfide 
and selenide systems, is non-quasi-binary and 
unstable in the subsolidus. It is characterized by 
the formation of the ternary compounds Cu9TlTe5 
and Cu3TlTe2 with incongruent melting.

There is also information about copper-
thallium tellurides with Cu2TlTe2 and CuTl4Te3 
compositions [91, 100, 105, 106] (Table 2.1).

In studies [104, 107] a fragment of the diagram 
of solid-phase equilibria of Cu-Tl-Te at 300 K 
was presented (Fig. 2.5), which reflects all of the 
above-mentioned ternary compounds. 

2.2. Thermodynamic properties  
of copper-thallium chalcogenides

The thermodynamic properties of copper-
thallium chalcogenides were investigated in 

Fig. 2.2. Phase diagrams of the quasi-binary systems Cu2S-Tl2S and CuTlS-S
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Fig. 2.3. Solid-phase equilibrium diagram at 300 K and liquidus surface projection of the Cu-Tl-S system. Red 
lines are quasi-binary sections

Fig. 2.4. Phase diagrams of the quasi-binary systems Cu2Se-Tl2Se and CuTlSe-Se

Fig. 2.5. Solid-phase equilibria diagrams of the Cu-Tl-Se and Cu-Tl-Te systems at 300 K 
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several studies [91, 98, 101, 104, 107-109] using 
the electromotive force (EMF) method. In these 
studies, the EMFs of two types of concentration 
circuits were measured:

(–) Tl (s.) | liquid + Tl+ | (Tl in alloy) (s.) (+)	 (2.1) 
               electrolyte

(–) Cu (s.) | Cu4RbCl3I2 (s.) | (Cu in alloy) (s.) (+)	(2.2)

in a wide range of temperatures, starting from 
room temperature. The methods for compiling 
chains of (2.1) and (2.2) types, conducting exper-
iments and processing their results are described 
in detail in [51, 109, 110]. It should be noted that 
various modifications of the EMF method with 
liquid [61-59, 109-115] and solid electrolytes [50, 
51, 113, 116-120] are successfully used to study 
the thermodynamic properties and phase equi-
libria of various inorganic systems. 

The results of thermodynamic studies of 
copper-thallium chalcogenides by measuring 
the EMF of type (2.1) concentration cells are 
shown in [98, 107, 109]. Later, in [101, 104, 

108], a thermodynamic study of the indicated 
systems was carried out by measuring the EMF 
of type (2.2) concentration cells relative to a 
copper electrode. It should be noted that the 
thermodynamic data obtained in the above two 
series of studies are independent: they used 
the results of measurements of the EMF of 
concentration cells of various types, and based on 
these data, partial thermodynamic functions of 
different components (thallium or copper) which 
characterize completely different potential-
forming reactions of the studied systems were 
calculated. 

The obtained two series of data of standard 
integral thermodynamic functions of copper-
thallium chalcogenides are shown in Table 2.2.

As can be seen from Table 2.2 the values of 
the standard thermodynamic functions for the 
formation of ternary compounds, obtained by two 
modifications of the EMF method, are generally 
in satisfactory agreement with each other. This 
confirms both the reversibility of types (2.1) and 

Table 2.2. Standard integral thermodynamic functions of the copper-thallium chalcogenides

Compound
–DfG

0 (298 K) –DfH
0 (298 K)

S0
298 J·К

–1·mol–1 Ref.
kJ·mol–1

CuTlS2

91.5±0.5 98.6±4.0 [51, 98]
94.3±0.7 93.6±1.4 172.7±2.8 [108]

CuTlS
84.1±1.5 82.1±4.9 

132.4±6.2
[51, 98]

90.3±0.7 88.3±2.1 [108]

Cu3TlS2

152.7±1.8 145.8±12.3
251.8±5.8

[51, 98]
163.8±2.6 159.2±9.8 [108]

Cu9TlS5

354.6±4.5 339.7±30.8 
529.0±19.0

[51, 98]
373.8±3.9 371.8±21.4 [108]

CuTlSe2

96.3±0.2
96.5±0.6 

97.9±1.0
97.2±1.3 176.1±5.1 [101]

[51]

CuTlSe 84.5±0.2
84.2±1.3 

81.4±0.9
80.5±3.9 149.9±2.8 [101]

[51]
Cu2TlSe2 119.1±0.3 118.6±1.5 216.2±6.8 [101]
Cu3TlSe2 150.8±3.7 150.7±9.8 [51]
Cu9TlSe5 333.6±10.1 350.5±28.6 [51]
CuTlTe2 75.1±0.4 72.6±1.3 208±4 [104]

Cu2TlTe2

99.2±0.5
94.8±0.9 

94.3±2.1
92±7 

249±6
237±3 

[104]
[107]

Cu3TlTe2

122.0±0.6
117.1±1.2 

115.2±2.7
117±5 

288±8
263±4 

[104]
[107]

Cu9TlTe5

264.3±2.6
244.0±2.4 

253.8±9.8
2431±14 

637±15
621±7 

[104]
[107]

CuTl4Te3 201.4±1.4 203.8±2.6 433±9 [104]
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(2.2) concentration cells and the reliability of the 
thermodynamic data used in the calculations for 
binary copper and thallium chalcogenides. 

2.3. Complex systems based on CuTlX 
compounds

The results of the study of phase equilibria 
in quasi-binary systems composed of the CuTlX 
compounds and their silver-containing analogues, 
as well as in mutual AgTlS+CuTlSe ́  AgTlSe+CuTlS 
and quasi-ternary systems CuTlS-CuTlSe-AgTlTe 

were presented in [121-124]. It has been shown 
that the CuTlS-CuTlSe system was characterized 
by the formation of a continuous series of solid 
solutions [121], while systems of the CuTlX-AgTlX 
type [122–124] were characterized by limited 
mutual solubility of the components and eutectic 
equilibrium (Fig. 2.7).

The new phase of variable composition with 
a wide homogeneity region was identified in 
the CuTlS-AgTlS system [122]. According to the 
data [123, 124], wide homogeneity regions of 

Fig. 2.7. T-x diagrams of some quasi-binary systems based on CuTlX compounds

Fig. 2.6. Liquidus surface projection of the Cu-Cu2Se-Tl2Se-Tl subsystem. Red lines are quasi-binary sections
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solid solutions with simultaneous Cu ´ Ag and 
chalcogen substitutions were revealed in the above-
mentioned mutual and quasi-ternary systems. 

3. Copper chalcogenides with Si, Ge, Sn
Triple compounds of Cu-BIV-X (BIV - Si, Ge, Sn; 

X – S, Se, Te) systems tend to crystallize in a large 
number of phases and structural forms, resulting in 
different functional properties and application pos-
sibilities [22]. In silicon- and germanium-containing 
systems (sections 3.1 and 3.2), the compounds of 
Cu2B

IVX3 and Cu8B
IVX6 types are the most characte

ristic and studied. The first group of compounds can 
be considered as synthetic analogues of the mineral 
mohite (Cu2SnS3), and the compounds of the second 
group are synthetic analogues of the mineral argy-
rodite (Ag8GeS6). The Cu-Sn-S system (section 3.3) 
is characterized by the formation of several ternary 
compounds with various compositions and struc-
tures. The crystal structures of some copper-tin 
sulfides are shown in Fig. 3.1, and crystallographic 
data of copper chalcogenides with p2-elements are 
presented in Table 3.1.

The compounds of Cu2B
IVX3 type have various 

structural forms, such as cubic sphalerite-like (sp. 
gr. F43m), monoclinic sphalerite superstructure; 
orthorhombic structure (sp. gr. Im2) and a hexagonal 
structure of the wurtzite type (sp. gr. P63/mc) 
(Fig. 3.1). In the orthorhombic phase, the cations 
are ordered in a way that all cation positions in 
each plane are occupied by the same element and 
follow an ordered sequence of two planes with Cu 
cations and one plane with Ge cations. In contrast, 
in the cubic structure of zinc-blende, the Cu and Ge 
cations are randomly distributed over the cationic 
sites with filling factors of 2/3 and 1/3 for Cu and 
Ge, respectively [22, 115].

All compounds of the argyrodite family have 
a tetrahedral close-packed structure containing 
weakly bound cations A+ [35, 36]. Cations B4+ 
tetrahedrally coordinated by 4 anions and form 
polyanions [BX4]

8–x. These polyanions, along 
with the Х2– anions, form a rigid framework with 
vacancies for A+ cations (Fig. 3.2). A characteristic 
feature of compounds of the argyrodite family is 
the presence of polymorphic phase transitions at 

Fig. 3.1. Crystal structures of copper-tin sulfides: monoclinic Cu2SnS3 (a), orthorhombic Cu4SnS4 (b) and hexa
gonal Cu4Sn7S16 (c)
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relatively low temperatures (£ 530 K) [37]. Low-
temperature modifications have various ordered 
low-symmetry structures, which are described 
in detail in the literature [35–37]. They contain 
cations A+ arranged in a specific order in certain 
positions. As a result of the distortion of the 
rigid anionic framework of the crystal lattice, 

a transition of low-temperature modifications 
into high-temperature disordered modifications 
occurs. Despite the relative diversity of the crystal 
structures of the low-temperature phases, all 
high-temperature argyrodites have a highly 
symmetrical cubic structure with sp. gr. F-43m 
(Table 3.1). Disordered high-temperature cubic 

Table 3.1. Crystallographic parameters of ternary compounds of the Cu-BIV-X systems

Compound Crystal system, sp. gr. and lattice parameters, nm Ref.
Cu2SiS3 Monoclinic, C1c1, a = 0.6332, b = 1.123, c = 0.6273, b = 107.49° [159]

HT-Cu8SiS6 Cubic, F-43m, a = 0.976 [37]
RT-Cu8SiS6 Orthorhombic, Pmn21, a = 0.70445 (3), b = 0.69661(3), c = 0.98699 (5) [37]

Cu2SiSe3 Monoclinic, C1c1, a = 0.6669(1), b = 1.1797(1), c = 0.6633(1), b = 107.67° [159]
HT-Cu8SiSe6 Cubic, F-43m, a = 0.1017 [37]

Cu2SiTe3 Cubic, F-43m, a = 0.593 [160]
Cu2GeS3 Monoclinic, C1c1, a = 0.6449, b = 1.1319, c = 0.6428, b = 108.37 [125]

Cu8GeS6 HT Cubic, F-43m, a = 0.99567 [37]
RT-Cu8GeS6 Orthorhombic, Pmn21, a = 0.70445, b = 0.69661, c = 0.98699 [37]

HT-Cu2GeSe3 Orthorhombic, Imm2, а = 1.1878, b = 0.3941, с = 0.5485 [168]
RT-Cu2GeSe3 Monoclinic, Cm, а = 0/6772, b = 0/3956, с = 0/3958, b = 125/83° [164]
HT-Cu8GeSe6 Cubic, F-43m, a = 1.1020 [168]
IT-Cu8GeSe6 Hexagonal, P63mc, a = 0.7280, c = 1.167 [165]
RT-Cu8GeSe6  Hexagonal, P63mcm, a = 1.26438, c = 1.17570 [168]

Cu2SnS3 Monoclinic, Cc , а = 0.6653, b = 1.1537, с = 0.6665 b = 109.39° [179]
Cu4SnS4 Orthorhombic, Pnma,  a = 1.3558, b = 0.7681, c = 0.6412 [178]

Cu4Sn7S16 Hexagonal, R-3m, a = 0.7372, c = 3.601 [180]
Cu4Sn15S32 Cubic, F-43m, a = 1.0393 [182]

HT-Cu2SnSе3 Cubic, K(F), а = 0.56878 [183]
RT-Cu2SnSе3 Monoclinic, Cc, a = 0.65936, b = 1.21593, c = 0.66084, b = 108.56° [183]

Cu2SnTе3 Cubic, F-43m, a = 0.60490 [189]

                                                   a                                                                                               b
Fig. 3.2. Crystal lattice of HT-Cu8GeSe6 (a) and anionic framework without Cu+ ions (b)
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phases are the aristotype of this structural 
family, and various low-temperature partially or 
completely ordered phases are the hettotype [37].

The schematic crystal structure of HT-
Cu8GeSe6 and its anionic sublattice are shown in 
Fig. 3.2. In a unit cell containing 4 formula units, 
there are 32 Cu+ cations statistically distributed in 
2 crystallographic positions with a multiplicity of 
24 (Cu1) and 48 (Cu2). The number of Cu+ cations 
is more than twice lower than these cationic 
positions, therefore in HT-Cu8GeSе6 and other 
isostructural high-temperature phases, they are 
disordered and mobile as in a liquid. 

Compounds of the mohite family, especially 
Cu2SnSe3, Cu2GeSe3, and alloys based on them 
have attracted considerable research interest 
as environmentally friendly and affordable 
thermoelectric materials [126–136]. It was shown 
that Cu2SnSe3 doped with various elements [126–
134], as well as composites based on it [130–132], 
demonstrate good thermoelectric properties. 
The improvement of thermoelectric properties 
of Cu2GeSe3 doped with various elements [133–
135], as well as solid solutions based on it [136], 
was achieved.

Studies have shown that compounds of the 
Cu2B

IVX3 type are also very promising for use as 
photovoltaic and optoelectronic materials [22, 34, 
137–144]. The photoelectric and optical properties 
of the Cu2SnS3 and alloys based on it have been 
studied in more detail [139–142]. Reviews [22, 137] 
cover numerous studies on the synthesis, structural 
transformation, morphological engineering and 
band gap energy rearrangement of Cu–Sn–S (Se) 
nanoparticle systems and discuss the prospects 
for the development of solar cells based on 
them. They also highlight other photovoltaic 
applications such as photoelectrocatalytic 
hydrogen production and degradation of Cu–Sn–S 
(Se) nanoparticle dyes, etc.

According to the authors of another review 
[138], the ternary compound Cu2SnS3, consisting 
of non-toxic and readily available elements, is 
the most preferred photovoltaic material for solar 
cell applications due to its optimal structural and 
optical properties. 

Copper-containing argyrodites are also of 
great interest as efficient ionic conductors, 
thermoelectric, photoelectric, and nonlinear 
optical materials [35–37]. These compounds, 

which are typical superionic semiconductors with 
two independent structural units (rigid anionic 
framework and weakly bound Cu+ cations), can 
serve as very good base compounds for the 
development of high-performance thermoelectric 
materials by separate tuning of the electrical 
and thermal properties [35]. It should be noted 
that only a small part of the research on 
thermoelectric argyrodites is devoted to the study 
of stoichiometric compounds [35, 145, 146]. Most 
of the studies are focused on obtaining nano- 
and single crystals, thin films, polycrystals with 
a high density of complex phases and composite 
materials based on them [35, 147–149]. For 
the improvement of thermoelectric properties, 
researchers often complicate the composition 
by substituting analogous atoms, adding doping 
impurities, or creating a deficit of individual 
elements in the stoichiometric composition [37]. 

In [150] the production of thin-film layers 
of Cu8SiS6 and Cu8SiSe6 for optoelectronic 
applications was reported. The authors [151] 
noted that the replacement of Ag with Cu in 
isostructural compounds of the argyrodite family 
causes a clear increase in the generation of 
secondary harmonics. This result opens up the 
possibility of synthesizing high-quality infrared 
nonlinear optical materials based on them. 

3.1. Phase equilibria in Cu-Si-X systems 
The Cu-Si-S system was studied based on 

the quasi-binary section Cu2S-SiS2 [152–154]. The 
T-x diagram of this section in the composition 
range 0-50 mol. % SiS2 was constructed in [152]. 
The formation of Cu8SiS6 congruently melting 
at 1468 K was demonstrated. In the study [153] 
this section was investigated in the entire 
composition range and two ternary compounds 
Cu8SiS6 and Cu2SiS3 were identified. It was found 
that the first melts congruently at 1473 K, and 
the second melts with decomposition according 
to the peritectic reaction at 1173 K. The latest 
version of the phase diagram of this system was 
presented by the authors [154]. According to 
their data, Cu8SiS6 and Cu2SiS3 compounds melt 
congruently at 1459 and 925 K. The T-x diagram 
constructed by us based on the data of [153, 154], 
taking into account the melting temperatures and 
polymorphic transitions of compounds specified 
in [155] is presented in Fig. 3.3. 
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Fig. 3.3. Phase diagrams of quasi-binary systems Cu2X-BIVX2
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The Cu-Si-Se system also was studied only 
based on the quasi-binary section Cu2Se-SiSe2. In 
the study [156] ternary compounds Cu8SiSе6 and 
Cu2SiSе3, which melt congruently at 1380 K and 
incongruently at 1190 K and undergo polymorphic 
transformations at 335 and 890 K, respectively, 
were identified. Data [156] for the Cu2Sе-Cu8SiSе6 
subsystem were confirmed in [157] (Fig. 3.3).

The Cu-Si-Te system. The complete T-x-y 
diagram of this system was constructed by 
the authors [158]. It has been shown that it is 
characterized by the formation of one ternary 
compound Cu2SiTe3, melting with decomposition 
according to a peritectic reaction. 

Crystallographic data of copper-silicon 
chalcogenides [37, 159, 160] are shown in 
Table 3.1.

3.2. Phase equilibria in Cu-Ge-X systems
The Cu-Ge-S system. Quasi-binary section 

Cu2S-GeS2 of this system has been investigated 
in several studies [91, 161–164]. According to 
[161], ternary compounds Cu8GeS6 and Cu2GeS3 
with incongruent melting at 1253 and 1213  K 
are formed in it. The Cu8GeS6 undergoes a 
polymorphic transformation at 328 K. The author 
[162] presented a new, more precise version of 
the T-x diagrams of this system (Fig. 3.3), which 
differs from the data [161] only in that the 
Cu2GeS3 compound melts congruently at 1215 K 
and forms eutectics with Cu8GeS6 and GeS2.

In the study [164], an isothermal section of the 
phase diagram of the Cu-Ge-S system at 800 K was 
constructed, which reflected both of the above-
mentioned ternary compounds. In [91] a diagram 
of solid-phase equilibria at 300 K (Fig. 3.4) and 
a schematic projection of the liquidus surface 
were presented. The latter reflects the primary 
crystallization fields of 11 phases, including 
ternary compounds Cu8GeS6 and Cu2GeS3. 

The Cu-Ge-Se system. According to [165], 
the nature of phase equilibria of the Cu2Se-
GeSe2 section is similar to the corresponding 
sulfide system: ternary compounds Cu8GeSe6 and 
Cu2GeSe3 melt incongruently at 1080 K and 1037 K. 
The phase diagram presented in [166] confirms 
the existence of the Cu2GeSe3 compound with 
congruent melting at 1033 K, and the Cu8GeSe6 
compound represented as Cu6GeSe5. Later, the 
system was re-studied in the composition range 

of 15-60 mol. % GeSe2 [167]. It was shown that 
the congruent melting temperature of Cu2GeSe3 is 
equal to 1053 K, and Cu8GeSe6 melts incongruently 
at 1083 K. In the review article [168], preference 
was given to the data of the study [167]. These data 
were later confirmed in [169] (Fig. 3.4).

The Cu-Ge-Te system was investigated in 
many studies [91, 170-172]. It was shown that 
the Cu2Te-GeTe [170, 171] and Cu2Te-Cu3Ge [172] 
sections are almost quasi-binary. The first one 
belongs to the eutectic type, and the second one 
is characterized by the presence of monotectic and 
degenerate eutectic equilibria. The first version 
of the complete T-x-y diagrams of the Cu-Ge-Te 
system was constructed in [170]. The Cu2GeTe3 
compound previously indicated in some studies 
was not reflected in this diagram [91]. In the second 
version of the phase diagram presented in [171], 
this error was corrected. This compound has been 
shown to form via a peritectic reaction at 773 K. 
It was also shown that, in contrast to the data 
[170], there were two immiscibility regions in the 
system, with one of them arising in the center of the 
concentration triangle. Finally, the third version of 
the phase diagram of the system was presented in 
[91, 172]. It basically confirmed the data of [171] but 
significantly differed greatly from it by the extent 
of the fields of primary crystallization of phases 
and the presence of one wide immiscibility region. 

3.3. Phase equilibria in Cu-Sn-X systems 
The Cu-Sn-S system. Some polythermal 

sections of this system were studied in 1974 
[174]. It was shown that the Cu2S-SnS and Cu2S-
SnS2 sections are quasi-binary. The first one is 
of the eutectic type, and 4 intermediate phases 
are formed in the second one: Cu4SnS4, Cu2SnS3, 
Cu4Sn3S6, and Cu2Sn4S9. In a later published 
study ternary compounds Cu4SnS4, Cu2SnS3, and 
Cu4Sn7S16 have been identified in the Cu2S-SnS2 
system [175]. The same results were obtained by 
the authors [176]. Later the Cu2S-SnS2 section was 
re-studied in [177] and a phase diagram reflecting 
copper-tin sulfides Cu4SnS4, Cu2SnS3, Cu4Sn3S6, 
and Cu2Sn3S7 was presented. Structural studies 
[175-181] confirmed the existence of Cu4SnS4, 
Cu2SnS3, and Cu4Sn7S16 compounds. We have not 
found crystallographic data for the other two 
compounds mentioned above. At the same time, 
the authors of [182] reported the synthesis of 
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Fig. 3.4. Solid-phase equilibria diagrams of Cu-Ge-X and Cu-Sn-X systems at 300 K
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the Cu4Sn15S32 compound with a cubic structure, 
close in composition to Cu2Sn4S9 indicated in 
[174] and also with a cubic structure. Taking into 
account the above data, we have constructed a 
phase diagram of the Cu2S-SnS2 system (Fig. 3.3), 
reflecting five triple compounds. Probably, this 
system requires further investigation. A diagram 
of solid-phase equilibria of the Cu-Sn-S system, 
constructed by us considering the data of these 
studies, is presented in Fig. 3.4 [175–178]. 

The Cu-Sn-Se system. The results of the 
study on this system are summarized in [91, 
183]. The only ternary compound of this system 
is Cu2SnSe3, formed on the quasi-binary section 
of Cu2Sе-SnSе2, it melts congruently at 963 K and 
crystallizes in a cubic structure [184] (Fig. 3.3). 
Another quasi-binary Cu2Sе-SnSе section of 
this system belongs to the eutectic type [184]. 
A repeated study of the indicated sections 
[185] led to results similar to those reported in 
[184]. The results of [185] demonstrated that 
Cu2SnSe3-Se and Cu2SnSe3sections, which also 
belong to the eutectic type are quasi-binary. In 
[186] a projection of the liquidus surface and 
some polythermal sections of the Cu-Sn-Se 
system were presented. The authors [91] pointed 
out some shortcomings of the study [186] and 
presented a second version of the projection of 
the liquidus surface. According to [91], the system 
has two wide immiscibility regions and associated 
invariant synthetic and three monotectic 
equilibria. The solid-phase equilibria diagram 
of the Cu-Sn-Se system, constructed in [91], is 
shown in Fig. 3.4. As can be seen, the Cu2SnSe3 
compound has a noticeable homogeneity region 
in the stable CuSe-SnSe cross section (g-phase) 
and forms connodes with all phases in the 
composition range of Cu2Se-SnSe-Se. 

The Cu-Sn-Te system. The studies [187, 188] 
present a complete T-x-y diagram of this system, 
characterized by the presence of one ternary 
compound Cu2SnTe3 composition. It has a cubic 
structure and melts incongruently at 680 K. Later 
in [91] a version slightly different from the data in 
[187, 188] of the liquidus surface projection was 
presented. The isothermal section of the phase 
diagram at 300 K according to data from [91, 187, 
188] is shown in Fig. 3.4. A detailed overview of 
the system is provided in [189]. 

3.4. Thermodynamic properties of ternary 
compounds of Cu-BIV-X systems

The thermodynamic properties of copper-
silicon are practically unstudied. There are 
studies [155, 190] where the thermodynamic 
functions of phase transitions of the Cu8SiS6 
and Cu8SiSe6 compounds were determined using 
differential scanning calorimetry (DSC).

The standard thermodynamic functions 
of copper-germanium chalcogenides were 
determined by measuring the EMF of concentration 
cells of type (2.2) [50, 51, 191–194]. 

The authors planned experiments on the 
Cu-Ge-S and Cu-Ge-Se systems [191] based on 
the fact that Cu8GeS6 and Cu8GeSe6 compounds 
have polymorphic transitions in the temperature 
range of EMF measurements. Experiments have 
shown that the temperature dependences of the 
EMF for electrode alloys containing Cu8GeS6 and 
Cu8GeSe6 compounds are two straight lines with a 
breakpoint at the temperature of their polymorphic 
transformation. From the EMF measurement data, 
partial molar functions of copper were calculated 
for two modifications of the indicated compounds, 
which were used to calculate the thermodynamic 
functions of formation (Table 3.2) and polymorphic 
transitions (Table 3.3).

The thermodynamic properties of copper-
tin chalcogenides have been studied by the EMF 
method with a solid electrolyte [50, 51, 196], and 
the Cu2SnSe3 compounds were studied also using 
a classic version of the EMF method with a liquid 
electrolyte [51] (Table 3.3). As can be seen, the 
thermodynamic functions of Cu2SnSe3, obtained 
by two modifications of the EDS method, agree 
well with each other. It was also evident that 
the numerical values of the thermodynamic 
functions of copper-tin sulfides according to 
[196] were significantly lower than the data 
of [50, 51]. Data for the Cu2Sn4S9 and Cu4SnS4 
compounds [196] were lower than even the sum 
of the corresponding values for Cu2S and SnS2, 
which is thermodynamically impossible. A similar 
situation was also observed for the Cu2GeSе3 and 
Cu8GeSе6 compounds [193]. In our opinion, this 
was due to the incorrect formulation of potential-
forming reactions by the authors [193, 196]. The 
results of a new calorimetric study of the Cu2SnS3 
[197] were also in good agreement with the data 
obtained by the EDS method [193] (Table 3.2). 
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The values of heat and entropies for 
polymorphic transitions of Cu8B

IVX6 compounds, 
obtained by both methods, except for Cu8GeS6, are 
in good agreement as can be seen in Table 3.3. 
The relatively high errors in the data obtained 
by the EMF method were because in this method 
the partial enthalpy and entropy are calculated 
indirectly from the temperature dependence 
coefficient of the EMF [51, 110]. 

3.5. Phase equilibria in quaternary systems 
consisting of copper chalcogenides and 
p2‑elements

The concentration planes 2Cu2X  +  BIVX¢ ´ 
2Cu2X¢ + (BIV)¢X2 (I), Cu2X–BIVX2–(BIV)¢X2 (II) и 
Cu2X-Ag2X-BIVX2 (III), (where BIV and (BIV)¢ – Si, 
Ge, Sn; X and X¢ – S, Se, Te) of the corresponding 

quaternary systems are of greatest interest for 
the search for solid solutions with different types 
of substitution based on ternary compounds of 
Cu-BIV-X systems. In the last decade we have 
studied some systems of the indicated types 
(Cu2Se-GeSe2-SnSe2 [198], Cu2S‑Cu8SiS6‑Cu8GeS6 
[ 1 5 5 ] ,  C u 2S e - C u 8S i S e 6‑ C u 8G e S e 6  [ 1 5 7 ] , 
2Cu 2S+GeSe 2´2Cu 2Se+GeS 2 [199 , 200] , 
Cu2S‑Ag2S‑GeS2 [37] and Cu2Se-Ag2Se-GeSe2 [37]), 
as well as individual polythermal sections [201–
205], composed of ternary compounds-analogues 
of the AI

8B
IVX6 and AI

2B
IVX3 types. The isothermal 

sections of the phase diagrams of these systems 
at room temperature are shown in Fig. 3.5, and 
the sections based on Cu8B

IVX6 compounds 
are presented in Fig. 3.6, sections based on 
Cu2B

IVX3 are shown in Fig. 3.7. These diagrams 

Table 3.2. Standard integral thermodynamic functions of ternary compounds of the Cu-BIV-X systems

Phase
–DfG

0 –DfH
0

S0 J·К–1·mol–1 Ref.
kJ·mol–1

Cu2GeS3 211.3±2.4 213.7±2,3 190.3±5.5 [194]
RT-Cu8GeS6 438.9±2.5 425.9±4.2 536.3±13.1 [191]
HT-Cu8GeS6 *445.3±3.1 420.8±5.6 552.1±15.8 [191]

Cu2GeSe3

176.8±3.1 173.9±3.1 233.3±5.1 [192]
80.7±1.5 86.7±6.9 - [193]

RT- Cu8GeSe6

341.1±3.3 327.4±4,5 596.7±11.6 [191]
105.1±1.9 114.5±9.2 143±2 [193]

HT- Cu8GeSe6 *348.1±3.7 315.6±5.0 632.3±12.5 [191]

Cu2Sn4S9

659.9±4.3 650.9±29.7 560.3±74.7 [50, 51]
165.4±1.5 141.6±6.3 639.8±18.3 [196]

Cu2SnS3

239.6±1.5 242.6±12.0 196.3±21.9 [50, 51]
169.3±1.3 150.0±5.5 278.6±15.7 [196]

263.79 ± 2.28 [197]

Cu4SnS4

316.4±2.4 327.7±18.8 266.5±28.2 [50, 51]
261.3±2.4 220.8±9.4 414.4±20 [196]

Cu2SnSe3   
189.5±2.6 187.5±4.8 251.6±5.0 [50, 195]
198.4±0.6 198.5±2.9 237±5 [51]

Cu2SnTe3 117.7±1.4 116.2±2.4 264±6 [50, 51]

*Note: data related to 400 K is marked with an asterisk

Table 3.3. Temperatures and thermodynamic functions of phase transitions of some ternary compounds 
of the Cu-BIV-X systems

Compound Tmelt DHphase trans, kJ·mol–1 DSphase trans, J·mol–1·K–1 Method, Ref.

Cu8GeS6

328 5.1±2.4 15.5±7.5 EMF, [191]
330 15.5±0.6 47.1±1.9 DSC, [155]

Cu8GeSe6

335 11.9±2.8 35.5±8.4 EMF, [191]
330 11.2±0.5 34.0±1.4 DSC, [190] 

Cu8SiS6 336 14.9±0.6 44.2±1.8 DSC, [155]
Cu8SiSe6 325 14.7±0.6 45.3±1.8 DSC, [190]
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Fig. 3.5. Solid-phase equilibria diagrams at 300 K of some quaternary systems formed by copper chalcogenides 
and p2-elements
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Fig. 3.6. T-x diagrams of some systems composed of compounds of the Cu8GeX6 type
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Fig. 3.7. T-x diagrams of some systems composed of compounds of the Cu2B
IVX3 type
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demonstrate the formation of unlimited or broad 
solid solutions based on ternary compounds of 
both types. Several studies [200–205] present 
the results of a comprehensive study of phase 
equilibria and thermodynamic properties of the 
above and some similar systems. 

2Cu2X + BIVX¢ ´ 2Cu2X¢ systems. Out of the 
systems of this type, only the reciprocal system 
2Cu2S+GeSe2´2Cu2Se+GeS2 has been fully 
studied [199, 200]). The system is characterized 
by the formation of continuous or wide regions 
of chalcogen-substituted solid solutions based 
on Cu8GeX6 and Cu2B

IVX3 compounds (Figs. 3.6–
3.8). In the Cu8GeS6-Cu8GeSe6 system, this is 
accompanied by a decrease in the temperatures 
of polymorphic transitions of the original 
ternary compounds and stabilization of their 

high-temperature cubic modifications at room 
temperature and below. 

The projection of the liquidus surface of the 
2Cu2S+GeSe2´2Cu2Se+GeS2 system is shown in 
Fig. 3.8. It can be used for growing crystals of 
solid solutions based on ternary compounds by 
directional crystallization from solution-melts in 
a wide range of compositions.

Cu2X–BIVX2–(BIV)¢X2 systems. The T-X Cu 
section diagrams of the Cu8SiS6-Cu8GeS6 [155] 
and Cu8SiSe6-Cu8GeSe6 [157] sections are shown 
in Fig.  3.6. As can be seen, both systems are 
partially quasi-binary and are characterized by the 
formation of continuous series of solid solutions 
between high-temperature cubic modifications 
of the original ternary compounds. However, 
they significantly differ by the nature of phase 

Fig. 3.8. Projections of liquidus surfaces of some quaternary systems composed of copper chalcogenides and 
p2-elements
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equilibria in the subsolidus region. In the sulfide 
system, a continuous series of solid solutions 
are also formed between RT modifications of the 
initial isostructural compounds, crystallizing in an 
orthorhombic lattice with sp. gr. Pnа21 or Pmn21 
(Table 3.1). In the Cu8SiSe6-Cu8GeSe6 system based 
on RT modifications of the initial compounds, 
limited regions of solid solutions are formed 
(g1- and g2-phase), and eutectoid equilibrium is 
established at a temperature of (320 K). 

A projection of the liquidus surface was 
constructed for the Cu2Se-GeSe2-SnSe2 system 
[198], and for two systems of this type, their 
fragments Cu2S-Cu8SiS6-Cu8GeS6 [155] and 
Cu2Se-Cu8SiSe6-Cu8GeSe6 [157] were constructed 
(Fig.  3.8). In the indicated studies, various 
isothermal and vertical sections of phase 
diagrams of the considered systems were also 
constructed. 

Cu2X-Ag2X-BIVX2 systems. There are data 
on two vertical sections of phase diagrams: 
Cu8GeS6‑Ag8GeS6 [204] and Cu8GeSe6-Ag8GeSe6 
[203] (Fig. 3.6). They are characterized by a 
decrease in phase transition temperatures and 
a significant expansion of homogeneity regions 
of d-phases with a cubic structure down to 
room temperature and below. Both systems are 
partially quasi-binary, with the HT-Cu2-xAgxS(Se) 
phases primarily crystallizing from melts near 
incongruently melting copper argyrodites, which 
based on composition are outside the Т-х planes 
of these sections.

Summarizing the above data in this section, it 
should be noted that the quasi-binary Cu2X‑BIVX2 
sections, on which compounds of the Cu2B

IVX3 and 
Cu8B

IVX6 types were formed have been studied in 
detail in all Cu-BIV-Х systems (Fig. 3.3). Out of 
then, only the Cu2S-SnS2 section is characterized 
by more complex interactions. At least five triple 
compounds are formed on it. At the same time, 
the complete Т-х-у diagrams are known only for 
the Cu-Si-Te, Cu-Ge-Te, Cu-Sn-Se, and Cu Sn‑Te 
systems with relatively simple interactions of 
components. It should also be noted that the 
thermodynamic properties of most copper-
germanium and copper-tin chalcogenides 
have been studied by the EMF method and 
mutually consistent sets of standard integral 
thermodynamic functions have been obtained for 
them. The studies devoted to the investigation of 

several quaternary systems composed of copper 
chalcogenides and p2-elements are important 
from the point of view of optimizing the functional 
properties of Cu2B

IVX3 and Cu8B
IVX6 compounds. 

4. Copper chalcogenides with elements 
of  the arsenic subgroup

Ternary Cu-As(Sb, Bi)-chalcogen systems 
have long been the focus of close attention of 
researchers for two reasons. Firstly, in these 
systems, especially in sulfide systems, many 
crystalline phases with different structural forms 
are formed [22], which leads to different functional 
properties and potential applications. According 
to data from numerous studies [22, 206–236], 
ternary compounds of these systems are valuable 
environmentally friendly functional materials with 
photoelectric, optical, thermoelectric, and other 
properties. Secondly, many ternary compounds 
of these systems occur in nature as minerals: 
enargite and lucionite Cu3AsS4; tennantite 
Cu12As4S13, tetrahedrite Cu12Sb4S13; chalcostibite 
CuSbS2; synergite Cu6As4S9; lautite CuAsS, etc. 
They are of great interest to mineralogy and 
geochemistry and provide valuable information 
about the physical conditions on Earth at the time 
of their formation [41, 42]. 

The crystal structures of some of the above 
minerals are shown in Figure 4.1. The compound 
CuSbS2 crystallizes in the orthorhombic system (sp. 
gr. Pnma) and has a layered structure consisting of 
SbS2 and CuS3 chains along the axis b, formed by 
the interlocking of square pyramids of Sb and 
tetrahedral units of CuS4. These two infinite chains 
are linked together and create layers that are 
perpendicular to the axis c. The distance between 
them (2.051 Å) allows intercalation of small atoms, 
ions or molecules [22]. Tetrahedrite Cu12Sb4S13 has 
a cubic sphalerite-like structure (sp. gr. I43m). Six 
of the 12 Cu atoms occupy trigonal planar 12e sites, 
and the rest are distributed among tetrahedral 
12d sites. Four of the six tetrahedral positions are 
occupied by Cu+, and the other two positions are 
occupied by Cu ions2+ [22]. At the same time, the 
trigonal planar positions are occupied exclusively 
by Cu+ ions. The Sb atoms also occupy a tetrahedral 
position but are bonded to only three S atoms, 
resulting in a void in the structure and an unshared 
pair of electrons, as in Cu3SbS3. The combination 
of factors such as a large number of atoms in the 
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unit cell, high anharmonicity and low-energy 
vibrations of the Cu atom outside the trigonal 
planar unit [CuS3] lead to abnormally low thermal 
conductivity of this material, which is important 
for thermoelectrics.

Crystallographic data of the most characteristic 
ternary compounds of the Cu-BV-X systems are 
presented in Table 4.1.

Copper-arsenic and copper-antimony sulfides 
and complex phases based on them [206–212] 
are considered promising candidates for use 
as absorbers of p-type in solar cells due to the 
wide availability and environmental safety of 
raw materials, suitable band gap width and high 
absorption coefficient. The favorable band gap 
width of these phases indicates the prospect 
of their application also as wide-band gap 
semiconductors in third-generation photovoltaic 
devices. The largest number of studies [213–221] 
are devoted to chalcostibite CuSbS2, which is 
considered a substitute material for CuInS2 due 
to its similar optical properties and the additional 
advantage of its higher abundance in the Earth 
and lower cost of antimony compared to indium. 

In a recently published review [222], the Cu3BiS3 
compound is characterized as a sustainable and 
cost-effective photovoltaic material.

Synthetic analogues of many chalcogenide 
minerals of copper with arsenic and antimony 
[223-228], as well as solutions and composite 
materials based on them [228-231], possessing 
low thermal conductivity and an anisotropic 
cr ysta l l ine  s t ructure , have  promis ing 
thermoelectric properties. Thus, in the review 
[228] it was noted that by 2015, for some natural 
and alloyed tetrahedrite materials, zT values of 
about ~1.0 at ~723 K had been achieved, which 
is comparable to conventional thermoelectric 
p-type materials. In recent years, there has 
been increased interest in copper-bismuth 
chalcogenides as thermoelectric materials with 
very low thermal conductivity [232–235]. 

The authors [236] proposed a new concept for 
increasing the stability and efficiency of copper 
thermoelectrics by obtaining composites of the 
“copper chalcogenide-copper tetrahedrite” type. 
According to the authors, the proposed solution 
allows the successful blocking of excessive copper 
migration and stabilization of the composition 
and properties of the material during subsequent 
thermal cycles.

It should also be noted that, according to 
several studies, copper-bismuth chalcogenides, 
in particular CuBiS2, exhibit good photothermal 

Fig. 4.1. Crystal structures of copper-antimony sulfides: orthorhombic CuSbS2 (a), cubic Cu12Sb4S13 (b), tetrag-
onal Cu3SbS4 (c) and orthorhombic Cu3SbS3 (d)
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properties and anticancer effect [22, 38]. Due 
to the high X-ray attenuation coefficient, these 
compounds can visualize computed tomography 
[39]. 

4.1. Phase equilibria in Cu-As-X systems
The Cu-As-S system. Numerous studies on 

phase equilibria and the properties of ternary 
phases in the Cu–As–S system covering the period 
up to the beginning of the 90s of the last century 
are summarized in [91, 237]. It was shown that 

the available data on the Cu2S-As2S3 section of 
phase diagrams are contradictory and differ from 
each other both in the number and composition 
of ternary compounds, and in the temperatures 
and nature of their melting. In particular, in 
[241] it was shown that this system is quasi-
binary and is characterized by the formation 
of Cu5AsS4, Cu3AsS3, Cu12As4S13, Cu4As2S5, and 
Cu6As4S9 ternary compounds. The authors of 
[237], taking into account data from several 
studies, presented a slightly different version of 

Table 4.1. Crystallographic parameters of the ternary compounds of Cu-BV-S(Se) systems

Compound Crystal system, sp. gr. and lattice parameters, nm Ref.
Cu3AsS4 Rhombic, Pmn21, a = 7.399, b = 6.428, c = 6.145 [238]

Cu12As4S13 Cubic, I-43m, a = 1.0168 [239]
Cu6As4S9 Triclinic, a = 9.064, b = 9.830, c = 9.078, a = 90°, b = 109°30, g = 107°48 [240]
CuAsS Rhombic, Pnma, a = 11.356, b = 3.754, c = 5.453 [237]

Cu4As2S5 Monoclinic, C12/m1, a = 10.35,b = 14.65, c = 33.34, b = 96° [238]
HT-Cu3AsSe4 Cubic, Fm3m, а = 0.5535 [251]
RT-Cu3AsSe4 Tetragonal, I-42m, a = 5.53, c = 10.83 [251]

CuAsSe2 Monoclinic, a = 5.117, b = 12.293, c = 9.464, b = 98.546° [248]
Cu4As2Se5 Rhombohedral, R3, a = 14.0401, c = 9.6021 [248]
Cu3AsSe3 Cubic, Pm-3m, a = 5.758 [250]

Cu7As6Se13 Hexagonal, R3, a = 14.025, c = 9.61, g = 120 [250]
CuSbS2 Orthorhombic, Pnma; a = 6.018(1), b = 3.7958(6), c = 14.495(7)   [264]

RT-Cu3SbS3 Monoclinic, P21/c; a = 7.808(1), b = 10.233(2), c = 13.268(2), b = 90.31(1)°    [266]
HT-Cu3SbS3 Rhombic, Pnma; a=7.828(3), b = 10.276(4), c = 6.604(3)    [266]

Cu3SbS4 Tetragonal, I42m ; a = 5.391(1), c = 10.764(1)     [267]
Cu12Sb4S13 Cubic, I–43m, a = 10.308(1)    [265]
Cu14Sb4S13 Cubic, I–43m, a = 10.448(1)    [261]

НT-Cu3SbSе4 Tetragonal, I42m,  a = 0.5631, с= 1.1230   [272]
RT-Cu3SbSе4 Cubic, Fm3m, a = 0.5637    [100]
HT-Cu3SbSе3 Cubic, F43m, a = 0.560 [100]
RT-Cu3SbSе3 Orthorhombic, Pnma, a = 0.79668, b = 1.06587, c = 0.68207 [273]

CuSbSе2 Orthorhombic, Pnma, a = 0.640, b = 0.395, c = 1.533 [100]
CuSb3Sе5 Monoclinic, C2/m; a = 1.36499, b = 0.40711, c = 1.49215, b = 9 0.31°  [274]
Cu3BiS3 Orthorhombic, P212121, a = 0.7723, b = 1.0395, c = 0.6715 [100]
CuBiS2 Orthorhombic, Pnma, a = 0.6134(1), b = 0. 39111(8), c = 1.4548(8), [264]
CuBi3S5 Monoclinic, c2m, a = 13.221, b =4.023, c = 14.077Å [281]
CuBi5S8 Monoclinic, C2/m; a = 1.3214, b = 0.4025, c = 1.4087, b = 115.6°  [100]

HT-Cu3BiSe3 Cubic, F43m, a = 0.5865 [277]
RT-Cu3BiSe3 Monoclinic, a = 1.366, b = 0.417, c = 1.486, a = 119.1° [100]

CuBiSe2 Cubic, Fm3m, a = 0.569 [100]
CuBi3Se5 Triclinic, P1, a = 0.4168, b = 0.7182, c = 1.3388, a = 85.4°, b = 81.3°, g = 73° [278]
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the phase diagram from [238], according to which 
there are 3 ternary compounds in the system: 
Cu12As4S13, Cu4As2S5, and Cu6As4S9. It should be 
noted that the Cu12As4S13 phase by composition 
is outside the plane of this section, which could 
question the data [237] on its quasi-binary nature. 
In [242], a new review of the literature on the 
Cu–As–S system was presented and a critical 
assessment and thermodynamic modelling of the 
phase diagram were carried out. 

The studies [243–246] published by our 
group presented the results of a comprehensive 
study of phase equilibria and thermodynamic 
properties of the Cu-As-S system. The solid-
phase equilibrium diagram (Fig. 4.3) reflects 
Cu3AsS4, Cu12As4S13, Cu6As4S9 and CuAsS ternary 
compounds, which are synthetic analogues of 
known minerals. According to [246], in contrast 
to previously proposed versions of the phase 
diagram, the Cu2S- As2S3 section is only partially 
quasi-binary (Fig. 4.2). This is because below the 
solidus in the composition range 0-40 mol. % of 
As2S3 this section passes through three-phase 
Cu2S+II+IV and II+III+IV fields (Fig. 4.3). In [246] 
a detailed comparative analysis of the results 
obtained by authors on this section with literary 
data was carried out.

The liquidus of this system (Fig. 4.4) consists 
of 14 primary crystallization fields of phases, two 
of which (CuS and S) degenerate at the sulfur 
corner of the concentration triangle. This part of 
the phase diagram is shown schematically in an 
enlarged form. The system is characterized by the 
presence of two wide immiscibility regions formed 
by the penetration of the corresponding regions 
of the Cu-S boundary system into the depth of 
the concentration triangle. Another immiscibility 
region, originating from the binary system As-S 
is shown in Fig. 4.4. However, the boundaries of 
this region are not precisely established and are 
marked with dotted lines. 

The Cu-As-Se system. Phase equilibria in 
this system are studied using the quasi-binary 
Cu2Se-As2Se3 section [247–250]. The data from 
these studies significantly differ from each 
other. According to [247], a Cu3AsSe3 compound 
is formed in the system by a peritectic reaction 
at 773, the homogeneity region of which extends 
from 66.7 to 82 mol. % Cu2Se. The CuAsSe2 
compound stable in the temperature range of 

550-720 K is formed as the result of peritectic 
interaction of Cu3AsSe3 with the melt. In [247] 
the Cu6As4Se9 compound, previously indicated in 
[249] was not confirmed. The second version of 
the phase diagram of the Cu2Se-As2Se3 system was 
constructed by the authors [248]. The existence of 
ternary compounds Cu3AsSe3, Cu4As2Se5, CuAsSe2 
has been demonstrated. The first compound 
exists in the temperature range of 700–770  K, 
and the second and third compounds melt 
with decomposition according to the peritectic 
reaction at 746 and 683 K. Another variant of 
the Т-х diagrams of this system was presented 
in [250]. Only one ternary compound CuAsSe2, 
melting incongruently at 725 K is reflected in 
this diagram. 

According to [249], the Cu2Se-As, Cu3AsSe4- 
As2Se3, Cu2Se-Cu3As, and Cu3AsSe4- Se sections 
are also practically quasi-binary. The first two 
belong to the eutectic type, and the subsequent 
ones are characterized by the presence of 
monotectic and eutectic equilibria. 

In [250] a projection of the liquidus surface 
of the Cu-As-Se system is presented, on which 
two ternary compounds Cu3AsSe4 and CuAsSe2 
are shown. Two immiscibility regions emanating 
from the Cu-Se binary system were identified. 
The study also shows the presence of a wide glass 
formation region in the system, adjacent to the 
As-Se binary system.

According to [251] the Cu3AsSe4 compound 
melts incongruently at 773 K and undergoes a 
phase transition at 715 K. The low-temperature 
modification has a tetragonal structure, and 
the high-temperature modification has a cubic 
structure. 

The studies [252-254] present the results of the 
research on phase equilibria and thermodynamic 
properties of the Cu-As-Se system. It has been 
established that it is characterized by the presence 
of five triple compounds: Cu3AsSe3, CuAsSe2, 
Cu7As6Se9, Cu3AsSe4, and CuAsSe (Fig.  4.3). 
Out of them, only the first two compounds are 
located on the quasi-binary Cu2Se-As2Se3 section 
(Fig. 4.2). The projection of the liquidus surface 
constructed by us taking into account the data 
from [252–254] is shown in Fig. 4.4. It reflects 
primary crystallization fields of all the above 
copper-arsenic selenides. A complex interaction 
of components was observed in the Cu2Se-As2Se3-
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Fig. 4.2. Phase diagrams of the Cu2X-BV
2X3 systems
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Fig. 4.3. Solid-phase equilibria diagrams of the Cu-BV-X systems at 300 K
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Fig. 4.4. Projections of liquidus surfaces of the Cu-BV-X systems. The colored areas are the fields of primary 
crystallization of ternary compounds
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Cu3AsSe4 subsystem, this region of the diagram 
was described in detail in [254].

The Cu-As-Te system. According to available 
data [91], ternary compounds are not formed in 
this system.

4.2. Phase equilibria in Cu-Sb-X systems
The Cu-Sb-S system. The studies of phase 

equilibria in the Cu-Sb-S system began at 
the beginning of the last century. The results 
of numerous studies in different years were 
summarized in the monograph [91] and studies 
[256, 257]. 

We will discuss some studies devoted to 
the Cu2S-Sb2S3 section. Thus, the authors [258] 
showed that this section is quasi-binary and 
forms ternary compounds Cu3SbS3 and CuSbS2. 
According to the data [259] on this section there 
is only one CuSbS2 compound with congruent 
melting at 825 K. A detailed re-examination [260] 
showed that a complex interaction occurs in the 
vicinity of Cu3SbS3, involving the decomposition 
of this compound below 400 K and the formation 
of three different phases.

In a recently published study [257], the Cu−
S−Sb system was studied using the CALPHAD 
method and a new version of the Т-х diagram 
of the Cu2S-Sb2S3 section, significantly different 
from previous studies was presented. 

The complete Т-х-у diagram, including 
various polythermal sections and an isothermal 
section at 300 K (Fig. 4.3), as well as a projection 
of the liquidus surface (Fig. 4.4), was shown in 
studies [261, 262]. According to [261], at room 
temperature, ternary compounds Cu3SbS4, 
Cu12Sb4S13, Cu14Sb4S13, Cu3SbS3, and CuSbS2 exist 
in the system (Fig. 4.3).

According to [262], the liquidus surface of 
this system consists of 13 primary crystallization 
fields of phases. The crystallization fields of 
CuS and S degenerate at the sulfur corner of 
the concentration triangle. This part of the 
phase diagram is shown schematically in an 
enlarged form. A characteristic feature of the Cu-
Sb-S system is two wide immiscibility regions. 
These regions have the appearance of wide 
continuous stripes between the immiscibility 
regions of the boundary binary Cu-S and Sb-S 
systems and occupy ~ 90% of the total area 
of the concentration triangle. Some curves of 

monovariant equilibria intersect the immiscibility 
regions and are transformed into four-phase 
monotectic equilibria (M1 – М1¢, M2 – М2¢ and 
M3 – М3¢ conjugate points in Fig. 4.4). 

It should be noted that the complex nature 
of phase equilibria in a narrow region of 
compositions, is highlighted by a rectangle and 
presented in an enlarged form. In [262] data on 
the coordinates of invariant equilibria on Т-х-у 
diagram of the system were presented and a 
detailed comparative analysis with data from 
previous studies was carried out. According to 
this study, the Cu2S-Sb2S3 section (Fig. 4.2) is 
partially quasi-binary. In the region ≥50 mol. % 
Sb2S3 the results coincide with the data of 
studies [258–260], according to which this part 
of the system is quasi-binary and belongs to the 
eutectic type. The region ≤ 25 mol % Sb2S3 is also 
quasi-binary. This part of the phase diagram is 
characterized by the formation of Cu14Sb4S13 and 
Cu3SbS3 compounds. However, in the intermediate 
range of compositions (25–50 mol. % Sb2S3), the 
Cu2S-Sb2S3 section is not quasi-binary. The X-ray 
analysis data presented in [262] convincingly 
demonstrate the presence of a connode connection 
between the tetrahedrite Cu12Sb4S13 phase, which 
according to the composition is located outside 
this section, with elemental antimony. This 
leads to the formation of three-phase regions of 
Cu3SbS3+Cu12Sb4S13+Sb and Cu12Sb4S13+CuSbS2+Sb 
in the specified composition range.

The Cu-Sb-Se system. The quasi-binary 
Cu2Se-Sb2Se3 section was investigated in studies 
[91, 259, 268–270]. According to [259], one 
compound of the CuSbSe2 composition was 
formed in the system. The phase diagram 
was refined near this compound in [256]. The 
CuSbSe2 and Cu3SbSe3 ternary compounds are 
shown on the phase diagram presented in [91]. 
In a recently published study [270], in addition 
to these compounds, a compound with the 
CuSb3Se5 composition, which exists in a narrow 
temperature range of 720-800 K, was discovered 
(Fig. 4.2). 

The diagram of solid-phase equilibria at 
300  K is shown in Fig. 4.3, and a projection of 
the liquidus surface, which reflects three ternary 
compounds CuSbSe2, Cu3SbSe3, and Cu3SbSe4 
is presented in Fig. 4.4. In a recently published 
study [271], the Cu-Sb-Se system was modelled 
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using the CALPHAD method and a projection of 
the liquidus surface was presented.

The Cu-Sb-Te system. According to [91], 
ternary compounds are not formed in this system. 
The compound of composition CuSbTe2, indicated 
in some early studies, was not subsequently 
confirmed. 

4.3. Phase equilibria in Cu-Bi-X systems
The Cu-Bi-S system. Phase equilibria in this 

system have been studied for more than 100 years. 
The results of these studies are summarized in 
[91, 256]. Their results have been shown to differ 
significantly. The Т-х diagram constructed by 
us based on the data [275] is shown in Fig. 4.2. 
According to this diagram, Cu3BiS3, CuBiS2, and 
CuBi3S5 sulfides are formed in the system. All of 
them melt with decomposition according to the 
peritectic reaction. The Cu2S-Bi section is also 
quasi-binary, characterized by the presence of 
monotectic and degenerate eutectic equilibria 
[276]. According to the solid-state equilibrium 
diagram [91], three copper-bismuth sulfides exist 
at room temperature: CuBi3S5, CuBiS2, and Cu3BiS3 
(Fig. 4.3).

The Cu-Bi-Se system. According to [276] 
the Cu2Se-Bi section is quasi-binary and forms a 
phase diagram with monotectic and degenerate 
eutectic equilibria for Bi. 

The first version of the Т-х diagram of the 
Cu2Se-Bi2Se3 quasi-binary section is presented in 
[277]. It is shown that it belongs to the eutectic type 
with limited mutual solubility of the components. 
The ordering occurs in the region of Cu2Se-based 
solid solutions at 25 mol. % Bi2Se3 (Cu3BiSe3). 
According to [277] the Cu3BiSe3 phase crystallizes 
in the cubic syngony (superstructure close to the 
CaF2 type). According to the data [100], the Cu3BiSe3 
compound has a monoclinic structure. 

The literature also contains information on 
the synthesis and crystal structure of ternary 
compounds CuBiSe2 and CuBi3Se5 (Table 4.1). 
The first compound crystallizes in a cubic lattice, 
while the second has a triclinic structure. 

The study [279] summarizes all available results 
on phase equilibria in the Cu-Bi-Se system and 
presents a complete picture of phase equilibria, 
including a series of polythermal sections, an 
isothermal section at room temperature (Fig. 4.3) 
and a projection of the liquidus surface (Fig. 4.4). In 

this system, as in the sulfur-containing one, three 
ternary compounds CuBi3Sе5, CuBiSе2, and Cu3BiSе3 
melting incongruently (Fig. 4.2) are formed. The 
study also presents a new version of the phase 
diagram of the quasi-binary Cu2Se-Bi2Se3 section. 
The formation of the three above-mentioned 
ternary compounds melting by the peritectic 
reaction at 900 K (CuBi3Se5), 835 K (CuBiSe2), and 
850 K (Cu3BiSe3) was confirmed. It has also been 
established that the Cu3BiSe3 compound is outside 
the homogeneity region of Cu2Se, which has a 
maximum length of ~17 mol. % Bi2Se3 at 850 K. 

The Cu-Bi-Te system. According to available 
data [91], ternary compounds are not formed in 
this system. 

4.4. Thermodynamic properties of copper 
chalcogenides with p3-elements 

The standard integral thermodynamic 
functions of copper-arsenic sulfides and selenides 
are determined by measuring the EMF of 
concentration cells of type (2.2) with a solid 
electrolyte [245, 246] (Table 4.2). These data sets 
for Cu3AsS4, Cu6As4S9, and CuAsS compounds were 
significantly (up to 20%) lower than those shown 
in [280] and were closer to the data of [283, 284]. 
Unfortunately, the thermodynamic data [280-284] 
were presented without errors, which complicates 
the assessment of their reliability. We believe that 
the data in [280] were significantly overestimated. 

Data on the standard integral thermodynamic 
functions of copper-antimony and copper-
bismuth chalcogenides are shown in Table 4.2. 
For almost all of these compounds, complete 
mutually consistent sets of thermodynamic 
quantities were obtained using the EMF method 
with Cu+ conductive electrolyte. Thermodynamic 
functions of CuSbS2, Cu3SbS3, and CuSbS2 
determined by the EMF method [261, 285] except 
DfG

0(298 K) for the latter compound are in good 
agreement with calorimetric data [263, 286].

Thus, mutually consistent sets of data on 
phase equilibria and thermodynamic properties 
are available for ternary Cu-BV-S(Se) systems, and 
for five systems complete Т-х-у diagrams were 
constructed and the primary crystallization fields 
of ternary phases were determined. 
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5. Conclusions
Thus, the above-presented results of numerous 

studies demonstrate significant successes in the 
development of environmentally friendly and 
affordable functional materials based on copper 
chalcogenides with p1-p3-elements. The analysis 
shows that the improvement and optimization 
of the functional properties of these materials 

is largely associated with targeted research on 
the variation of their composition and structure.

This review summarizes the studies of phase 
equilibria in ternary systems Cu-Tl(BIV, BV)-X 
(BIV – Si, Ge, Sn; BV – As, Sb, Bi; X – S, Se, Te) 
and some concentration planes and sections of 
quaternary systems that form various types of 
substitutional solid solutions based on ternary 

Table 4.2. Standard thermodynamic functions of formation and standard entropies of ternary phases of 
the Cu-BV-S(Se) systems

Compound
–DfG

0 (298 K) –DfH
0 (298 K)

S0
298 J·K

–1·mol–1 Ref.
kJ·mol–1

Cu3AsS4

179.2±0.6 172.2±2.6 278±8 [245, 246]
211.6 215.7 276.6 [283]
230.4 224.0 285.0 [281]

179.0 256.4 [282]
277.2 [284]

Cu6As4S9

445.3±1.6 434.6±7.5 668±22 [245, 246]
517.8 505.1 673.0 [280]

Cu12As4S13 701.8±2.5 673.7±10.7 1050±13 [245, 246]

CuAsS 69.5±0.3 64.1±1.7 109±5 [245, 246]
76.2 76.5 100.0 [280]

Cu3AsSe4 147.3±0.5 146.3±1.5 307±13 [253]
Cu7As6Se9 441.8±2.3 446.1±11.7 970±27 [284]

CuAsSe2
66.6±0.4 67.3±2.0 150.9±6.2 [255]
99.5±4.8 97.9±5.1 158±5 [285]

Cu3AsSe3 141.8±0.5 140.0±2.0 258.5±5.6 [285]
CuAsSe 55.1±0.3 55.6±2.0 109.5±4.7 [285]
Cu3SbS4 254.7 ± 2.3 247.8 ± 2.3 295.6 ± 7.0 [261]

CuSbS2

128.5 ± 2.2 126.9 ± 2.4 147.5 ± 3.8 [261]
*132.7±4.2 130.8±4.4 - [263]
130.6±6.0 131.7±5.2 - [286]

Cu12Sb4S13 958.7 ± 9.6 929.7 ± 11.2 1092.0 ± 29.0 [261]

Cu3SbS3

226.4 ± 2.3 219.0 ± 2.6 265.5 ± 7.2 [261]
*221.6±6.0 215.0±6.2 - [286]

Cu14Sb4S13 971.7 ± 9.8 984.8 ± 11.9 1018.0 ± 33.0 [261]
Cu3SbSe4 191.6±2.5 178.6±5.4 358.18 [285]

CuSbSe2

101.4±1.8 98.5±2.2 173±8 [285]
77.3±1.3 104.8±1.7 - [286]

Cu3SbSe3 175.6±2.5 164.0±5.3 311±15 [286]
CuBiS2 138.6±4.0 138.2±2.9 156±12 [50]
Cu3BiS3 213.0±4.4 209.9±5.2 264±21 [50]
CuBi3S5 248.7±1.9 248.6±5.8 421.9±7.8 [50]
CuBiSe2 107.6±0.8 105.9±2.51 189.8±2.4 [279]
Cu3BiSe3 162.5±1.2 155.9±5.7 315.0±8.5 [279]
Cu9BiSe6 324.8±3.5 313.1±18.6 659±28 [279]

Note: - our calculation from calorimetric data [286]
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compounds of the described systems. Even 
though the studied phase diagrams cover only a 
small part of such systems, they contain valuable 
information that offers great opportunities for 
scientifically based manipulation of composition 
and structure, including the concept of entropy 
engineering. Here we also present data on the 
fundamental thermodynamic properties of 
ternary compounds of the considered systems. 
Most of these data were obtained using the EMF 
method, which allowed to ensure not only the 
consistency of DfG

0, DfH
0, and S0 functions, but 

also the mutual consistency of these values with 
phase diagrams.

At the same time, it should be noted that in 
studies of the physical properties of complex 
copper chalcogenides, phase diagrams and 
thermodynamic data were not used fully when 
selecting sample compositions and synthesis 
conditions. We believe that addressing this 
gap and further development of research on 
phase equilibria and thermodynamic properties 
of similar and more complex systems are 
important. This would allow us to obtain complex 
copper-based chalcogenides, thermodynamically 
stable over wide ranges of compositions and 
temperatures, including high-entropy phases 
with good applied characteristics. 
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Abstract 
The article presents the results of many years of studies of the growth of a low-temperature modification of barium borate 
b-BaB2O4 (R3с) crystals in the Na, Ba, B // O, F quaternary reciprocal system. Barium borate b-BaB2O4 is the most important 
nonlinear optical crystal of the UV spectrum. The key factor determining the quality of crystals is the choice of an optimal 
solvent. The article presents phase diagrams and the results of the growth of b-BaB2O4 crystals in several subsystems of 
the studied quaternary reciprocal system. Using atomistic modeling, we predicted and then experimentally obtained new 
high-pressure modifications: g-BaB2O4 (P21/n), whose structure includes edge-sharing tetrahedra, and d-BaB2O4 with 
assumed symmetry Pa3. In our study, we also focused on a solid solution with an “antizeolite” structure, which also 
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1. Introduction
Modifications of barium metaborate, 

a-BaB2O4 (R3c) and b-BaB2O4 (R3с), are 
important materials with birefringent and 
nonlinear optical properties in the UV and 
visible spectra respectively. Low-temperature 
non-centrosymmetric modification b-BaB2O4 is 
widely used for the generation of the fourth and 
fifth harmonics of Y3Al5O12:Nd3+ lasers (266 and 
213 nm respectively), and as optical parametric 
generators and amplifiers [1–4]. b-BaB2O4 
crystals are characterized by a wide transparency 
range (from 185 to 2500  nm), high nonlinear 
optical susceptibility (d22 (1064 nm) = 2.2 pm/V, 
d22  =  5.7d36 (KDP), an acceptable birefringence 
value (Dn  =  0.113  (1064  nm)), a low light 
dispersion in the range from 204 to 1500 nm, and 
good physical and chemical properties [5]. 

The melting point of the high-temperature 
modification a-BaB2O4 is 1100 °С. Due to the 
a-b phase transition at a temperature of 925 °С 
the main method of growing b-BaB2O4 crystals is 
the high-temperature solution growth method, 
which ensures crystallization before the phase 
transition temperature is reached. The key factor 
determining the actual structure and optical 
quality of crystals is the choice of an optimal 
solvent. Earlier we suggested combining the 
main solvents used for the growth of b-BaB2O4 
crystals, namely Na2O [6] and components 
of the BaO–Na2O–B2O3 ternary system [7–9], 
NaF [10–13] and BaF2 [14, 15, 16], into a single 
quaternary reciprocal system Na, Ba, B // O, F 
[1, 17, 18]. Composition diagrams of quaternary 
reciprocal systems containing six salts A, B, C // 
X, Y are presented as a trigonal prism according 
to Jänecke [19]. A polytope of the Na, Ba, B // 
O, F system is shown in Fig. 1. The compositions 
of individual phases are presented in Table 1. 
Presented below are the results of the growth of 
b-BaB2O4 crystals performed using six solvents 

and the results of the synthesis of two new 
polymorphic modifications of BaB2O4 at high 
temperatures and pressures. 

The Na, Ba, B // O, F system also includes a 
composition range of the solid solution of borates 
with an “antizeolite” structure. The structure 
of the solution is based on the {Ba12(BO3)6}

6+ 
framework with channels along the с axis built of 
barium cubes and anticubes. The general formula 
of the solid solution in this system can be presented 
as {Ba12(BO3)6}[(F2)x(BO3)1-x][(F4)x(NaF4)y(BO3)1–x–y], 
where x + y ≤ 1, and [(F2)x(BO3)1-x]

3- and [(F4)
x(NaF4)y(BO3)1-x-y]

3–
 – are anionic groups in the 

barium anticubes and cubes, respectively. Fig. 1 
shows a crosshatched triangle whose vertices 
contain experimentally determined phases: 
Ba3(BO3)2, {Ba12(BO3)6}[BO3][BO3], x = 0, у = 0 
[23], Ba3(BO3)1.8F0.6, {Ba12(BO3)6}[(F2)0.4(BO3)0.6]
[(F4)0.4(BO3)0.6], x = 0.4, у = 0 [24] and NaBa12(BO3)7F4, 
{Ba12(BO3)6}[BO3][NaF4], x = 0, у = 1 [22]. The 
NaBa12(BO3)7F4 phase was first described in [25] 
as having a centrosymmetric I4/mcm structure. 

Table 1. Compositions of individual phases of the quaternary reciprocal system Na, Ba, B // O, F

Chemical formula
Compositions, mol %

Syngony, sp. gr., Z ReferenceBaO Na2O B2O3 BaF2

NaBaBO3
50 25 25 – Monoclinic, С2/m, 4 [20]

Ba2Na3[B3O6]2F 23.1 23.1 46.1 7.7 Hexagonal, P63/m, 2 [21]

NaBa12(BO3)7F4
62.5 3.1 21.9 12.5 Tetragonal, P42bc, 4 [22]

Fig. 1. Polytope of the quaternary reciprocal system 
Na, Ba, B // O, F. Subsystems used for growing b-BaB2O4 
crystals: I BaB2O4 –BaF2, II BaB2O4 – (NaF)2, III BaB2O4 – 
Ba2Na3[B3O6]2F, IV BaB2O4 – (NaBO2)2, V BaB2O4 – 
30 NaBaBO3, VI 70BaB2O4 – NaBaBO3 – Ba2Na3[B3O6]2F
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However, this was not confirmed by the results 
of our X-ray structural analysis [22]. In this 
article we briefly describe the conditions for the 
growth of the NaBa12(BO3)7F4 phase and analyze 
the stability of the Ba3(BO3)1.8F0.6 phase at high 
temperatures and pressures.

2. Experimental research methods
2.1. High-temperature solution growth 
of  b-BaB2O4 and NaBa12(BO3)7F4 crystals

b-BaB2O4 crystals were grown from high-
temperature solutions in a top seed solution 
growth (TSSG) furnace. The compositions of the 
used high-temperature solutions I–VI are given 
in Table 2. 

The starting materials were commercially 
available extra pure reagents BaCO3, Na2CO3, 
H3BO3, NaF, and BaF2. The initial batch weighing 
about 2 kg, whose composition corresponded 
to those presented in Table 2, was prepared by 
means of solid-phase synthesis and then melted 
in a platinum crucible (standard diameter of 80 
and 100 mm). After determining the equilibrium 
temperature, a crystal seed was placed in contact 
with the top surface of the high-temperature 
solution; the seed was oriented along the optical 
axis and had a cross-section of 5×5 mm2. The 
crystals were grown by constantly revolving the 
seed at a speed of 1 r/min. The cooling and pulling 
rates varied from 0.4 to 2 °С/day and from 0.5 
to 0.1 mm/day respectively. In order to use the 
solution multiple times, b-BaB2O4 was added 
after each growth cycle obtained by means of 
solid-phase synthesis from metaboric acid HBO2 
and barium carbonate BaCO3. The weight of the 
added b-BaB2O4 corresponded to the weight of 
the grown crystals. 

NaBa12(BO3)7F4 crystals were grown from 
38 mol % BaO, 36 mol % BaF2, 13 mol % B2O3, 
and 13 mol % Na2O compositions; the starting 
materials were the same commercially available 
reagents as used for the growth of b-BaB2O4 
crystals. After the solid-phase synthesis, the 
batch (300 g) was melted in a platinum crucible 
(diameter 60 mm). To grow the crystals, a crystal 
seed was used oriented along the [001] axis with 
constant pulling (0.3 mm/day) and revolving (1 r/
min). The weight of the grown crystal was about 
30 g.

2.2. Synthesis at high temperatures 
and pressures

Based on the ab initio calculations, we 
predicted the existence of two high-pressure 
polymorphic modifications of BaB2O4, which 
we denoted as g-BaB2O4 and d-BaB2O4. These 
modifications are stable under pressures above 
0.9 GPa and 6.1 GPa respectively [14]. According 
to the calculations, d-BaB2O4 is isostructural to 
CaB2O4 – Pa3 [15].

We synthesized the new high-pressure 
modification g-BaB2O4 using a Discoverer-1500 
multi-anvil hydraulic press of the DIE type at a 
pressure of 3 GPa and a temperature of 900 °С 
[26]. The experiment lasted 24 hours. The 
anvils were 26 mm cubes of tungsten carbide. 
The medium of pressure transmission was 
semi-sintered ceramics ZrO2 in the shape of an 
octahedron with the edge of 20.5 mm. Conducting 
another experiment at a pressing force of 6 GPa, 
which is the maximum pressure for the hydraulic 
press used, and a temperature of 900 °С for 
48 hours, we also obtained the phase g-BaB2O4. 
In both experiments the initial samples were 

Table 2. Characteristics of high-temperature solutions used for growing b-BaB2O4 crystals

№ Compositions (mol %) Na (wt. %) DTtheor (°C) Ktheor / Kexp
(g/(kg·°C)) Reference

I 54.5 BaB2O4 – 45.5 BaF2 – 165 1.58 / 1.05¸0.72 [18, 39] 

II
79.9 BaB2O4 – 20.1 (NaF)2 

60 BaB2O4 – 20 Ba2Na3[B3O6]2F – 20 BaF2
4.75 125 3.63 / 2.76¸2.02 [13]

III 60 BaB2O4 – 40 Ba2Na3[B3O6]2F 7.22 100 3.09 / 2.85¸2.39 [39, 30]

IV 70 BaB2O4 – 30 (NaBO2)2 7.05 94 3.83 / 3.22¸3.20 [34, 35] 

V 70 BaB2O4 – 30 NaBaBO3 3.11 115 2.49 / 1.89¸1.60 [40]

VI 70BaB2O4 – 22.5NaBaBO3 – 7.5Ba2Na3[B3O6]2F 4.09 120 2.80 / 2.2¸2.03 [18, 39] 
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polycrystalline b-BaB2O4 obtained by means of 
solid-phase synthesis.

Up to the present moment, the fourth 
modification d-BaB2O4 has only been obtained 
as a product of decomposition of barium-sodium 
metaborate Ba2Na3(B3O6)2F in an experiment 
conducted at a pressure of 6 GPa and a temperature 
of 900 °С for 64 hours [27]. The initial sample was 
a grounded Ba2Na3(B3O6)2F crystal.

The stability of the Ba3(BO3)1.8F0.6 phase was 
analyzed at 3 GPa and 1000 °С for 5 hours. The 
initial sample was a grounded Ba3(BO3)1.8F0.6 
crystal. 

During all the experiments, polycrystalline 
samples were put into holes in graphite cassettes. 
The diameter of the holes was 0.9 mm and the 
depth was 1.1 mm. Each sample was covered 
with an individual graphite lid. The temperature 
gradient between the low-temperature (LT) and 
high-temperature (HT) regions of the samples 
at 900 °C was about 5°C. The design of the high-
pressure cell was detailed in [28].

2.3. Analytical research methods
The samples synthesized at high temperatures 

and pressures were filled with epoxy resin and 
polished. Due to the small size of the synthesized 
samples, whose crystals are usually no bigger than 
tens of micrometers, the main analysis method 
was scanning electron microscopy (MIRA 3 LMU, 
Tescan Orsay Holding) using an INCA 450 energy-
dispersive microanalysis system with a large area 
EDS X-Max-80 Silicon Drift Detector. 

Raman spectroscopy was also used to 
determine the composition and the polymorphic 
modification of each phase. Raman spectra were 
registered using a Horiba Jobin Yvon LabRAM 
HR800 spectrometer with a 1024-pixel LN/CCD 
detector. The wavelength of the Nd-YAG laser 
was 532 nm. Raman spectra were measured in 
the backscattering geometry using an Olympus 
BX41 microscope. The spectral resolution was 
~2.0 cm–1. The microscope with an Olympus 100× 
lens, WD = 0.37 mm with a numerical aperture 
for the visible spectrum had a focal diameter of 
~2 μm. The power of laser radiation was 0.5 mW 
to prevent the heating of the sample. 

The study was conducted using the equipment 
of the Centre for Collective Use of Scientific 
Equipment of the Institute of Geology and 

Mineralogy of the Siberian Branch of the Russian 
Academy of Sciences. 

3. Results and discussion

3.1. Growth of b-BaB2O4 and NaBa12(BO3)7F4 
crystals

Presented below is a brief description of the 
six systems used for the growth of b-BaB2O4 
crystals (Table 2). Besides the compositions 
of the initial high-temperature solutions, 
Table 2 presents some additional characteristics, 
namely the concentration of sodium in the 
initial high-temperature solution, theoretical 
crystallization intervals (DTtheor), and theoretical 
and experimental yield coefficients (Кtheor / Кexp). 
Theoretical crystallization interval (DTtheor) is a 
temperature range corresponding to the region 
of primary crystallization of b-BaB2O4 in the 
system. The theoretical yield coefficient (Кtheor) 
is the difference (in grams) in the concentration 
of BaB2O4 in 1 kg of the high-temperature 
solution in the compositions limiting the region 
of primary crystallization of b-BaB2O4 divided by 
the theoretical crystallization interval. Therefore, 
the yield coefficient is measured in g/(kg×°С). 
Both parameters (the theoretical crystallization 
interval and the theoretical yield coefficient) 
are determined based on the phase diagram of 
the system. The experimental yield coefficient 
is determined as the weight of the grown 
crystal divided by the weight of the initial high-
temperature solution and by the crystallization 
interval specific for each experiment. 

I BaB2O4 – BaF2. The melting point of BaF2 is 
1353 °C. The coordinates of the eutectic points 
are 41 mol % BaB2O4, 59 mol % BaF2, 760 °C [18], 
the theoretical yield coefficient is 1.58 g/(kg×°С). 
A significant difference between the experimental 
and theoretical yield coefficients, as well as the 
drop of the experimental coefficient from 1.05 to 
0.72 g/(kg×°С) in three consequent experiments 
can be explained by a rapid pyrohydrolysis of 
barium fluoride. During the third consequent 
experiment, co-crystallization of phases b-BaB2O4 
and Ba5B4O11 took place, which can be described 
by the following reactions:

BaF2 + H2O → BaO + 2HF↑	 (1)
2BaB2O4 + 2BaO → Ba5B4O11.	 (2)
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II BaB2O4 – (NaF)2. The study determined 
that the BaB2O4 – (NaF)2 system is not chemically 
stable, which is completely different from the 
results obtained in [10]. A chemical reaction 
occurs between BaB2O4 and NaF [13, 29], which 
results in the formation of barium-sodium borate 
fluoride Ba2Na3[B3O6]2F (P63/m) [21], available 
for the study of phase equilibria in the system. 
The second product of the chemical reaction is 
barium fluoride:

79.9 BaB2O4 + 20.1 (NaF)2 →  
→ 13.4 Ba2Na3[B3O6]2F + 13.4 BaF2 + 39.7 BaB2O4	(3)

66.7 BaB2O4 + 33.3 (NaF)2 →  
→ 22.2 Ba2Na3[B3O6]2F + 22.2 BaF2	 (4)

Thus, the initial composition 79.9 mol % 
BaB2O4, 20.1 mol % (NaF)2 transforms into a 
composition 20 mol % Ba2Na3[B3O6]2F, 20 mol % 
BaF2, 60 mol % BaB2O4 during the solid-phase 
synthesis at 720 °С, which is demonstrated in 
Table 2. The region of primary crystallization 
of b-BaB2O4 in the system is limited by the 
composition 66.7 mol % BaB2O4, 33.3 mol % 
(NaF)2, when BaB2O4 and (NaF)2 react completely 
according to (4), which results in the formation 
of Ba2Na3[B3O6]2F and BaF2 (Fig. 2a). This 
composition was used to grow a Ba2Na3[B3O6]2F 
crystal [13], whose image is given in the insert 

to Fig. 2a. We should note that the composition 
of Ba2Na3[B3O6]2F is not on the BaB2O4 – (NaF)2 
section. It belongs to the Na, Ba // BO2, F ternary 
reciprocal system, which was detailed in [29].

The crystallization interval of b-BaB2O4 
is 125 °С. The drop in the experimental yield 
coefficient from 2.76 to 2.02 g/(kg×°С) in three 
consequent experiments can be accounted for by 
the pyrohydrolysis of barium fluoride formed in the 
system. An image of the b-BaB2O4 crystal grown 
in the system is presented in the insert to Fig. 2a.

I I I  B a B 2O 4 – B a 2N a 3[ B 3O 6] 2F .  T h e 
Ba2Na3[B3O6]2F compound melts congruently at 
835 °С. The coordinates of the eutectic points of 
the system are 85 mol % Ba2Na3[B3O6]2F, 15 mol % 
BaB2O4, 810 °С [30]. The system is characterized 
by a relatively high theoretical yield coefficient of 
3.09 g/(kg×°С). The experimental yield coefficient 
in three consequent cycles changed from 2.85 to 
2.39 g/(kg×°С). The phase diagram and an image 
of the crystal grown in the system are presented 
in Fig. 2b. 	

IV BaB2O4 – (NaBO2)2. The melting point of 
NaBO2 is 997 °C. The coordinates of the eutectic 
points of the system are 44 mol % (NaBO2)2, 56 
mol % BaB2O4, 831 °C [31]. The crystallization 
interval of b-BaB2O4 is 94 °C and the theoretical 
yield coefficient is 3.83 g/(kg×°С). The system is 

Fig. 2. Phase diagrams of the BaB2O4 - (NaF)2 (a) and BaB2O4 - Ba2Na3[B3O6]2F (b) systems and photographs of 
crystals grown in these systems
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characterized by the highest experimental yield 
coefficient of 3.22 g/(kg×°С).

V BaB2O4 – NaBaBO3. The NaBaBO3 (C2/m) 
compound [20] melts congruently at 1270 °С. 
It was determined that the BaB2O4–NaBaBO3 
system is quasi-binary only in the solid state, 
i.e. at temperatures below 760 °С, and crosses 
the region of primary crystallization of Ba5B4O11 
[32] and NaBa4(BO3)3 [33]. The crystallization 
interval corresponding to the region of primary 
crystallization of b-BaB2O4 (Fig. 3) is 115 °C and 
the theoretical yield coefficient is 2.49 g/(kg×°С). 
The experimental yield coefficient varies in the 
range of 1.89÷1.60 g/(kg×°С).

VI BaB2O4 – NaBaBO3 – Ba2Na3[B3O6]2F. The 
composition used for the growth of b-BaB2O4 
in this ternary system is 70 mol % BaB2O4, 
22.5 mol % NaBaBO3, and 7.5 Ba2Na3[B3O6]2F mol %. 
The crystallization interval of b-BaB2O4 is 
120  ºC and the theoretical yield coefficient is 
2.80 g/(kg×°С). The experimental yield coefficient 
is 2.20 g/(kg×°С).

One of the key characteristics determining 
the possibility of using optical elements based 
on b-BaB2O4 crystals in laser systems is the 
absence of scattering, when laser radiation passes 
through a crystal. We assume that the formation 
of scattering centers in b-BaB2O4 crystals is 
associated with the introduction of sodium 
impurities. The concentration of sodium in the 
initial high-temperature solution is presented 
in Table 2. Inductively coupled plasma atomic 
emission spectroscopy demonstrated that the 
concentration of sodium in crystals is lower 
by at least three orders of magnitude [34, 35]. 
Sodium ions can be incorporated both into barium 
positions and into interstitial sites [36–38]. 

Despite the rapid pyrohydrolysis and a 
drop in the yield coefficient, crystals grown in 
system I did not scatter the laser beam. During 
long-term storage, the crystals were split by 
cleavage, which can be a result of thermoelastic 
relaxation. Crystals grown in systems II and III 
(the concentration of Na in the initial solutions 
was 4.75 wt. % and 7.22 wt. % respectively) 
appeared to be of good quality. However, they 
demonstrated laser beam scattering in the entire 
volume. Crystals obtained in system IV (7.05 wt. % 
Na) contained solid-phase inclusions of up to 
200 μm; the regions without inclusions also 

demonstrated laser scattering. Crystals grown 
in system V (3.11 wt. % Na) did not scatter laser 
beams, which was confirmed be a few dozen 
experiments. The disadvantages of the system are 
a low yield coefficient and a loss of stability of the 
crystallization front at a certain point resulting 
in cellular growth. The crystals of system VI 
(4.09 wt. % Na) were also characterized by a high 
optical quality and a higher experimental yield 
coefficient than the crystals of system V. We 
should note that in the consequent experiments 
with system VI the yield coefficient changed 
insignificantly, which can be explained by the 
absence of free barium fluoride susceptible to 

Fig. 3. Phase diagram of the BaB2O4 - NaBaBO3 system 
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pyrohydrolysis in the initial composition. At 
the same time, the presence of borate fluoride 
Ba2Na3[B3O6]2F apparently helps to reduce the 
viscosity of the high-temperature solution. 

Fig. 4 demonstrates an image of the 
NaBa12(BO3)7F4 crystal, the end member of the 
solid solution with an “antizeolite” structure 
grown in the Na, Ba, B // O, F system. The crystal 
presented in Fig.4 is dark crimson. Another 
formally colorless group of compounds that were 
first classified as “antizeolites”, are compounds of 
the meionite group Ca12Al14O33 [41-44]. The color of 
the NaBa12(BO3)7F4 crystals grown in the Na, Ba, B // 
O, F system is determined by the concentration of 
intrinsic defects and depends on the composition 
of the initial high-temperature solution [45]. The 
crystals are characterized by linear dichroism, 
i.e. different light absorption depending on 
the orientation of the light-wave vector, which 
makes it possible to use them as polarizers in 
optical systems [46]. It was also determined that 
depending on the composition of the initial high-
temperature solution, the dielectric permeability 
of the NaBa12(BO3)7F4 crystals changes by an order 
of magnitude and becomes unusually high for 
borate crystals (319(5)) [47].

3.2. Synthesis at high temperatures 
and pressures 

As an initial sample in our experiment we 
used polycrystalline b-BaB2O4 obtained by means 

of solid-phase synthesis. At 3 GPa and 900 °С 
we obtained a BaB2O4 single crystal of about 
350 μm, which could further be used for X-ray 
diffraction analysis (Fig. 5a). Letter L in Fig. 5a 
denotes the region of partial melting (quenched 
melt). The obtained crystal is a new high-pressure 
modification of g-BaB2O4, which is crystallized 
in the centrosymmetric space group P21/n, 
a = 4.6392(4) Å, b = 10.2532(14) Å, c = 7.066(1) Å, 
b = 91.363(10)°, Z = 4. The structure was added to 
the CCDC database, No. 2106970. A unique feature 
of the structure is the presence of the [B2O6] 
group consisting of edge-sharing tetrahedra. The 

Fig. 5. Backscattered electron image of synthesis products under high pressure and temperature conditions: 
(a) synthesis at 3 GPa, 900 °C, initial sample – b-BaB2O4, obtained by solid-phase synthesis (SPS); (b) synthesis 
at 6 GPa, 900 °C, the initial sample is a ground crystal of Ba2Na3[B3O6]2F; (c) synthesis at 3 GPa, 1000 °C, the 
initial sample is a ground crystal of Ba3(BO3)1.8F0.6. L – quenched melt, LT and HT – low and high temperature 
zones of the sample, respectively

Fig. 4. Photograph of a crystal NaBa12(BO3)7F4 (P42bc), 
28´28´11 mm, grown in the system Na, Ba, B // O, F 
from a composition of 38 mol % BaO, 13 mol % Na2O, 
13 mol % Ba2O3, 36 mol % BaF2
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metaborate ring disappears from the g-BaB2O4 
and two ∞[B4O4O8/2] double endless chains appear 
along the a axis built of [B2O6] groups connected 
by two [BO3] triangles. The g-BaB2O4 phase is 
characterized by the shortest distance between 
the boron atoms of the edge-sharing tetrahedra, 
1.984 Å, with the corresponding angles of 95.5° 
and 105.5° [24,48].

Edge-sharing tetrahedra were first discovered 
in 2002 in the Dy4B6O15 compound synthesized at 8 
GPa and 1000 °С by a group of researchers headed 
by professor Huppertz [49]. The discovery of edge-
sharing tetrahedra led to the revision of one of 
the main rules of crystal chemistry of borates: 
it used to be considered that polymerization 
in borates takes place only at the vertices [50]. 
At the moment, there are a limited number of 
known structural types of borates with edge-
sharing tetrahedra synthesized at high pressures 
by Prof. Huppertz’s group [51, 52], as well as 
KZnB3O6 [53], Li4Na2CsB7O14 [54], BaZnB4O8 [55], 
and other compounds synthesized at atmospheric 
pressure. The theory of crystal chemistry of hard 
boron-oxygen groups formed by edge-sharing 
tetrahedra is only starting to develop, so there 
is little information yet about the properties 
of such compounds [56]. Thus, [54] states that 
Li4Na2CsB7O14 demonstrates an uncharacteristic 
anisotropy of a thermal expansion, BaZnB4O8 
is characterized by both high birefringence 
Δn = 0.14 at a wavelength of 589.3 nm and a large 
band gap [55], while the BaZnB4O8: Tb3+, Eu3+ 
phosphor based on it demonstrates outstanding 
thermal stability (90.2 % at 423 K) [57]. 

Based on the calculations, the fourth 
modification d-BaB2O4 with the proposed 
structure Pa3 isostructural to CaB2O4-Pa3 [15], 
is stable under pressure above 6.1 GPa. In order 
to obtain d-BaB2O4 crystals we conducted an 
experiment at a pressure of 6 GPa, which is the 
maximum pressure for the Discoverer-1500 
multi-anvil hydraulic press of the DIE type. The 
initial samples were both b-BaB2O4 samples 
obtained by means of solid-phase synthesis and 
grounded crystals. The Raman spectra of the 
synthesized BaB2O4 crystals were identical to the 
spectra of g-BaB2O4. However, we still managed 
to experimentally confirm the existence of the 
fourth modification d-BaB2O4 when studying 
compound Ba2Na3(B3O6)2F. When grounded 

Ba2Na3(B3O6)2F crystals were used as an initial 
sample at 6 GPa and 900 °С, the synthesized 
sample contained phases BaB2O4, NaBO2, and 
NaF (Fig. 5b), which were identified by means 
of energy dispersive X-ray spectroscopy and 
Raman spectroscopy. At the same time, the 
Ba2Na3(B3O6)2F phase completely disappeared 
[27]. The small size of the formed crystals made 
it impossible to conduct X-ray diffraction studies. 
The results of the analysis of the synthesized 
BaB2O4 phase by means of Raman spectroscopy 
are presented in section 3.3.

For the first time we conducted experiments 
in order to study the stability of borates with 
an “antizeolite” structure under high pressures. 
When grounded Ba3(BO3)1.8F0.6 crystals were 
used as the initial sample at 3 GPa and 1000 °С, 
we obtained a single-phase sample of a similar 
composition, which had a region of partial 
melting (quenched melt) (Fig. 5с). The study 
determined that the compositions of the initial 
and synthesized samples were close, while their 
Raman spectra differed, which makes it possible 
to assume the presence of a phase transition that 
requires further research. 

3.3. Raman spectra of polymorphic 
modifications of BaB2O4 

Fig. 6 shows the Raman spectra of the four 
known polymorphic modifications of BaB2O4. The 
basis of the a-BaB2O4 (R3c) [58] and b-BaB2O4 
(R3с) structure [59] is a metaborate ring [B3O6]

3–, 
built of three triangles sharing a common vertex 
[BO3]. The most intense vibration in the Raman 
spectra for metaborates traditionally corresponds 
to the so-called breathing mode of the metaborate 
ring, whose location practically does not depend 
on the composition of the compound. Thus, for 
a-BaB2O4 the vibration is registered at 634 cm–1 
(Fig. 6a), for b-BaB2O4 – at 637 cm–1 (Fig. 6b), for 
Ba2Na3[B3O6]2F - at 628 cm−1 [27], and for NaBO2 
(R3c) at 626 cm–1 [60].

The spectrum of b-BaB2O4 (Fig. 6b) is in good 
agreement with the previous studies, namely with 
[61], which describes out-of-plane modes at 58, 
73, 99, 124, 172, and 197 cm–1, and in-plane modes 
at 598, 620, 770, 788, 1499, 1526, and 1541 cm–1 
of the metaborate ring [B3O6]

3-. In [62], the most 
intense peaks at 390, 498, and 620 cm–1 in the 
spectra of b-BaB2O4 at temperatures from 300 to 
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1100 K are attributed to the in-plane deformation 
vibrations of [B3O6]

3–; at higher temperatures the 
peaks monotonously move towards the region of 
lower frequencies.

The structure of g-BaB2O4 (P21/n) includes 
double endless chains built of edge-sharing 
tetrahedra connected by [BO3]-triangles [26]. 
Experimental and numerical studies of the Raman 
spectra demonstrated that the most intense band 
at 853 cm–1 corresponds to the breathing mode 
of the (4)B–O–(4)B–O ring formed by two edge-
sharing tetrahedra. Bands at 1436, 1390, 1150, 
and 1114 cm–1 correspond to stretching modes 
(3)B–O. Bands in the range of 770–300 cm–1 are 
a combination of libration and deformation 
modes of groups [BO3] and [BO4], and bands below 

300  nm – are combined out-of-plane libration 
and translation modes [BO3] of barium atoms and 
triangles. A more detailed study of the analyzed 
Raman spectra is presented in [26]. An analysis 
of the previous studies led us to a conclusion that 
the location and the intensity of the vibration 
corresponding to the breathing mode of the (4)

B–O–(4)B–O ring significantly depend on the 
structure of the boron-oxygen anionic complex 
in general. Thus, for KZnB3O6 the most intense 
vibration is registered at 723 cm–1 [52], and for 
HP-KB3O5 – at 760 cm–1 [51].

As we have mentioned earlier, we could not 
conduct X-ray diffraction studies of d-BaB2O4 
single crystals due to their small size. According 
to ab initio calculations, modification d-BaB2O4 is 

Fig. 6. Raman spectra of four polymorphs of BaB2O4
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isostructural to CaB2O4-Pa3 [15]. We can assume 
that the most intense vibration at 906 cm–1 is 
explained by the stretching vibrations of the [BO4] 
tetrahedron. 

Numerical methods demonstrated that in 
the series a → b → g → d the band gap gradually 
increases (6.315 → 6.468 → 7.045 → 7.340 eV 
respectively). We should note that the calculated 
band gaps for the a- and b-BaB2O4 modifications 
are in good agreement with the experimental 
ones. The calculated PT phase diagram of BaB2O4 
is presented in [48].

4. Conclusions
Based on the numerous studies of phase 

equilibria in the Na, Ba, B // O, F quaternary 
reciprocal system conducted in order to optimize 
the composition of the solvent used for the 
growth of b-BaB2O4 crystals, we can conclude that 
crystals of reproducibly good optical quality can 
be obtained when using compounds of systems 
BaB2O4 –NaBaBO3 and BaB2O4 – NaBaBO3 –
Ba2Na3[B3O6]2F. Using a Discoverer-1500 multi-
anvil hydraulic press of the DIE type at high 
temperatures and pressures we synthesized 
two new polymorphic modifications: g-BaB2O4 
with a P21/n structure (CCDC, № 2106970) 
and d-BaB2O4 with a proposed structure Pa3. 
A unique feature of the g-BaB2O4 structure is 
the presence of the [B2O6] group consisting of 
edge-sharing tetrahedra. Both modifications 
were analyzed using the Raman light scattering 
method.

The Na, Ba, B // O, F system also includes the 
region of compositions of the solid solution with 
an “antizeolite” structure. The composition of 
the solution in the system can be presented as 
{Ba12(BO3)6}[(F2)x(BO3)1–x][(F4)x(NaF4)y(BO3)1–x–y], 
where x + y ≤ 1. Phases Ba3(BO3)2, Ba3(BO3)1.8F0.6, and 
NaBa12(BO3)7F4 were experimentally determined. 
The crystals have dichroic properties that 
depend on the composition of the initial high-
temperature solution; the dielectric permeability 
of NaBa12(BO3)7F4 is unusually high for borate 
crystals (319(5)). Raman spectroscopy determined 
that under high pressures Ba3(BO3)1.8F0.6 undergoes 
a phase transition, whose nature requires further 
research. 
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1. Introduction 
Nonstoichiometry plays a special role in 

inorganic material science since it solves 
practically important problem of controllability of 
the material characteristics. Current theoretical 
approaches to the nonstoichiometry of complex 
compounds do not allow an a priori prediction 
of its nature and scale in the temperature and 
pressure coordinates. Therefore, it is important 
to experimentally determine any dependences 
regarding the formation, structure, and properties 
of nonstoichiometric phases. Physicochemical 
analysis methods combined with a dynamic 
approach are predominantly used to study 
the equilibria that involve phases of variable 
composition. These methods help to discover new 
facts and dependences and play a crucial role in 
the development of new theories and synthesis 
of new compounds and materials with desired 
properties. Investigation of the nonstoichiometry 
of refractory chemically unstable compounds with 
active volatile components requires particular 
attention. Therefore, we developed a system of 
unique methods of thermal [1–2], tensimetric [3], 
and stoichiographic analysis [4–5], which helps to 
determine the key thermodynamic parameters of 
a system with the same accuracy and ensure the 
reliability of phase pictures.

Earlier we demonstrated a high effectiveness 
of these methods by providing a detailed 
characteristic of large single crystals of AgGaS2, 
AgGaGeS4, ZnGeP2, and LiMX2 (M = In, Ga; X = S, 
Se, Te) which contained volatile and chemically 
active components [6]. In that particular study 
we focused on the nonstoichiometry and the 
mechanisms of formation of intrinsic point and 
extended defects and their connection with optical 
properties. The degree of nonstoichiometry is 
presented by Т-х and рvolatile-Т-х diagrams, which 
served as a basis for the growth of the said 
crystals with an optical quality that would meet 
the requirements to materials used in nonlinear 
optics. 

This review presents new data regarding high-
temperature phase transformations of refractory 
sulfides and complex antimonides of rare earth 
metals (REM), as well as oxide compounds of 
systems Zn-Ge-О, Zn-Mo(W)-O, and MgO-ZrO2, 
where even a small loss in volatile component 
significantly effects the structural state and 

functional properties. These compounds have 
different thermal stability and different scale of 
nonstoichiometry. Their phase transformations 
are susceptible to a large number of interferences 
including reactions with oxygen, which often 
distorts the results of the commonly used analysis 
methods. The review demonstrates that the use 
of effective methods and procedures specific for 
each system bring physicochemical experiments 
at a principally new level and develop a deeper 
understanding of the nature of nonstoichiometry 
of the studied compounds. 

2. High-speed thermal analysis method 
(HSTA) [1–2]

The method is used in an atmosphere of a 
helium buffer at temperatures ranging from 500 
to 2500 °С and pressures of up to 10 atm. It proved 
to be an innovative method both for studying 
the nonstoichiometry of REM antimonides and 
oxide compounds of Zn-Ge-О and Zn-Mo(W)-O, 
and for determining the conditions regulating 
the formation of their functional properties. 
Refractory sulfides of REM, LnS, and Ln2S3 are both 
promising high-temperature thermoelectrics 
and magnetic and optical materials. They are 
synthesized in the form of large crystals by means 
of melt crystallization and in the form of dense 
non-porous ceramics by means of electropulse 
sintering and dynamic hot pressing. The synthesis 
methods are based on рs-Т-х diagrams and 
the methodological variability of the HSTA 
approach, which helps to accurately determine 
the thermodynamic parameters (Fig.  1). The 
рНе >>  pS based methodology is used to reliably 
measure the liquidus and solidus temperatures 
and thus ensure the accuracy of the topology 
of the Т-х diagram (Fig. 1a). The рНе = pS based 
methodology is used to measure the temperature 
at the boiling poin and to obtain an equilibrium 
р-Т diagram of the dissociation process (Fig. 1b). 
The рНе << pS based methodology helps to 
obtain data regarding the nature and degree of 
nonstoichiometry, its initial and intermediate 
stages, and the kinetics of the transformations 
(Fig. 1c). The heating process is registered in 
several ways: automated recording of the heating 
curves dU/dt (a derivative of the thermal emission 
along time), visual observation of the heated 
sample, and analytical data regarding the amount 
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of the volatile component distributed between the 
condensate (on the sight glass of the crucible) and 
the solid residue. The crucible was calibrated with 
regard to the melting points of Au (1100 °С), Co 
(1493 °С), Pt (1772 °С), Rh (1963 °С), and Al2O3 
(2050 °С) and the pressure of decomposition of 
GaAs crystals, with р = 1.0 atm at 1610 °С. The 
measurement accuracy of the melting points 
was 1 % and the measurement accuracy of the 
pressure was 5 %. 

The experimental data regarding the La-S 
system is presented as рS-Т and Т-х diagrams. The 
topology of the latter is also typical for the Nd-
Sm systems (Fig. 2). The values Тmelt = 2130 К and 
рs = 2.3 atm are the operating parameters of the 
growth of large stoichiometric La2S3 crystals, and 
Тpress = 1510 К and ps = 0.016 atm resulted in the 
formation of stoichiometric ceramics of the La2S3, 

b and g polymorphs with a good optical quality 
[7-9]. For HoS and GdS monosulfides, HSTA was 
effectively used to obtain the liquidus line in the 
temperature range of 2400–2700 К and sulfur 
compositions of 47–53 at. %, and to determine 
the homogeneity regions of both monosulfides, 
which had practically no oxygen dissolved in the 
sulfide matrix. The obtained data was used for 
the sintering process to obtain dense non-porous 
ceramics of monosulfides. HSTA was also used to 
detect small amounts of impurity oxide phases 
of REM. This helped us to synthesize oxygen-
free ceramics when sintering powder mixtures 
Ho2S3+Ho and Gd2S3+GdH2 using the electropulse 
technology [10–11]. 

Complex antimonides A14–xMexMnSb11, 
A = Yb, Eu, x = La-Lu (except for Eu and Ce) are 
known to be Zintl phases and promising high-
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Fig. 1. Block synopsis setup and procedures used in the experiments. Setup: 1 – temperature control block, 
2 – chamber; 3 – manometer, 4 – Mo holder, 5 – sample, 6 – thermocouple, 7 – quartz window, 8 – IR photo-
diode, 9 – microscope, 10 – tungsten heater. Procedures from the left to the right: (a) full preservation of 
composition, (b) equality of vapor pressures between sample and helium, (c) free evaporation with the vapor 
condensate formation

Fig. 2. Physicochemical study of the La–S system (a) heating curves of La2S3 with melting (MP) and boiling 
(BP) peaks in a function of the helium pressure; (b) top of T-x diagram of the condensed state of the La–S 
system; (c) p-T dependence for a, b and g forms of La2S3
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temperature thermoelectrics. The limitations 
of the physicochemical methods of analysis 
of these compounds were obvious due to the 
high melting points and the reactive nature of 
the melts. Reliable data regarding the phase 
state of the Eu-Mn-Sb system were obtained by 
HSTA and the Т-х diagram of the Eu-Sb system 
with the data about the thermodynamic and 
thermochemical stability of binary antimonides 
presented in Fig. 3a. The thermodynamic data 
regarding the stable phases facilitated further 
synthesis of the desired ternary compound 
Eu14MnSb11 in the single-phase state by means 
of a direct reaction of Eu4Sb3 and EuSb2 with 
manganese [12]. Diagrams of Yb(Eu)Sb2-Mn 
and Yb(Eu)4Sb3-Mn were topologically identical 
with the Eu diagram tending to move towards 
higher temperatures. They were also used for 
the synthesis of single-phase ternary Ln14MnSb11 
crystals according to the Ln4Sb3+Mn reaction and 
based on the similarity of the thermochemical 
parameters of phases Ln4Sb3 and Mn [13]. 

HSTA also contributed to the problem of 
enhancing the thermal stability of Yb14MnSb11 
[14–15]. Long-term use of stoichiometric ceramics 
in aerospace vacuum at a temperature of 1000 
°С is hindered by a high sublimation rate. By 
partially replacing ytterbium with other REM, the 
volatility of which was 5–10 orders of magnitude 
lower, well-shaped crystals were obtained from a 
Yb14–xLnxMn6Sn86 solution melt with an excess of tin 
as a solvent. The limiting solubility of Ln cations, 
having various dimensions, was determined, as 
well as the specifics of their ordered distribution 
between three possible structural positions of 
Yb ions in the lattice of the ternary antimonide 
(Fig.  4a) [14]. This approach provided rising of 
the thermodynamic data (melting point) of 40 °С 
and lowering of thermochemical parameters (the 
mass loss) by 15  times of the doped samples, 
that  are explained by the strengthening of the 
ionic bond in the lattice and lower mobility of the 
volatile ytterbium cation (Fig. 4b). With an idea 
to reduce the sublimation rate of Yb14MnSb11 by 

Fig. 3. а) Т-x  diagram of condensed state system Eu - Sb with the phases Eu5Sb3 – 1, Eu4Sb3 – 2, Eu5Sb4 – 3, 
Eu11Sb10 – 4, Eu2Sb3 – 5, EuSb2 – 6; (b) T-x diagram of the condensed state system Mn-YbSb2; (c) T-x diagram of 
the condensed system Mn-Yb4Sb3

Fig. 4. Thermodynamic and thermochemical stabilities of the Yb13.6Ln0.4MnSb11 phases: (a) Tmelt  as a function 
of the Ln distribution in the Yb (1), Yb (2), Yb (3) crystallographic positions; (b) mass loss of the Yb14MnSb11 
(Yb), Yb13.6La0.4MnSb11 (La) samples at temperatures before and after melting (marked by arrows)
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creating a protective layer on the surface made of 
mixed Yb+Ln oxides, HSTA ensured reliable phase 
interpretation of complex products forming this 
layer [15]. This result was largely based on the 
analysis of the Т-х diagrams of the system already 
been studied by us. 

The nonstoichiometry of ZnGeO4 and Zn3GeO8 
is explained by an increased mobility of anionic 
lattice fragments responsible for the incongruent 
sublimation of these phases. To obtain reliable 
data regarding the thermochemical reactions and 
phase transformations of the samples heated to 
2300 °С, all HSTA procedures were used: 1) quick 
and slow heating; 2) visual observation; 3) control 
of the distribution of the volatile GeO2 between 
vapor and solid residue; 4) registration of the 
temperature of vapor condensation on the sight 
glass. New data regarding the nonstoichiometry 
of germanates was obtained, namely the existence 
of the initial small-scale stage of the GeO2 loss 
resulting in the formation of subtraction solid 
solutions, and the final stage of the formation 
of the disordered ZrO2 with 1–2 mol. % of GeO2 
(Fig. 5a). The suggested approach also proved the 
absence of the direct transition ZrGeO4 → Zr3GeO8 
[16]. The findings regarding the nonstoichiometry 
and defectiveness of germanates contributed to 
the understanding of the mechanism of formation 
of active intermediate defects responsible for the 
sintering of initial powders (Fig. 5b), since this 
state is very important for formation of high-
temperature non-porous ceramics. 

The functional effectiveness of cryogenic 
scintillation detectors is ensured by a complete 
stoichiometry of large ZnMo(W)O4 crystals 

obtained using the low-temperature-gradient 
Czochralski technique in a system semi-open to 
air. According to the Т-х diagram of the ZnO-MoO3 
system, the ZnMoO4 phase is linear. However, two 
negative factors, namely the peritectic melting 
of the phase and the incongruent evaporation 
of MoO3, significantly affect the quality of the 
grown crystals. In [17], a number of highly precise 
measurements of the composition, density, 
and structural parameters were performed to 
determine the scale of nonstoichiometry of the 
grown ZnMoO4 crystals with an excess of ZnO of 
0.6 mol. %. The nonstoichiometry is described by 
oxygen vacancies and random distribution of zinc 
atoms among the possible molybdenum positions 
(antistructure disordering) and in interstitial sites. 
HSTA and the differential dissolution methods 
were used to determine the main sources of the 
MoO3 loss. These methods allowed for precision 
diagnostics of the products during every stage 
of crystal growth in a semi-open in air system. 
The first stage of the solid-phase synthesis of 
the mixture of ZnO and MoO3 powders at 650 °С 
demonstrated spatial inhomogeneity of seeds 
with the formation of a stable surface layer 
supersaturated with MoO3 (Fig. 6a). The surface 
oxide sublimates actively during homogenization 
at 1010 °С and the crystallization occurs from a 
nonstoichiometric melt. Another source of the 
MoO3 loss is the overheating of the melt resulting 
in dissociation of the molybdate anion to oxide 
and oxygen, which changes the composition 
of the melt (Fig. 6c). When WO3 was added to a 
nonstoichiometric molybdate, the liquidus and 
solidus lines shifted significantly towards lower 

Fig. 5. High-temperature transformations of the ZrGeO4 (а) and Zr3GeO8(b) phases. Dependence of compositions 
from temperature (dashed lines); inserts - morphology of the initial and final samples 
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temperatures. This kind of minimization of the 
negative effect of the peritectic melting enhances 
the quality of large ZnMo(W)O4 crystals.

3. Static tensimetric membrane technique 
(STM) [3] 

This method (Fig. 7a) used at temperatures 
of 300–1220 К and pressures of 0.01–2 atm 
thermodynamically determines the existence of 
nonstoichiometry by means of precise scanning 
of the composition of the initial sample in 
the temperature function (Fig. 7с) and can 

differentiate between several related compounds 
with very close, but various, compositions 
(Fig. 7 b). It is this method that played a key 
role in the understanding of the nature of the 
nonstoichiometry of REM dichalcogenides with 
volatile chalcogens. 

After their classification based on the 
structural motif with a general chemical formula 
(LnR)2

+(R2)
2– (Ln = REM, R = S, Se) and a unique 

chemical bond [18], dichalcogenides attracted a 
lot of attention as quasi-two-dimensional layered 
materials. A double corrugated cationic layer with 
a NaCl-type structure is combined with a planar 
anionic layer built of covalently bonded chalcogen 
dimers in a lattice with a ZrSSi-type structure. 
With the loss of chalcogen in the anionic layer, 
vacancies and isolated ions R2- are added to the 
dimers R2

2-, from which a superstructure forms 
with a different electron spectrum [19]. However, 
it proved to be exceptionally difficult to determine 
the actual scale of nonstoichiometry and the 
actual structure of REM polychalcogenides. The 
problem took over 20 years to be solved.    

An analysis of the p-T-x diagrams of the 
LnR2-LnR1.5 (Ln = РЗМ, R = S, Se) systems is 
based on the dissociation process of the higher 
polychalcogenide and the reliability of the 
final data depends heavily on the quality of the 
initial sample. When finely dispersed chalcogen-
absorbing powders of higher polychalcogenides 
are studied by the gravimetric method, chemical 
analysis, and powder diffraction, they were 
identified as phases of variable composition with 
a wide homogeneity region from LnR2+x to LnR1.70 
[19–21]. More advanced techniques, namely 
the STM method and full-field X-ray structure 

Fig. 6. Sources of formation and loss of the volatile MoO3component of loss in a semi-open system: (a) during 
synthesis, (b) during homogenization, (c) during crystallization

Fig. 7. Possibilities of the tensimetric static method 
(a) null gauge: plane membrane (1), sample (2), mo
vable rod (3), fixed rod (4); (b) p-T dependences for the 
phases with constant compositions х1-х5; (c) p-T de-
pendence of the AB phase with the homogeneity range
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analysis, were used when crystals were obtained 
by means of the СVD method and crystallization 
from flux. Crystals with a size of ~ 1 mm grown 
under different pressures of chalcogen vapor 
had different shapes, colors, and macroscopic 
structural imperfections. Only a few 0.01–0.03 
mm crystals could be tested by X-ray structure 
analysis, whereas in the membranes always 
the multicomponent mixture of these crystals 
was placed. The experimental рS-T-x diagram 
of the NdS2-NdS1.50 system with four vertical 
lines of three-phase equilibria S1S2V (two solid 
phases and vapor) divided by horizontal lines 
of two-phase equilibria S2V, demonstrates the 
existence of three intermediate and linear phases 
NdS1.900, NdS1.875, and NdS1.857 having non-numeric 
indices (Fig. 8). Their dissociation kinetics takes 
5–10 days, and the backwards kinetics takes 30-
40 days, which is explained by the formation of 
any new superstructures in the anionic layer. 
These compositions normalized to stoichiometric 
to be phases Nd10S19, Nd8S15, and Nd7S13 with 
the general formula NdnS2n–1, which reflects 
defectiveness of the anionic layer and its complex 
inner arrangement. 

We should note that lines 2 and 3 do not have 
any experimental points in the upper parts. This 
is a direct indication of the impurity nature of 
phases NdS1.875 and NdS1.857 located outside or 
inside the initial disulfide crystals put in the 
membrane. The fact that the imperfection of 
most crystals is caused by the mosaic structure 
and/or fine-scale twinning is supported also by 
a microscope experiment [22]. Our fractionation 
of the initial SmS1.9 and PrS2 crystals based on 
their identical size, shape, and the type of the 
Raman spectrum was ineffective, because the 
phase heterogeneity of initial higher crystals 
was vivid in their рS-T-x diagrams [23–24], and 
twin nature of most SmS1.9 and PrS2 crystals was 
revealed by the structural diagnostics [25–26]. 
Thus, the realty of phase heterogeneity of the 
initial crystals of higher polysulfides grown from 
solution-melts in a wide range of temperatures 
and pressures of sulfur vapor was confirmed 
thermodynamically and structurally. 

The overview of the thermodynamic, structural, 
and physical properties of these polysulfide crystals 
is presented in [27–29]. Taking into account 
the dependence of the structure formation of 

intermediate phases on both the thermodynamics 
(considering also the molecular composition of 
vapor) and the dissociation kinetics, the STM 
procedures were elaborated in order to grow 
larger single-phase and structurally qualitative 
crystals of higher polysulfides. The adequacy and 
reliability of the thermodynamic data regarding 
the composition of the intermediate phase 
achieved by following operations: expanding the 
pressure range up to 2 atm and the temperature 
range up to 1000 °С, decreasing the temperature 
step to 15 °С, and increasing the exposure time 
until the composition remains constant at a level of 
0.005 at. %. The growing of 4–5 mm crystals from 
iodide melts and their fractionation based on the 
shape, density, and spatial chemical homogeneity, 
ensured the desired quality of the products. The 
microburette method was used to determine the 
density of each individual crystal and differential 
dissolution was applied to control constancy of the 
atomic Ln/S ratio in time of complete dissolution 
of the individual crystal.  Both methods proved 
to be effective for the diagnostics of phase and 
chemical homogeneity of crystals of each from 
several fractions in which crystals differed in 
composition and density. With the fraction of 
homogeneous initial crystals, diagrams of systems 
DyS1.85-DyS1.5 [30] and LaS2-LаS1.5 [31-32] reflected  
actual phase state (Fig. 9) with a smaller number 

Fig. 8. Experimental Ps-T-x diagram of the NdS2-NdS1.5 
system with different m/V (the sample mass / volume 
of membrane) ratios and monovariant lines 1-4 
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of coexisting in equilibrium phases than diagrams 
of non-fractionated crystals. The new type of 
the diagrams has helped to elucidate the non-
equilibrium nature of phases LaS1.96, LaS1.87, DyS1.81, 
and DyS1.78 registered on the previous diagrams. 
The commonness of occurrence of phase non-
equilibrium of polysulfide phases is considered 
into details in [33]. 

The homogeneity and microstructural 
perfection of the Lа10S19 and Dy8S15 crystals 
ensured the reliability of the quantitative crystal-
chemical data relative to the filling factors of all 
the sulfur positions in the planar anionic layer. 
For the La10S19 phase with 10% of defects, a 10-
fold superstructure regarding to structure of the 
initial ZrSSi subcell was found. For the Dy8S15 
with 12.5% of defects, it was already a 24-fold 
superstructure. Both structures are completely 
ordered and have geometric proportionality of 
cationic and anionic layers [31, 34]. The reliability 
of the chemical and structural data and trustiness 
of the phase states of the studied systems resulted 
in classification of Ln polysulfide phases located 
in the range of 63.7–66.7 at. % of sulfur. The 
typical phases were LnS2 (for the La-Nd systems), 
LnS1.9 (for La-Sm), LnS1.85 (for Gd-Er), and LnS1.75 
(for La-Nd). Due to the absence of perfect crystals, 
phases LaS1.93, DyS1.836, HoS1.863, DyS1.77, NdS1.85, 
SmS1.76, and PrS1.84 with the great structural 
diversity   demonstrate a clear tendency towards 
disordering of the anionic layer, which could 
not be realized because of the limited kinetics. 
Phases LnS2–d c d > 0.15 are characterized by 
incommensurately modulated structures [26, 35]; 
the variety of orientations of vacancies, dimers 

and individual sulfur atoms is considered in [36], 
where all the studied crystals were twins. In this 
regard, the authors also believe in correctness of 
another disordering model, presented as a domain 
structure of crystals with the domains coherently 
or incoherently intergrowing with the matrix. 
Numerous data obtained by the differential 
dissolution method, which was highly sensitive to 
the various composition domains located within 
an individual crystal, confirms the likelihood of 
the latter model. The pseudomerism masking the 
actual symmetry of the crystal and the small-scale 
intergrowing of impurity phases with the matrix 
are also in good agreement with the results of 
differential dissolution. Pseudomerism, which is 
typical for polychalcogenides, is the main source 
of uncertainty regarding their structural data. 

Fig. 9. (a) Experimental Ps-T-x diagram of the LaS2-LaS1.5 system for highly homogeneous crystals, monovariant 
lines (1–3) of linear phases LaS2, LaS1.9 and LaS1.76; (b) kinetic curves differential dissolution of the homogeneous 
LaS2 crystal with stochigram

Fig. 10.  Experimental pSe-T- x diagram of the SmSe1.9-
SmSe1.5 system with heterogeneous crystals, mono-
variant lines I-YI, linear intermediate phases SmSe1.875, 
SmSe1.85, SmSe1.80, SmSe1.75, SmSe1.67 
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The thermodynamics of phase transformations 
in polyselenide diagrams of systems PrSe2-PrSe1.5, 
GdSe1.875-GdSe1.5, and SmSe1.9-SmSe1.5 is studied 
in a different way [37–40]. These experiments 
were performed with smaller nonfractionated 
crystals of the initial higher polyselenides and the 
diagrams of these systems are characterized by a 
non-reproducible variety of intermediate phases. 
The diagram of the SmSe1.9-SmSe1.5 system 
includes five intermediate phases of closely 
resembling compositions: SmSе1.90, SmSe1.875, 
SmSe1.85, SmSe1.80, SmSe1.75, and SmSe1.67 (Fig. 10), 
most of which, according to the diagram’s 
topology, have a nonequilibrium impurity nature 
and do not fall into the existing classification of 
the equilibrium phases of Ln polychalcogenides. 
The formation of these nonstoichiometric phases 
complicates the uncontrollable process of the di- 
and polymerization of selenium in the gas phase 
during the synthesis, which kinetically hinders 
the ordering the anionic layer. Nevertheless, such 
metastable phases continue to attract attention, 
since the lattice incommensurability of cation-
anionic layers is associated with the formation of 
charge density waves and a good combination of 
optical, magnetic, and semiconductor properties 
of the phases [38–39]. In this regard, the conducted 
physicochemical study significantly contributes 
to the understanding of the nonstoichiometry 
of polychalcogenides and the corresponding 
equilibrium and nonequilibrium structural solid-
phase transformations. 

4. Stoichiographic differential dissolution 
method (DD) [4–5]

The effectiveness of the DD method as a key 
physicochemical tool was especially obvious 
when analyzing the nonstoichiometry of low-
dispersive and amorphous compounds [41–
42], as well as thin films with a clear tendency 
towards spatial inhomogeneity [43–45]. In the 
DD experiment, the consequent dissolution of 
phases was performed in a solvent flow with a 
growing concentration. Based on the analysis 
of 50–200 portions of the solution, kinetic 
curves of dissolution of the elements and their 
stoichiograms are constructed, which after 
mathematical  processing generate data on the 
number of phases, their composition, and the 
degree of spatial homogeneity of each individual 
phase. The effectiveness of the method was 
demonstrated in [5] and in this review, several 
special cases are also considered. The color 
homogeneity of the [Na2S]×Ce2S3 solid solution 
ensures its popularity as a next generation red 
pigment. Using the DD method, we determined 
the phase purity of the powders obtained by solid-
phase synthesis at the micro level, as well as the 
uniformity of the distribution of Na2S within the 
grains through fixing invariability the atomic 
Na/Ce ratio during dissolution of the pigment 
(Fig. 11). Observed supersaturation of the grain 
surface with a mobile component Na2S (that is 
typical for solid-phase synthesis) resulted in 
deviation from the standard color value, and 

Fig. 11. (a) The phase and chemical composition of the heterogeneous and homogeneous (b) solid solution 
Na2S·Ce2S3 according to data of differential dissolution method
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only a phase-chemically homogeneous product, 
giving one peak on the dissolution curves of 
Na-Ce-S, reflected the quality of pigments 
with desired color homogeneity [42]. For the 
YBa2Cu3О7 films with a thickness of 0.05-1.0 μm, 
of vital importance was the data obtained by the 
DD method regarding the nature and amounts 
of impurity phases ≤ 1 wt% and especially 
their distribution in the film, as well as the 
determination of sputtering conditions leading 
to the impurity-free state of the films. The data 
allowed us to obtain single-crystal specifically 
oriented films with the best superconducting 
characteristics of the transition temperature 
and the current density at that moment [5, 
43]. The DD method was used to perform an 
analysis of the microphase structure of 300 nm 
films of the ZnS-EuS system. It revealed a very 
narrow homogeneity region on the level  of the 
Zn0.998Eu0.002S solid solution, which was by an order 
of magnitude lower than that determined using 
other trditional methods. This was an important 
difference, because the appearance of EuS in the 
form of an impurity phase significantly changed 
the desired semiconductor properties of the films 
[44]. MgO thin films are used as effective emitters, 
and the functional properties are specified to 
the surface oxygen nonstoichiometry, which is 
expected to be 10–4 at. %  at an equilibrium partial 
pressure of oxygen рО2

 = 10–9–10–8 Torr. The DD 
method was successfully in determining of the 
scale of nonstoichiometry and the conditions 
favorable for it. It was determined that highly 

emissive 110 nm MgО films also demonstrated 
a high chemical activity, due to the formation of 
a surface layer with oxygen defects. This activity 
was revealed by dissolving the oxide in hot 
water. The quantitative data regarding the film 
dissolution as well as the procedure of creating 
the required equilibrium  partial pressure of 
oxygen during the film deposition are shown in 
Fig. 12. We can see that the equilibrium pressure 
occurs locally in a thin subsurface stationary gas 
layer due to a heavy dilution of the medium by 
the release of gaseous products of decomposition 
of the metal-organic precursor. Heterogeneous 
equilibrium MgO-O2 is established according 
to the reaction 2OO

Х
 → O2vapor + Vö + 2e, which is 

alternative to the traditional defect formation 
process: Mgvapor → Mgх

Mg + Vö + 2e. The new 
method of controlling the composition of the 
oxide phase with oxygen defects does not require 
highest vacuum or radiation generating surface 
oxygen vacancies. It is quite simple and is often 
used in the MOCVD processes [45]. 

In searching for new materials and structures 
for emissivity coatings, the greatest attention 
was paid to pairwise mixed oxides MgO with 
ZrO2, RuO2, or CeO2, obtained in the form 
of films by means of MOCVD. However, the 
nature of the measured emission signal and 
the emission mechanism were not clear due to 
the amorphous state of the mixed films. Since 
a diffraction analysis was here useless, the DD 
method performed a detailed diagnostics of 
the phase and chemical state of the films of the 

Fig. 12. (a) Kinetic curves of dissolution and phase composition of MgO film; the formation of (b) the gas-near-
surface stationary layer Z with pO2 = 10-9 torr
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MgO and ZrO2 mixture (Fig. 13). It demonstrated 
that a high chemical activity of both phases, 
different for MgO and RuO2, is explained by 
the oxygen nonstoichiometry of their surfaces 
resulting from the conditions of film deposition. 
The active state enabled the oxides to interact 
and form small fractions of mixed phases based 
on both oxides Fig. 13. However, the functional 
properties of the film are determined by its basis, 
i.e. MgO phase, rather than the mixed impurity 
phases. In the presented cases, the DD method 
is the only method that can determine both the 
phase and chemical state of each from the oxide 
forms in mixed heterophase films. It facilitates 
an in-depth understanding of the chemistry and 
structure of the films and their connection with 
the functional properties. 

5. Conclusions 
The review studies the chemistry of 

promising materials whose compounds melt 
in the temperature range of 1300–2700 К, but 

sublimate incongruently, namely LnS, Ln3S4, Ln2S3, 
Yb(Ln)14MnSb11, ZrGeO4, Zr3GeO8, ZnMo(W)O4, 
LnS(Se)2, and LnS(Se)1.85 (Ln – a rare earth element). 
Due to the specifics of the synthesis of these 
compounds and their solid-phase and heterophase 
nature, new physicochemical methods were used 
to obtain data regarding the nature and dynamics 
of their transformations. These methods are 
high-speed high-temperature thermal analysis, 
static tensimetric membrane technique, and 
stoichiographic differential dissolution. A 
combination of the diagnostics methods 
specific for each compound made it possible 
to reliably determine the thermodynamic and 
thermochemical properties of the compounds, 
as well as the nature of their hightemperature 
transformations from the initial state to the 
final product with desired properties. The review 
demonstrated the importance of accurate Т-х and 
р-Т diagrams of LnS, Ln2S3, and Yb(Ln)14MnSb11 
for the identification of wide and very narrow (up 
to 10-4 at. %) homogeneity regions of the phases. 

Fig. 13. Characterization of film with the MgO/ZrO2 = 11/1 composition (a, b) scanning electron microscopy, 
(c) X-ray diffraction, (d) differential dissolution, (e) coefficient of secondary emission
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New data was obtained regarding the lattice 
mobility of the volatile components of phases 
ZrGeO4, Zr3GeO8, and ZnMo(W)O4 and disordered 
defective structures of the nonstoichiometric 
phases of polychalcogenides. The purpose was 
to review promising methods and approaches to 
the study of physicochemical systems of various 
nature and complexity.
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Abstract 
The review analyses and, where possible, reconciles data on two large groups of inorganic substances that are very unusual 
in terms of structure and properties, designated as AIIIBVI compounds. The structures and properties of typical compounds 
of these systems: A1

IIIB1
VI and A2

IIIB3
VI were considered. The relationship between the structure and the nature of the chemical 

bond and the organization of stoichiometric vacancies in crystal lattices is described in detail. The genesis of structures 
was analyzed for various modifications of A2

IIIB3
VI sesqui-chalcogenides. The transformations of these compounds into each 

other were also considered in relation with the ordering/disordering processes of stoichiometric vacancies. The possibilities 
of forming nanolayer structures, tubulenes, and intercalates were demonstrated for A1

IIIB1
VI layered compounds. The prospects 

for the application of both nanolayer coatings and bulk single crystals of A1
IIIB1

VI and A2
IIIB3

VI phases were analyzed. The 
presented review is based on the analysis of both literary data and the results of the studies of the authors and some other 
researchers of Voronezh State University.
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1. Introduction
This article is devoted to the description of 

two large groups of inorganic substances, which 
are very unusual in terms of their structures and 
properties, designated as AIIIBVI compounds. The 
aim of the study was to summarize, analyze, 
and, if possible, reconcile data on the structures 
of A1

IIIB1
VI monochalcogenides and A2

IIIB3
VI sesqui-

chalcogenides, their hierarchies (parent – 
daughter structures) and transformations into 
each other. It should be note that AIII tellurides 
are mentioned here only in general terms, and 
thallium chalcogenides are not described at all 
due to the specific nature of the compounds 
involving heavy sp-elements (primarily, the 6th 
period of the Periodic Table). 

Almost all AIII–BVI binary systems provide a 
huge number of different structures (up to two 
dozen according to [1]). However, the greatest 
interest of researchers and practitioners is 
associated with the structural features of solid 
phases and, consequently, with the specific 
properties of these substances. Among the huge 
variety of compositions of compounds, realized 
for each of these chalcogenide systems, two 
typical approximate stoichiometries stand out: 
A1

IIIB1
VI (monochalcogenides) and A2

IIIB3
VI (sesqui-

chalcogenides). It should be noted that there are 
large structural differences both between two 
separated groups, and inside each of these groups. 
However, all mono- and sesqui-chalcogenides of 
Al, Ga, and In have a common unifying feature: all 
these structures are composed only on (almost) 
tetrahedral fragments. Such a structure of non-
molecular substances is not unusual: as is known 
that AIBVII, AIIBVI, and AIIIBV compounds form 

structures such as sphalerite, wurtzite, and their 
derivatives, in which each atom is tetrahedrally 
bound to four neighboring atoms. For the listed 
compounds, chemical bonds are composed of 
s- and p-valence states; they consist of eight 
electrons for the pair of atoms A and B. However, 
in AIII – BVI systems, pairs of atoms have nine 
valence electrons. For AIIIBVI compounds this 
imbalance in the number of electrons results in 
structures containing atomic-scale voids that 
are surrounded by non-separated even-electron 
orbitals [1]. Let us consider the consequences of 
this fact for the formation of a variety of structures 
of the A1

IIIB1
VI and A2

IIIB3
VI types, starting with the 

last group (i.e., with the sesqui-chalcogenides).

2. A2
IIIB3

VI compounds: general structural 
features of solids sesqui-chalcogenides

The calculation of  valence electron 
concentration (VEC) [2, 3] for compounds of 
stoichiometry, A2

IIIB3
VI allows sphalerite-like, 

wurtzite-like, and also derivative structures 
with CN = 4 (VEC = 4.8)* to be formed for these 
compounds. 

Indeed, compounds with such a structure 
are characteristic of sesqui-chalcogenides of 
aluminum, gallium, and indium. However, the 
peculiarities of the above-mentioned electronic 
imbalance lead to the fact that the A2

IIIB3
VI phases 

stand out from other solid substances by containing 
stoichiometric vacancies as structural units (Fig. 1). 

* The VEC value is calculated as VEC
n n n n

n n
e e=

+
+

( ( ,A) A B) B

A B

, 

where nA and nB are the number of atoms AIII and BVI in the 
formula unit of the compound, and ne (A)  and ne (B)  are the 
total number of s- and p‑valence electrons supplied by sin-
gle atoms of AIII and BVI respectively.

Fig. 1. A fragment of the ideal zinc-blende (sphalerite) structure (left) and a fragment of the sphalerite-like 
“defective” chalcogenide structure with a stoichiometric vacancy (right). The circle in the form of a dotted line 
is a stoichiometric vacancy, the ellipses stand for the lone electron pairs of chalcogen atoms directed toward 
the vacancy
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The stoichiometric vacancies occur when 
disorder takes place in any sublattice (or several 
at once), arising due to the discrepancy between 
the stoichiometry and the structural type. As 
a result, the filling of certain positions in the 
sublattice by atoms is incomplete, and the unfilled 
positions are called stoichiometric vacancies. 
Their concentration can be enormous – up to 
tens of mol. % [2, 4] (p. 105). For the discussed 
chalcogenides it is about 33 mol. %. This value 
follows from the fact that the wurtzite or 
sphalerite-like structure implies a ratio of the 
number of A atoms to the number of B atoms of 
1:1. However, the requirement of 2:3 stoichiometry 
forces 1/3 of the positions in the cation sublattice 
to be vacant. Thus, a more appropriate notation 
for these compounds corresponds to the formula 
A BIII

A
VI

2
3

1
3

( )v . 
If we consider the chemical bond in these 

compounds to be a covalent pair-electron bond, 
then the appearance of stoichiometric vacancies 
can be explained by the fact that chalcogen 
atoms can form a bond with only three atoms 
of the cation-forming agent AIII, and instead of 
the fourth bond, such an atom has an orbital 
with an unshared electron pair, for which there 
is no suitable vacant orbital. In this case, the AIII 
atoms have all four bonds with chalcogen atoms 
in the direction of the tetrahedron vertices. It 
should be noted that such a consideration is not 
entirely applicable to indium sulfides, for which 
the contribution of the ionic component of the 
chemical bond is higher.

It should be emphasized that stoichiometric 
vacancies are structural elements and for this 
reason, they cannot be fully associated with 
classical point defects, such as thermal vacancies. 
Nevertheless, the term “defective structures” 
is used in the literature; the structures of 
“defective” sphalerite (“defective” wurtzite, 
“defective” spinel) are also discussed. In some 
cases, stoichiometric vacancies can order with 
the formation of a number of their own individual 
phases of close stoichiometry with a slight 
distortion of sphalerite-like or wurtzite-like 
structures.

The terms highlighted here in italics 
were first introduced in Russian-language 
scientific literature in 1954 after the studies 
of N.  A.  Goryunova [2], [5] and B. F. Ormont 

[4], and later were developed in the research 
of the scientific groups of L. S. Palatnik and 
V. M. Koshkin [6–11]. In the English and French 
literature, the consideration of special types of 
vacancies and “defective” structures began in 
1949 in studies of Hahn and Klinger [12] and was 
taken up by Suchet [13].

The discussed compounds allow for obtaining 
promising materials with the most unusual and 
diverse characteristics, of which we will consider 
the most specific ones. First of all, we note that 
the low coordination numbers and the position of 
the phase-forming elements in the Periodic Table 
imply the presence of semiconductor properties 
for all A2

IIIB3
VI. Moreover, stoichiometric vacancies 

allow these properties to be maintained practically 
unchanged even with high concentrations of 
impurities [14] and with high levels of radiation 
[8]. Filling of stoichiometric vacancies with 
atoms of d-elements allows isolating these 
atoms from each other. As a result, for example, 
in the case of chromium-doped Ga2Se3, high 
ferromagnetic characteristics are already found 
at room temperature [15]. Lithium atoms can fill 
these internal voids in (InxGa1–x)2Se3 nanowires, 
which is used to create new types of ordered 
vacancy/lithium atom superlattices and thus 
obtain lithium-ion storage devices, photovoltaic 
materials, and phase memory devices [16]. By 
ideology, the incorporation of lithium atoms is 
similar to the intercalation of a layered material; 
however, in the considered sesqui-chalcogenides, 
the lithium atoms are located on spirals, not 
on planes. Indium sesqui-chalcogenides, which 
have a layered structure were demonstrated to 
be a very promising as photocatalysts for light-
induced water splitting [17]. 

Initial interest in A2
IIIB3

VI materials, in particular 
to Ga2Se3, arose during the search for ways to create 
AIIBVI heterostructures on AIIIBV based on the idea 
of using defective “diamond-like” structures 
as interlayers. The latter had to match the 
identically symmetrically oriented single-crystal 
surfaces of substances with noticeably different 
lattice parameters. However, this interest quickly 
faded for a long time, since it was discovered that 
the impairment of interphase boundaries during 
the initial stages of the formation of ZnSe-on-
GaAs type heterostructures is a serious obstacle 
[18, 19]. It was later revealed that Ga2Se3 on GaAs 
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itself is a potentially useful material, especially 
in the form of thin epitaxial film. The Ga2Se3 
coatings can passivate various oriented surfaces 
(primarily (001)) of gallium arsenide [20], which 
has great potential for the use of GaAs taking 
onto account problems of creating insulating 
or other functional layers in this important 
semiconductor. Such layers are needed, first of 
all, for the creation of optoelectronic devices that 
use the band gap of gallium arsenide, which is 
suitable for sunlight [21]. 

Improvements in molecular beam epitaxy 
technology in recent years allowed to circumvent 
the aforementioned problem of interphase 
boundary impairment when using sesqui-
chalcogenides as “interlayer” materials in the 
formation of AIIIBV – Si or AIIBVI – AIIIBV type 
heterostructures [1]. The close correspondence 
of the lattice parameter of sphalerite-like Ga2Se3 
to the parameters of Si, GaP, and ZnS substrates 
facilitate its use in heterostructures. In particular, 
close lattice matching (0.1%) and minimal 
interdiffusion at the well-formed Ga2Se3/Si 
interface make such a heterostructure promising 
for use in electronics. This is due to the fact that 
the band gap width in epitaxial films of gallium 
sesqui-chalcogenides is located in a convenient 
range for visible optoelectronics [22]. In particular, 
it was proposed to use n-alloyed Ga2(SxSe1–x)3, solid 
solution deposited on p-Si heterojunctions, for 
solar cells [23]. Among Russian specialists working 
on obtaining heterostructures using gallium and 
indium sesqui-chalcogenides as “interlayer” 
substances or functional coatings when creating 
heterostructures on AIIIBV group semiconductors, 
the scientific group of the authors of the studies 
[24–27] should be mentioned.

3. “Defective” structure A2
IIIB3

VI variants: 
their hierarchy and relationship

Let us consider in more detail the structures 
of “defective” phases based on wurtzite and 
sphalerite, paying special attention to the 
relationship between these structures and the 
ordering of stoichiometric vacancies. For many 
compounds in A2

IIIB3
VI systems, there is a large 

variety of structures of “defective” various 
polymorphic phases close to the exact А2В3 
composition. For some of these compounds, 
deviations from the ideal composition towards 

AIII component are possible. All A2
IIIB3

VI structures, 
except for some modifications of In2S3, are 
composed on almost tetrahedral fragments: 
AIII (Al, Ga, In) atoms, are surrounded by four 
chalcogen atoms, and the chalcogen atoms, 
in turn, are surrounded by AIII atoms and 
stoichiometric vacancies. Most of the discussed 
“defective” structures can be divided into two 
groups: the so-called “parent” and “daughter” 
structures. The parent structures are crystals with 
a fairly high symmetry, these are modifications 
of the sphalerite or wurtzite type. Structural 
vacancies in the cation sublattices of these phases 
are distributed in a disordered manner. Due to 
the partial or complete ordering of stoichiometric 
vacancies, such structures can be transformed. In 
this case, “daughter” structures emerge. For the 
considered sulfides and selenides, the symmetry 
of the crystal lattice decreases with ordering. The 
space group of the crystal also changes. For some 
A2

IIIB3
VI modifications, several daughter phases are 

found (Ga2S3, In2Se3). This is because the ordering 
of stoichiometric vacancies can occur in different 
ways. Daughter modifications with completely 
ordered structural vacancies are located on 
the phase diagrams in lower temperature 
regions, they have narrow homogeneity regions 
and almost ideally correspond to the A2B3 
stoichiometry [28–30].

Highly symmetric sphalerite-like structures 
with disordered stoichiometric vacancies have 
been found for several metal AIII chalcogen 
systems (g‑Ga2S3, a-Ga2Se3, a-Ga2Te3, a-In2Te3). 
The space group F4̄3m corresponds to such 
structures, like classical sphalerite ZnS. Due to the 
deficiency of metal cations, their crystallographic 
formula is written as AIII(4c)2/3v(4c)1/3B

VI(4a). The 
positions of the cation-forming component are 
4c (4̄3m) (1/4, 1/4, 1/4) occupied by about 2/3. The 
remaining approximately 1/3 of the positions are 
not occupied, and these vacant positions are 
distributed in the cation sublattice in a stochastic 
manner. Positions 4a (43m) (0, 0, 0) in the anion 
sublattice are completely occupied by chalcogen 
atoms [31] (Fig. 2).

By analogy with zinc sulfide and other 
substances with “diamond-like” structures, 
the elementary (almost) tetrahedral “building 
blocks” of A2

IIIB3
VI compounds can also fit into 

wurtzite-type structures (space group P63mc). 
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Like sphalerite-like phases, they contain about 1/3 
disordered vacancies in the cation sublattice. The 
crystal chemical formula of such phases is written 
as Me(2b1)2/3v(2b1)1/3Ch(2b2), where Wyckoff 
positions 2b (3m) (1/3, 2/3, z) are characterized 
by coordinates: z1 = 0, z2 = 3/8. [12, 30].

Such disordered high-temperature phases 
can be considered parent phases in relation to 
“daughter” superstructures. For example, the 
a‑Ga2S3 crystal lattice with space group (SG) 
P61 was described as a superstructure derived 
from disordered wurtzite-like b-Ga2S3. Similar 
superstructures are also characteristic of a-Al2S3 
[32, 33]. In this case, the transformation of 
the parent phase of “defective” wurtzite into a 
daughter superstructure occurs with a three-
layer ordering of chalcogen vacancies along 
the [001] axis. According to [28], during such 
a rearrangement, three crystallographically 
nonequivalent cationic positions arise, which are 
completely or partially filled by the AIII atoms. 
Positions of type (1) are almost completely 
filled: the filling factor is close to 1, and there are 
practically no vacancies. The cationic positions 
of type (2) are occupied with a factor of 0.67 and 
in this respect the occupancy is close to that 
of all cationic sites in the parent structure of 
defective “wurtzite”. Finally, positions of type (3) 
are occupied with a factor of 0.35. 

This ordering of vacancies requires a change 
in symmetry from the P63mc group to the P61 
subgroup and another choice of the elementary 
cell with new lattice parameters:

a a c cP P mc P P mc6 6 6 61 3 1 3
3 3ª ª;  (Fig. 3). It is 

important to emphasize that in the resulting 
daughter structures, each cation position 
continues to be filled stochastically and, in this 

sense, we can only discuss quasi-ordering of the 
structure, in contrast to other types of ordering 
of stoichiometric vacancies. It should be noted 
that despite the formation of superstructures with 
SG P61, the corresponding phases can be stable 
only at high (> 900 °C) temperatures. In addition, 
they have noticeable deviations from the ideal 
stoichiometric composition [34]. According to 
these properties, daughter phases with this type 
of ordering are closer to the parent “defective” 
structures of wurtzite and sphalerite than to other 
daughter structures with completely ordered 
stoichiometric vacancies. 

Another  type  of  reorganizat ion  of 
stoichiometric vacancies in the wurtzite-like 
modification A2

IIIB3
VI leads to the formation of the 

second type of daughter phases. In this case, the 
ordering of vacancies occurs along the vector 

Fig. 2. “Defective” sphalerite-like structure for cubic a-Ga2Se3 (a) and the {111} plane in this structure (b) [31].

Fig. 3. Structures of some gallium sesquisulfide mod-
ifications (present on the phase diagram at high-tem-
peratures, T > 878 °C). From left to right: superstruc-
ture of the P61 type, wurtzite-type defect and sphaler-
ite-type defect structure [28]
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[110] of the wurtzite parent lattice and leads to 
the formation of a monoclinic lattice (space group 
Cc). This structure can already be called ordered 
due to the presence of entire rows of vacancies in 
the gallium sublattice (Fig. 4) [31]. The formation 
of such monoclinic modifications occurs in Ga–S 
systems (a¢-Ga2S3), Al – Se (a-Al2Se3), as well as 
in telluride systems. In this case, the ordering 
also leads to a reduction in symmetry, to a Cc 
subgroup of P63mc group and the formation of 
two cationic and three anionic sublattices of the 
4a (1) xyz family. 

The variants for ordering stoichiometric 
vacancies in wurtzite-like structures do not 
end there. Several variants of the formation of 
daughter phases are realized for indium sesqui-
selenide. 

Parental wurtzite-like modification for In2Se3, 
described in [35], is most likely always metastable. 
Among the phases that can be represented on 
the T‑x‑diagram of the In – Se system, the high-
temperature d‑In2Se3 structure is closest to this 
(SG P63mc). Despite the complete correspondence 
of this SG to the wurtzite crystal lattice, d-In2Se3, 
is a superstructure and does not belong to the 
“true” structural type of wurtzite, since for the 
latter the ratio of the lattice parameters (c to a) 
should be equal to ~1.6 [36]. In our studies, we 
obtained the following values: a = 4.025(1) Å, 
c = 19.265(1) Å [37], which are comparable with 
the results of [38]: a = 4.00 Å, c = 6.41 Å. These 
data indicate a multiple (~3 times) increase in the 

parameter c (4.025×1.6×3 = 19.32 Å) compared to 
the idealized (by parameter a) parent wurtzite 
structure. The latter may be evidence of the 
ordering of vacancies, which in this case occurs 
without a change of the space group. 

The lower temperature modification in 
comparison with d-In2Se3 is g-In2Se3 and it is 
typical for a A2

IIIB3
VI semiconductor compound 

structure with ordered stoichiometric vacancies. 
According to our research data, the g‑In2Se3 
polymorphic modification has a hexagonal 
structure with a space group of P61 (P65), 
(a = 7.133 Å, c = 19.58 Å) [37]. This is consistent 
with the results of other researchers [38, 39] – 
including those who used transmission electron 
microscopy methods [40, 41]. In [42] it was shown 
that in the g-In2Se3 phase, structural vacancies 
are aligned along one of the screw axes, and the 
proportion of vacancies in the cation sublattice, as 
in most other A2

IIIB3
VI“defective” semiconductors, 

is ~ 1/3 of the number of cationic positions. The 
“defective” crystal structure of g-In2Se3 is shown 
in Figs. 5 and Fig. 6d.

There are also other modifications for 
indium sesqui-selenides and sesqui-sulfides 
which taking into account the definition given 
at the beginning of this review are no longer 
entirely correctly classified as “defective” 
structures with stoichiometric vacancies. In 
these phases, the ordering of vacancies leads 
to their grouping into separate planes. As a 
result, the chemical bonds between the layers 

Fig. 4. Fragment of the monoclinic a-Ga2S3 structure with an image of stoichiometric vacancies in the Ga-sub-
lattice. The right part of the figure shows the coordination scheme of gallium atoms with an image of chemical 
bonds close to sp3-hybrid [31]
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are broken and the resulting structures turn out 
to be typically layered and similar in properties 
to A1

IIIB1
VI monochalcogenides. In particular, such 

modifications enter into intercalation reactions, 
they can easily be exfoliated (splitting into the 
thinnest layers), etc. In some studies, for example, 
in [1, 43], the structures under consideration 
continue to be classified as “defect-vacancy” 
structures, taking into account that individual 
layers are formed precisely by the ordering of 
vacancies. However, it should be noted that with 
this approach the definitions compounds with 
stoichiometric vacancies and “defective” phases will 
require correction. 

The following relatively low-temperature 
modifications are classified as layered forms of 
indium sesqui-selenide: 2H-a-In2Se3, 3R‑a‑In2Se3 

and b-In2Se3 [44]. The lowest temperature 
2H‑a‑In2Se3 form (exists when t < –125 °C) 
belongs to the space group P63mc with cell 
parameters a = 4.025 Å, c = 19.235 Å [45]. The 
3R-a-In2Se3 trigonal modification is stable at 
room temperature and belongs to the space group 
R3m with the parameters a =4.052 Å, c = 28.765 Å. 
Structures of both a-phases are shown in Fig. 6A 
and Fig. 6b. For the 3R polytype, the characteristic 
sequence of layers is ABCABC, for 2H it is ABAB. 
In both cases, individual layers are composed of 
five-layer stacks in which Se–In–Se–In–Se chains 
can be traced.

The b-In2Se3 “medium temperature” phase is 
characterized by a space group R3̄m with lattice 
parameters a = 4.05 Å, c = 29.41 Å. The main 
difference of this phase (Fig. 6c) from 3R‑a‑In2Se3 

Fig. 5. Relationship between the wurtzite structure (left) with the wurtzite-like idealized structure of In2Se3 
(center) and the real structure of g-In2Se3 (right)

Fig. 6. Structures of In2Se3: 2H-a-In2Se3 (I), 3R-a-In2Se3 (II), b-In2Se3 (III) и g-In2Se3 (IV)
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in that selenium atoms occupy octahedral 
positions instead of tetrahedral ones for a-In2Se3 
(if we consider these structures as formed by 
indium atoms with dense hexagonal packing).

It should also be noted that the formation 
of buffer layers on diamond-like (cubic F4̄3m 
or hexagonal P63mc) structures can lead to 
the formation of coatings with both a layered 
structure (in the case of In2Se3), as well as non-
layered films with “defective” structures of 
sphalerite or wurtzite (in the case of Ga2Se3, 
Fig. 7) [43], due to the different organization of 
stoichiometric vacancies.

Finally, another existing type of sesqui-
chalcogenide with stoichiometric vacancies 
is fundamentally different from all the above 
types, since it corresponds to a different ideal 
stoichiometry: A3B4 instead of A2B3. These include 
structures with a high proportion of ionic bonds, 
which have a spinel crystal lattice [46]. The most 
famous, and probably the only representative of 
this type among the chalcogenides of group III 
metals, are the In3–xS4 phases. 

In most literary sources this phase is written 
as a-In2S3, which, in our opinion, is not entirely 

correct. The In2S3 formula is explained by the 
fact that, according to stoichiometry, this phase 
is closer to sesqui-sulfide (58.5 – 59.5 mol. % S) 
according to our studies [47, 48]. The In3-xS4 phase 
(a-In2S3) has a cubic crystal lattice of inverse 
spinel (SG Fd3̄m, a = 10.724 Å [46, 49–51]), in 
which there is a deficit of indium atoms compared 
to the ideal stoichiometry of In3S4 (~ 57.1 mol. 
% S). This modification exists in the “medium 
temperature” range (according to our data [49] – 
from 418 to 752 °C, which correlates well with 
[52]). It is easily hardened and can be isolated 
at room temperature. According to the latest 
source, the formula of this compound is most 
correctly written as [In2/3(n)1/3]

tetr[In2]
octS4, where 

the symbols “tetra” and “oct” denote positions 
in the tetrahedral and octahedral voids of the 
spinel packing, the framework of which is formed 
by sulfur atoms; vacancies are designated by the 
“n” symbol. The given formula follows from the 
assumption (approximation) that in classical 
spinels there are charge states of metal M2+ and 
M3+; in the case of indium, taking into account 
the peculiarities of its classical chemistry, we 
should discuss the In+1 and In+3 states. Then the 
formula [In2/3(n)1/3]

tetr[In2]
octS4 corresponds to the 

stoichiometry of In2.67S4 = In2S3. If the charge 
states of In+2 are allowed, then the given formula 
will be close to the typical spinel composition 
M3S4. Experimental data, as we already noted, 
show an intermediate situation between the two 
stoichiometries. It should be noted that vacancies 
in cubic form are distributed stochastically among 
positions (primarily tetrahedral). 

On the contrary, in the low-temperature form 
b-In2S3 there is an ordering of vacancies (Fig. 8), 
and the structure with a decrease in symmetry 
turns into a tetragonal one (SG I41/amd; a = 7.61 Å, 
c = 32.24 Å). This phase exists on the phase 
Tx‑diagram up to 418 °C and is easily released 
during annealing of any other modification 
of indium sesqui-sulfide below the specified 
temperature [49]. For the two compounds 
mentioned, the cubic structure In3–xS4 (a-In2S3) 
can be considered maternal, and the ordered 
b-In2S3 structure is a daughter structure. 

In conclusion in this review of defective indium 
sesqui-sulfides, we will consider the third, most 
high-temperature and controversial modification 
in terms of structure, which is g-In2S3. According 

Fig. 7. Mutual relationships between certain surfaces 
of the following structures: a) – sphalerite, b) – “de-
fective” gallium sesquiselenide with ordering of va-
cancies (without formation of a layered structure and 
with) and c) – “defective” indium sesquiselenide (with 
formation of a layered structure) [43]. Left: vacancies 
are ordered along the [11̄0]; direction; right: stoichio-
metric vacancies form planes, grouping every three 
planes formed by indium atoms, which are located 
along the (1 1 1) plane
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to [52] the structure of this trigonal (SG R3̄m1) 
phase is not spinel-like and is probably close to 
b-modifications of sesqui-selenide indium – i.e., it 
is layered and formed from a wurtzite “defective” 
structure due to such an ordering of vacancies 
that they form separate planes that open separate 
five-layer packets S–In–S–In–S [53, 54]. This 
conclusion is not supported by the authors of 
recent publications [55] and [56], who insist that 
g-modifications belongs to the structural type of 
defective Th3P4. In the latter, the cation-forming 
atoms stochastically occupy only octahedral 
voids with a filling factor of ~89%. The difficulty 
of unambiguous interpretation of the structure 
g-In2S3 is because the pure phase is not quenched, 
and the authors [56] isolated it by the rapid 
cooling of a sample deliberately contaminated 
with vanadium and titanium impurities.

4. A1
IIIB1

VI compounds: general structural 
features of solids monochalcogenides

Monochalcogenides typically provide 
layered structures in which individual four-
layer BVI–AIII–AIII–BVI packets are bound to each 
other only by weak van der Waals forces (Fig. 9) 
[1]. The exception is to some extent is a-InS* 
[49, 57–59].

These compounds are often referred to by 
technologists as “van der Waals materials.” Their 
ability to exist in isolation as individual B–A–

*  At the same time, there is no reliable information about the 
bulk structures of aluminium monochalcogenides, although the 
structure of epitaxial films of nanoscale thickness turned out 
to be close to the structures of other typical layered 
monochalcogenides. There is also no reliable structural data 
on the high-temperature form of b-InS, which exists in very 
narrow (slightly more than 10 °C) temperature range.

A–B layers opens up prospects for their use in 
emerging two-dimensional electronics [60]. 

In AIIIBVI layered compounds each four-layer 
stack is composed of two planes containing BVI 

chalcogen atoms. Layers consisting of such 
atoms are located on both sides of two adjacent 
intra-packet planes; in the latter, there are 
atoms of group III elements bound with each 
other (and with BVI atoms) (Fig. 9). The basic 
building block is formed by stacking four 
hexagonal monoatomic sheets in the sequence 
B–A–A–B with trigonal prismatic symmetry. 
Different stacking and/or 180° rotation of these 
covalently linked layers results in the formation 
of several polytypes, some of which exhibit 
inversion symmetry. This fact indicates that, for 
example, depending on the presence or absence 
of such symmetry, the linear and nonlinear 

Fig. 8. Structures of In2S3: spinel-like, with a more correct formula In3–xS4 (left), tetragonal In2S3 (left) [56]

Fig. 9. Fragment of the layered monochalcogenide 
AIIIBVI – structure [1]
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optical properties of layered AIIIBVI will depend 
on the resulting polytype [61]. 

The B–A–A–B sequence in quasi-two-
dimensional AIIIBVI layered semiconductors leads 
to an unusual combination of different types of 
chemical bonds, which in turn provides non-
trivial electronic states [1]. Interlayer bonding is 
achieved through weak van der Waals interactions 
with strong intralayer interactions. The covalent 
homodesmic bond “cation–cation” is non-polar, 
while the heterodesmic bond “cation–anion” 
has a partially ionic character [59]. In all three 
substances, the valence electrons are strongly 
localized around the BVI atoms, and two AIII atoms 
are bound almost exclusively by a s-bond formed 
by s-electrons. With an increase in the proportion 
of ionicity from GaSe (0.66) to GaS (0.74) and to 
InSe (0.80), the ionic nature of the AIII–BVI bond 
obviously increases, and the electron density 
shifts towards to BVI atoms. Moreover, if the 
gallium atom is replaced by indium or selenium 
is replaced by sulfur, then the atomic s-states 
of atom AIII become less separated in energy 
from the p-states of BVI. The latter is reflected 
in the delocalization of the bond charge AIII-
AIII and a weakening of the central bond with 
increasing bond length. A further increase in 
ionicity leads to the fact that the low-temperature 
modification a-InS is structurally unique among 
A1

IIIB1
VI compounds, since it ceases to be a fully 

layered 2D structure. In a-InS, it is still possible 
to distinguish individual S–In–In–S packets, but 

they are no longer isolated from each other: with 
a long and weak In–In bond, one packet creeps 
and wedges into another. As a result, sulfur atoms 
belonging to one package bond with indium 
atoms from the neighboring package. In this way, 
a 3D orthorhombic structure is formed (Fig. 10), 
in which there are no layers bound only by van 
der Waals forces [59].

An increase in the size of chalcogen atoms 
also leads to a change in structure. Thus, layered 
2D-structure consisting of loosely coupled four-
layer stacks is retained during the GaS → GaSe → 
GaTe transition. However, for a-GaTe layers, 
instead of being flat become corrugated (Fig. 
11), and the structure changes from hexagonal 
(2H and 4H polytypes) or rhombohedral (3R 
polytypes) to monoclinic [62, 63]. At the same 
time, there is always a metastable modification 
b-GaTe with a package arrangement identical to 
gallium monoselenide (Fig. 9) [63]. 

5. Intercalation reactions in A1
IIIB1

VI layered 
crystals (and a- and b-In2Se3)

Taking into account the described structural 
features of aluminum, gallium, and indium 
monochalcogenides, these substances should 
be characterized by intercalation reactions i.e. 

Fig. 10. Fragment of a-InS structure (orthorhombic 
LT-modification)

Fig. 11. Frontal (a) and side view (b) of the structure 
and the layers arrangement in the a-GaTe 3D-structure
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interactions associated with the entry of atoms 
(molecules, ions) into the space between weakly 
bound 2D layers or 1D chains, as well as the 
introduction of atoms into atomic-level channels. 
It should be remembered that the ordering of 
stoichiometric vacancies is characteristic of A2

IIIB3
VI 

sesqui-chalcogenides and can also lead to the 
formation of structures such as low and medium 
temperature forms of indium selenide (a-2H- and 
b-In2Se3) with very weakly connected individual 
layers. As a result, both for the last phase and for 
almost all A1

IIIB1
VI monochalcogenides, there are 

numerous publications on intercalation reactions 
and on the production of interlayer insertion 
products – intercalates (reviews [64, 65]).

The peak of interest in such objects and 
attempts at their practical use occurred in the 
90s and 2000s at the turn of the 20th and 21st 
centuries. In particular, the authors of [64] 
reported on a project to reduce background 
radiation in the territory of the Chernobyl Nuclear 
Power Plant by applying monocrystalline GaSe 
plates to the internal walls of the damaged power 
unit and other structures: it was assumed that 
atoms of iodine isotopes and other radioactive 
elements in the air would spontaneously be 
introduced into the layered structure of gallium 
monoselenide. However, numerous difficulties 
in the study and the reproducibility of obtaining 
intercalates of AIIIBVI compounds led to a decline 
in interest in these objects.

The guest (implanted) particles included both 
the smallest particles, individual atoms (ions) of 
alkali, alkaline earth, rare earth elements, and 
some other elements, as well as whole molecules 
with predominantly expressed basic (according to 
Lewis) properties, from ammonia to pyridine or 
anthracene, as well as relatively large ions that 
enter the structure during the processing of AIII 
monochalcogenides by solutions and melts of 
nitrites and nitrates [64, 65]. Most often, direct 
interaction of the crystal with the substance-
source of guest atoms (incorporation upon contact 
with the gas or liquid phase) or electrochemical 
reactions involving solutions (melts) in which 
monochalcogenides were electrodes were used 
for the synthesis of such intercalates. One of the 
authors of this study investigated the interlayer 
incorporation that occurs during the treatment of 
single-crystal GaSe and InSe with concentrated 

nitric acid, solutions of some nitrates, nitrogen 
tetroxide [66, 67], as well as pyridine and 
anthracene [68]. 

It should be noted that we were unable to 
carry out any intercalation reactions involving 
gallium monosulphide. In the literature, data on 
this issue are also extremely scarce. In existing 
studies, for example in [69], the exfoliation of 
GaS via the stage of formation of an intermediate 
intercalated compound was described. However, 
this stage preceding exfoliation is not analyzed 
in any way. The reason for the difficulties with 
interlayer implantation in GaS is probably the too 
small size of the sulfur atoms lining the interlayer 
spaces between the packets [1].

Intercalation is most clearly manifested 
during diffraction structural studies. It is recorded 
by the shift towards small angles of such reflexes, 
which are associated with an increase in the 
distances between planes connected by Van 
der Waals forces. In some cases, the increase in 
distances in the direction perpendicular to the 
layers is observed even visually as an anisotropic 
“swelling” of the crystal during its intercalation 
[67–70]. However, small-sized embedded atoms 
(especially of those d‑elements as Cu or Pd) seem 
to pull together the adjacent packages and then 
the corresponding interplanar distances hardly 
change or even decrease [71]. 

In our studies [72, 73] the possibility of 
autointercalation (with selenium) is considered 
as being the reason for the significant expansion 
and displacement (up to 0.6–0.8 mol. %) of the 
homogeneity region of gallium monoselenide 
towards selenium in a relatively narrow 
temperature range close to the congruent 
melting temperature of GaSe. The hypothesis 
about the relationship between the specific 
type of homogeneity region of this phase and 
autointercalation, the interlayer introduction of 
atoms of one of the phase-forming components, 
is described in more detail when examining the 
phase diagram of the Ga–Se system.

In publications on the study of intercalates, 
noticeable differences in the electrophysical, 
optical, catalytic, and other properties of 
intercalated semiconductors compared to 
the original substances are almost always 
noted. In a number of cases, these properties 
are described as very promising for materials 
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science. In particular, it was shown in [67] that 
the introduction of palladium(II) nitrate (from 
aqueous solutions) into GaSe followed by a 
reduction of the intercalated product led to 
the production of a material with pronounced 
catalytic properties typical for matrices activated 
by palladium. 

However, there are several unresolved 
problems to this day, which have led to a hopefully 
temporary decrease of interest in the interlayer 
introduction into of AIIIBVI compounds into bulk 
crystals. In our opinion, the main unresolved 
problem is the uneven progress of introduction. 
It is often unclear what part of the crystal and 
what areas within it were affected by interlayer 
incorporation. It is well known that guest 
particles often do not fill every van der Waals 
gap, they are incorporated through a certain 
n‑number of layers (in this case, the formation 
of an intercalate of the n‑stage is discussed). 
However, for the considered structures, a different 
case most likely occurs: intercalation occurs 
stochastically, and the number of layers affected 
by the incorporation may not exceed several 
percent of their total number (as shown, for 
example, in the course of studies using a zero-
manometer in [68]). In addition, in the bulk AIIIBVI 
crystal, probably, there are adjacent layers with 
a large number of defects (superstoichiometric 
atoms, layers of another polytype (another phase) 
with the thickness of several atomic layers, etc.). 
It is assumed that intercalation occurs only into 
such interlayer regions without affecting the bulk 
of the crystal. At the same time, in almost all 

studies on this topic (for example, those described 
in the review paper [64]), neither the composition 
of the obtained substance nor the uniformity of 
the distribution of the guest impurity throughout 
the volume of the crystal is reported. 

The next problem is that intercalation is often 
destructive: guest molecules or ions actively 
interact with the substance into which they have 
been incorporated, changing themselves and 
altering the structure of the host. In particular, 
the analysis of the product of GaSe treatment 
with nitric acid, carried out by one of the authors 
of this study, revealed Ga–OH, Se–OH, Se=O 
fragments associated with the initial selenide 
matrix [66, 67]. Probably, the same destructive 
processes occur when GaSe (InSe) is treated with 
nitrite and nitrate melts [64]. These reactions 
show an analogy with the oxidative incorporation 
of acids such as HClO3, HNO3, HMnO4, etc., into 
graphite, when the incorporated substance 
partially oxidizes the layers “from the inside”, 
producing carboxyl, ketone, hydroxyl and other 
groups covalently bonded to the damaged 
graphite layers ([66, 74]. Fig. 12). 

Unfortunately, the possibility of “internal 
corrosion” of an intercalated layered crystal is 
often not considered at all, although it can lead 
to both irreproducibility and degradation of the 
material properties. Local changes at the atomic 
level are especially possible for electrolytic method 
of incorporation since the layered structure can 
include solvent molecules and other foreign 
impurities active in terms of further oxidation-
reduction interactions. 

Fig. 12. Changes in the structure of graphite when exposed to acidic oxidizers (HNO3, HClO3, HMnO4, etc. in 
strongly acidic solutions) with the formation of damaged graphene layers with hydroxyl, carboxyl, ketone and 
epoxy-like groups [74]

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(4): 646–665

A. Yu. Zavrazhnov et al.	 Phases with layered (AB) and “defective” (A2B3) structures in AIII–BVI systems. Part 1...



658

Despite the slowdown in progress in the 
ideas and application of intercalation of AIIIBVI 
for the design of promising semiconductor 
and nonlinear optical materials, attempts are 
currently ongoing to use interlayer incorporation 
to create new chemical current sources (CCS) 
[75] (p. 136), combining nanolayers of different 
layered substances (for example, In2Se3 and 
MoS2), obtained after intercalation (with 
lithium) and subsequent spontaneous cleavage 
(exfoliation) of the intercalate into graphene-
like nanoplatelets [76]. In addition, the method 
of obtaining roquesite-like materials (of Cu(Ag)
Ga(In)Se2 type) when intercalating the matrix 
of monochalcogenide AIII with copper with 
subsequent stimulated (for example, thermally) 
restructuring of the intercalate seems to be 
original [71].

6. Nanostructures based on AIIIBVI 

monochalcogenides 
The similarity of monochalcogenides to 

graphite and similar layered substances such as 
black phosphorus does not end with intercalation 
reactions. The AIIIBVI monochalcogenides and 
adjacent layered modifications of sesqui-
chalcogenide In2Se3 can exist in the form of 
nanolayer graphene-like thin-layer fragments, 
forming nanoribbons and nanotubes (tubulenes).

Nanolayered graphene-like 
monochalcogenides of gallium and indium

The unique properties of nanolayered (ideally 
single-layered) layered substances make them 
promising for a wide range of applications 
[77–79]. Containing a small number of layers, 
(nano)monocrystalline gallium and indium 
chalcogenides are obtained in different ways, 
among which the simplest option consists of 
breaking the monocrystal into layers for example, 
by stretching a polymer tape such as Scotch 
tape glued on both sides in opposite directions, 
predominates. The breaking procedure is 
repeated many times until the layer remaining 
on the tape becomes dark grey (after going 
through stages of obtaining intensely colored 
due to interference thicker layers). As a result, 
after removing the adhesive organic polymer, 
fragments of monochalcogenide layers up to 
300 nm thick are obtained [60]. 

Among other methods, a variant where the 
splitting (exfoliation) of a bulk single crystal 
into individual plates is carried out during the 
electrolysis of a solution using a single crystal of 
a layered substance as a cathode draws attention. 
Solutions of alkali metal salts (mainly lithium; 
usually in the form of LiClO4 [80]) are usually 
used as electrolytes in water or in ionic organic 
solvents. Intercalated chalcogenide is obtained by 
this method. Then a salt of an organic nitrogenous 
base (most often tetrabutylammonium salt) is 
added to the solution and electrolysis continues. 
The huge cations entering between the layers 
finally break these layers, which are then released 
in the form of a suspension [81]. It should be 
noted that when electrolytic exfoliation was 
carried out, the fact of intermediate formation 
of intercalate was not always proven. Moreover, 
the indicated method allowed to obtain nanolayer 
fragments of even indium monosulphide (a-InS), 
in which individual layers are bound by a chemical 
(ionic-covalent) bond [82].

Among the properties of a suspension of 
individual nano-sized fragments of phases 
of different layered crystals, the ability of 
these fragments to self-assemble into a kind 
of three-dimensional heterostructure should 
be highlighted. This includes, in particular, a 
heterostructure “self-assembled” from individual 
alternating nanolayer fragments of indium 
selenide and molybdenum disulfide [75].

Among the chalcogenide “true” 2D structures, 
monolayer gallium monosulphide (mono‑2D‑GaS) 
was recently investigated and studied [79, 
83]. Materials based on mono-2D-GaS have 
proven promising for use in hydrogen evolution 
reactions [84], as well as in the creation of 
promising lithium-ion batteries [85], nonlinear 
optics materials [86], photodetectors [87], and 
gas sensors [88]. The tetra atomic in thickness 
(single S–Ga–Ga–S packet) monolayer GaS is a 
semiconductor with a wide band gap of ~3.33 eV, 
which is ~0.8 eV larger than for a bulk GaS single 
crystal [89].

Nanotubes (tubulenes) from indium and 
gallium monochalcogenides layers

Nanotubes, the closest analogues of carbon 
nanotubes, are the most studied for gallium 
monoselenide. The first studies on such 
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nanotubes appeared, probably, in the 90s. The 
first publications reported only the results of 
quantum chemical calculations confirming 
the possibility of the appearance of such 
structures. In particular, in [90] an image of a 
predicted fragment of such a GaSe nanotube 
is given (Fig.  13). Now such tubulenes have 
been obtained not only for GaSe, but also 
for GaS. For the synthesis of both sulfide 
and selenide nanotubes, a long-term (72 h) 
interaction of gallium acetylacetonate with 
chalcogen in an organic solvent (dodecylamine, 
hexadecylamine) at elevated temperature 
(200 °C) was used [91].

In [92], spontaneous twisting of some nanolayer 
fragments of InSe obtained during ultrasonic 
exfoliation of bulk indium monoselenide samples 
in isopropanol was noted. The resulting nanotubes 
had a diameter of less than 1 nm.

7. Some aspects of application of single-
crystal layered monochalcogenides AIIIBVI 
as new promising materials for nonlinear 
optics

Layered bulk AIIIBVI crystals exhibit strong 
optical and electrical anisotropy [93, 94] and high 
nonlinear optical coefficients in the infrared range 
[95], which makes them candidates for materials 
for the generation of second-harmonic radiation 
(primarily IR lasers) [96–100]. This interest led 
to extensive work in the 1970s and 1980s on the 
production of GaSe and InSe bulk single crystals. 
Many optical and electrical properties of these 
substances have also been studied in detail 
[101]. Among the gallium monochalcogenides, 
gallium monoselenide has the greatest practical 
significance. Air-stable layered red-ruby single 
crystals of gallium monoselenide are somewhat 
similar to colored mica, but heavier (density 
of 5.03 g/cm3) and softer (microhardness of 
30 kg/mm2) [14].

Gallium monoselenide is a high-resistance 
semiconductor with low electron and hole 
concentrations and low carrier mobility values. 
Due to low carrier concentrations and low 
mobility values, this material was long considered 
an unpromising indirect-gap p-type, regardless 
of the method of production and doping (the 
transition energy between the valence band and 
the conduction band is 2.03 eV with a difference in 

energy between the direct and indirect transitions 
in GaSe of 0.025 eV) [101]. 

However, in the last decade, the attitude 
towards GaSe has changed fundamentally, which 
is associated with its use in nonlinear optics [78, 
98, 101–103]. Currently, various optical systems 
are being developed on gallium monoselenide, 
which are used for:

• the generation of second-harmonic radiation 
of CO2 laser or similar types of coherent radiation 
generators (doubling the output frequency when 
exciting the crystal with short-pulse radiation 
in the wavelength range from 6.3 to 12 µm); 
the output signal is stable for many hours with 
conversion efficiency up to 36%;

• the conversion of frequency of radiation of 
CO2 laser into the high-energy region up to the 
visible region or near IR range (the so-called “up-
conversion” [102]); 

• the generation of sum frequencies in the 
mid-IR region; 

• the generation of difference frequencies in 
the mid-IR region from 5.5 to 18 µm;

• creation of radiation-resistant photodiodes 
designed for the visible and near IR spectral range 
in the spectral range of 0.6–1.1 µm (for night 
vision devices) [104];

• the creation of solid-state laser systems 
based on parametric generation of light using 
pumping of various types of lasers (for example, 
those based on Nd-doped yttrium aluminum 
garnet). A special case of the latter systems are 

Fig. 13. GaSe nanotube Structure [90]
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devices for generating terahertz frequencies with 
n = 1011–1012 Hz) [98,105].

We will discuss the last possibility of practical 
use of materials based on GaSe single crystals in 
more detail. It is known that electromagnetic waves 
have a length l = 100-1000 µm (these correspond 
to the vibration frequencies n = 3·1012 1011 Hz), and 
occupy an intermediate region between the long-
wave infrared and ultra-high-frequency radio 
ranges. These waves, called terahertz waves, are of 
considerable interest for a variety of applications, 
including biology, medicine, and archaeology. 
Similarly to X-rays, terahertz radiation has high 
penetrating power, but, unlike the former, does 
not pose a danger to living organisms or ancient 
objects. However, until recently, the terahertz 
range remains one of the technically poorly 
equipped parts of the spectrum. 

The situation has only fundamentally changed 
in the last decade with the development of various 
materials, including those constructed from In 
and Ga monochalcogenides [1], [101, 105, 106]. 
In particular, a compact terahertz source capable 
of producing radiation in the range between 56.8 
and 1618 microns (from 0.18 to 5.27 THz) was 
created based on GaSe crystals [107, 108]. In [108] 
it was noted that the key advantages of such a DFG 
are an extremely wide tuning range, high stability, 
small size, and high peak power. Moreover, 
according to [107], in terms of the accuracy of 
tuning the wave range, no other terahertz sources 
can compete with a GaSe-based device. 

The production of other layered gallium 
monochalcogenides as materials for nonlinear 
optics is also under development. For example, 
gallium monosulphide (lemon-yellow, mica-like 
crystals; indirect-gap semiconductor of n-type 
with Ez =2.5 eV) has good photoconductivity 
in the ultraviolet part of the spectrum [86, 
109]. The indium monosulphide (dark brown 
crystals; semiconductor of n-type with several 
approximate levels; Ez = 1.9 eV) [110] and gallium 
monotelluride [111, 112] are also promising as 
photoconductive materials.

8. Conclusions
Unfortunately, the practical use of A2

IIIB3
VI 

chalcogenides with various “defective” structures 
depends, first, on the problem of reproducible 
synthesis of each of the many modifications 

considered here. For bulk samples, this problem 
is primarily because for many binary systems, it 
has not yet been possible to obtain a consistent 
idea of the location of the discussed intermediate 
compounds on the corresponding phase diagrams. 
In addition to regulating the phase composition, 
i.e. the structural affiliation of the resulting 
compound, a problem of the next level is 
added, associated with the need to regulate the 
composition within the homogeneity region 
of a specific phase for a finer “tuning” of the 
properties of the resulting substance. The latter 
task is also relevant for film coatings that are parts 
of the formed heterostructures. 

In relation to A2
IIIB3

VI monochalcogenides 
the regulation of the polytypic affiliation of the 
obtained layered single crystals is important 
(which is a special, but more complex case of the 
problem of regulation of the phase composition). 
Thus, the question about the relationship 
between the main characteristics of the device 
with the non-stoichiometric composition of the 
crystal and its belonging to a certain polytype 
has never been raised in any of the cited studies 
on the use of monoselenide or related layered 
monochalcogenides for generators of various 
long-wave radiation. At the same time, in 
many studies (for example, in [97]) it was noted 
that it is impossible to obtain reproducible 
characteristics of the output radiation without 
high-quality control of the composition of 
materials. Approaches to these questions will be 
considered in the second part of our review.
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Abstract 
This paper provides a review of variants of phase diagrams of binary and ternary systems constituting the TiO2-Al2O3-SiO2-
ZrO2 four-component system.
The study involved building spatial (three-dimensional (3D)) computer models of the isobaric phase diagrams for four 
ternary oxide systems (and their variants, in case of contradicting initial data obtained by different researchers) constituting 
this quaternary system. The geometric structure of its phase diagram was also predicted. For this purpose, phase diagram 
models were constructed as geometric objects in three-dimensional (3D) or four-dimensional (4D) space in the 
“concentration-temperature” coordinates by assembling (hyper)surfaces (unruled and ruled) and/or phase regions.
As a result: 
–  For the TiO2-Al2O3-SiO2 system, it was considered possible variants of the structure of liquidus surfaces. These variations 

were due to availability of different theories describing the formation of compounds in the TiO2-Al2O3 binary system 
(Al2TiO5 can melt congruently or incongruently and either possesses or does not possess the property of polymorphism). 

–  For the TiO2-Al2O3-ZrO2 and TiO2-SiO2-ZrO2 systems, 3D-models of phase diagrams were developed at temperatures 
above 1,280 and 1,400 °C, respectively. The temperature limits were due to the lack of definitive description of the 
structure of subsolidus regions in the TiO2-ZrO2 binary boundaring system.

–  Since the main contradictions in the ZrO2-SiO2-Al2O3 system are associated with the type of phase reaction related to 
zircon formation (peritectic or peritectoid), the 3D model of the phase diagram was built according to the second variant, 
which involved the formation of the internal field of liquidus corresponding to the primary crystallization of ZrSiO4. 

The structure of the phase diagrams in the subsolidus was deduced for all four systems. It was also shown that in these 
systems at decreasing of temperature triangulation had a place twice. 
For the TiO2-Al2O3-SiO2-ZrO2 quaternary system, a scheme of phase reactions with the participation of the melt was deduced. 
This scheme includes six five-phase invariant reactions: two peritectic, two eutectic, and two quasi-peritectic reactions. 
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1. Introduction 
Innovative  ceramics  based on ZTA, 

a combination of zirconium, titanium, and 
aluminum oxides, have a wide range of practical 
applications. Therefore, there is a need to 
provide a precise and experiment-consistent 
description of isobaric phase diagrams for 
both the ternary systems formed by ZTA and 
SiO2 and the TiO2-Al2O3-SiO2-ZrO2 quaternary 
system. Phase diagrams of its binary systems 
are very contradictory, which is associated 
with disagreements on the properties of the 
compounds formed within these systems (the 
presence or absence of polymorphism, the nature 
of the formation, and the type of melting).

2. Literature review
It is known that silicon and zirconium 

oxides, which together with titanium and 
aluminum oxides form the TiO2-Al2O3-SiO2-ZrO2 
system, have several polymorphic modifications. 
Zirconium (IV) oxide has three modifications: 
cubic (c-ZrO2), tetragonal (t-ZrO2), and monoclinic 
(m-ZrO2) [1–3]. Silicon (IV) oxide has four 
modifications: cristobalite (cr-SiO2), tridymite 
(tr-SiO2), high-temperature quartz (HQ-SiO2), and 
low-temperature quartz (LQ-SiO2) [1]. 

2.1. Binary systems in the  
TiO2-Al2O3-SiO2-ZrO2 four-component system 

The Al2O3-ZrO2 system has the simplest 
geometric structure of the six considered 
binary systems constituting TiO2-Al2O3-
SiO2-ZrO2 (Fig.  1a). Experimental [2-5] and 
thermodynamically calculated [6, 7] data indicate 
that there is an eutectic reaction between Al2O3 
and the tetragonal form of zirconium oxide 
(t-ZrO2), the c-ZrO2 → t-ZrO2 + L metatectic 
polymorphic transition, and the eutectoid 
transition from the tetragonal t-ZrO2 to the 
monoclinic m-ZrO2 [2]. 

In the TiO2-SiO2 eutectic system (Fig. 1b), in 
addition to liquid immiscibility, there are three 
polymorphic transitions from cristobalite (cr-
SiO2) to tridymite (tr-SiO2) and further to high 
and low-temperature quartzes (HQ-SiO2 and 
LQ-SiO). This system has been studied in many 
papers [8–21]. All researchers agree that the 
system is characterized by liquid immiscibility 
and the eutectic reaction. Their opinions only 
differ with regard to the values of the coordinates 

of the eutectic reaction and the dimensions of the 
liquid immiscibility region, both in terms of its 
composition and temperature. 

The SiO2-ZrO2 system (Fig. 1c) has an 
immiscibility region of two liquids and the ZrSiO4 
compound (zircon) [22–26]. The main differences 
in publications devoted to this system relate to the 
type of phase reaction by which this compound 
is formed: peritectic [22] or peritectoid. More 
recent studies confirm the peritectoid nature of 
the reaction [25]: tr-SiO2 + t-ZrO2 → ZrSiO4 with 
the participation of tridymite and tetragonal 
form of zirconium oxide. In the subsolidus, zircon 
participates in low-temperature polymorphic 
transitions, in which polymorphic forms of SiO2 and 
ZrO2 also take part. The “liquidus” part of the phase 
diagram is characterized by a high-temperature 
metatectic transition from c-ZrO2 to t-ZrO2, 
liquid immiscibility, and the eutectic reaction. An 
overview of opinions on the structure of the ZrO2-
SiO2 phase diagram is presented in [23–26].

The descriptions of the Al2O3-SiO2 system 
provide different interpretations of the nature 
of mullite melting (mainly with the Al6Si2O13 
stoichiometry). In [27–48], it is defined either as 
congruent (then the mullite divides the system 
into two eutectic subsystems (Fig. 1d)), or as 
incongruent (then the mullite is formed by a 
peritectic reaction). 

The TiO2-ZrO2 system has been extensively 
researched with the main differences in its 
description relating to the presence of zirconium 
titanate (Fig. 1e). The phase diagrams presented 
in [49] and [50] have a similar structure, but differ 
in the presence of the ordered and disordered 
phase of ZrTiO4. Importantly, since there is no 
definitive description of phase transformations 
in this system, in this work we limited the 
modeling of the TiO2-Al2O3-ZrO2 and TiO2-SiO2-
ZrO2 ternary systems formed by them to the 
temperatures of 1,280 and 1,400 °C, respectively.

There are four main versions of phase 
transformations in the TiO2-Al2O3 system. What 
they have in common is the recognition of the 
existence of aluminum titanate, however, they 
differ in the interpretations of the type of its 
melting (incongruent [51] (Fig. 1f) or congruent), 
the presence or absence of its second polymorphic 
modification, and/or the formation of one more 
compound Al6Ti2O13 [52-63].
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2.2. Ternary systems in the TiO2-Al2O3-SiO2-
ZrO2 four-component system 

The authors of the work [64] (cited from [65]) 
studied the phase diagram of the TiO2-Al2O3-SiO2 
ternary system, rich in alumina, and established 
the presence of two invariant reactions, eutectic 
and quasi-peritectic (Fig. 2a):

Е1: L → TiO2 + SiO2 + Al2TiO5 and  
Q2: L + Al6Si2O13 → SiO2 + Al2TiO5.

Later, a third invariant reaction was recorded, 
corresponding to another quasi-peritectic 
transformation [66]:

Q1: L + Al2O3 → Al6Si2O13 + Al2TiO5.

Studies [67] in the subsolidus region showed 
the presence of two phase regions: TiO2 + SiO2 + 
Al6Si2O13 and TiO2 + Al2TiO5 + Al6Si2O13.

The authors of [68] experimentally recorded 
the same invariant reactions but with different 
melt compositions. They also established the 
presence of a quasi-peritectoid reaction in the 
solid-phase region: SiO2 + Al2TiO5 → TiO2 + 
Al6Si2O13.

Since there are four main variants of the 
structure of the phase diagram of the TiO2-Al2O3 
binary system, it is also possible to obtain four 
variants of the structure of the ternary systems 
constituted by this binary system together with 
silicon or zirconium oxides. 

Fig. 1. Phase diagrams of binary systems: Al2O3-ZrO2 (B-D) (a) [2, 7], TiO2-SiO2 (A-C) (b) [19], SiO2-ZrO2 (C-D) 
(c) [1], Al2O3-SiO2 (B-C) (d) [30, 35], TiO2-ZrO2 (A-D) (e) [49], TiO2-Al2O3 (A-B) (f) [51] with the formation of: 
titanates of aluminum Al2TiO5 (R1) and zirconium ZrTiO4 (R2), zircon ZrSiO4 (R3), mullite Al6Si2O13 (R4) (C – 
cristobalite cr-SiO2, C1 – tridymite tr-SiO2, C2 – high-temperature HQ-SiO2 and S3 – low-temperature LQ-SiO2 
quartz; D – cubic c-ZrO2	, D1 – tetragonal t-ZrO2, D2 - monoclinic m-ZrO2 polymorphic modifications of ZrO2)
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The liquidus of the TiO2-Al2O3-SiO2 ternary 
system consists of a region of liquid immiscibility 
and five surfaces of onset primary crystallization: 
three initial oxides and two binary compounds with 
aluminum titanate melting either incongruently 
or congruently. If we accept the version about the 
existence of two polymorphic modifications of 
aluminum titanate, according to which the low-
temperature modification of aluminum titanate 
on the phase diagram of the TiO2-Al2O3 binary 
system has the corresponding liquidus line 
(interestingly, it is only present in one subsystem 
with TiO2, while in the other subsystem it can 
only be found in the subsolidus), then two 
fields of primary crystallization of aluminum 
titanate for both its polymorphic modifications 
appear in the ternary system (Fig. 2a). However, 

there is no information about liquidus surfaces 
corresponding to the onset crystallization of 
a low-temperature modification in any of the 
studies devoted to this ternary system. Data 
are only available for a high-temperature 
modification [17, 21, 64–68]. 

According to another version, in addition 
to the congruently melting aluminum titanate 
Al2TiO5, an incongruently melting compound 
Al6Ti2O13 is formed. This means that a sixth field 
is present in the system corresponding to the 
primary crystallization of the compound. 

To take into account the polymorphism 
of aluminum titanate (its two modifications), 
the listed Q1, Q2, and E1 reactions must be 
preceded by an invariant four-phase polymorphic 
transition between the high-temperature and 

Fig. 2. Liquidus surfaces projections of the TiO2-Al2O3-SiO2 (A-B-C) (a), Al2O3-SiO2-ZrO2 (B-C-D) (b), TiO2-
Al2O3-ZrO2 (A-B-D) (c), TiO2-SiO2-ZrO2 (A-C-D) (d) systems with compounds Al2TiO5 (R1), ZrTiO4 (R1), ZrSiO4 
(R3), Al6Si2O13 (R4)
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low-temperature modifications of Al2TiO5 in the 
presence of Al2O3 and the melt in the temperature 
range of TeBR-TQ1. This transition corresponds 
to point V on the eBRQ1 line, where the liquidus 
field of the high-temperature modification of 
aluminum titanate closes (Fig. 2a). As a result, 
the surface of its liquidus consists of two 
fragments: kARReBRV (primary crystallization of 
the high-temperature modification of Al2TiO5) 
and eAR1kARVQ1Q2E1 (separation of primary 
crystals of its low-temperature modification). 

Thus, a large amount of contradictory data 
significantly complicates the task of constructing 
a quality model of the phase diagram. The lack of 
definitive experimental data about the structure 
of the TiO2-Al2O3 binary system makes it difficult 
to obtain a single, unified, thermodynamically 
justified model of the phase diagram. A more 
effective solution in this case is building a 
geometric spatial model of the phase diagram, 
which will be discussed below.

Papers [69-71] present the results of studies, 
according to which, the liquidus of the Al2O3-
SiO2-ZrO2 ternary system is characterized by six 
surfaces corresponding to the initial components 
(including two polymorphic forms of zirconium 
oxide), mullite, and zircon, and by quasi-peritectic 
and two eutectic reactions (Fig. 2b):

Q1: L + t-ZrO2 → Al6Si2O13 + ZrSiO4,
E1: L → Al2O3 + t-ZrO2 + Al6Si2O13, E2: L →  
→ SiO2 + Al6Si2O13 + ZrSiO4.

The main contradictions in this ternary system 
are associated with the structure of the liquidus 
and, in particular, the surface corresponding to 
the onset primary crystallization of the ZrSiO4 
zircon. The works [72-75] indicate the formation 
of five primary crystallization surfaces, including 
an internal field corresponding to ZrSiO4, and four 
invariant reactions. Earlier, following the logic of 
the scheme of phase transformations, two phase 
reaction schemes were deduced corresponding 
to two variants of zircon formation [76]. The 
formation of zircon by the peritectoid reaction 
(Fig. 1c) results in the formation of the internal 
liquidus field of ZrSiO4 and another invariant 
peritectic reaction (Fig. 2b):

L + t-ZrO2 + SiO2 → ZrSiO4.

The description of the liquidus surfaces of 
the TiO2-Al2O3-ZrO2 system are contradictory. 

The structure of the diagram of TiO2-ZrO2 in the 
subsolidus can be interpreted in many ways. What is 
more, the discrepancies in the interpretation of the 
data related to the TiO2-Al2O3 binary system also 
complicate the experimental study of the ternary 
system constituded by this binary system and 
aluminum oxide. According to [77], there are three 
eutectic transformations in this ternary system 
(Fig. 2c). Work [78, p. 107] presents the projection 
of the liquidus surfaces with three invariant points 
marked: two eutectic and one quasi-peritectic. The 
univariant liquidus line connecting the eutectic 
and quasi-peritectic points contains the maximum 
point located on the quasi-binary section of ZrO2-
Al2TiO5. Importantly, the point characterized as 
quasi-peritectic is located inside the ZrO2-Al2TiO5-
ZrTiO4 simplex. However, such position of the point 
means that the phase reaction can only be eutectic 
in nature. Otherwise, in order to preserve the quasi-
peritectic nature of the reaction corresponding to 
this point, it must be shifted to the TiO2-Al2TiO5-
ZrTiO4 simplex. The projection of the liquidus 
surfaces obtained by thermodynamic calculations 
[79] has 4 invariant points. 

Contradictory information about the TiO2-ZrO2 
binary system [80, 81] (Fig. 2d) also significantly 
complicates the study of the phase diagram of the 
TiO2-SiO2-ZrO2 system over the entire range of 
temperatures from the liquidus to subsolidus. The 
structure of the liquidus surfaces is shown in [82].

3. 3D modeling of isobaric phase diagrams 
of ternary systems

Currently, thermodynamic databases are 
widely used to describe phase equilibria in 
multicomponent systems, which make it possible 
to use the CALPHAD technology to produce 
precise calculations of phase diagrams [83, 84]. 
This approach allows calculating phase equilibria 
in multicomponent systems at high temperatures, 
for example, by using the NUCLEA database 
designed to simulate emergency situations at 
nuclear power plants [85, 86]. 

However, the limitations of using the results of 
the description of phase equilibria in the studied 
systems obtained by using the NUCLEA database 
include the representation of a significant 
number of phases as stoichiometric [86]. This also 
concerns mullite, the phase diagrams of which 
usually show the formation of a solid solution. 
Another limitation of the potential of the 
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NUCLEA database is a simplified understanding 
of the metatectic reactions associated with 
polymorphic transformations [87, Fig. 8].

Earlier [88], a thermodynamic database for 
the corresponding binary and ternary systems 
containing ZrO2 was created to use the CALPHAD 
approach for calculations of phase diagrams. 
This allowed to avoid distortions in the image of 
metatectic reactions and to calculate the surface 
of the liquidus and fourteen polythermal sections 
of the Al2O3-SiO2-ZrO2 phase diagram.

One of the complications related to the 
construction of phase diagrams of multicomponent 
systems is the presence of polymorphic modifications 
of initial components and compounds formed 
in the system. This is especially true in cases of 
limited solubility of the polymorphic modifications 
of compounds within the studied system, which 
should also be taken into account. 

3.1. Key provisions related to the 
construction of phase diagrams of ternary 
systems from the surfaces/phase regions

Good results related to the modeling of 
isobaric phase diagrams have been shown by an 
approach that allows assembling phase diagrams 
from the surfaces and/or phase regions. These 
diagrams can be further used to develop their 
spatial computer models. According to [89–94], 
such approach allows:

– Considering in detail the features of the 
physicochemical characteristics of the studied 
system, for example, negligibly small mutual 
solubility of the phases and the peculiarities 
of the solidus structure in a three-component 
system with immiscibility present in the melt.

– Freely operating with phase diagrams, 
including visualization of various isothermal and 
polythermal sections.

– Taking into account all surfaces and phase 
regions of the phase diagram.

– Correctly interpreting various experimental 
and calculated data on phase equilibria displayed 
on the isothermal and polythermal sections.

To build computer models of phase diagrams, 
the PD Designer and Neditor programs are used 
to assemble phase diagrams from the surfaces 
and/or phase regions [92, 95–98]. 

The initial data used to build a computer 
model include both experimental and matching 
thermodynamic data on binary boundaring 

systems and the surfaces of primary crystallization 
with due account of the nature of the melting 
(decomposition) of the binary and ternary 
compounds present in the system. 

The assembly of the phase diagram from 
the surfaces and phase regions for spatial (3D) 
computer model involves several steps: 1) scheme 
of mono- and invariant states presented in a 
tabulated (Table 1) and graphical (Fig. 3) forms; 
2) prototype of the phase diagram; 3) computer 
3D model of the phase diagram of the real system.

The scheme of mono- and invariant states 
presented in a tabulated form is similar to 
Scheil’s scheme of phase reactions; however, 
it includes attributed trajectories of changes 
in phase compositions during three-phase 
transformations. This allowes to directly obtain 
from the scheme detailed information about the 
geometrical structure of the phase diagram, i.e. 
about the number and type of all surfaces and 
phase regions. Such a table is very helpful since it 
is very convenient to track (or predict) the sequence 
of phase transformations not only with the 
participation of the melt, but also in the subsolidus. 

Further, the two-dimensional (tabulated) 
scheme is transformed into the spacial scheme 
with due account of the location of points by 
temperature. In other words, the tabulated form is 
converted into geometric in the “concentration-
temperature” coordinates. First, all the planes 
corresponding to the invariant transformations 
in the ternary system are constructed. Then, 
segments the ends of which are indicated in the 
scheme and which correspond to the changes in 
the compositions of the phases (participating 
in three-phase transformations) are brought to 
these planes [90]. Thus, the template of the phase 
diagram is formed. 

The template is then completed with the 
surfaces imitating the surfaces of liquidus, 
solidus, solvus, and transus and phase regions are 
formed. The resulting prototype of a computer 3D 
model gives a deep understanding of the structure 
of the phase diagram.

The ruled surfaces are formed by the generating 
segment and two directing curves and comprised 
the boundaries of the corresponding three-phase 
transformation. All other surfaces (liquidus, 
solidus, solvus, transus, etc) are unruled. It is 
obvious that kinematic method is used to generate 
the ruled surface. In many cases, this method also 
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Table 1. Scheme of uni- and invariant states of the Al2O3-SiO2-ZrO2 (B-C-D) system with compounds 
ZrSiO4 (R3) и Si2Al6O13 (R4), D>k>D1(kCD1)>kBD1>m(n)>B>eBD1>R4>eBR4> >emax>E1>C>eCD1>R3>U>Q1>eCR4> 
E2>C1(eC

C1R3,e
C

C1R4,E4)>P>D2(eD1
D2R3>E3)>eD1

BD2>Q2> >C2(eC1
C2R3,e

C1
C2R4,E5)>C3(eC2

C3R3,e
C2

C3R4,E6)
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allows properly representing unruled surfaces 
as the movement of the generating element 
along the directing curves. Then, the surface is 
determined using directing and generating curves 
specified by Lagrange interpolation polynomials 
of m degree. This approach allows taking into 
account the presence of Van Rijn points, the 
curvature of the curves on the contour of the 
surfaces, the convexity of the surfaces, and the 
complex contour of the surfaces. 

If the kinematic method cannot “cover” 
the entire surface (for example, when there is 
a fold, i.e. immiscibility region), it is divided 
into fragments. Then, the problem of proper 
representation of the surface is reduced to 
“merging” the surface from the fragments with 
mandatory control of equalizing derivatives at 
the points of their connection. 

It should be noted that an important stage in 
phase diagram modeling is the construction of 
its prototype. A prototype is an ideal design of a 
phase diagram: i.e. a hypothetical phase diagram 
that completely reproduces the structure of the 
real phase diagram; it is its topological analogue 
comprising surfaces degenerated in a real system.

Moreover, the surfaces must be constructed 
in such a way as to give the best idea of both the 
surfaces themselves and the phase regions, for 
which these surfaces serve as the boundaries. 
To achieve this, the base points coordinates 

(concentrations and temperatures) are given so 
that the surfaces are not degenerated into the 
faces or verticals of the prism within which they 
are constructed.

To convert the prototype into a 3D model 
of the phase diagram of a real system, the real 
coordinates of all base points are first given and 
those surfaces that merge with the facets of the 
phase diagram (i.e. edges and faces of the prism) 
are “degenerated”. The next stage deal with 
providing accurate and sound representation of 
the available experimental data (or information 
obtained from various sources, including 
thermodynamic calculations). To do this, the 
curvatures of lines and surfaces are specified 
and, as a result, a spatial computer model of a 
particular phase diagram is obtained. The process 
of obtaining a perfect model can be long; it 
may require additional clarifying experiments. 
However, it can be sure that the computer model 
of the phase diagram constructed in such a 
way has no methodological errors caused by an 
incorrect interpretation of the experiment that 
can occur when constructing phase diagrams 
using conventional methods [93, 94]. 

It is important to highlight that despite the 
fact that the limited solubility of some oxides and 
compounds is negligibly low, the 3D model makes it 
possible to take into account all surfaces and phase 
regions, and thus the phase diagram is protected 

Fig. 3. Fragment of a 3D scheme of uni- and invariant states with a melt participation: a prototype (a), a real 
Al2O3-SiO2-ZrO2 (B-C-D) system with the formation of zircon Zr3SiO4 (R3) and mullite Al6Si2O13 (R4) (b)
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from errors. The obtained models can be used as 
the basis for further planning of experiments, while 
the approach to building spatial computer models 
of phase diagrams of ternary and more complex 
systems by assembling them from the surfaces 
and phase regions opens new opportunities in the 
digitalization of materials science.

The model of the phase diagram, which 
includes all its topological elements, is a tool 
for its comprehensive study. It can be used to 
build iso- and polythermal sections, to calculate 
crystallization paths and vertical and horizontal 
mass balances, which allow obtaining complete 
data on the crystallization stages, the phase 
and microstructural composition of the sample 
(without taking into account diffusion processes 
for each crystallization field), to visualize the 
results of phase interactions at all crystallization 
stages, and even to predict the microstructural 
compositions [99–102] (Fig. 6).

Before constructing a computer 3D model 
of the phase diagram with the help of the PD 
Designer program, all components of the system 
and formed in it compounds were redesignated. 

In the case of the TiO2-Al2O3-SiO2-ZrO2 
quaternary system, the initial oxides were assigned 
the following letters: A - TiO2, B - Al 2O3, C - SiO2, 
D - ZrO2; and their polymorphic modifications 
were assigned the same letters but with numbers, 
namely: C – cristobalite (cr-SiO2), C1 – tridymite 
(tr-SiO2), C2 – high-temperature quartz (HQ-SiO2) 
and C3 – low-temperature quartz (LQ-SiO2); D – 
cubic (c-ZrO2) polymorphic modification , D1 – 
tetragonal (t-ZrO2) polymorphic modification, 
and D2 – monoclinic (m-ZrO2) polymorphic 
modification; compounds were indicated with 
letters R: R1 – Al2TiO5, R2 – ZrTiO4, R3 – ZrSiO4, 
and R4 – Al6Si2O13.

3.2. A 3D model of the phase diagram 
of Al2O3-SiO2-ZrO2 

All known information on the Al2O3-SiO2-ZrO2 
(B-C-D) ternary system only concerns the liquidus 
[69–75], which corresponds to the formation of 
the ZrSiO4 (R3) zircon by peritectoid reaction 
(Fig. 2b). This contributes to the determination 
of the shape of its liquidus surface [69, 70] with 
the following transformation of its internal field 
[72–74] (indicated in Fig. 2b as UQ1E2).

In addition to the eutectic (E1, E2) and quasi-
peritectic (Q1) invariant reactions (Table 1), which 

we have already mentioned, there is another 
reaction in the system, described in papers [72-
74] as a peritectic or class III reaction [103]. 
If to consider only the temperature ratios of 
the invariant points on the liquidus, then this 
reaction is, indeed, peritectic one: 
(1,660 °С): L + SiO2 + t-ZrO2 → ZrSiO4 
((L+C+D1→R3).

However, it should be taken into account 
that in the SiO2-ZrO2 (C-D) binary system, the 
eutectic reaction of L → t-ZrO2 + SiO2 (L→C+D1) 
at a temperature of 1,687 °C is preceded by the 
zircon formation in the reaction SiO2 + t-ZrO2 → 
ZrSiO4 (C+D1→R3) at 1,676 °C. 

Hence, the reaction in a three-component 
system at a temperature of 1,660 °C cannot 
be considered peritectic (P) and should be 
attributed to class II. However, this is a four-
phase transformation U: SiO2 + ZrO2 → ZrSiO4 + L 
(C+D→R3+L) and it is not quasi-peritectic (Q). 
It corresponds to the coexistence of zircon with 
the melt; therefore, when constructing the 3D 
model, the corresponding invariant point shall 
be indicated with the letter U, rather than Q, as 
was mentioned above.

Despite the fact that the melts formed in 
the Al2O3-SiO2-ZrO2 (B-C-D) system at high 
temperatures are of the greatest practical 
importance, it is equally important to get an idea of 
the processes occurring in the solid-phase regions 
of the system, which is impossible to do without 
taking into account all polymorphic transitions.

Thus, five more invariant reactions could be 
expected to occur in the subsolidus, including 
four eutectoid ones [76]. 

After the completion of crystallization, three-
phase subsolidus regions are formed: Al2O3 - 
m-ZrO2 - Si2Al6O13 (B-D2-R4), m-ZrO2 - ZrSiO4 
- Si2Al6O13 (D2-R3-R4), and LQ-SiO2 - ZrSiO4 - 
Si2Al6O13 (C3-R3-R4). However, calculations using 
the NUCLEA database at temperatures above and 
below 1,054 °C showed that such triangulation is 
only possible at high temperatures [104]. At lower 
temperatures (below 1,054°C), triangulation 
in the subsolidus results in the formation of 
three other subsystems: Al2O3 - m-ZrO2 - ZrSiO4 
(B-D2-R3), Al2O3 - ZrSiO4 - Si2Al6O13 (B-R3-R4), 
and LQ-SiO2 - ZrSiO4 - Si2Al6O13 (C3-R3-R4). 

Therefore, according to the data on binary 
systems and the liquidus surfaces of the ternary 
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system, it should expect six more invariant 
reactions in the subsolidus, including four 
eutectoid (E3-E6), a quasi-peritectoid (Q2), and a 
peritectoid (P) reactions, as shown in the scheme of 
mono- and invariant states (Table 1) [76, 105, 106].

The tabulated scheme of mono- and invariant 
states can be converted into a three-dimensional 
scheme with the help of the PD Designer 
program [92] (Fig. 3). First, all isothermal planes 
(simplices) corresponding to invariant reactions 
are constructed: triangles for E1-E6 and P, then, 

quadrangles for Q1, Q2, and U. The directing curves 
of all ruled surfaces are brought to them (first with 
straight lines), which results in a 3D scheme of 
mono- and invariant states, a fragment of which is 
shown in Fig. 3a. If the surfaces imitating liquidus, 
solidus, solvus, and transus are constructed on the 
obtained frame, this gives a prototype of the phase 
diagram. It consists of 195 surfaces and 72 phase 
regions. Next, to move to the 3D model of the 
phase diagram of the real system (Fig. 4b), the 
base points are moved to the positions specified 

Fig. 4. Computer 3D models of phase diagrams: TiO2-Al2O3-SiO2 (A-B-C) (a), Al2O3-SiO2-ZrO2 (B-C-D) (b), TiO2-
Al2O3-ZrO2 (A-B-D) (c) and TiO2-SiO2-ZrO2 (A-C-D) (d), constructed above 1280 °C (c) and 1400 °С (d), corre-
spondingly, with binary compounds Al2TiO5 (R1), ZrTiO4 (R2), ZrSiO4 (R3), Si2Al6O13 (R4) 
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by real coordinates, and then the curvatures of 
the lines and surfaces are corrected. 

The polythermal sections presented in 
[88] can be used to assess the quality of the 
calculations performed with the help of the 
computer 3D model. However, it should be 
taken into consideration that they were built at 
temperatures above 1,500 °C and do not allow 
evaluating the results of subsolidus modeling.

A comparison of the sections obtained by the 
3D model with 14 polythermal sections shown in 
[88] did not reveal any fundamental discrepancies. 
However, it be noticed that the shape of the lines 
that form as a result of the intersection of the 
vertical plane with the ruled boundaries of three-
phase regions (for example, at the boundaries 
of the L1+L2+D1 region indicated in Fig. 5b as 
2L+Tss) is unacceptable for the sections of ruled 
surfaces. In addition, the regions of limited 
solubility of the components and zircon (R3) in 
the polymorphic modifications of ZrO2 are so 
small in the 3D model that, unlike [88], they are 
not visible in the polythermal section S(0, 0.9, 
0.1)-ZrO2 (Fig. 5a). However, in contrast to [88], 
two-phase regions of mullite (R4) with all four 
modifications of SiO2 (C) appear in this section.

The 3D model of the phase diagram of the 
ZrO2-SiO2-Al2O3 system was used to calculate the 
vertical diagrams of material balances for a given 
center of mass in the entire range of temperatures 
(Fig. 6a, Table 2). 

For example, the crystallization of the G(0.34, 
0.46, 0.20) melt proceeded through the following 
stages: 

– Separation of primary crystals of t-ZrO2 (D1) 
in the range from 1,896.9 to 1,677 °C. 

– Eutectic crystallization of t-ZrO2 and 
Al6Si2O13 (R4) mullite within the range of 1,677-
1,645 °C. 

– Quasi-peritectic invariant reaction Q1 at 
1,645 °C: L+D1→R3+R4. 

– Eutectic separation of mullite and zircon in 
the range of 1,645-1,550 °C, transitioning to the 
eutectic invariant transformation E2 at 1,550 °C 
together with SiO2 (C). This was followed by three 
polymorphic eutectoid transformations between 
SiO2 modifications at temperatures of 1,470, 
867, and 573 °C, respectively (Table 2). The same 
stages of crystallization were confirmed by the 
calculation of phase trajectories (Fig. 6b), where 
the crystallization path for the center of mass G 
is shown by the green line. 

3.3. A 3D model of the phase diagram 
of TiO2-Al2O3-SiO2

Earlier, a simplified 3D model of the phase 
diagram of the TiO2-Al2O3-SiO2 (A-B-C) system 
was developed with congruently melting 
aluminum titanate. This model only included 
the high-temperature part (above 1,470 °C) of 
the phase diagram [107].

If the version of the TiO2-Al2O3 phase 
diagram which does not take into account the 
formation of the Al6Ti2O13 compound, but does 
take into account the polymorphism of AlTiO5 
is taken as the basis, then its high-temperature 
polymorphic modification shall be assigned 
with the designation R, its low-temperature 
polymorphic modification shall be indicated as 
R1, and the Al6Si2O13 mullite as R4 (Fig. 4a). 

There are an eutectic reaction between silicon 
and titanium oxides. The liquid immiscibility 

Fig. 5. Polythermal section S(0.1, 0.9, 0)-ZrO2 (D): of the 3D model (a), calculated by CALPHAD-technology [88] (b)
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L1 → L2 + TiO2 (L1→L2+A) in the TiO2-SiO2 (A-
C) binary system is appeared in the form of a 
small mknK cupola on the TiO2 liquidus surface 
in the TiO2-Al2O3-SiO2 (A-B-C) ternary system. It 
only affectes the geometry of the solidus surface 

of titanium oxide in the form of the Am(n)AK fold 
conjugated with the line of the intersection of the 
immiscibility cupola with this liquidus surface.

Since the congruently melting Al2TiO5 (R1) 
aluminum titanate devides the TiO2-Al2O3 (A-B) 

Fig. 6. Mass balance diagram showing the change in the phase composition of the melt G(0.34, 0.46, 0.20) 
during its crystallization in the Al2O3-SiO2-ZrO2 (B-C-D) system (a) and the melt path (b) (temperature °C, 
compositions – wt. fractions)

Table 2. Calculation of mass fractions of phases during crystallization of melt G(0.34, 0.46, 0.20) in the 
Al2O3-SiO2-ZrO2 (B-C-D) system (Fig. 6) until the end of the E2 reaction (temperature оС, compositions 
- wt. fractions)*

Phase region T, оC Mass fractions of phases
L+D1

(L→D11)
1896.9
1677

L=1, D1=0 
L=0.758, D11=0.242

L+D1+R4
(L→D1e+R4e)

1677
1645

L=0.758, D11=0.242, R4=0   
L=0.563, D1(D11=0.242, D1e=0.042)=0.284, R4e=0.153

L+D1→R3Q1+R4Q1 1645
L=0.563, D1(D11=0.242, D1e=0.042)=0.284, R4e=0.153, R3=0

L=0.345, D1=0, R3Q1=0.447, 
R4(R4e=0.153, R4Q1=0.055)=0.208

L+R3+R4
(L→R3eп+R4eп)

1645
1550

L=0.345, R3Q1=0.447, R4(R4e=0.153, R4Q1=0.055)=0.208;
L=0.249, R3(R3Q1=0.447, R3еп=0.039)=0.486; 

R4(R4e=0.153, R4Q1=0.055, R4еп=0.057)=0.265

L→CЕ2+R3Е2+R4Е2 1550

L=0.249, R3(R3Q1=0.447, R3еп=0.039)=0.486; 
R4(R4e=0.153, R4Q1=0.055, R4еп=0.057)=0.265; C=0

L=0; R3(R3Q1=0.447, R3еп=0.039, R3E2=0.01)=0.496; R4(R4e=0.153, 
R4Q1=0.055, R4еп=0.057, R4E2=0.029)=0.294; CE2=0.210

*1 – primary crystallization; 
e – univariant eutectic crystallization; 
ep – post-peritectic univariant crystallization; 
Q – invariant quasi-peritectic mass regrouping; 
E – invariant eutectic (eutectoid) crystallization
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binary system into two subsystems: TiO2-Al2TiO5 
(A-R1) and Al2TiO5-Al2O3 (R1-B), the high-
temperature modification R has two liquidus 
branches extending both into the subsystem with 
TiO2 (liquidus cuver RkAR) and into the subsystem 
with Al2O3 (cuver ReBR) (Fig. 4a). 

Importantly, the polymorphism of Al2TiO5 
manifestes itself differently in the subsystems. 
In the TiO2-Al2TiO5 (A-R1) subsystem, it has the 
form of the R→R1+L metatectic reaction, as a 
result the liquidus in this subsystem consists 
of three branches corresponding to the onset 
primary crystallization of TiO2 (A) (cuver AeAR1) 
and of compounds R (cuver RkAR) and R1 (cuver 
kAReAR1) (Fig. 4a). In the Al2TiO5-Al2O3 (R1-B) 
subsystem, the liquidus has two branches: the 
onset primary crystallization of Al2O3 (B) (cuver 
BeBR) and of R (cuver ReBR). The polymorphic 
transition occurres below the liquidus by the 
R→R1+B eutectoid reaction. 

Another feature of aluminum titanate is its 
decomposition into initial oxides at 1,300 °C [51].

In the Al2O3-SiO2 (B-C) system, the Al6Si2O13 
(R4) mullite devides the system into two eutectic 
subsystems: Al2O3-Al6Si2O13 (B-R4) and Al6Si2O13-
SiO2 (R4-C).

Both binary systems with silicon oxide are 
differed by polymorphic transitions between 
the four modifications of silicon oxide (C). 
Polymorphic transitions are degenerated and 
their type are not clear. The 3D model suggests 
that eutectoid transformations took place. In the 
system constituting TiO2 (A), they occurres with 
the participation of titanium oxide (A): C→C1+A, 
C1→C2+A, C2→C3+A, while in the system with 
Al2O3 (B), it occurres with the participation of 
mullite (R4): C→C1+R4, C1→C2+R4, C2→C3+R4.

To proceed with the 3D model, it are necessary 
to understand the structure of the phase diagram 
in the subsolidus. After the Q1, Q2, E1 reactions 
completed (see section 2.2 and Fig. 2a), there 
are three ternary subsystems: B-R1-R4 (after 
Q1), C-R1-R4 (after Q2), and A-R1-C (after  E1). 
However, after completion of the eutectic 
reaction E1, further solid-phase transformations 
takes place. First, there are three polymorphic 
transitions of silicon oxide. Secondly, in the TiO2-
Al2O3 (A-B) binary system, the low-temperature 
polymorphic modification of aluminum titanate 
(R1) decomposes into the initial oxides, TiO2 and 

Al2O3. Naturally, the decomposition of R1 are also 
expected in the ternary system.

Earlier, the authors of [105] represented the 
following rearrangement in the Al2O3-SiO2-ZrO2 
(B-C-D) system: in the B-R3-R4-D subsystem, 
the stable diagonal D-R4 replaced the diagonal 
B-R3. A similar situation are in the TiO2-Al2O3-
SiO2 (A-B-C) system: after the completion of the 
Q2 and E1 reactions, the A-R1-R4-C subsystem 
has a stable diagonal C-R1. Therefore, there 
is a high probability of a rearrangement with 
stable diagonal A-R4 due to the invariant 
transformation of the quasiperiteсtoid type Q3: 
C+R1→A+R4. This can be explained by the fact 
that in all variants of the binary system (Fig. 4), 
aluminum titanate R1 decomposes into TiO2 
(A) and Al2O3 (B). Therefore, if conditions for its 
decomposition are created in a ternary system, 
we should expect such a triangulation on the 
the A-R1-R4 and B-R1-R4 subsystems and the 
subsequent disappearance of the R1-R4 diagonal. 
Therefore, after the completion of the Q3 reaction 
(rearrangement), the subsolidus should be 
presented by three subsystems: B-R1-R4 (after 
Q1), A-R1-R4, and A-C-R4. Further, the R1-R4 
segment separating the A-R1-R4 and B-R1-R4 
subsystems should disappear. This should occur 
after the decomposition of R1 into A and B (in the 
presence of R4) by the reaction E2: R1→A+B+R4. 

In confirmation of this fact, a reaction was 
experimentally determed at 1469.85 °C in work 
[68]: 

Q3: SiO2 + Al2TiO5 → TiO2 + Al6Si2O13 
(C+R1→A+R4),

which indicates rearrangement from the C+R1 
diagonal to the A+R4 diagonal. In [67], studies in 
the subsolidus region showed that at 1,470–
1,300°C (i.e. within the interval between the re-
actions Q3 and E2), two phase regions are formed: 
TiO2 + SiO2 + Al6Si2O13 (A+C+R4) and TiO2 + 
Al2TiO5 + Al6Si2O13 (A+R1+R4).

In the TiO2-Al2O3 (A-B) binary system, 
the decomposition of aluminum titanate (R1) 
occurs at 1,300 °C and zero mutual solubility of 
both initial oxides, while in the ternary system, 
the decomposition E2: R1→A+B+R4 should 
occur at the same temperature of 1,300 °C. 
Therefore, the Q3 rearrangement can be expected 
in the temperature range of TE2 < T < TE1. The 
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temperature indicated in [68] is 1,470 °C / 1,743 K.
After the R1 decomposition by the E2 reaction, 

crystallization in the A-B-R4 subsystem is 
completed. In the second subsystem A-C-R4, the 
set of polymorphic transitions E3: C→C1+A+R4, 
E4: C1→C2+A+R4, E5: C2→C3+A+R4 are followed 
the after Q3 rearrangement.

Thus, a 3D model of the TiO2-Al2O3-SiO2 
(A-B-C) phase diagram is formed and consisted 
of 173 surfaces and 64 phase regions (Fig. 4a). 

When constructing the 3D model, the 
following data on the structure of binary systems 
were used: the TiO2-SiO2 system [18], the TiO2-
Al2O3 system [51], and the Al2O3-SiO2 system [29]. 
For the ternary system, we used liquidus data 
published in [68]. The choice was due to the fact 
that these data were obtained experimentally 
and contained the most complete information 
about the structure of the phase diagrams of 
binary systems, liquidus surfaces, and possible 
transformations in the subsolidus. 

Model sections and obtained in [68] are 
compared for validation of the 3D model. These 
sections are well matched, which confirmed the 
correctness of the constructed model.

3.4. 3D models of phase diagrams  
of TiO2-Al2O3-ZrO2 and TiO2-SiO2-ZrO2

When constructing 3D models of phase 
diagrams of ternary systems based on the TiO2-
ZrO2 (A-D) binary system with the addition of 
Al2O3 (B) (Fig. 4c) and SiO2 (Fig. 4d), we used the 
interpretation of the TiO2-Al2O3 (A-B) binary 
system, according to which aluminum titanate 
polymorphism was not taken into account and 
the type of its melting was understood as being 
incongruent (Fig. 1f). This version was accepted 
in one of the recent works [51], but experimental 
work in this area continues. Nevertheless, the 
missing data are not an obstacle to constructing a 
3D model, because the possible future adjustment 
of the type of aluminum titanate melting will not 
require significant changes in the geometry of the 
phase diagram. And even if the polymorphism 
of Al2TiO5 (R1) is confirmed, according to [52], 
its liquidus field will have to be divided into two 
fragments, which will not significantly affect the 
3D model as a whole and will only affect a few 
fragments of the “upper” temperature part of the 
phase diagram. 

According to [77], there are three eutectic 
transformations on the liquidus in the system 
with aluminum oxide (Fig. 2c): 
Е1 (1,705 °C): L → Al2O3 + t-ZrO2 + Al2TiO5 
(L→B+D1+R1),
Е2 (1654 °C): L → t-ZrO2 + Al2TiO5 + ZrTiO4 
(L→D1+R1+R2),
Е3 (1636 °C): L → TiO2 + Al2TiO5 + ZrTiO4 
(L→A+R1+R2),

There are also rearrangements in the 
subsolidus: 
Q1 (1,375 °C): t-ZrO2 + Al2TiO5 → Al2O3 + ZrTiO4 
(D1+R1→B+R2),
Q2 (1,320 °C): Al2TiO5 + ZrTiO4 → TiO2 + Al2O3 
(R1+R2→A+B). 

After eutectic transformations, the system is 
triangulated into three subsystems:
TiO2 - Al2TiO5 - ZrTiO4 (A-R1-R2),  
t-ZrO2 - Al2TiO5 - ZrTiO4 (D1-R1-R2), 
Al2O3 - t-ZrO2 - Al2TiO5 (B-D1-R1). 

At the stage of the first rearrangement, as a 
result of reaction Q1, the stable diagonal ZrO2-
Al2TiO5 (D1-R1) is replaced by Al2O3+ZrTiO4 (B-
R2). The second rearrangement result is the 
decomposition of aluminum titanate (R1) into 
TiO2 and Al2O3 (A and B) and the system being 
divided into two subsystems: TiO2 - Al2O3 - ZrTiO4 
(or A-B-R2), Al2O3 - t-ZrO2 - ZrTiO4 (B-D1-R2).

When constructing a computer 3D model of 
the phase diagram of the TiO2-Al2O3-ZrO2 system, 
we took into account the experimental and 
calculated data on the structure of binary systems 
and primary crystallization surfaces published in 
[2, 6–7, 49, 51, 77].

The coordinates of ternary eutectic reactions 
(E1, E2) were determined experimentally 
in [77]. The temperatures of the invariant 
transformations Q1 and Q2 in the subsolidus were 
also presented. (The coordinates of the maximum 
points on the invariant liquidus lines were only 
obtained by calculation in [77], and they were set 
approximately in the 3D model). 

As a result, the computer 3D model of the 
phase diagram fragment limited from below 
by the temperature of 1,280 °C is formed by 
77 surfaces and 27 phase regions.

The 3D model of the TiO2-SiO2-ZrO2 (A-C-D) 
phase diagram is limited to a temperature of 
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1,400 °C, since isothermal sections at temperatures 
of 1,400 and 1,500 °C are described in [82] and 
only this limited information can be used to 
assess the quality of the obtained 3D model.

Two regions of liquid immiscibility on the 
side of binary systems with silicon oxide are 
two cupolas located on the surfaces of the onset 
crystallization of TiO2 and the tetragonal form 
of ZrO2, respectively (Fig. 2d). In addition to 
the primary crystallization fields of the cubic 
form of ZrO2, SiO2, and zirconium titanate 
(eAR2EQ2Q1pD1R2), the internal field of zircon 
(Q1Q2U) appeares on the liquidus. 

In total, four invariant reactions with the 
participation of the melt take place in the system, 
including two quasiperitectic reactions and one 
eutectic reaction: 
Q1 (1,575 °C): L + t-ZrO2 → ZrTiO4 + ZrSiO4 
(L+D1→R2+R3),
Q2 (1,545 °C): L + ZrSiO4 → SiO2 + ZrTiO4 
(L+R3→C+R2), 
E (1,500 °C): L → TiO2 + SiO2 + ZrTiO4 
(L→A+C+R2). 

As mentioned above the 3D model was 
constructed according to the data provided in 
[82], in which the temperature of the invariant 
peritectic reaction P: L + SiO2 + t-ZrO2 ZrSiO→ 
ZrSiO4 (L+C+D1→R3) was indicated as 1,670 °C, 
while the temperature of the SiO2 + t-ZrO2 → 
ZrSiO4 (C+D1→R3) zircon formation, according 
to the data in [1], was 1,676 °C, which was higher 
than the temperature of the ternary peritectic 
reaction. Then, one of the following is possible: 
either the invariant reaction in the ternary 
system is not peritectic, or zircon decomposes at 
a temperature lower than 1,670 °C. 

When we constructed the 3D model, we 
assumed that the invariant reaction named in 
[82] as peritectic was actually not peritectic. 
Technically, this reaction could be considered 
as peritectic according to the reduction in 
temperature on the invariant liquidus lines (Fig. 
2d), however, since this reaction was preceded 
the zircon formation at 1,676 °C, along with 
binary eutectic reaction eCD1: L → SiO2 + t-ZrO2 
(L→C+D1) at 1,687 °C, this invariant reaction at 
1,670 °C can be presents as follows
U: SiO2 + t-ZrO2 → ZrSiO4 + L (C+D1→R3+L),

which also corresponds to the formation of zircon, 
but in the presence of melt L. Since there is no 
unified terminology for invariant reactions, this 
reaction is indicated with letter U in the 3D mod-
el.

Therefore, a three-phase region ZrO2 + 
ZrTiO4 + ZrSiO4 (D1+R2+R3) is formed in the 
ternary system after the quasi-peritectic reaction 
Q1 below 1,575 °C. In the TiO2-SiO2-ZrSiO4-
ZrTiO4 (A-C-R3-R2) subsystem, initially divided 
by the diagonal SiO2-ZrTiO4 (C-R2) [82], the 
rearrangement SiO2 + ZrTiO4 → TiO2 + ZrSiO4 
(C+R2→A+R3) is predicted.

Further studies of the TiO2-ZrO2 (A-D) binary 
system in the subsolidus are needed to draw 
conclusions about phase transformations in 
the rest of the concentration space of the phase 
diagram after the rearrangement at temperatures 
below 1,400 °C.

Hence, the 3D model of a fragment of the 
phase diagram is assembled from 67 surfaces and 
26 phase regions. 

The projection of the liquidus surfaces 
presented in [82] does not take into account an 
immiscibility region on the side of the ZrO2-
SiO2 binary system and the liquidus surface 
corresponding to the cubic modification of c-ZrO2 
either. Therefore, to form the immiscibility 
surface, we added a binary monotectic line at 
2,250 °C in the range of 41–62 wt. % of SiO2 and 
the upper critical point at 2,430 °C and 53 wt. % 
SiO2 according to [23].

The 3D model of the phase diagram took into 
account the configuration and curvature of the 
liquidus surfaces and the immiscibility surface 
on the side of the TiO2-SiO2 binary system. 
The corresponding immiscibility surface in the 
crystallization field of TiO2 occupies a significant 
area and its projection extendes to the middle of 
the triangle of compositions. When modeling the 
liquidus surface corresponding to the primary 
crystallization of zircon, the s-shape of the 
liquidus line at the boundary of the zircon field 
and the tetragonal form of ZrO2 was taken into 
account. In addition, the 3D model specified the 
immiscibility surface adjacent to the SiO2-ZrO2 
binary system and the surface of the primary 
crystallization of the cubic form of ZrO2, which 
were not previously cosiderated in [82].
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4. A 4D model of the isobaric phase 
diagram of the TiO2-Al2O3-SiO2-ZrO2 
quaternary system and prediction  
of the geometric structure  
of its high-temperature part 

The data on invariant transformations in the 
boundaring systems was used to propose the 
scheme of phase reactions for the TiO2-Al2O3-
SiO2-ZrO2 quaternary system (Table 3) [108]. The 
system is symmetrical and consists of two parts, 
each of which includes a peritectic p, a quasi-
peritectic m, and a eutectic e reactions. The main 
difference in these reactions is the participation 
of either mullite or zirconium titanate. Zircon 
is formed in both peritectic reactions, while in 
quasi-peritectic transformations crystallization 
of either of zirconium titanate (in m2) or tetragonal 
polymorphic modification of zirconium oxide (in 
m1) is completed. 

After the completion of eutectic reactions, 
tetrahedration results in four subsystems (Fig. 7): 
TiO2 - SiO2 - Al2TiO2 - ZrTiO4 (A-C-R1-R2)  
after e2 at Т < 1,470 °C,
SiO2 - t-ZrO2 - Al2TiO2 - ZrTiO4 (C-D1-R1-R2) 
after m2,
SiO2 - t-ZrO2 - Al2TiO2 - Al6Si2O13 (C-D1-R1-R4) 
after m1,
Al2O3-(t-ZrO2)-Al2TiO2-Al6Si2O13 (B-D1-R1-R4) 
after e1 at Т < 1,480 °C.

This scheme can be used to describe the 
contours of ten liquidus hypersurfaces and 
ten solidus hypersurfaces (the zircon liquidus 
consists of two fragments). Immiscibility of 
liquid, which takes place in the TiO2-SiO2 and 
SiO2-ZrO2 binary systems both within the 
corresponding ternary and quaternary systems, 
remains independent and does not affect in any 
way the overall geometric configuration of the 
phase diagram of the quaternary system, or the 
phase transformations in this system. In addition, 
according to the scheme, 19 three-phase regions 
with the participation of the melt have been 
formed in the system (with due account of two 
regions of liquid immiscibility, L1+L2 + TiO2 and 
L1 + L2+Al2O3) and 18 similar four-phase regions.

5. Conclusion
For the TiO2-Al2O3-SiO2 system, a total 

of eight variants of the liquidus structure 
are possible. They differ in the type melting 
(congruent or incongruent) of both mullite and 
aluminum titanate, the presence or absence 
of its polymorphism, and the possibility of the 
formation of one more compound, Al6Ti2O13. 

A three-dimensional computer model for one 
of the variants, i.e. congruently melting mullite 
and aluminum titanate with two polymorphic 
modifications has been designed. This model 
can be easily transformed into any of the seven 

Table 3. The scheme of phase reactions with the melt participation in the TiO2-Al2O3-SiO2-ZrO2 system*

* Initial oxides are designated as: TiO2 – A, Al2O3 – B, SiO2 – C, c-ZrO2 – D, t-ZrO2 – D1, compounds – Al2TiO5 – R1, 
ZrTiO4 – R2, ZrSiO4 – R3, Al6Si2O13 – R4

The superscripts indicate the invariant points of the corresponding ternary systems
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other variants should new refined experimental 
data appear.

Since there is no definitive description of the 
phase transformations in the TiO2-ZrO2 system, 
the modeling of two ternary systems formed on its 
basis is limited by the temperatures of aluminum 
titanate decomposition:

– 1,280 °C, which was used to construct four 
variants of the TiO2-Al2O3-ZrO2 phase diagram 
(which is due to the presence of four versions 
of the TiO2-Al2O3 phase diagram). The quality 
of the 3D models can be assessed by comparing 
them with the isothermal sections described in 
previous studies [77]. 

– 1,400 °C, which was used for both versions 
of the 3D model of the TiO2-SiO2-ZrO2 phase 
diagram (built in the assumption that zircon 
is formed by either a peritectic or a peritectoid 
reaction). In this case, it is possible to compare 
the model sections at 1,400 and 1,500 °C with 
previously published data [82]. 

Of the four possible variants of the Al2O3-
SiO2-ZrO2 phase diagrams, which differ in the 
type melting of mullite and zircon, two variants 
of 3D models were constructed: when mullite 
melts congruently, zircon can be formed either 
by a peritectic or by a peritectoid reaction. 

In general, the 3D models of the phase 
diagrams of the considered ternary systems, after 
minor adjustments that may be required when 
new, clarifying information is received, can be 
used in practice. 

For the TiO2-Al2O3-SiO2-ZrO2 four-component 
system, a scheme of phase reactions with the 
participation of the melt was deduced, which 
includes six five-phase invariant reactions: two 
peritectic, two eutectic, and two quasi-peritectic 
reactions. 

It was assumed that its liquidus consists of 
12 hypersurfaces, of which two correspond to 
the regions of immiscibility of liquid, while the 
remaining ten correspond to the onset primary 
crystallization of the initial oxides, including two 
high-temperature polymorphic modifications 
of zirconium oxide, two congruently melting 
compounds (aluminum titanate and mullite), 
incongruently melting zirconium titanate, and 
two fragments of the liquidus hypersurfaces of 
zircon.

The resulting prototype of the liquidus of the 
four-component oxide system will be used for the 
planning of further experiments, first of all, aimed 
at determining the coordinates of the estimated 
six invariant points.

Fig. 7. Tetrahedration scheme of the TiO2-Al2O3-SiO2-ZrO2 system with compounds Al2TiO5 (R1), ZrTiO4 (R2), 
Al6Si2O13 (R4) after eutectic reactions ending and drawing of univariant liquidus lines connecting quaternary 
invariant points 
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Abstract 
NaF–RF3 systems, which are composed of sodium fluorides and rare earth trifluorides, are sources of many functional 
materials. Data on phase formation and phase equilibria in these systems were analyzed. The polymorphism and morphotropy 
of rare earth fluorides were considered taking into account the influence of pyrohydrolysis. A summary series of NaF–RF3 
phase diagrams are presented and the coordinates of invariant equilibria are tabulated. The data of research by Thoma et 
al., performed in the sixties of the twentieth century, are now only of historical interest. In these systems, a-Na0.5–xR0.5+xF2+2x 
(cubic, R = Pr-Lu, Y) and b-Na3xR2–xF6 (hexagonal, R = La–Lu,Y) phases of variable composition with fluorite and gagarinite 
structures, respectively, are formed. In addition, solid solutions based on rare earth trifluorides with the LaF3–tysonite 
(R = La–Gd) structure and the berthollide phase of such a structure in the system with TbF3 were identified. Data was 
presented on the concentration dependence of the lattice parameters of fluorite phases. High temperature a-phases with 
maxima on the melting curves allow growing single crystals from the melt. A complex pattern of ordering of these phases 
with decreasing temperature was observed. Low-temperature syntheses of intermediate phases in these systems led, in 
accordance with the Ostwald’s step rule, to the initial formation of nonequilibrium phases of a fluorite structure, usually 
designated as “a-NaRF4”, which were then replaced by equilibrium low-temperature hexagonal phases of “b-NaRF4”. The 
hexagonal phase in the NaF–YF3 system, doped with ytterbium and erbium (“b-NaYF4:Yb,Er”), is one of the most well-
known, efficient up-conversion phosphors. 
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1. Introduction
The NaF–RF3 systems composed of sodium 

fluorides and rare earth trifluorides are sources of 
many functional materials. These systems are also 
of considerable interest from the point of view of 
non-stoichiometry, isomorphism, morphotropy, 
order-disorder transition processes, and phase 
equilibria theory [1]. 

Recently, the main emphasis has been on 
studying the processes of synthesis of nanomaterials 
in these systems for use in nanophotonics and 
other fields [2]. Nanofluorides are used for the 
visualization of infrared radiation, marking and 
protection against counterfeiting, luminescent 
thermometry and vacuum measurement, 
increasing the efficiency of solar panels, creating 
anti-reflective coatings, and 2D/3D monitors [3–
10]. Due to the low toxicity of nanofluorides of 
alkaline and rare earth fluorides, their biomedical 
applications is very important [10]. 

Up-conversion phosphors are materials 
characterized by anti-Stokes luminescence, i.e. 
the emission of light with a shorter wavelength 
than the exciting radiation. Among other things, 
they convert energy from the near infrared 
spectrum into the visible range using a nonlinear 
optical process. Operating principles of such 
luminophores were described in the 1960s 
by Ovsyankin and Feofilov [14] and Ozel [15]. 
More often Er3+, Tm3+, and Ho3+ are used as up-
conversion luminescent ions, and the Yb3+ion 
is used as an up-conversion sensitizer, since it 
is characterized by a very simple energy level 
diagram. The most widely used matrix is the low 
temperature phase in the NaF–YF3 system with 
a hexagonal structure of the gagarinite type [16–
18], denoted in the literature as b-NaYF4 [6].

Information on the low-temperature stability 
of the corresponding phases is essential. Methods 
used for the synthesis of nano- and micromaterials 
(co-precipitation from aqueous and non-aqueous 
solutions, hydrothermal synthesis, synthesis 
from high-boiling organics, synthesis from salt 
melts, sol-gel method, glass crystallization, etc.) 
[2, 20–27], provide limited information on phase 
formation in the corresponding systems, which can 
only indirectly be related to the problem of phase 
equilibria. In this preparative area of chemistry, 
nonequilibrium processes predominate, during 
which, in accordance with the Ostwald’s step rule 

[28, 29], nonequilibrium phases are formed first. 
In particular, the nonequilibrium nature of the 
NaYF4 cubic phase synthesized by coprecipitation 
was demonstrated in the study [30]. 

Since bulk single crystals are still in demand 
in photonics and laser technologies, growing 
single crystals from melt remains important. 
Here, the consideration of solid-liquid equilibria 
is essential. The main methods for growing 
single crystals are the Czochralski and Bridgman-
Stockbarger methods. Due to the need to obtain 
thin laser wave guides, the micro-pulling-down 
(μ-PD) method has been developed [31, 32]. 
The key factor is the preparation of the starting 
reagents and the use of a fluorinating atmosphere 
during the growth process [33–35]. 

The MF-RF3 systems are model for actinides 
[36, 66, 121].

The aim of this review is the presentation 
of a complete series of phase diagrams of NaF–
RF3 systems and characterization of the phases 
formed in these systems. 

2. Polymorphism of rare earth trifluorides
It might appear that the question of 

polymorphism and morphotropy in the series of 
rare earth element trifluorides had been finally 
resolved a long time ago [37–47]. However, 
misunderstandings arise again and again. 

The diagram of phase transitions in the 
series of rare earth trifluorides is shown in Fig. 
1. Lanthanum-neodymium trifluorides, as well 
as high-temperature modifications of fluorides 
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of samarium, europium, gadolinium, crystallize 
in the structural type LaF3 - tysonite. The tysonite 
structure, characterized by sp. gr. P3̄c1, Z = 6, 
at high temperature undergoes slight anionic 
disordering and passes into the sp. gr. P63/mmc, 
Z = 2 [48, 49]. This transition is not accompanied 
by jumps in heat capacity and molar volume and 
has a diffuse nature. The Tb–Ho fluorides, as 
well as low-temperature modifications of Sm–
Gd, Er–Lu, and Y trifluorides crystallize in the 
orthorhombic crystal system, b-YF3 type, sp. 
gr. Pnma. Based on powder X-ray diffraction 
patterns, unquenched high-temperature 
modifications of Er–Lu trifluorides crystallize 
in the trigonal crystal system, a-YF3 structural 
type. Its structure is related to a-UO3 and anti-
Li3N [41, 50]. Cubic fluorite-like phases, which can 
be stable at high pressure, are characteristic of 
rare earth oxofluorides and arise during intense 
pyrohydrolysis of rare earth trifluorides. 

For example, the data of Sui et al. [51] fit well 
into this scheme of polymorphism and morphot-
ropy of REE fluorides. Hexagonal modification of 
EuF3, which is in a nonequilibrium state at room 
temperature, overcomes the potential barrier upon 
heating and transforms into an equilibrium ortho
rhombic modification of the b-YF3 type; with fur-
ther heating and cooling, a reversible phase transi-
tion between equilibrium modifications is realized. 
In the study of Xie et al. [24] equilibrium modifi-
cations of trifluorides were obtained in the form 
of nanoparticles for R = La–Nd (LaF3 type) and R 
= Tb–Lu (b-YF3 type) during the synthesis from 
high-boiling organic at 300 °C. The nonequilib-
rium high-temperature modifications of the LaF3 
type were synthesized for R = Sm, Eu, and a mix-
ture of equilibrium orthorhombic and nonequilib-
rium hexagonal modifications was obtained for Gd. 
It should be noted that, judging by the presented 
X-ray diffraction patterns, the hexagonal phase 
nanopowders obtained in this work are characte
rized by a high-temperature sp. gr. P63/mmc.

The main difficulty in studying phase 
formations and obtaining materials containing rare 
earth fluorides is the problem of pyrohydrolysis. 
Hydrolysis, including pyrohydrolysis is the 
interaction with water vapor or water adsorbed 
on the surface of fluoride particles, leading 
to contamination of samples with hydroxyl 
ions, isomorphically replacing fluorine, and 

subsequently to the appearance of oxygen 
impurities, causing the formation of new 
oxofluoride phases [52–54]. The resistance to 
hydrolysis of rare earth fluorides decreases with 
an increase in the atomic number of the element, 
i.e., when moving from light to heavy lanthanides. 
An exception is the increased hydrolytic capacity 
of cerium fluoride [55]. The intensity of hydrolysis 
processes accelerates sharply at the nanoscale 
level [52, 56]. Syntheses from high-boiling organic 
compounds are preferable from the point of view 
of eliminating hydrolysis. 

The partial pyrohydrolysis of rare earth 
trifluorides leads to an incorrect scheme of the 
RF3 phase transformation [57] (lower temperatures 
of phase transformations in Gd, Er, Tm, Yb, Lu, Y 
trifluorides; false polymorphic transformations in 
TbF3, DyF3, HoF3). These results were obtained in 
high-temperature X-ray diffraction experiments. 
Under these conditions, it is practically impossible 
to eliminate pyrohydrolysis, despite all precautions, 
since the process begins from the surface of the 
samples. At the same time, the action of X-ray 
radiation accelerates the process of pyrohydrolysis.

A good marker of the pyrohydrolysis 
process is the temperature of the polymorphic 
transformation of gadolinium fluoride GdF3 [39, 
57–59]. There are significant discrepancies in 
these data in the literature: Thoma and Brunton 
indicate a lower value of 900 °C [57], Spending 
and Henderson demonstrated 1074 °C [39]. 
Temperatures close to the data shown by Spending 
were obtained in [43,44,46]. Sobolev et al. in 
the study of phase equilibria in the GdF3–Gd2O3 
system [58], demonstrated that the low value of the 
polymorphic transition temperature is associated 
with contamination of the samples with oxygen and 
the formation of a solid solution based on the high-
temperature polymorphic modification of a-GdF3.

Recently, fantastic “cubic modifications” 
of rare earth trifluorides have appeared in the 
literature. A number of studies [22, 60, 61] 
contain statement that REE fluorides, such as 
YF3, CeF3 and others crystallize in the sp. gr. 
Fm3̄m. However, there are no chemical analyses 
data confirming that these are RF3 compounds. 
There are no cubic modifications of RF3 at normal 
pressure [45], since they can only be stable at 
very high pressures [62], or they appear when 
the preparations are seriously contaminated with 
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oxygen. Thus, cubic fluorides of both rare earth 
elements and bismuth trifluoride [60] are fakes.

3. Phase diagrams of NaF–RF3 systems
For phase diagrams of NaF–RF3 systems it 

should be noted that the most widespread and 
frequently cited is the phase diagram scheme 
obtained by Thoma et al. during the implemen-
tation of the American nuclear energy project, 
see Fig. 2 [63–65]. The authors have consider-
able experience with fluoride systems, carefully 
studied the pyrohydrolysis and the influence of 
oxygen impurity on the type of phase equilibria, 
and eliminated this problem (with the exception 
of high-temperature X-ray data, see above). Ther-
mal analysis (cooling curves) and an original gra-

dient annealing technique were used to construct 
phase diagrams. According to this method, a cap-
illary filled with powder of the studied composi-
tion was annealed in a temperature gradient, and 
the phase composition of the sintering products 
was analyzed by X-ray diffraction with reference 
to a specific temperature. Data on the NaF–CeF3 
system, studied using a similar method were used 
[66]. The NaF–YF3 system was carefully studied 
in advance [63]. The results of this study were 
rationalized in the following extravagant way: 
two compounds with the compositions NaF·YF3 
and 5NaF·9YF3 are formed in the system, each of 
which has two polymorphic modifications, and 
the high-temperature polymorphs crystallize in 
the fluorite structure and form a solid solution 

Fig. 2. Phase diagrams of the NaF–RF3 systems according to Thoma et al. [63, 64]
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between themselves. Data on other NaF–RF3 sys-
tems were interpreted in a similar way [64].

It should be emphasized that the studies of 
Thoma et al. [63, 64] and Roy [67] were good 
for their time, but now these studies are of only 
historical interest. The conducted studies of 
phase equilibria in a series of NaF–RF3 systems 
[68–76], including the polymorphism of RF3, 
revealed a number of inaccuracies and errors in 
studies of Thoma.

Disadvantages of the Thoma scheme were 
as follows: an incorrect scheme of phase 
transformations of REE fluorides, distorted 
due to hydrolysis [57]; the small number of 
studied compositions; arbitrary schematization 
with postulation of 5:9 compositions and 
resulting from it incorrect fixation of the 
maxima compositions on the melting curves of 
intermediate phases of the fluorite structure; 
the incorrect determination of the compositions 
of ordered fluorite-like phases; the absence of 
solid solutions based on modifications with 
the tysonite structure; an impairment of the 
phase rule for a number of systems (R = Pr–
Tb). Horizontal segments corresponding to 
temperatures of 860 °C (R = Pr), 800 °C (R = Nd), 
773 °C (R = Sm), 806 °C (R = Eu), 767 °C (R = Gd), 
742 °C (R = Tb), have no physical meaning, and 
their designation on phase diagrams is mistake.

A general schematic sequence of phase 
diagrams of NaF–RF3 systems is shown in Fig. 3. 
The phase diagram of the most important NaF–
YF3 system is shown in Fig. 4a [30, 77], and the 
phase diagram of NaF–GdF3 is shown in Fig. 4b 
[70]. Fig. 3 differs from the scheme shown in the 
article [1] in two features: the indicated low-
temperature stability boundary of the NaLaF4 
phase and the nature of melting of the fluorite 
phase in the NaF–TbF3 system, adjusted based on 
the results of growing single crystals (see below). 

The methodology for studying systems [68–
76] was similar to that previously developed 
for studying series of MF2–RF3 (M = Mg, Ca, Sr, 
Ba) systems [38, 79–83]. The initial reagents 
of rare earth fluorides were remelted under a 
fluorinating atmosphere of Teflon pyrolysis 
products. Differential thermal analysis was 
carried out in a static inert atmosphere of high-
purity helium using graphite crucibles. Phase 
diagrams were constructed using heating curves. 

Phase equilibria in the solid state were studied 
by the X-ray diffraction of samples annealed in a 
fluorinating atmosphere and quenched. 

In addition to the studies [68–76], correct 
experimental data were obtained in the studies 
of Cantor, Ward [84], and van der Meer et al. [36].

Low-temperature hexagonal phases with 
compositions close to a 1:1 ratio are formed in 
all NaF–RF3 systems. High-temperature cubic 
phases with a fluorite-type structure are formed 
in systems with R = Pr–Lu, Y.

The coordinates of the nonvariant points are 
presented in Table 1. The thermal stability of the 
phases is shown in Fig. 5. 

Both the hexagonal and cubic phases 
are phases of variable composition (non-
stoichiometric). The representation of such 
phases as polymorphic b- and a-modifications 
of the compounds “NaRF4”, now widely used in 
the literature, is a very primitive approximation, 
although it is used in many studies (see, for 
example, [6, 86, 87]). The compositions of these 
phases, according to the structural data, can be 
written as Na0.5–xR0.5+xF2+2x (cubic) and Na3xR2–xF6 
(hexagonal), and they generally do not coincide. 
For example, in the NaF–GdF3 system the 
hexagonal phase has a homogeneity region of 52–
56 mol. % GdF3, fluorite 50–70 mol. % GdF3 [70].

In [88]  it  was shown that  the a→b 
transformation of “NaYF4”, caused by the 
application of pressure, was accompanied by the 
release of YF3 due to the different composition of 
these phases. In the NaF–YF3 system (Fig. 4a) the 
equilibrium regions of the phases were 47–65 and 
~50–53 mol. % YF3, for the cubic and hexagonal 
phases, respectively. The hexagonal phase is a 
low-temperature phase, stable up to 695 °C, the 
cubic phase is a high-temperature phase. The 
1:1 composition for the cubic modification has a 
temperature stability range of 680–850 °C. 

The production of cubic single crystals of stoi-
chiometric composition NaYF4 from a melt is al-
most impossible. The optimal composition for the 
production of crystals, corresponding to the maxi-
mum on the melting curve, is 60 mol. % YF3, compo-
sition Na0.4Y0.6F2.2 [89, 90] (established in the study 
[68], in contrast to the composition of Na5Y9F32 – 
64.3 mol. % YF3, proposed by Thoma [63]). 

In NaF–RF3 systems with a decrease in the 
ionic radius of cations, a transition from peritectic 
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Fig. 3. Phase diagrams of the NaF–RF3  systems according to [1, 68–77]
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Table 1. Co-ordinates of some non-variant points in NaF–RF3 systems (C ± 2 mol % RF3, Т ± 5 ºС)

R
Eutectics  I

Upper boundary  
of thermal stability 
of gagarinite phase

Upper boundary of 
thermal stability of 

fluorite phase

Low boundary of 
thermal stability of 

fluorite phase 
Eutectic  II

С T С T С T T1 T2 С T
La 26 730 36 800* – – – – – –
Ce 27 730 37 825 – – – – – –
Pr 27 744 33 840 1050*
Nd 28 730 35 842 1090*
Sm 25 731 36 862 1120* (760) – –

(Pm) 26 730 35 852
Gd 28 718 52 860 67.5 1070* 856** 760***
Tb 28 685 52 800 65.0 1056**** 790** 755*** 65 1056
Dy 26 650 52 780 ±10 64.0 1028 770** 730*** 72 1005
Ho 25 652 51 753 62.5 1004 750** 715±10*** 71 988
Er 28 630 50 700 62.0 1000 696** 640±15*** 73 980

Tm 29 608 50 660 60.0 980 640** 560±20*** 76 940
Yb 28 598 50 600 60.0 954 561*** 520±10*** 75 915
Lu 28 602 50 450±40 57.5 940 550±10*** 470±30*** 72 895
Y 26 632 52 695 60.0 984 680** 75 955

* – peritectic
** – metatectic
*** – eutectoid
**** – transition point between congruent and incongruent melting

Fig. 4. Phase diagrams of NaF–YF3[30,78] (а) and NaF–GdF3 [70](b) systems. Points – thermal analysis data, 
circles – single phase samples, semi black circles –two-phase samples after annealing and quenching, x – data 
of [84]. Phase notations: L – melt, F – Na0.5–xR0.5+xF2+2x, G – Na3xR2–xF6, a – a-YF3, b – b-YF3, Т – solid solution on 
the base a-GdF3 
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melting of phases of the fluorite structure (R = Pr–
Gd) to their congruent melting with the formation 
of maxima on the curves (R = Dy–Lu,Y) occurs. 
Changes in the compositions of the maxima on 
the melting curves of fluorite phases in the NaF–
RF3 systems (R = Tb–Lu) when moving along the 
lanthanide series [33] from Na0.37Tb0.63F2.26 [91, 92] 
to Na0.425Lu0.575F2.15 [93, 94] was confirmed during 
the growth of single crystals from the melt. At 
the same time, as experiments on crystal growth 
demonstrated [91, 92], the situation in the NaF–
TbF3 system is close to the transition point [95] 
(bifurcation of the phase diagram of B1II type 
according to classification [96]). According to [92], 

the melting of the Na0.5–xTb0.5+xF2+2x solid solution of 
has a transitional “eutectic-peritectic” character. 
With directional crystallization of the melt of the 
Na0.37Tb0.63F2.26 composition in the initial part of 
the crystalline boule, an admixture of TbF3 was 
sometimes recorded, and the central transparent 
part corresponds to the fluorite phase with a lattice 
parameter a = 5.5785(1) Å, which, according to the 
dependence [76], corresponds to the Na0.36Tb0.64F2.28 
composition. It should be noted that in the vicinity 
of the bifurcation point, fluctuations of the phase 
transformation type occur. 

It should be emphasized that the fluorite 
structural phases in these systems are high-
temperature ones, i.e. they are thermodynamically 
unstable at room temperature. This imposes 
restrictions on the growth of crystals from the 
melt, which cannot be annealed at temperatures 
below the eutectoid decomposition. The 
technological stability of single crystals in these 
systems increases with a decrease in the ionic 
radius of the lanthanide. Nominally pure and 
doped crystals grown by vertical directional 
crystallization without signs of decomposition 
are summarized in Table 2.

Experiments with low-temperature syntheses 
have shown that the NaLaF4 phase has a lower 
stability limit, namely, it is stable only above 
330±15 °C [77, 103, 104], see Fig. 3. These results 
are contradicted by the study [105], in which 
unalloyed NaLaF4 powders were obtained by 
hydrothermal synthesis at 180 °C. However, the 
hydroxyl content in these samples is unknown. 
Calorimetric measurements performed by Yang et 
al. [106] recorded positive values of the enthalpy of 

Fig. 5. Thermal stability boundaries of fluorite and 
gagarinite phases in series of NaF–RF3 systems. F –Na0.5–

xR0.5+xF2+2x phases, G – Na3xR2–xF6 phases. Ionic radii ac-
cording Shannon [85] for coordination number 8

Table 2. Melt–grown single crystals

Composition R Ref.
Na0.5-хR0.5+xF2+2х Y, Dy–Lu [97, 98]

Na0.4R0.6F2.2 Y, Yb, Lu [90]

Na0.4(Y,R)0.6F2.2 (NYF) Се, Pr, Nd, Еr, Тm, Yb [90,99]

Na0.4(Lu,R)0.6F2.2 (NLF) Се, Nd, Еr, Тm, [99]

Na0.4(Y,R)0.6F2.2 (NYF) Er [89]

Na0.38Dy0.62F2.24 (NDF) [100]

Na0.38Ho0.62F2.24 [101]

Na0.4R0.6F2.2 Dy, Ho, Er, Tm, Yb [102]

Na0.35Dy0.65F2.3 [102]

Na0.4(Lu,R)0.6F2.2 (NLF)* Nd, Eu [93,94]

* micro-pulling-down (μ-PD) method
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formation of NaLaF4 and NaCeF4 from components. 
Therefore, the lower stability limit is also probable 
for NaCeF4 at a temperature of about 100 °C.

The cubic NaCeF4 reported by Virgil et. al. 
[107] is information noise.

The third type of phases of variable composition 
in the considered systems are solid solutions with 
the LaF3-tysonite structure. Mansmann [48], who 
solved the structure of lanthanum fluoride, also 
pointed out that this close-packed structure 
should be stabilized by anion vacancies. This 
prediction was perfectly confirmed by studying the 
phase diagrams of rare earth fluoride systems with 
a LaF3-tysonite structure type: La–Nd trifluorides 
and high-temperature modifications of Sm, Eu, 
and Gd trifluorides. Solid solutions based on RF3 
with a tysonite structure are formed in all RF3–MF2 
systems where R = La–Gd, M = Ca, Sr, Ba. In these 
solutions during heterovalent substitution, anion 
vacancies are introduced into the lattice according 
to the equation R3+ + F– → M2+ + VF [80–83, 108]. 
Another way of introducing anion vacancies into 
the tysonite lattice is the replacement of fluorine 
with oxygen. Again, in RF3–R2O3 systems with the 
corresponding rare earth elements, solid solution 
regions are formed [58]. Therefore, the appearance 
of solid solutions in NaF–RF3 systems based 
on trifluorides of the corresponding structure 
according to the scheme R3+ + 2F– → Na+ + 2VF is 
logical from the point of view of crystal chemistry. 
Such solid solutions were detected by thermal 
analysis in systems of NaF with trifluorides of La, 
Ce, Gd [70, 75]. Moreover, when the modification of 
the tysonite structure of REE trifluorides becomes 
unstable due to a decrease in the ionic radius of 
the cation, the phase of variable composition 
of the tysonite structure, stabilized by anion 
vacancies, is retained in the phase diagram of the 
NaF–TbF3 system [73]. 

The structures of a-Na0.5–xR0.5+xF2+2x (cubic) and 
b-Na3xR2–xF6 (hexagonal) phases are fundamentally 
different. The structure of the hexagonal 
modification was determined not only for single 
crystals obtained from the melt by the Czochralski 
method [109–113], but also for natural crystals 
(enriched with calcium), which were formed in 
nature by a hydrothermal process (the mineral 
gagarinite) [114, 115]. The hexagonal modification 
was composed by columns of nine-vertex polyhedra 
(Fig. 6). The coordination polyhedron of rare earth 
elements is a hexagonal prism with centered 
lateral faces. The sodium is located in wells. There 
is a strong statistical disorder in the distribution 
of cations over crystallographic positions, typical 
of non-stoichiometric phases. 

For the cubic a-phases, the conducted 
structural studies [116–118] indicated that the 
REE do not statistically alternate with sodium in 
the cationic positions of the fluorite lattice, but 
are located in clusters of the R6F36 type (Fig. 7). The 

Fig. 7. Embedding of R6F36 clusters into the fluorite lattice according to the Bevan, Greis, and Strahle model [119]

Fig. 6. Crystal structure of “b-NaRF4” phase (gagarinite) 
[114]
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coordination number of REE is 8, coordination 
polyhedra are Thompson antiprisms. Such 
clusters are present in M1–xRxF2+x fluorite solid 
solutions in MF2–RF3 systems, M – alkaline earth 
element [119, 120]. The compounds of KY3F10 
type are composed from such clusters. It should 
be noted that the performed structural studies 
cover only cations of the yttrium subgroup, which 
are characterized by a coordination number of 
8. However, it is not typical for large cations of 
rare earth elements of the cerium subgroup. It 
is possible that in the fluorite phases formed 
in NaF–RF3 systems with large cations that the 
defect structure of fluorite phases is different. The 
formation of clusters of the R4F23 type is possible 
R4F23 with a CN of 9 is possible [33]. The diagram 
in Fig. 5 suggests this assumption.

The Na7Y13F46 and NaY2F7 compounds, present 
in the NaF–YF3 phase diagram (Fig. 4a), are 
fluorite-like phases with an ordered arrangement 
of clusters of R6F36 type (Thoma quite accurately 
determined the temperature limits of stability and 
the lattice parameters of one of the phases, but 
made a mistake regarding the composition [63]).

Concentration dependences of unit cell 
parameters a of non-stoichiometric Na0.5–xR0.5+xF2+2x 

fluorite phases [76], see Fig. 8,  are well described 
by the equation:

a = 5.398 + (6.7238r – 7.259)(x + 0.13) [Å],	 (1)

where r – ionic radii of REE cations for a CN of 8 
according to the Shannon system [65]. These 
dependencies can be used to clarify the compo-
sition of the synthesized phases with a fluorite 
structure in these systems. 

The data of Furuya et al. [93] for R = Lu fit well 
in the graph in Fig. 8b. 

Enthalpies of mixing for a number of the 
NaF–RF3 (R = La, Nd, Yb, Y) systems, defined in 
study [123], are the basis for the thermodynamic 
modelling of the considered systems. However, 
thermodynamic modelling is not always 
successful. The model for the NaF–NdF3 system, 
proposed by Ard et al. [124], according to 
Thoma, is unacceptable. Interpretation of the 
Na0.5–xNd0.5+xF2+2x phase of variable composition 
with the fluorite structure formed in this system 
as a solid NaF solution in the “Na5Nd9F32” 
compound, is extremely unsuccessful. This 
interpretation, invented by Thoma [63, 64], has 
no experimental basis. There is no evidence 
indicating the existence of compounds of such 

Fig. 8. Concentration dependences of the lattice parameter a of phases Na0.5–xR0.5+xF2+2x [76]. (a): data of Thoma 
et al. [63, 64]; 2 – data of Schmutz [121], annealing at 700 °С; 3 – the same, annealing at 900 °С; 4 – data of 
Pontonnie [116]; 5 – data of Hund [122]; 6 – our data, annealing at 900 °С; 7 – the same, annealing at 850 °С; 
8 – the same, annealing at 720 °С; 9 – the same, annealing at 550 °С; 10 – the same, remelting under a fluori-
nating atmosphere after precipitation from an aqueous solution. (b): 1 – data of Thoma et al. [64]; 2 – data of 
Schmutz [121], annealing at 700 °С; 3 – the same, annealing at 900 °С; 4 – the same, annealing at 550 °С; 5 – 
our data, annealing at 700 °С; 6 – the same, annealing at 800 °С; 7 – the same, annealing at 550 °С
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composition either in this system or in other 
sodium fluoride systems with rare earth fluorides. 

In thermodynamic modelling in studies [36, 
124] the lower limit of stability of the NaLaF4 
phase is not taken into account and solid 
solutions based on RF3 tysonite modifications 
are not considered.

4. Ordering processes  
of non-stoichiometric phases

Formation of ordered fluorite-like phases in 
NaF–RF3 systems was studied in detail in [73, 
74, 125].

To obtain a general picture of the ordering in 
the series of NaF–RF3 systems [125] annealing was 
carried out on carefully ground samples packed 
in Ni capillaries and placed in an hermetically 
sealed Ni container, inside which a fluorinating 
atmosphere was created by the pyrolysis of Teflon 
and thermal decomposition of BaF2·HF. The 
container was quenched in water at a cooling 
rate of 200°/min. Compositions with 64.3, 67, 
75 mol. % RF3 (R = Dy–Lu), corresponding to 
Na5R9F32 compounds (Thoma’s phases), NaR2F7 
and NaR3F10 were selected. Annealing was carried 
out at 700 °C for 100 hours. In addition, for the 
NaF–HоF3 system, annealings for up to 720 h were 
carried out [71]. The indexing of X-ray diffraction 
patterns of fluorite-like phases was performed 
using the homology method [126, 127].

The unit cell parameters of the obtained 
compounds are given in Table 3. 

In NaF–RF3 (R = La–Dy) systems ordered 
fluorite-like phases were not identified. The 
appearance of ordered phases is caused by a 
decrease in the ionic radius of R3+.

In the system with HoF3 in the studied 
composition range, only one phase, containing 
67% HoF3 (NaHo2F7) was found. At 75% НoF3 there 
is an excess of trifluoride, and at 64.3 mol. % HоF3 
admixture of cubic fluorite phase is present.

Samples in the system with ErF3 have a similar 
phase composition. The X-ray diffraction pattern 
of NaEr2F7 similar to the X-ray diffraction pattern 
of a holmium compound, it is distinguished by a 
higher complexity of changes of the main fluorite 

Fig. 9. X-ray patterns of the phases in NaF–RF3 sys-
tems. Annealing at 700 °С, 100 h, l = CuKa [125]

Table 3. Lattice parameters of fluorite-related ordered phases in NaF–RF3 systems

Compound Crystal system а, Å b, Å с, Å comment
NaHo2F7 trigonal 3.896 9.732 Sub-cell  
NaEr2F7 trigonal 3.880 9.691 Sub-cell  

Na7Tm13F46 tetragonal 3.880 5.512 Sub-cell  
Na0.35Yb0.65F2.3 tetragonal 3.867 5.491 Melt-grown

Na7Yb13F46 orthorhombic 7.759 38.80 5.524
NaYb2F7 orthorhombic 3.90 13.54 28.32

Na7Lu13F46 orthorhombic 7.744 38.58 5.508

g-NaLuF4 hexagonal 13.57 9.38 Medium-temperature polymorph, 
KErF4 type [72]

Na2Y3F11 tetragonal 12.29 10.69 Annealing of a Na0.39Y0.61F2.22 single 
crystal at 600 °С*

*A. Golubev, private communication
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reflexes with the same superstructure. In the NaF–
TmF3 system the composition containing 64.3% is 
single-phase and its X-ray pattern corresponds to 
a weak tetragonal distortion of the fluorite lattice; 
TmF3 lines are present on X-ray patterns of samples 
with a high content of RF3. In systems with YbF3 
and LuF3 samples with 64.3 mol. % RF3 are single-
phase, characterized by the same superstructure. 
The splitting of the main fluorite reflections for 
the lutetium-containing compound corresponds 
to the orthorhombic nature of the distortion of 
the fluorite lattice. For the ytterbium compound, 
the splitting of the main lines is weaker and, to a 
first approximation, corresponds to a tetragonal 
distortion. In the system with LuF3 samples with 
its high content are two-phase; the NaYb2F7 phase 
was detected in the ytterbium system, the X-ray 
diffraction pattern of which differs both by the 
superstructure and the nature of the splitting of the 
main lines from the NaYb2F7 (R = Но, Еr) compound.

It should be noted that we observed a very 
complex ordering pattern in the NaF–LuF3 system 
in the range of 64–75 mol. % LuF3 on samples 
annealed at 750 o for 540 hours. In addition, a 
tetragonal phase, very close to the thulium phase 
by the X-ray diffraction pattern, was formed 
during the growth of single crystals from a melt 
in the NaF–YbF3 system. The growth of a fluorite 
solid solution was carried out using the Bridgman 
method in a fluorinating atmosphere in graphite 
crucibles with a drawing speed of 10–12 mm/h. 
The tetragonal phase was observed in the lower 
part of the crystals with a composition of 58–62 
mol. % YbF3, and its relative quantity increased 
with increasing concentration of RF3.

The X-ray diffraction patterns of phases of 
such composition for R = Но, Er and R = Yb are 
very different from each other. This indicates 
the presence of two structural types and a 
morphotropic transition in the NaR2F7 series. 
The X-ray diffraction patterns of sodium phases 
do not correspond to any of the modifications 
of potassium compounds of such stoichiometry.

Main lines on the X-ray diffraction pattern 
of NaYb2F7 were indexed in a trigonal cell 
by the homology method with parameters 
а = 3.90 Å ≈ а0√2/2, c = 9.44 Å ≈ а0 √3, where а0 is 
the parameter of the fluorite subcell. However, 
superstructural reflections are not indicated in the 
trigonal cell with different variants of increasing 

а and с parameters. In addition, subtle additional 
splittings of the main lines are observed, which 
indicate a further decrease in symmetry. The 
simplest option of reducing the symmetry of the 
trigonal cell to a orthorhombic, base-centered 
was considered for the interpretation of the X-ray 
diffraction pattern. It is assumed that equality 
b = а√3, strictly valid for trigonal symmetry, 
becomes approximate. This variant is omitted 
in the summary homology tables of splittings. 
The transition from trigonal to orthorhombic 
crystal system according to this scheme allows 
immediately index most of the reflections of the 
NaYb2F7 superstructure. Full indexing is achieved 
by increasing the b parameter twice and the c 
parameter by three times.

The X-ray diffraction pattern of NaHo2F7, 
obtained by sintering at 700 °C for 100 hours, is 
well indicated in the trigonal crystal system with 
parameters а = 3.887 Å ≈ а0 √2/2, c = 9.732 Å ≈ а0√3. 
However, with an increase in the annealing time 
to 700 hours, further ordering occurs, which is 
manifested in additional splitting of the main 
peaks and in the appearance of superstructural 
reflections (Fig. 10). The X-ray diffraction pattern 
of the NaEr2F7 compound, obtained at 700 °C for 

Fig. 10. Kinetics of ordering in NaR2F7 phases. Anneal-
ing at 700 °С [125]
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100 hours has the same complex character. The 
general character of the splittings corresponds to 
triclinic crystal system. Based on these data, it is 
not possible to calculate the lattice parameters. 
It should be noted that trigonal cells, which are 
the prototype of NaR2F7 (R = Ho, Er) and NaYb2F7 
phases (R = Ho, Er), formed by the deformation 
of the initial cubic cell with the opposite sign: for 
Ho and Er there is an extended rhombohedron 
(c/a = 2.50 in hexagonal packing), and for Yb – 
a compressed rhombohedron (c/a = 2.42). For a 
cubic cell in a hexagonal packing c/a ≈ √6 = 2.45. 

The X-ray diffraction pattern of NaEr2F7 
similar to the X-ray diffraction pattern of a 
holmium compound, but differs by the greater 
complexity of the splitting of the main reflections 
with the same superstructure. 

Compositions of ordered phases proposed 
by Thoma for the NaF–RF3system correspond to 
single-phase (with the accuracy of X-ray phase 
analysis) samples in systems with LuF3, YbF3, 
and TmF3. The X-ray diffraction patterns of the 
lutetium and ytterbium phases were indexed [74, 
125] with the parameters provided by Thoma et al. 
[63, 64] а ≈ а0 √2, b ≈ а0 5√2, с ≈ а0. For ytterbium 
compound а = 7.770 Å, b = 38.71 Å, с = 5.524 Å; 
for the lutetium phase а = 7.744 Å, b = 38.57 Å, 
с = 5.508 Å. It should be noted that the unit cell 
proposed by Thoma contains 40 cations, which 
does not correspond to the formula Na5R9F32, 
proposed in [63, 64], since with this choice 
Z is a fractional value. The simplest formula 
corresponding to this cell is Na7R13F46, providing 
Z = 2 and a composition of 65 mol. % RF3. A slight 
deviation from the 5:9 composition (64.3 mol. % 
RF3) may be within the sensitivity of X-ray phase 
analysis, especially since the second fluorite-like 
phase, which may be present in samples with 
64.3% RF3, produces lines on X-ray diffraction 
patterns that overlap the reflections of ordered 
phases. The possibility of the existence of small 
areas of homogeneity based on these phases 
also cannot be excluded. It should be noted that 
in the system with HoF3 we did not detect any 
orthorhombic ordering in the composition of 64.3 
mol. % HoF3, corresponding R = Yb–Lu, although 
according to Thoma at this temperature it should 
take place. On the other hand, the temperature 
range indicated by Thoma for the existence of an 
ordered phase in the holmium system agrees well 

with the temperature range determined by us for 
the NaHo2F7 compound. Thus, it can be assumed 
that in [64] a simple distortion of the fluorite 
lattice was recorded without detailing its nature.

In the study [69] the Na7Yb13F46 compound was 
omitted due to the fact that a significant part of 
the superstructural reflections of this phase and 
NaYb2F7 match.

The tetragonal Na2Y3F11 phase prepared by 
long-time annealing of melt-grown single crystal 
(see Table 3), is apparently metastable.

The Na3xR2-xF6 hexagonal phases with the 
structure of gagarinite represent the second fa
mily of phases of variable composition in NaF–
RF3 systems. Accordingly, we can expect an orde
ring of these phases with decreasing temperature, 
especially since they demonstrate a contraction 
of compositions to stoichiometric NaRF4. The ap-
pearance of superstructural reflections on X-ray 
diffraction patterns of samples of the correspond-
ing phases synthesized from nitrate melts was 
demonstrated in [87]. However, overall, further 
investigation of this issue is required. 

5. Transformations of alpha-beta phases 
in NaF–RF3 systems

In the process of low-temperature syntheses of 
samples of the “NaRF4” phases by various methods 
a phase formation sequence is systematically 
observed in NaF–RF3 systems, in which cubic 
fluorite nanoparticles of a-phase are first formed, 
which then transforms into the b-phase [86, 128-
136]. This was also observed in situ with a sharp 
increase in luminescence brightness during 
the formation of the b-phase [127]. Increasing 
temperatures and/or increasing the duration of 
synthesis promote the transition a→b.

In these cases, at the synthesis temperature, 
the hexagonal b-phase is in equilibrium. As shown 
in [30, 137], nanoparticles of the cubic phase of 
sodium yttrium fluoride synthesized from an 
aqueous solution during heating transform 
into a hexagonal phase with a large exothermic 
effect. The observed phase sequence during 
the crystallization of sodium yttrium fluoride 
represents the implementation of the Ostwald 
step rule [28, 29].

It is obvious that in low-temperature syntheses 
of sodium-yttrium fluoride, a mechanism of 
oriented growth of nanoparticles takes place [138, 
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139]. However, it does not exhaust the process. 
Considering the different crystal structures of 
the two polymorphs, it is obvious that beta phase 
fragments cannot be formed from alpha phase 
fragments. The change in the coordination number 
of rare earth cations during the transition from their 
alpha to beta phase inevitably requires complete 
recrystallization of the particles. In other words, in 
this process, there is a complete disappearance of 
one phase and the growth of another phase. 

It should be noted that the formation of 
ordered fluorite-like phases in NaF–RF3 systems 
was not observed in low-temperature syntheses. 

Currently, there are a number of chemical 
methods for the synthesis of nanosized particles 
such as NaYF4 (high-temperature co-precipitation, 
hydro- and solvothermal synthesis, thermolysis, 
etc.), see, for example, [140–142]. However, there 
is a problem with the reproducibility of product 
properties. 

6. Conclusions
Among the unresolved problems of phase 

equilibria and phase formation in systems of 
sodium fluoride with fluorides of rare earth 
elements, the following can be listed. 

– Structure of ordered fluorite-like phases. It 
is obvious that in these phases there is an ordered 
arrangement of R6F36-type clusters, but the specific 
pathways of their arrangement are unknown. 

– Identification of the ordering of gagarinite 
phases. Obviously, the ordering must take place, 
since these phases are non-stoichiometric. Similar 
systems with bismuth fluoride demonstrate a rich 
set of compounds of this type.

– Intriguing cooperative transformation of 
ensembles of fluorite nanoparticles into the 
hexagonal structure of gagarinite, which is 
beyond the problems relating to phase equilibria. 

– Possible pyrohydrolysis of samples and its in-
fluence on the functional characteristics of mate-
rials. Heat treatment in the presence of water re-
sults in the replacement of the fluoride ion by an 
hydroxyl ion, which is very similar in size [143]. The 
hydroxyl concentration should increase with in-
creasing crystallization time and increases sharply 
with increasing temperature of the process. Both 
Y(OH)3 and La(OH)3 have a hexagonal structure 
and is isostructural with the b-phase [144]. The 
hydrolysis process may be the driving force behind 

the transition of a→b phases in “NaRF4”.
– A critical drawback of many studies devoted 

to the synthesis of sodium fluoride samples 
with rare earth elements, despite the use of 
modern research methods such as TEM, STEM, 
XRD, APT, EXAFS, is the complete disregard for 
monitoring the actual chemical composition 
of the synthesized samples and tracking their 
changes during the synthesis process. The 
composition of cubic phases can be estimated 
based on the lattice parameter (equation (1)), 
however, surprisingly, in many studies these 
crystallographic data are not shown and only 
a primitive comparison of X-ray diffraction 
patterns with a reference database is provided. 
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Abstract 
The article considers ternary sulfide Cu1.1Fe1.9S3 with a metal/sulfur ratio corresponding to the complete stoichiometry of 
cubanite CuFe2S3 as an intermediate phase of a solid solution with chemically disordered Cu and Fe cations in the ordered 
anionic framework. A new approach to determining the nature of the solid solution, its stability and behavior during cooled 
over a wide temperature and time range is suggested. To synthesize the sample, we used controlled directional solidification 
of a homogeneous melt with the Cu1.1Fe1.9S3 composition under quasi-equilibrium conditions and obtained a solidified 
zoned ingot, where the distribution of Cu, Fe, and S elements along its length was quantitatively determined. To detect 
small-scale structural and chemical changes, we used optical and electron microscopy methods, electron-probe X-ray 
spectral microanalysis, full-profile X-ray diffraction analysis, and the differential dissolution method, which allowed to 
determine the phase and chemical states of the samples both at the macro level and with a high spatial resolution. With 
this approach, we established the following:  Cu1.1Fe1.9S3 is an intermediate phase of a system with end-members of cubanite 
CuFe2S3 and chalcopyrite CuFeS2; a homogeneous solid solution of chalcopyrite with 5 mol. % of cubanite exists near 930 
°С with a chaotic distribution of Cu and Fe between the existing crystallographic positions; a solid solution of chalcopyrite 
with 6 mol. % of cubanite at 900 °С facilitates lattice strain relaxation through the formation of a block nanostructure; 
there is a solid solution of cubanite with 30 mol. % of chalcopyrite at 900–720 °С, with small-size clusters with a chalcopyrite 
stoichiometry evenly distributed inside the Cu0.94Fe2S3 matrix. The factors determining the evolution and stability of solid 
solutions are discussed taking into account the polymorphism of chalcopyrite phase. The newly obtained data is important 
for the synthesis of magnetic nanosized Cu-Fe sulfide materials and can also be used in the processing of sulfide ores rich 
in copper. 
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1. Introduction 
Ternary sulfides CuFe2S3 and CuFeS2, 

especially nanosized, have recently attracted 
a lot of attention due to their magnetic and 
semiconductor properties, which make them 
promising materials for the development of 
information technologies [1-3]. Being the main 
minerals of sulfide ores rich in copper, they 
are also the main source of non-ferrous metals 
[4–6]. Both sulfides are formed in a similar 
way, namely by means of melt crystallization 
followed by solid-phase transformations of the 
crystallized product during the cooling process. 
In this regard, cubanite CuFe2S3 and chalcopyrite 
CuFeS2 are unique compounds that besides stable 
polymorphic phases they have a large number of 
metastable structural forms with the Cu and Fe 
cations distribution depending on the cooling 
kinetics [4–6]. Such a diversity of structures 
ensures as well the variability of the properties 
of ternary sulfides. Therefore, an understanding 
of the evolution of solid-phase processes is very 
important both for the purposeful synthesis 
of new materials and for the development of 
efficient technologies for the processing of 
mineral associations. 

The existing knowledge about cubanite 
and chalcopyrite transformations is mainly 
based on the results of numerous studies of 
natural minerals, which are final products of 
crystallization, whereas synthetic analogues 
are used to determine their intermediate states 
through annealing- quenching procedure. At the 
moment, there is plenty of data regarding the 
transformation of low-temperature orthorhombic 
cubanite CuFe2S3 (Pcmn а = 6.46 Å, b = 11.12 Å, 
c  =  6.23 Å) into a high-temperature cubic 
polymorph (F43m а = 5.29 Å). It is known that 
the reverse transition is kinetically inhibited 
and cannot be implemented in laboratory 
experiments. Under nature conditions, on 
the contrary, the association of orthorhombic 
cubanite – chalcopyrite is stable with reaching 
equilibrium at 300–400 ºC during 1–10  years 
[4, 5]. An alternative to polymorphic transition, 
a metastable process of the tetragonal 
chalcopyrite exsolution from cubanite was 
found [4, 7-10] or tetragonal chalcopyrite with 
iron monosulfide according to the following 
reaction: CuFe2S3→CuFeS2+FeS [11]. These 

processes are usually studied using electron probe 
microanalysis (EPM) and X-ray diffraction analysis 
of the microstructures of the minerals and their 
analogues. Nevertheless, according to references 
[1, 4, 9–10], serious limitations of these diagnostic 
methods, and long-term isothermal annealing of 
tetragonal chalcopyrite at temperature close to 
the equilibrium 300–400 ºC, makes practically 
impossible studying of high-temperature 
small-scale order-disorder transformations 
with participation of high-temperature cubic 
chalcopyrite. A high-temperature chalcopyrite 
polymorph with a completely cation-disordered 
cubic structure (F43m а = 5.29 Å) was discovered 
during an in situ experiment with transmission 
electron microscopy (TEM) [12, 13]. The critical 
temperature 557 °С was determined for the 
phase transition of the tetragonal CuFeS2 → 
cubic CuFeS2 using a combination of methods, 
including neutron powder and X-ray diffraction, 
thermal analysis, and magnetic and electron 
transport measurements. It is important that 
this temperature is characteristic only for the 
strictly stoichiometric composition of both these 
phases [11, 14]. Since phase transformations 
of cubic chalcopyrite – cubic cubanite at high 
temperatures depend on the stoichiometry of 
the interacting phases, these experiments aimed 
should be carefully designed. When the symmetry 
and the lattice parameters of both these phases 
are identical, efficient methods should be used 
to identify chalcopyrite in cubanite mixtures, 
especially when it occurs in a dispersed state in 
the cubic cubanite matrix. So, cubanite, cooled 
from high temperatures in the in-situ TEM 
experiment, contained lamellae with isolated 
finely dispersed particles, but its diffraction 
picture  was absolutely identical to the initial one 
[15]. Unfortunately, for study of the order-disorder 
transformations of ternary Cu-Fe sulfides, 
abilities of TEM experiments are hindered both 
the difficulty in preparing the samples and even 
more so by the radiation causing a loss of sulfur 
and therefore changes in the characteristics 
of themselves transformations. Therefore, to 
study high-temperature transformations of a 
solidified Cu1.1Fe1.9S3 melt, a new synthesis and 
new diagnostic methods of small-scale structural 
changes were used. A sample was obtained in the 
form of an ingot during conservative directional 
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crystallization and the solidified melt passed 
across zones with lowered temperatures over 
various periods of time. The calculation of the 
qualitative distribution of Cu, Fe, and S along the 
ingot length gave data regarding the Cu/Fe ratio 
in the each moment of crystallization and the 
bulk compositions varying along the length. The 
crystallization method is described in [16, 17], its 
efficiency for the study of exsolution process of 
stoichiometric cubanite СuFe2S3 is demonstrated 
in [20]. Fragments of equilibrium Т-х diagrams 
in the range adjacent to СuFe2S3 and Cu1.1Fe2S3 
compositions were shown in [18, 19]. To study 
fine structure transformations, the reference-
free differential dissolution method (DD) was 
used along with traditional methods. It reliably 
identified phases having identical structures but 
different compositions and internal arranging, 
based on differences in their chemical activity. 
The principles of the DD method is given in 
[21, 22] with its abilities to identify unknown, 
amorphous, or low-dimensional phases based 
on their composition without referring to the 
phase standards.  And it is an advantage over 
the X-ray diffraction method (XRD), especially 
when the analyzed samples have a complex 
spatial arrangement. Scanning composition with 
a resolution of 5Å/cm2, DD method determines 
the spatial chemical inhomogeneity of the phase, 
caused difference of its internal arrange, and 
like this practically substitutes for TEM, which 
registers this arrange structurally.

2. Experimental 
Directional crystallization of the melt with 

a composition Fe 32.5, Cu 18.5, S 49.0 at. % was 
performed using the Bridgman-Stockbarger 
method with moving the ampoule with the 
homogeneous melt from the hot area to the 
cold area at 2.3·10–8 m/s and its quenching in 
air at ~ 100 deg/min, when the temperature at 
its end reached 720 °C. As known, this cooling 
procedure practically corresponds to the natural 
equilibrium crystallization of minerals [5]. The 
ingot, 70 mm long and 7 mm in diameter, was 
cut into 14 wafers. Based on the results of the 
analysis of these wafers, we practically obtained 
a kinetic time-temperature-transformation 
diagram. Changes in the morphology, phase 
and chemical states of the polished wafers were 

registered by means of step-wise scanning of the 
surface using optical and electron microscopy. 
The average (scanning area of ~2 mm2) and 
local chemical compositions of components 
with different morphology and geometry were 
measured using the methodology developed at 
the Centre for Collective Use of Multielement 
and Isotope Studies of the Siberian Branch of the 
Russian Academy of Sciences by means of energy-
dispersive spectrometry (SEM-EDS) on a MIRA 3 
LMU high-resolution microscope (Tescan Orsay 
Holding) equipped with INCA Energy 450+ X-Max 
80 and INCA Wave 500 (Oxford Instruments 
Nanoanalysis Ltd) microanalysis systems. The 
error in determining the main components 
was 0.1–0.3 wt.%. The compositions of ~ 5 µm 
particles of different phases were determined 
based on single measurements with a relative 
error of 1-2%. 

The XRD was performed using a Shimadzu 
XRD-7000 powder diffractometer at 20 ºС, 
CuKa‑radiation, range 20–75° 2q, scan rate of 
0.1 °/min, standards Si and LaB6. After abrasion, 
thin layers of the sample were put on the polished 
side of a standard cuvette. The phases were 
identified using ICSD No. 42105 for CuFe2S3, No. 
28894 for CuFeS2, and No. 42487 for FeS [23]; 
a full-profile analysis of the X-ray diffraction 
patterns was performed using the Powder Cell 
program [24]. 

In the DD experiment (Fig. 1a), the consequent 
dissolution of phases was realized in a solvent flow 
with the concentration gradually increasing from 
3N HNO3 at 40 °С to 6N HNO3 at 85 °С. Phases with 
different chemical potentials dissolve consequently 
once their potentials equal the potential of the 
solvent. The solvent was fed to the reactor in 
portions at a constant speed. Each portion with a 
dissolved 5Å surface layer of the sample then came 
to an ICP-AES spectrometer, which simultaneously 
determined amounts of Cu, Fe, and S. Kinetic 
curves of dissolution of the components and their 
stoichiograms, presented as pairwise atomic ratios 
of the components of this sample, were obtained 
based on the analysis of 50–200 portions of the 
solution. The computer-processed primary data 
was used to determine the number of phases, their 
compositions, quantities, and spatial homogeneity, 
and it was demonstrated by dissolving a model 
phase mixture A2B3 + AB3 (Fig. 1b). 
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3. Results and discussion
In [6], the fragmentary equilibrium T-x 

diagram Cu0.19Fe0.33S0.48 - Cu0.31Fe0.23S0.46 of the Cu-
Fe-S system is shown (Fig. 2) where the phase of a 
constant composition Cu1.1Fe1.9S3.0 was considered 
as a nonstoichiometric cubanite (icb*) being in 
equilibrium with the melt. However, there are two 
facts indicating a different nature of this sulfide. 
The first is a partial cationic substitution of iron 
with copper, without deviation of the metal/
sulfur ratio from generally 2/3 stoichiometry. The 
second, known from [5, 6], is the ability of the high-
temperature cubic solid solution iss of the Cu-Fe-S 
ternary system to interact with chalcopyrite of the 
same structure. A reconstruction of elementary 
composition of Cu1.1Fe1.9S3.0 to crystallochemical 
composition CuFe1.73S2.73 reflects a novel nature of 
the phase where the cationic substitution happens 
in the anionic framework of cubanite remaining 
unchanged. The chemical disorder results in the 
formation of substitutional solid solutions with 
variable contents of Cu and Fe. From the point 
of view of crystal chemistry, the composition 
CuFe1.73S2.73 is defined as an intermediate solid 
solution with the 0.73CuFe2S3·O.27CuFeS2 
composition, where the end-members are 
cubanite and chalcopyrite. The purpose of our 
study was to gather evidence of the nature of 
the solid solution and determine its stability and 
behavior over a wide temperature during cooling. 

Fig. 3 demonstrates the cooling regime of the 
ingot, i.e. a kinetic diagram of high-temperature 
subsolidus transformations of the solidified 
Cu1.1Fe1.9S3.0 melt. According to macrostructure, 
the ingot has three obviously differ zones. We 

focused on zones II and III, where the numbers in 
the figure correspond to the wafers cut from the 
ingot. It is easy to see the duration of stay of the 
samples in each temperature field. Micrographs 
of the surface of the polished wafers in an optical 
and electron microscopes are given in Fig. 4. The 
microstructure of the 0.56 sample was typical 
for all the samples in zone II, microstructures of 
samples 0.96 and 1.0 in zone III were different 
from each other and from the samples in zone 
II. Optical microscopy demonstrated that all 
the samples, except for 0.96, are single-phase 
at the macro level according to the uniformity 
of their color and reflectivity. Sample 0.96 
includes light and dark domains of various size, 

Fig. 1. Principles of DD: consecutive dissolution of phases according to chemical potentials μ (a); dissolution 
of the model phase mixture A2B3 + AB3(b): A, B – kinetic curves of A and B elements dissolution and stoichio-
gram line B:A (top); kinetic curves of dissolution of the A2B3 и AB3 phases (bottom)

Fig. 2. Polythermal section along the Cu0.19Fe0.33S0.48 - 
Cu0.31Fe0.23S0.46 direction [19]. L – sulfide melt, poss – 
(Fe,Cu)S1.04, icb* – Cu1.1Fe2.0S3.0, and iss – Cu1.0Fe1.2S2.0
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and the difference in color is explained by the 
difference in their compositions and internal 
arranges (Fig.  4b,  c). Microstructure of all the 
samples from SEM observation did not shown 

diffraction contrast as well as lamellae, rims, or 
microinclusions being   visible signs of exsolution 
process (Fig. 4e-i). The high accuracy of the 
average composition of wafers due to a large 
wealth of EDX data obtained by EDS, and the 
sum of the determined concentrations of the 
components practically equal to 100 %, make it 
possible to reconstruct the bulk composition into 
a corresponding crystallochemical formula. 

Table 1 presents bulk and crystallochemical 
compositions of the samples. It shows that 
compositions of the samples in zone II are kept 
constant but different from 0.96 and 1.0 samples 
in zone III. There is only a slight difference 
between the latter two compositions. According 
to crystallochemical formulas, in zone II a 
cubanite-based solid solution with 30 mol. % of 
chalcopyrite is realized; in zone III a solid solution 
of chalcopyrite with 5 or 6 mol. % of cubanite is 
formed. What formation of these solid solutions is 
realistic fact is supported by their homogeneous 
microstructures. 

The single-phase state of the representative 
specimens 0.31–0.71, 0.96, and 1 was emerged 

Fig. 4. Microstructure of samples 0.56, 0.96 and 1.0 in reflected light (a-d) and in BSE (e-h)

Fig. 3. View of ingot (left) and kinetic diagram (right)

Table 1. Variation of average composition along the ingot length in zones II and III

Samples 0.31 0.56 0.71 0.83 0.95 0.96 1.0
Состав СuFe1.73S2.6 CuFe1.73S2.6 CuFe1.73S2.6 CuFe1.73S2.6 CuFe1.73S2.6 CuFe1.20S2.08 CuFe1.18S2.05

Solid 
solutions 0.7CuFe2S3·0.3CuFeS2 0.95CuFeS2·0.05CuFe2S3
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also from a diffraction experiment (Table 2). 
Quite reproducible diffraction patterns, taking 
from various parts of the samples 0.56, 0.96, and 
1.0, with full-profile analysis showed the same 
type of cubic structure F43m (Fig. 5). The only 
difference was observed in the lattice parameter 
and a specific change in the relative intensity 
of the diffraction peak (220). The largest lattice 
parameter was observed for sample 1.0. For 
samples 0.96 and 0.56, it decreased, becoming 
the lowest in the part of the 0.96 sample that 
adjacent to the boundary of zone III. Changes 
in the lattice parameter of cubic cubanite 
are usually associated with the presence of 
microdistortions deforming the lattice [8–10, 
25, 26]. In our experiment, changes in the lattice 
parameters caused significant changes in the 
Cu:Fe ratio and therefore changes in the manner 
of their distribution between corresponding 
crystallographic positions. A peculiar profile of 
the peak (220), namely broadening of the pedestal, 
is typical of samples in zone II with the boundary 
part of the 0.96 sample. Since this peculiarity can 
be caused by various local structure distortions, 
reliability of X-ray diffraction data was ensured by 
the results of the DD method, which performs also 
the phase analysis through differential dissolution 
of the representative specimens. Kinetic curves 
of the Cu, Fe, and S elements dissolution of the 
1.0 sample shows only one peak and the Cu:Fe 

Table 2. Structural parameters of samples 0.56, 0.96 and 1.0
111 200 220 311*

Sample 0.56 (a = 5.307 Å)
2q 29.126 33.757 48.470дв.** 57,549

dexp, Å 3.063 2.653 1.877 1.600
FWHM, ° 0.18 0.19 0.19 0.21

Sample 1.0 (a = 5.312 Å)
2q 29.089 33.719 48.422 57.498

dexp, Å 3.067 2.656 1.878 1.602
FWHM, ° 0.13 0.20 0.20 0.24

Sample 0.96a (a = 5.307 Å)
2q 29.121 33.738 48.478дв** 57.555

dexp, Å 3.064 2.655 1.876 1.600
FWHM, ° 0.17 0.19 0.17 0.18

Sample 0.96б (a = 5.298 Å)
2q 29.197 33.802 48.570дв** 57.659

dexp, Å 3.056 2.649 1.873 1.597
FWHM, ° 0.29 0.29 0.44 0.54

* Line used for determination of the unit cell parameter. ** Double line.

Fig. 5. Difractograms of powder samples 0.56, 0.96a, 
0.96b and 1.0
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stoichiogram is linear, equals 0.84 and remains 
constant during the full dissolution of the sample. 
The quantities of Cu and Fe together with the 
S quantity, gives a chemical formula CuFe1.19S2 
of this spatially homogeneous phase with the 
content of 94±4 wt. % (Fig. 6b). The 0.96 sample 
dissolves also as a single phase with the content 
of 92±4 wt. %. However, the kinetic curve of 
the elements dissolution demonstrates three 
peaks, and a linear Cu:Fe stoichiogram gradually 
changes the initial value 0.85 to 0.81 at the end 
of the dissolution process (Fig. 6a). The deduced 
composition as CuFe1.20-1.23S2 reflects the chemical 
inhomogeneity of this phase caused by blocks of 
various compositions. Sample 0.56 has another   
bulk composition (CuFe1.78S2.7) and dissolves 
in a different manner. Its kinetic curves have 
several peaks, and Cu:Fe stoichiogram involves  
two linear fragments of various length: the first 
fragment, plotted on 30 experimental points, was  
Cu0.8±0.1Fe1, the second, Cu0.47±0.04Fe1 was plotted on 
114 points (Fig. 7a). Both fragments, recalculated 
into chemical formula, indicate the presence of 
the stoichiometric cubanite as main phase (83 wt. 
%) and stoichiometric chalcopyrite as impurity 
nanoparticles (13 wt. %), i.e. an ordered structure. 
Here, composition is a reliable dignostic sign of 
the phase  for the chalcopyrite nanoparticles, 
but the DD method cannot determine the 
size, shape, and the particle–matrix interface.  
However, location of the chalcopyrite peak inside 
the cubanite peak on the kinetic curves and the 
observed chemical variability of each portion 

of the solution, dissolving thin surface layer of 
the sample, mean that chalcopyrite particles are 
uniformly dispersed in the cubanite matrix. 

Summarized diagnostic data of the samples 
0.56, 0.96, and 1 allowed to present the sequence 
of the solidified melt transformations under 
cooling conditions. Sample 1.0 with a bulk 
composition CuFe1.19S2.04 crystallized from the 
melt with a ratio Cu/Fe = 0.71 and rather quickly 
cooled down at temperatures close to 930 °С; 
according to the spatial resolution of the used 
diagnostic methods, it is a uniform, chemically 
and structurally homogeneous phase based on 
CuFeS2 with composition moved towards CuFe2S3 
by 5 mol. % within the homogeneity range. At a 
higher resolution, a quasi-homogeneous state 
with associations can be found. Earlier, when the 
cubic chalcopyrite had not yet been identified, the 
homogeneous state of 0.7·CuFeS2 + 0.3·CuFe2S3 at 
high temperatures was identified as a tetragonal 
chalcopyrite phase enriched with iron [25]. This 
means that studying the mechanisms of solid-
phase transformations of Cu-Fe sulfide phases 
presents severe problems caused by the lack of 
key data for correctly interpret thin phase and 
chemical changes. 

Sample 0.96 of the bulk composition 
CuFe1.21S2.07 with chemically different domains 
that are not registered on diffraction patterns, 
demonstrates the initial stage of the ordering 
process with Cu and Fe cations, occupying 
topologically inequivalent positions in the cubic 
structure. According to the kinetic diagram 

Fig. 6. Kinetic curves of Cu, Fe, S elements dissolution for samples 0.96 (a) and 1.0 (b)
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(Fig. 3), formation of this state took a long period 
of time required for the migration of cations 
through the sulfide lattice. This is the early stage 
of decomposition of the solid solution, which is 
usually allusive and cannot be detected due to 
small-scale changes of this homogeneous solid 
solution. This stage is associated with the ordering 
of cations without changing the structure, but 
with altering the bonds length depending on the 
distribution of multi-charge cations with similar 
radii (Сu4

+1 = 0.74Å, Fe4
+3 =  0.77Å). The changes 

in the lattice parameter of sample 0.96 relative 
the parameter of sample 1.0 are demonstrated 
in Table 2. Finding the early ordering stage is 
of crucial importance, because a new internal 
structural arrange of the ordered state forms also 
other physico-chemical properties and thus other 
characteristics of the polymorphic transition 
from cubic chalcopyrite to tetragonal. 

Sample 0.56, homogeneous in its reflectivity 
and diffraction properties, is heterogeneous 
at micro level according to the DD results: the 
cubanite matrix contains low-dimensional 
chalcopyrite clusters occurring in specific lattice 
centers.  According to a TEM experiment, the 
size of such dispersed formations exsoluted 
from cubanite during its cooling from the 
highest temperatures is several nm [3, 15]. In 
our experiment, the small size of the clusters 
indicated the inhibition of the nucleation and 
growth processes. That is why the SEM experiment 

did not reveal any signs of decomposition of the 
solid solution in all the samples of the II zone, 
even those that were cooled for a long time 
at lower temperatures, Fig. 4.  These clusters 
escape detection by X-ray diffraction, but their 
appearance caused changes in the interplanar 
distances resulting in a broadening of the peak 
(220). The nature of the peak broadening was 
discussed in [8, 9, 14, 26, 27]. Most authors agree 
that this phenomenon is associated with the 
formation of intergrowth structures of cubanite 
with chalcopyrite: the peak with d = 1.862, 
which is characteristic for pure cubanite, is laid 
over a peak with d = 1.878, corresponding to the 
intergrowth structure. We believe that clusters 
of cubic chalcopyrite form tense microstructures 
with the cubic matrix, thus increasing the unit 
cell volume. This metastable state remains 
even   after long-term annealing at 400 °С, i.e. in 
the field of stability of tetragonal chalcopyrite, 
Fig. 4f. The stability of this solid solution is also 
confirmed by two other well-known facts: adding 
cubanite to chalcopyrite reduces the temperature 
of its polymorphic transition from 570 to 400 
°С [26]; kinetic inhibition of the reconstructive 
polymorphic transition of chalcopyrite proceeds 
very slowly and gradually following the ordering 
of the cubic structure and desymmetrization of 
type F43m → P43m → I43m → P42m [12].

As a result, we obtained justified and agreed 
data regarding the early decomposition stages of 

Fig. 7. Kinetic curves of  Cu, Fe, S elements dissolution and linear dashes fragments of stoichiograms Cu:Fe 
(a); kinetic curves of chalcopyrite and cubanite dissolution (b)
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the Cu1.1Fe1.9S3.0 solid solution. The decomposition 
is initiated by cationic ordering with the formation 
of domains with various compositions and 
internal structural arrange without interrupting 
the interface surface. This is followed by the 
decomposition and formation of a nanostructure 
of two coexisting cubic phases of chalcopyrite and 
cubanite, which is stable over a wide temperature 
range, metastable, and apparently coherent. 

4. Conclusions 
In this  article, we suggested a new 

methodological approach for solving a complex 
task of determining nature of the initial stages 
of transformations of the intermediate phase   
Cu1.1Fe1.9S3.0 of cubic solid solution during 
cooling. In our experiment, we focused on the 
development of diagnostic methods that can 
determine the texture changes, composition, 
and structure of the samples with a high spatial 
resolution in function of thermodynamic and 
kinetic cooling conditions. This allowed us to 
understand the process, which includes stages of 
cationic ordering followed by the formation of a 
metastable solid solution of nanosized clusters of 
cubic chalcopyrite in the cubic cubanite matrix. 
The identification of the two phases with different 
compositions determining the properties of the 
solid solution is an important result, which can 
facilitate the development of new magnetic 
sulfide nanomaterials and can be used for the 
processing of Cu-Fe sulfide ores.
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1. Introduction
The macromolecules of cyclodextrins (CDs) 

consist of glucopyranose units interconnected 
by a-1,4-glycosidic bonds. Among the most 
studied and widely used cyclodextrins are 
a-, b-, and g-cyclodextrins consisting of 6, 7, 
and 8  glucopyranose units. The shape of the 
resulting macromolecule is described as a 
truncated cone with a hydrophobic interior 
cavity and a hydrophilic outer surface. Due to 
their structure, cyclodextrins form inclusion 
compounds (complexes) with numerous 
guest molecules that can be fully or partially 
incorporated into the cyclodextrin cavity. Due 
to the ability of cyclodextrins to change the 
physicochemical properties of the incorporated 
guest molecules, i.e. thermal stability, volatility, 
solubility, resistance to oxidation, visible and UV 
radiation, and, most importantly, due to their 
non-toxicity, these compounds are widely used in 
pharmaceutics [1–3], food [4, 5] and cosmetic [6, 7] 
industries, analytical chemistry [8], catalysis [9–
12], separation of mixtures [13-15], agrochemistry 
[16], etc. The history, structures, properties, and 
various application areas of cyclodextrins and 
their inclusion complexes are described in several 
recent reviews [17–19].

Since cyclodextrins in the solid state always 
contain water molecules (inside their cavity and in 
the intermolecular space), the process of forming 
cyclodextrin complexes consists in the partial or 
complete substitution of water molecules with 
other guest molecules. Therefore, it is important 
to know the thermodynamic characteristics 
of the processes of cyclodextrin dehydration. 
b-cyclodextrin is one of the most popular 
cyclodextrins. Its overall production exceeds all 
other cyclodextrins, and, judging by the number 
of published articles, this cyclodextrin is the most 
studied. Despite a huge number of studies, there 
is hardly any information on thermodynamic 
characteristics that allow estimating the binding 
energy of water in b-cyclodextrin hydrates. It 
is known that in the structures of cyclodextrin 
hydrates, one part of the water molecules fills the 
cavity of the macromolecule, and the other part 
connects the macromolecules to each other with 
hydrogen bonds. First X-ray diffraction studies 
determined the structures of two b-cyclodextrin 
hydrates crystallizing from aqueous solutions: 

b-CD (b-CD·12H2O) dodecahydrate [20] and b-CD 
(b-CD·11H2O) undecahydrate [21]. Both are cell 
type structures, the differences are mainly in the 
distribution of water molecules between the cavity 
and the intermolecular space: in the b-CD·12H2O, 
there are 6.5 H2O molecules in the cavity and 
5.5 H2O in the intermolecular space, while in 
b-CD·11H2O, this distribution is 6.13  H2O and 
4.88 H2O, respectively. Later, another isomorphic 
structure of the b-CD·7.5H2O hydrate was found 
[22], in which one H2O molecule is incorporated in 
the cavity, and the remaining 6.5 are distributed 
in the intermolecular space. The b-CD hydrate 
in contact with the mother solution has a 
composition of ~ b-CD·12H2O, however, at room 
temperature and ~ 50% humidity, its composition 
changes to b-CD·10.5H2O and the process is 
reversible [23]. The study of the structures 
of b-CD hydrates [24] at different humidity 
levels showed that with a decrease in humidity 
from 100 to 15%, the process of the hydrate 
dehydration from the composition of b-CD 
12.3H2O to b-CD·9.4H2O is fast (it takes minutes), 
continuous, reversible, and proceeds mainly due 
to the loss of water from the inner cavity of the 
b-CD macromolecule. The structure is preserved 
up to a moisture content of 15%, however, there 
is a slight decrease in the volume of the unit 
cell. NMR spectroscopy data [25] also indicated 
the non-stoichiometric nature of b-CD hydrates 
in the b-CD 10.5H2O – b-CD·12H2O interval. 
The study of dehydration by powder diffraction 
(PXRD), thermogravimetric analysis (TGA), and 
differential scanning calorimetry (DSC) showed 
[26] that the hydrated phase of b-CD remains 
thermodynamically stable up to about b-CD·2H2O 
at room temperature and higher. Dehydration of 
b-CD·11H2O hydrates is described as a single-
stage process in the temperature range of 50–110 
°C [27] and 64–100 °C [28]. It takes one stage for 
b-CD hydrates with b-CD·11.3H2O, b-CD·10.5H2O, 
b-CD·10H2O (commercial sample) compositions 
to lose water in the range of 40–80 °С [29]. The 
thermal behavior of the b-CD·11H2O commercial 
sample studied by the TGA and DSC methods 
(from –150 to 300 °C) indicates a two-stage 
dehydration process: 7 moles of H2O are lost 
during the first stage and 4 moles during the 
second stage [30]. In the same study, the enthalpy 
of the b-CD·11H2O hydration was determined 
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by the method of dissolution calorimetry at 
25 °C, which was –102.8 ± 1.1 kJ/mol for the 
process of b-CD(s) + 11H2O(l) = b-CD·11H2O(s). 
The specific enthalpy of the dehydration of the 
b-CD·11H2O calculated from the experimental 
curves obtained by the method of simultaneous 
thermogravimetric and differential analysis in 
[31] for the b-CD·11H2O(s) = b-CD(s) + 11H2O(l) 
process was 40±2 kJ/ mol at T = 100 °C. As can be 
seen from the above review, the data obtained 
in previous studies can be contradictory and 
the available thermodynamic characteristics are 
not enough for quantitative estimation of the 
dehydration processes of b-cyclodextrin hydrates.

In this paper, the dehydration processes of 
b-CD hydrates were studied by powder X-ray 
diffraction (PXRD) and by static tensimetry 
with membrane null-manometer over a wide 
temperature range (293–384 K). As shown in 
our previous work on the study of a-cyclodextrin 
hydrates [32], measuring vapor pressure 
during dehydration by static tensimetry allows 
characterizing this process and obtaining its 
quantitative thermodynamic characteristics.

2. Experimental
2.1. Materials

The experiments were conducted on 
b-cyclodextrin (Wacker Fine Chemicals, b-CD 
Cavamax WG7 Pharma, mass fraction of the 
dry main substance ≥ 0.98). The hydrate with 
the highest water content (b-CD 11.9H2O) was 
obtained by recrystallization from distilled water 
(≥ 0.9999). Samples with a lower water content 
were obtained by drying the resulting hydrate 
in a desiccator over P2O5. The composition of 
the sample was controlled by weight. After the 
samples reached the required composition, they 
were kept for several days in a hermetically sealed 
container to achieve equilibrium.

2.2. Diffraction experiments
Diffraction experiments were performed 

on a Bruker D8 Advance diffractometer (CuKa 
radiation, l = 1.5418 Å). Samples were mixed 
with ~ 10 vol. % of finely ground silicon powder, 
which was used as the internal standard. Powder 
diffraction patterns were recorded at 20 °C. 
The parameters of the unit cell of the hydrate 
were refined for all clearly visible reflexes in the 

range of angles 3–28°. The CHEKCELL software 
was used for the refinement of cell parameters 
[33]. Powder patterns were indexed using the 
WinPLOTR package [34].

2.3. Static tensimetry
The temperature dependence of the pressure 

of the water vapor of the b-CD·nH2O (n = 10.9; 9.6; 
7.0) hydrates was measured by static tensimetry 
using a Novikov-Suvorov glass (pyrex) null 
manometers [35]. The experimental unit was 
described in detail in our previous works [36–
38]. The pressure was measured to a precision 
of 0.4  Torr with due account of the error 
compensation, the cathetometer measurement 
error, and the inaccuracies associated with 
the irreversible temperature drift of the null 
position. The temperature accuracy estimated 
from the results of the thermocouple (Pt-Pt10Rh) 
calibration by mercury and naphthalene was 
0.3 °C. The error of maintaining a constant 
temperature in the 3-zone furnace of the unit 
was 0.1 °C, the radial and linear temperature 
gradients in the working cell of the manometer 
did not exceed 0.5 °C. The volume of the working 
cell of the manometer was determined with 
an accuracy of 10–1 cm3 by weighing an empty 
manometer and a manometer filled with water. 
A weighed hydrate sample (±10–4 g) was put 
into the chamber of the null-manometer and 
pumped out for 1–2 min at room temperature 
under dynamic vacuum (10–2 Torr); the gauge 
was then disconnected from the vacuum system 
by a gas burner and placed into the furnace of 
the unit. The pressure values were recorded after 
the coincidence of two or three measurements 
with an interval of 15 to 20 minutes at a fixed 
temperature. Experimental pressures measured 
at the same temperature during both heating and 
cooling of the manometer were consistent within 
the reduced measurement errors, which is the 
criterion for obtaining equilibrium data.

The conditions of the experiments are given in 
Table 1. The ratio of the mass of the sample to the 
volume of the working cell (mwater/V) was chosen 
so that the composition of the condensed phase 
could be considered as quasi-constant: the loss of 
water in the b-CD·nH2O samples at the maximum 
temperature of the experiment varied from 0.97 
to 3.64% of the total amount of water (Table 1).
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3. Results and discussion
3.1. XRD experiments

Powder diffraction patterns of seven 
b-CD·nH2O hydrate samples with different 
water content (n = 11.9-0.9) were recorded. The 
obtained powder diffraction patterns are shown 
in Fig. 1.

Powder diffraction patterns of b-CD·11.9H2O 
and b-CD·10.0H2O samples were indexed in a 
monoclinic unit cell (variant (1) in Table 2).

The obtained parameters of the cells were 
close to those described in [24] for compositions 
synthesized at a humidity of ≥ 50%. Nevertheless, 
the unit cell parameter a and the monoclinic 
angle obtained during indexing were respectively 
2% and 1° less than those reported in the cited 
work. Using the values given in [24] as the starting 
parameters resulted in slightly large errors in 
the refined parameters of the cell (variant (2) in 
Table 2). Overall, the coincidence between the 
obtained powder diffraction patterns and those 
obtained during previous research [24] can be 
considered satisfactory. For the b-CD·7.9H2O 
and b-CD·6.1H2O samples, the general view of 
the powder patterns differed little from those 
discussed above. The main difference was the 
appearance of several weak additional reflexes, 
most likely related to the dehydrated phase. 
Overall, it can be stated that for b-CD·nH2O in the 
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Table 1. Conditions for tensimetric experiments with b-CD·nH2O: n is the number of moles of water per 
mole of b-CD, m is the mass of the weighed portion of the sample, mwater is the mass of the water in the 
sample, V is the volume of the manometer

Experiment number n m, г mwater, g mwater/V, g/l Water loss at Тmax, %

1 10.9 1.0156 0.1498 16.53 2.28
2 9.6 1.3995 0.1846 13.54 3.64
3 7.0 2.7021 0.2700 44.26 0.97

Table 2. Parameters of unit cells and volumes of unit cells for the main samples of b-CD hydrate with 
different compositions

Samples sp. gr. a, Å b, Å c, Å b, deg. V, Å3

b-CD·11.9H2O (1) P21 20.874(16) 10.176(4) 15.147(17) 111.04(7) 3003(4)

b-CD·11.9H2O (2) P21 21.286(60) 10.256(16) 15.048(46) 112.33(28) 3039(15)

b-CD·10.0H2O (1) P21 20.845(25) 10.201(5) 15.141(17) 110.75(12) 3011(7)

b-CD·10.0H2O (2) P21 21.185(63) 10.200(12) 15.158(45) 112.19(29) 3033(15)

b-CD·0.9H2O орт.* 26.422(5) 16.082(5) 12.521(3) – 5318

* orthorhombic unit

Fig. 1. Powder diffraction patterns of b-CD·nH2O hy-
drate samples. The values of n for the corresponding 
samples are given to the right of the curves. The red 
strokes and lines correspond to the expected positions 
of the reflexes calculated for the b-CD·11.9H2O sample 
(variant (1) in Table 2). The blue strokes and lines 
correspond to the positions of the dehydrated b-CD, 
according to data in [39]. Black strokes and lines cor-
respond to the positions of the reflexes calculated for 
the b-CD·0.9H2O sample
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range of compositions of n = 11.9-6.1, the hydrate 
structure changed insignificantly. It was slightly 
wider than the homogeneity range n = 10.5–12.0 
previously reported in [25].

It is known [20, 24] that inside the cavity of 
b-CD·12H2O there are about 6.5 water molecules. 
It can be assumed that the change in compositions 
in the range of n = 11.9–6.1 occurred due to the 
removal of intracavitary water, which did not 
lead to a change in the packing of cyclodextrin 
molecules. With the further removal of water, 
the intensity of the peaks on the powder patterns 
dropped sharply and the peaks expanded. The 
quality of the powder patterns deteriorated 
sharply (powder pattern of the b-CD·4.1H2O 
sample in Fig. 1). The changes can be attributed 
to hydrate amorphization. Two samples with 
a minimum water content, b-CD·2.3H2O and 
b-CD·0.9H2O, had almost identical powder 
patterns (Fig. 1), which were indexed in the 
orthorhombic crystal system (Table 2). We 
failed to find detailed crystallographic data 
for anhydrous b-CD in previous publications. 
However, [39] provides an unprocessed powder 
pattern for an anhydrous sample. We found that 
the position of the main peaks in this powder 
pattern was well matched to our data (Fig. 1). 
Thus, the study of powder diffraction patterns 
of samples of b-CD·nH2O hydrates showed that 
the loss of water from the inner cavity of the 
cyclodextrin molecule to a composition with 
n = 6.1 did not lead to a change in the appearance 
of the powder diffraction pattern, i.e. there were 
no significant changes in the structure of the 
hydrate. Further loss of water led first to partial 

amorphization of the hydrate, and then to the 
formation of a new crystalline phase, with a 
structure which, apparently, corresponded to the 
anhydrous b-CD. Indexing of the powder pattern 
of this phase showed that it most likely belonged 
to the orthorhombic crystal system.

3.2. Measuring the vapor pressure of water
Three experiments were conducted to 

measure the temperature dependence of the 
saturated vapor pressure of water in the studied 
hydrates by static tensimetry with membrane 
null-manometers. The obtained data are shown 
in Fig. 2a in the lg p–1000/T coordinates.

It can be seen from the figure that the 
experimental data for different compositions 
of b-CD·nH2O lie parallel to each other. When 
reduced to a single composition of b-CD·1H2O 
(pn = p/n), the experimental data coincided (Fig. 
2b), as was observed in our study of a-CD hydrates 
[32]. Such a coincidence is possible only if the 
water-b-CD bond is the same in terms of energy 
for different compositions.

The data reduced to the b-CD·1H 2O 
composition (38 experimental points) were 
processed by the method of least squares using 
the criterion function described in detail in our 
papers [40–41]: 
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where N is the number of experiments; ni is the 
number of experimental points in the jth expe

                                                 a                                                                                                    b
Fig. 2. (a) Experimental data in the lg p – 1000/T coordinates for b-CD·nH2O, where n = 7.0; 9.6; 10.9. (b) Tem-
perature dependence of saturated vapor pressure for b-CD·1H2O, where pn = p/n
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riment; pe
(ij) is the experimentally measured pres-

sure; pр
(ij) is the pressure calculated using the 

isotherm equation; and Wij is the weight function 
taking into account the pressure and temperature 
errors. The criterion function y uses the principle 
of maximum likelihood in the method of least 
squares to estimate the thermodynamic param-
eters of the process.

The parameters sought were the enthalpy 
and entropy of the dehydration process at an 
average temperature since there were no data on 
the b-CD·1H2O heat capacity. The minimization 
of the criterion function (1) in the sought 
parameters space was carried out using a program 
that applied the algorithm of the modified 
Newton-Gauss method allowing for the choice 
of the step size and the direction.

The results of processed data are shown 
in Table 3. The uncertainties in the obtained 
values of ΔprH°Tav and ΔprS°Tav corresponded to 
a 95% confidence interval. The temperature 
dependence of the calculated pressure dispersion 
was described by the equation s2 = a/T2 – b/T + c.

Deviations of experimental pressure values 
(pn(exp.)) from those calculated by the equation 

from Table 3 (pn(calc.)) did not exceed the errors 
of pressure and temperature measurements. The 
points were randomly scattered (Fig. 3), which 
indicated the absence of systematic errors in 
our study.

The obtained equation of temperature 
dependence of pressure (ln(p/p°), Table 3) allowed 
calculating the vapor pressure of water over b-CD 
nH2O at a given temperature T for any n from 7.0 
to 10.9 by multiplying the vapor pressure value 
(p/p°) for n = 1 by the number of n moles of water 
in the b-CD·nH2O hydrate:

p/p° = n exp(A – B/T)		  (2)

Fig. 4 shows the data obtained in this work 
and the data obtained earlier for a-CD·H2O [32] in 
comparison with the process of water evaporation 
[42]. The saturated vapor pressure of pure water 
during the evaporation process was much higher 

Table 3. Thermodynamic characteristics of the process of b-CD 1H2O dehydration: temperature 
dependence of the saturated vapor pressure ln (p/pº) ± 2s = A – B/T, where pº is the standard pressure 
of 1 atm; s2 = f(T) is the dispersion of the calculated pressure; the enthalpy (ΔprHºTav) and entropy 
(ΔprSºTav) of the process at the average temperature of the studied interval (Tav = 338.65 K)

ΔT, К ln (p/p°) = A – B/T;
 s2 = a/T2 – b/T + c

ΔprHºTav
kJ/mol

ΔprSºTav 
J К–1·mol–1

292.95–384.35 ln(p/p°) ± 2s =13.31 -5976/T; 
s2 = 396.3/T2 - 2.200/T+0.0031 49.7±0.3 110.7±0.9

Fig. 3. The difference between the values of the ex-
perimental pressure (pn(exp)) and the pressure calcu-
lated from the equation from Table 3 (pn(calc)) for the 
process of b-CDH2O dehydration

Fig. 4. Temperature dependences of the saturated 
vapor pressure of water in the processes of b-CD·H2O, 
a-CD·H2O dehydration [32], and the evaporation of 
pure water [42]. The values of the changes in the Gibbs 
energy (ΔG°348.85/kJ·mol–1) during the binding of 1 mole 
of gaseous water to 1 mole of solid a- or b-cyclodextrin 
are presented at the average temperature of the inter-
val (Tav = 338.65 K) investigated in this work. The black 
arrow marks the temperature of solid-phase transition 
in a-CD hydrates
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than the water pressure over the b-CD and a-CD 
hydrates. On the a-CD·H2O dehydration line, 
there was a break that corresponded to a solid-
phase transition in a-CD·H2O hydrates [43]. In 
the b-CD·nH2O hydrates, such a transition was 
not detected in the studied ∆T and ∆n intervals.

The binding energy of water-b-cyclodextrin 
can be characterized by a change of Gibbs energy 
during the process of binding of 1 mole of gaseous 
water and 1 mole of solid b-CD:

b-CD(s) + H2O(g) = b-CD·H2O(s), 
ΔG°T = –RT ln(p/p°).		  (3)

The obtained thermodynamic data (Table 3) 
was used to estimate quantitatively the binding 
energy of the molecules of water and b-CD: 
ΔG°338.65 = –12.2±0.3 kJ/mol. In the case of a-CD 
H2O [32], ΔG°338.65 = –10.3±0.5 kJ/mol (Fig. 4). 

4. Conclusions
The method of X-ray diffraction was used to 

show that the monoclinic structure characteristic 
of b-CD·11.9H2O hydrate is maintained over 
the range n = 6–11.9. When n < ~2, the powder 
diffraction patterns of the samples were 
indexed in the orthorhombic crystal system. 
For intermediate n, the samples were mixtures 
of the hydrates discussed above. The static 
tensimetry with membrane null-manometers 
was used to measure temperature dependences 
of the vapor pressure of water over b-CD·nH2O 
(n = 10.9; 9.6; 7.0) under conditions of a quasi-
constant hydrate composition. An analysis of 
the obtained dependences showed that the 
vapor pressure increases proportionally with 
increasing water content in the initial hydrate 
samples. The experimental data were used to 
calculate the thermodynamic parameters of 
the dehydration process. The equation for the 
ln p – 1/T dependence found in this work allows 
calculating the vapor pressure over b-CD-nH2O 
hydrates in the studied temperature range for 
any value of n from 7.0 to 10.9. In addition, the 
results of the study can be used to quantitatively 
estimate the binding energy of water to b-CD 
molecules. Thermodynamic characteristics of 
dehydration processes were obtained for the 
first time and are valuable data not only for 
fundamental science, but also for the practical 
application of b-cyclodextrin hydrates.
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 1. Introduction
The quest for advanced materials with 

enhanced properties has led to extensive research 
in the field of multi-component chalcogenides, 
particularly those based on M-Bi-Te (M – Ge, 
Sn, Pb, and Mn) systems [1–8]. These materials, 
which have attracted great interest due to their 
thermoelectric properties, have been intensively 
studied in recent years again as materials 
exhibiting properties of a new quantum state of 
matter – topological insulators [9–14]. Topological 
insulators (TIs) are a class of materials that have 
garnered significant interest due to their ability 
to conduct electricity on their surfaces while 
remaining insulating in their bulk [15–18].

Recently, a homologues series of layered 
ternary compounds with a general formula of 
nAIVTe·mBi2Te3 have gained great attention for 
their unique electronic structures. Systhematic 
investigations into ternary compounds in 
these chalcogenides systems show that these 
tetradymite-type layered van der Waals phases 
are 3D Tls and hold potential for revolutionary 
applications in spintronics, quantum computing, 
and low-power electronics [19–24]. All these 
compounds share a structural similarity as 
they belong to the tetradymite-type layered 
structure which is composed of repeating units of 
quintuple or septuple layers, typically consisting 
of alternating atomic layers such as chalcogenides 
(e.g., Se or Te) and metals (e.g., Bi or Sb with 
M – Ge, Sn, Pb, and Mn) [1–4; 14]. Research on 
existing layered topological insulator phases 
indicates that addressing the limitations of their 
applicability across various fields necessitates 
the precise tuning of their bulk band structure. 
An effective approach to promoting electron 
transport dominated by topologically protected 
states is through targeted chemical substitution, 
whereby specific atomic sites in the material’s 
crystal lattice are replaced to modify its electronic 
structure and enhance the prevalence of these 
states. This type of topological engineering has 
been previously studied in numerous works and 
has demonstrated significant potential for tuning 
material properties and improving performance 
for application prospects [25–30].

In this study, by means of differential thermal 
analysis (DTA) and powder X-ray diffraction 
(XRD) methods, we studied solid-phase 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(4): 725–731

E. R. Nabiyev et al.	 The solid-phase equilibria in the GeBi2Te4-SnBi2Te4-Bi2Te3 system at 300 K...

equilibria diagram in the GeBi2Te4-SnBi2Te4-
Bi2Te3 system at 300 K and characterized the 
Ge1-xSnxBi2Te4, Ge1-xSnxBi4Te7, and Ge1-xSnxBi6Te10 
continuous series of solid solutions with 
examining compositional effects on the 
material’s crystalline behaviours. Our findings 
provide insights into the phase diagrams of 
the GeTe-SnTe-Bi2Te3 pseudoternary system 
and contribute to understanding the influence 
of Ge↔Sn substitution on the thermodynamic 
and structural properties of these topological 
insulator compounds. Data on phase equilibria 
in the boundary systems GeTe-Bi2Te3 and SnTe-
Bi2Te3 are taken from [2, 5].

2. Experimental
The starting materials for the preparation of 

alloys were high-purity germanium pieces (Alfa 
Aesar, CAS 7440-56-4), tin lump (Alfa Aesar, 
CAS 7440-31-5), bismuth shots (Alfa Aesar, CAS 
7440-69-9), and tellurium lump (Alfa Aesar, CAS 
13494-80-9). During the first stage, GeTe, SnTe, 
and Bi2Te3 binary compounds were synthesized. 
The phase purity of the synthesized binary 
compounds was checked via DTA and powder 
XRD methods. Alloys of the studied systems 
with different compositions were prepared 
using presynthesized binary compounds. The 
weighed three components were sealed in 
quartz ampoules, then melted at 1050 K for 6 h, 
followed by rapid quenching in ice water. All the 
ampoules were then placed in a muffle furnace at 
a temperature of 770 K for 720 hours to achieve a 
state close to equilibrium. After heat treatment, 
the alloys were cooled in a switched off furnace.

Powder XRD and DTA techniques were used 
to characterize the products. The temperatures 
of the phase transformations were determined 
by DTA using the LINSEIS HDSC PT1600 system 
(heating rate of 10 °C/min) and a multichannel 
DTA device based on a TC-08 Thermocouple 
Data Logger. Powder X-ray diffraction (XRD) was 
examined on Bruker D2 PHASER diffractometer 
using CuKa1 radiation within a scanning range of 
2q = 5÷75. COD and PDF-2 databases were used 
for the interpretation of the powder diffraction 
patterns. Both qualitative and quantitative 
assessments of the XRD patterns were carried 
out using Rietveld analysis with FullProf and 
HighScore Plus software package.
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3. Results and discussion
The powder XRD patterns of annealed alloys 

of Ge1-xSnxBi2Te4 systems are shown in Fig. 1. The 
observed peaks of the XRD patterns indicate a 
trigonal symmetry with the R-3m space group. 
As can be seen, the diffraction peaks exhibit a 
systematic shift towards lower 2q angles as the 
Sn content increases, indicating an expansion 
of the lattice due to the larger atomic radius of 
Sn compared to Ge. Additionally, the absence 
of any new peaks or the splitting of existing 
peaks suggests that no phase separation occurs, 
confirming the formation of a continuous solid 
solution. The broadening of peaks with increasing 
Sn content may also be attributed to microstrains 
or slight variations in crystallite size as the alloy 
composition changes. Overall, these patterns 
confirm the successful incorporation of Sn 

into the Ge-Bi-Te matrix, leading to a tunable 
modification of the crystal structure without 
disrupting the overall phase stability. 

Similarly, the XRD patterns of Ge1-xSnxBi₄Te7 
exhibit a comparable trend (see Fig. 2) with a 
systematic shift of diffraction peaks towards lower 
2q angles as the Sn concentration increases. This 
shift, like in the Ge1-xSnxBi2Te4 system, indicates 
an expansion of the lattice due to the substitution 
of Sn for Ge. The consistency of this shift across 
the entire compositional range supports the 
formation of a continuous solid solution along 
the GeBi4Te7-SnBi4Te7 section.

The XRD patterns of alloys of the GeBi6Te10-
SnBi6Te10 section also show a similar shift 
towards lower 2q angles with increasing Sn 
content, indicating lattice expansion and the 
formation of a continuous solid solution without 

Fig. 1. Powder XRD patterns of Ge1-xSnxBi2Te4 alloys

Fig. 2. Powder XRD patterns of Ge1-xSnxBi4Te7 alloys
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phase separation, as seen in Fig. 3. Thus, based 
on the obtained results, it can be stated that 
the GeBi2Te4-SnBi2Te4, GeBi4Te7-SnBi4Te7, and 
GeBi6Te10-SnBi6Te10 sections of the GeTe-SnTe-
Bi2Te3 system are characterized by the formation 
of continuous series of solid solutions below the 
subsolidus temperature.

The structural parameters of all the alloys were 
refined by the Rietveld technique. Powder XRD-
based Rietveld refinements yield the final lattice 
parameter values by showing good agreement 
between the experimental and calculated profiles 

across all compositions. Calculated lattice para
meters for the Ge1-xSnxBi2Te4, Ge1-xSnxBi4Te7, and 
Ge1-xSnxBi6Te10 solid solutions were listed in Table 1. 
It can been seen that the values obtained by our re-
finements for all ternary end-member compounds 
are in good agreement with the values of the litera
ture [2, 5]. Results for intermediate compositions 
are consistent with Vegard’s law, which describes 
the linear relationship between lattice parameters 
and composition in solid solutions. The variation 
of lattice parameters a, and c with the Sn content 
is presented in Fig. 4 (a), (b), and (c). As expected, 

Fig. 3. Powder XRD patterns of Ge1–xSnxBi6Te10 alloys

Fig. 4. Dependence of lattice parameters a and c for alloys of Ge1-xSnxBi2Te4 (a), Ge1-xSnxBi4Te7 (b), and Ge1-xSnx-
Bi6Te10 (a) systems versus Sn content
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both lattice parameters increase with increasing 
concentration of Sn content due to the larger ionic 
radius of Sn2+ compared to Ge2+.

Fig. 5 shows the solid-phase equilibrium 
diagram of the GeBi2Te4-SnBi2Te4-Bi2Te3 system at 
300 K constructed using the above experimental 
results and literature data. The isothermal 
section consists of four monophasic and three 
two-phase regions. As mentioned above, three 
out of four single-phase regions belong to a 
continuous series of solid solutions which are 
the e-, j-, and c-phases. The b-phase corresponds 
to the homogeneity region of Bi2Te3, which we 
delimited taking into account the data from [2, 
5]. The formation of biphasic areas is confirmed 
with XRD. Alloy #1 clearly demonstrated that 
the e-phase is in equilibrium with the j-phase, 
as shown in Fig. 6 (a). Similarly, alloy #2 (Fig. 
2(b)) had two equilibrium phases, which were 
identified as the j- and c- phases. Since both alloy 

compositions located on the Ge-rich side of the 
diagram (see Fig. 5), reference XRD lines shown 
in Fig. 6 (a) and (b) were chosen for comparison 
from germanium ternary compounds.

Table 1. Crystal structure parameters of some phases

Composition, mol%
Lattice parameters, Å

Ref.
a c

Ge1-xSnxBi2Te4

x = 0.0
4.3176(3) 41.259(5) [5]
4.3181(4) 41.217(5) This work

x = 0.2 4.3384(2) 41.288(3) This work
x = 0.4 4.3508(7) 41.332(5) This work
x = 0.6 4.3691(4) 41.396(4) This work
x = 0.8 4.3892(3) 41.462(5) This work

x = 1.0
4.4035(3) 41.511(2) [25]
4.4029(3) 41.528(5) This work

Ge1-xSnxBi4Te7

x = 0.0
4.3556(2) 23.928(4) [5]
4.3525(4) 23.939(2) This work

x = 0.2 4.3637(2) 23.949(4) This work
x = 0.4 4.3735(5) 23.956(3) This work
x = 0.6 4.3809(7) 23.967(7) This work
x = 0.8 4.3884(1) 23.977(1) This work

x = 1.0
4.3998(2) 23.981(3) [31]
4.3992(5) 23.988(6) This work

Ge1-xSnxBi6Te10

x = 0.0
4.3572(3) 101.911(2) [5]
4.3566(1) 101.918(4) This work

x = 0.4 4.3676(8) 102.128(3) This work
x = 0.8 4.3799(5) 102.335(1) This work

x = 1.0
4.3873(8) 102.431(1) [32]
4.3867(2) 102.438(4) This work

Fig. 5. The solid-phase equilibrium diagram of the 
GeBi2Te4-SnBi2Te4-Bi2Te3 system at 300 K. Red circles 
show alloy compositions for XRD in Fig. 6
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4. Conclusions 
In this work, based on the results of XRD of 

equilibrium alloys, a solid-phase equilibrium 
diagram of the GeTe-SnTe-Bi2Te3 system in the 
composition range of GeBi2Te4-SnBi2Te4-Bi2Te3 
at 300 K was constructed. It was established 
that this subsystem is characterized by the 
formation of continuous series of substitution 
solid solutions with the general formula 
Ge1-xSnxBi2Te4, Ge1-xSnxBi4Te7 and Ge1-xSnxBi6Te10 
with a layered tetradymite-type structure and a 
wide homogeneity region based on Bi2Te3. The 
lattice parameters of the above-mentioned series 
of solid solutions were refined based on powder 
diffraction patterns using the Rietveld method. 
It is shown that their concentration dependences 
are in good agreement with Vegard’s law. The solid 
solutions obtained in this work are of practical 
interest from the point of view of developing 
new topological insulators and thermoelectric 
materials with adjustable properties.
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Abstract 
To date, researchers have failed to provide a physicochemical explanation of the crystallization of low-soluble X-ray 
amorphous ZrO2·nH2O caused by its aging in contact with the mother liquor. Data obtained in previous studies may be 
erroneous due to the unpredictable effect of Si4+, Na+ and K+ impurity ions. This study is aimed at establishing the regularities 
and features of the phase formation, as well as changes in the adsorption properties of ZrO2·nH2O and the functional 
composition of the ZrO2 surface depending on the aging time of the ZrO2·nH2O coagel in contact with the mother solution 
and in absence of impurity ions. The research was carried out  on ZrO2·nH2O obtained by direct precipitation at pH = 10 
followed by aging for 6–406 h in a fluoroplastic reactor and on ZrO2 obtained by heat treatment of the corresponding 
ZrO2·nH2O at 500 °C.
The properties of ZrO2·nH2O and ZrO2 were studied by methods of synchronous thermal analysis, X-ray diffraction, scanning 
electron microscopy, low-temperature N2 sorption, vacuum infrared spectroscopy, infrared spectroscopy, and temperature 
programmed desorption of molecular probes. It was shown that there is an extremum of the phase composition and 
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crystallization of ZrO2·nH2O in the form of a mixture of the tetragonal and monoclinic phases of ZrO2 in a 1:1 ratio as a 
result of the attachment of primary particles of ZrO2·nH2O with the participation of edge and bridging OH groups. Acid-base 
properties of the ZrO2 surface are in extreme dependence on the aging time. With prolonged aging (more than 213 hours), 
the acid function of the ZrO2 surface begins to prevail due to the participation of the basic edge OH groups in the attachment 
of the ZrO2·nH2O primary particles. The observed changes are discussed from the perspective of the theory of oriented 
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1. Introduction
Zirconium dioxide has been widely used in 

industry as the main component of ceramic, 
refractory, composite, and other materials [1]. The 
constant need in new catalysts with improved or 
unique properties explains increased attention 
to zirconium dioxide as a promising material for 
the production of domestic catalysts for refining 
and petrochemistry, the importance of which has 
increased in the context of import substitution [2].

The main obstacle to a wider use of ZrO2 in 
this field is the difficulty of regulating its phase 
composition, poorly developed porosity, and acid-
base surface properties. These characteristics can 
be improved either by changing the synthesis 
method and conditions [3, 4] in order to change the 
texture or by controlled introduction of promoters 
to stabilize the phase composition and adjust 
the surface properties. In the case of zirconium 
dioxide, the most popular has been the method 
of aging the hydrated precursor of ZrO2·nH2O 
in contact with the mother solution under mild 
conditions (T ≤ 100 °C, atmospheric pressure) [5–
14]. The following synthesis parameters have been 
studied: aging time and temperature, suspension 
pH, the type of precipitant, the method of 
precipitation, etc. However, these studies share 
one disadvantage, they do not consider or 
control the effect of impurities on the phase 
formation, texture, and adsorption properties of 
ZrO2. They are also characterised by insufficient 
aging time and fragmentary information about 
the crystallization of ZrO2·nH2O in contact with 
the mother solution. Impurities can originate 
from alkaline precipitants (NaOH, KOH), and 
leached silicon from the reactor in an alkaline 
environment. Their effect is enhanced as they 
are accumulated during a prolonged aging. 
This problem can be solved by eliminating the 
factors that cause the presence of impurities, 
i.e. precipitation with an ammonia solution 
followed by the ZrO2·nH2O aging in a reactor 
made from a chemically inert material. The study 
of the phase composition is complicated by the 
fact that zirconium dioxide can normally exist 
in two metastable modifications: a tetragonal 

t-ZrO2 (space group P42/nmc) or cubic c-ZrO2 
(space group Fm-3m) [15, 16]. They are formed 
under the influence of various factors (size 
effect, oxygen vacancies, anionic and cationic 
impurities, OH-groups), which are also inherent 
in the modification which is thermodynamically 
stable monoclinic modification (space group 
P21/c) in normal conditions [14–17]. 

The influence of the conditions of the 
ZrO2·nH2O aging on the changes in the porosity 
and phase composition of ZrO2·nH2O and ZrO2 
can be explained, in particular, by repeated 
dissolution and repeated precipitation [6, 7, 9, 
10]. These processes take place at pH = 13.7, at 
which crystallization of ZrO2·nH2O to t-ZrO2 was 
observed in [6] within 24 hours. However, the low 
solubility product of ZrO2·nH2O (Ksp = 10–57–10–62) 
in a wide range of pHs [18, 19], nanoparticle 
sizes [20], and temperatures [21] does not allow 
considering repeated dissolution as the main cause 
of changes in the porosity and crystallization of 
ZrO2·nH2O under the most common conditions 
of aging: pH = 4–10 and T ≤ 100 °C. As a result, 
it is necessary to study alternative approaches 
to explaining the processes occurring during 
the aging of ZrO2·nH2O and the phase formation 
of ZrO2. One such approach is the oriented 
attachment theory (OAT) [22–26], the concepts 
of which have been used to explain the formation 
of anisotropic ZrO2 particles with complex 
morphology under hydrothermal conditions 
[27–34].

The dependence of the acid-base properties of 
the ZrO2 surface on the aging time of ZrO2·nH2O 
remains unclear. The little available data [35] do 
not take into account the above-mentioned effect 
of impurities, which can unpredictably affect the 
adsorption properties of ZrO2. This problem might 
be solved by using a set of methods to study the 
surface. In particular, temperature programmed 
desorption (TPD) of molecular probes is used 
to determine integral indicators of acidity and 
basicity. IR spectroscopy of adsorbed molecular 
probes allows qualitatively and quantitatively 
determining the type of Brønsted acid sites and 
Lewis acid sites.

Для цитирования: Омаров Ш. О., Пахомов Н. А. Влияние длительности старения коагеля ZrO2·nH2O: особенности 
фазообразования и эволюции адсорбционных свойств. Конденсированные среды и межфазные границы. 2024;26(4): 
732–744. https://doi.org/10.17308/kcmf.2024.26/12447
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The purpose of this study is to establish the 
regularities and features of the phase formation, 
as well as the changes in the adsorption properties 
of ZrO2·nH2O and the functional composition of 
the ZrO2 surface depending on the aging time of 
the ZrO2·nH2O coagel in contact with the mother 
solution and in the absence of Si4+, Na+, and K+ 
impurity ions. For this, the aging of ZrO2·nH2O 
precipitated with ammonia solution was carried 
out in a polychlorotrifluoroethylene (PTFE) 
reactor for 406 hours, which was twice the time 
used in all previous studies carried out in this 
area. A set of methods was chosen to study the 
adsorption properties, i.e. low-temperature N2 
sorption, TPD, and IR spectroscopy of molecular 
probes, which allow for a comprehensive study of 
various aspects of the surface formation, as well 
as the changes in the texture of X-ray amorphous 
ZrO2·nH2O.

2. Experimental 
ZrO2·nH2O was synthesized by direct 

precipitation from a 0.62 M solution of ZrOCl2 
(r = 1.096 g/cm3 at 20 °C) with a 13M ammonia 
solution (r = 0.913 g/cm3 at 20 °C) in a 0.5 L glass 
beaker at 20 °C and pH = 10.0 ± 0.1. The flow rate 
of the ammonia solution was 0.7  ml/min, the 
draining time was 20 min. The rotation speed 
of the stirring shaft was within 400–500 rpm. 
Further continuous aging of ZrO2·nH2O was 
carried out in a 500 mL PTFE beaker at 90±1 °C 
for 6, 24, 48, 96, 213, 334, and 406 h. NH3 solution 
was added regularly to maintain the suspension 
pH within 9.9–10.1 (measured at (20±2) °C). The 
precipitate was washed off Cl- and NH4

+ with 
distilled water at the rate of 0.2–0.25 L of H2O 
per 1 g (control of 0.1 n with an AgNO3 solution). 
After washing, the precipitate was dried at 70 °C 
for 4 h and at 90 °C for 1 h. The heat treatment of 
ZrO2·nH2O was carried out in a muffle furnace in 
a stepwise mode: 170 °C – 0.5 h; 250 °C – 0.5 h; 
350 °C – 0.5 h; 430 °C – 0.5 h; 500 °C – 2 h (the rate 
of temperature increase was 4 °/min), followed by 
cooling in the furnace.

Weight loss, the temperature limits of the 
main thermal transformations, and the values 
of thermal effects were determined on a DTG-
60A synchronous thermal analyzer (Shimadzu, 
Japan). The samples (15–20 mg) were heated at 
10 °C/min to 800 °C in static air.

The phase composition was determined on 
an XRD–6100 diffractometer (Shimadzu, Japan) 
with a Cu anode, Ni filter, with slits D:S:R = 0.5°: 
0.5°:0.15 mm. The imaging was performed at 
0.02° interval and the exposure time at each point 
of 1.2 or 3 s. To calculate the volume content of 
t-ZrO2 Vt (vol %), we used the technique described 
in [36]. The Selyakov-Scherrer formula (K = 0.94; 
l(CuKa1) = 0.15406 nm) was used to calculate the 
coherent scattering regions (CSR) of the t-ZrO2 
(dt, nm) and m-ZrO2 (dm, nm) phases.

The amount of the amorphous phase in the 
non-thermal treated samples was determined by 
absolute background calibration at 26° (2q). For 
calibration, we used mixtures (10% : 90%, 50% : 
50%, and 90% : 10% wt. ZrO2) of the initial non-
aged ZrO2·nH2O ; t-ZrO2, which had been obtained 
by heat treatment of the specified ZrO2·nH2O at 
500 °C; and reactive m-ZrO2 with CSR = 20–25 nm.

The morphology of ZrO2·nH2O powder 
particles was studied on a VEGA 3 SBH scanning 
electron microscope (Tescan, Czech Republic) in 
the backscattered electron mode.

The texture characteristics were studied by the 
method of low-temperature N2 sorption on an Au-
tosorb 6iSA unit (Quantachrome, USA) at –196 °C. 
The samples (0.04–0.2 g) were degassed under vac-
uum at 100 °C (for ZrO2·nH2O) or 250 °C (for the 
heat-treated samples) for 1 h. The value of the spe-
cific surface area (SSA, m2/g) was calculated by the 
multipoint BET method; the total pore volume (VS, 
cm3/g) was calculated by the limit value of absorbed 
N2 at p/p0 = 0.99; the average pore size (dpore, nm) 
relative to 4VS/SSA and the pore size distribution 
were calculated by the density functional method 
using a nucleus for slit pores (QSDFT, equilibrium 
mode) for ZrO2·nH2O or cylindrical pores (NLDFT, 
adsorption branch) for ZrO2.

The hydroxyl cover of ZrO2·nH2O was studied 
on an IrTracer-100 IR-Fourier spectrometer (Shi-
madzu, Japan) with an HTC-3-S12 vacuum attach-
ment (Harrick, USA). For this, 10–15 mg of powder 
was compressed at a pressure of 1–2 t into a tab-
let with a diameter of 13 mm. Then, the tablet was 
placed in a cuvette, heated in a vacuum to 350 °C 
at a rate of 10° C/min, and kept for 10 minutes. Af-
ter that, the IR spectrum of the sample was taken.

To study the acid-base properties of the ZrO2 
surface by IR spectroscopy of molecular probes, 
15–25 mg of the ground catalyst sample was 
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compressed at a pressure of 3–4 t into a tablet 
with a diameter of 13 mm. The cuvette with the 
tablet was heated in vacuum to 360 °C and kept for 
20 min. The time of the pyridine or CO2 adsorption 
was 20 min after the cuvette cooled down to 
150  °C. Spectra of the sorbed pyridine or CO2 
were taken at 150, 250, and 350 °C after exposure 
at each of the temperatures for 20 minutes. The 
concentration of the sorbed pyridine at BAS and 
LAS was calculated according to [37].

The total acidity and basicity of the surface and 
the distribution of the centers by the adsorption 
strength were determined by the method of 
temperature programmed desorption of NH3 and 
CO2 on a Khemosorb chemisorption analyzer 
(SOLO, Russia). The thermal desorption products 
were analyzed using an MC7-200D quadrupole 
mass spectrometer (Institute for Analytical 
Instrumentation of the Russian Academy of 
Sciences). The sample was heated in the He flow 
(99.9995% vol.) to 500 °C at a rate of 20 °C/min, 
kept for 20–30 min, and then cooled to 110 °C/min. 
A mixture of 10% NH3 or CO2 in He (20 mL/min) 
was then passed, followed by pure carrier gas 
(20 mL/min) until the mass spectrometer signal 
stabilized at m/z = 16 or m/z = 44. Desorption 
curves were recorded when the sample was 
heated in He (20 ml/min) at a rate of 10 °C/min. 
The calibration of the mass spectrometer by the 
selected mass numbers was carried out using 

gas mixtures with a known concentration of NH3 
or CO2 with a total flow rate at the outlet of the 
chemisorption analyzer of 20 ml/min.

3. Results and discussion
3.1. Characteristics of ZrO2·nH2O

The morphology of freshly precipitated 
ZrO2·nH2O was represented mainly by arbitrary-
shaped dense agglomerates with a size of 10–
100 μm consisting of plate-like agglomerates of 
a smaller size (Fig. 1A). Aging at 90 °C/min for 6 
h led to partial destruction of agglomerates, the 
appearance of cracks of about 2 μm in size, and a 
decrease in the bulk density of the powder from 1.2 
to 0.6 g/ml (Fig. 1B). The plates that made up loose 
agglomerates became more distinguishable, and 
their sizes reached 20–40 μm with a thickness of 
2 μm (Fig. 1B). A further increase in the aging time 
to 48 hours resulted in a deeper decomposition 
of loose agglomerates to spheroid aggregates of 
about 100–300 nm (Fig. 1C, D). The latter became 
compacted again after 334 h of aging (Fig. 1E, F).

The described change in the morphology was 
also accompanied by a significant restructuring 
of the ZrO2·nH2O porosity. According to the N2 
sorption data, the initial ZrO2·nH2O (0 h of aging) 
was characterized by a type Ib isotherm, which 
corresponded to the microporous structure 
(Fig. 2A) with a small number of small mesopores 
of 2–4 nm (Fig. 2B). ZrO2·nH2O, which had been 

Fig. 1. SEM images of the ZrO2·nH2O non-aged and aged under the mother liquor for 6 h (A, B), 48 h (C, D), and 
334 h (E, F)
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aged for 6–48 hours, had an increased N2 sorption 
at p/p0 > 0.4 due to an increase in the contribution 
of a type IVA isotherm. This was also confirmed 
by an increase in the size of micropores from 
that close to ultramicropores to supermicropores 
of 1–2 nm and by the appearance of mesopores 
of 2–10 nm. The shape of the hysteresis loop 
changed from H4 (0 h) to H3 (6–48 h). Such 
changes indicate the decomposition of the initial 
dense microporous ZrO2·nH2O aggregates to non-
rigid aggregates of plate-like particles of the 
micro-mesoporous ZrO2·nH2O. Integral indicators 
of porosity (SSA and VS) increased and reached 
their maximum (461 m2/g and 0.55 cm3/g) at 48 h.

Further aging for 96–406 h led to a decrease 
in the contribution of a type I isotrem and, 
accordingly, micropores, and a general decrease in 

the porosity indicators (SSA and VS). The hysteresis 
loop of the 96 h sample corresponded to the 
H5 type (formation of open and partially closed 
mesopores), and of the 213–406 h samples to the 
H2a type (blind mesopores with narrow mouths), 
which was most distinct in the 406 h sample.

The results of the synchronous thermal 
analysis of ZrO2·nH2O are shown in Fig. 3. 
The initial thermograms had several regions 
corresponding to the successive transformations 
of ZrO2·nH2O: stepwise dehydration at 30–125 
and 125–300 °C, which resulted in the formation 
of a-ZrO2 and were accompanied by removal of 
physically adsorbed water and a hydrated surface 
cover in the form of bridging and terminal OH 
groups (thermal decomposition of hydroxyoxide); 
and crystallization of a-ZrO2 at 370–520 °C. An 

Fig. 2. Isotherms of N2 sorption (A), pore size distribution (B), and dependence of textural characteristics (C) 
of ZrO2·nH2O on the aging duration 

Fig. 3. DTG curves of ZrO2·nH2O (A), the region of DTG curves of crystallization of a-ZrO2 (B) and the depen-
dence of hydration and crystallization heat of a-ZrO2 (C) on the aging duration of ZrO2·nH2O
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increase in the aging time to 48 h led to a slight 
decrease in the hydration of ZrO2·nH2O and Qcr, 
while further aging up to 406 h led to the deep 
dehydration and crystallization of ZrO2·nH2O. 
The dehydration of ZrO2·nH2O during aging 
manifested itself mainly by a decrease in weight 
loss at the second stage of 125–300 °C.

X-ray phase analysis provided more 
information about the crystallization of ZrO2·nH2O 
(Fig. 4). The X-ray amorphous state of the initial 
ZrO2·nH2O (halo in the range of 20–40° 2q) 
was maintained up to 48 h. The corresponding 
diffraction pattern had a slight increase in the 
intensity of approximately 30° 2q. At 96 h, there 
were visible reflexes of t-ZrO2 (111) and m-ZrO2 

(-111) (insert in Fig. 4A). Further aging resulted 
in the gradual crystallization of ZrO2·nH2O and 
the formation of a mixture of t- and m-ZrO2 and 
a phase ratio close to 1:1 (Fig. 4B). By 406 hours, 
the residual amount of a-ZrO2 was 18% wt. The 
size of the t-ZrO2 crystallites (CSR) was smaller 
than that of m-ZrO2, but both tended to increase 
in size from 7.7 to 10.3 nm and from 14 to 18.1 
nm, respectively (Fig. 4B).

3.2. Characteristics of ZrO2

Heat treatment at 430 and 500 °C of freshly 
precipitated ZrO2·nH2O led to the crystallization 
of the t-ZrO2 phase (Fig. 5A) and the formation 
of large crystallites of 22–25 nm (Fig. 5B). As a 

Fig. 4. Diffractograms of ZrO2·nH2O (A), the dependence of the phase composition (B) and the CSR size of ZrO2 
phases (C) on the aging duration of ZrO2·nH2O

Fig. 5. The dependence of the phase composition (A) and the CSR size of ZrO2 phases (430 and 500 °С) on the 
aging duration of ZrO2·nH2O (B)
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result of the ZrO2·nH2O aging for 6 h, the m-ZrO2 
phase content increased significantly to 43% and 
the size of the crystallites decreased to 6 (10) nm 
at 430 °C (500 °C). With increasing aging time, 
the phase ratio remained close to 1 (430 °C). The 
minimum size of phase crystallites was achieved 
at 48–96 h of aging. Aging for 213–406 h led to 
a slight increase in the amount of t-ZrO2 and an 
increase in the size of the CSR of the phases. The 
latter was in line with the trend in Fig. 4B and the 
size of ZrO2 (430 °C) crystallites did not differ 
from the CSR of the phases for the corresponding 
ZrO2·nH2O.

The isotherms of N2 sorption of all ZrO2 
samples after heat treatment at 500 °C (Fig. 6A) 
corresponded to type IVA, which was confirmed by 
the corresponding pore size distribution (Fig. 6B). 
The type of hysteresis loops varied: H3 (non-rigid 
aggregates of plate-like particles) for the ZrO2 
sample, whose ZrO2·nH2O had not undergone 
aging; 6 h – H5; 24–213 (96) h – H2a (blind 
mesopores with narrow mouths) with signs of 
H3 or H5 (partially blocked ordered mesopores); 
406 h – H1 (materials with blind pores with a close 
distribution over the width of the pore mouth 
and cavity or a narrow range of uniform open 
mesopores). The latter was further confirmed by 
a narrow pore size distribution (5.5–20.5 nm for 
213 h and 7.3–24.6 nm for 406 h) (Fig. 6B).

The dependences of the porosity indicators, 
SSA, VS, and dpor, of ZrO2 on the aging time of the 
corresponding ZrO2·nH2O were similar to those 
in Fig. 4. The maximum SSA (91 m2/g) and VS 

(0.32 cm3/g) were achieved during aging for 48 h 
and heat treatment at 500 °C.

Since ZrO2·nH2O has several types of OH 
groups (terminal, single- and triple-bridging, 
hydrogen bond between OH groups) [38–41], IR 
spectroscopy was used to study the change in the 
ratio between them depending on the aging time 
when ZrO2·nH2O was heated to 350 °C in vacuum 
(Fig. 7). The absorption band corresponding to 
the terminal (edge) OH groups with a maximum 
of 3,760±5 cm–1 overlapped with the absorption 
band of the double-bridging OH groups with a 
maximum of 3,735±5 cm–1. With an increase in the 
aging time, there was an extreme dependence of 
the ratio of the area of the terminal band to the 
sum of the areas of all bridging OH groups with 
a maximum at 48 hours of aging.

3.3. Acid-base properties of the ZrO2 surface
Aging of ZrO2·nH2O affects the acid-base 

properties of the surface of calcined ZrO2 
(500  °C). According to the data of  TPD-NH3 
and TPD-CO2 (Fig. 8), an increase in the aging 
time to 6–24  hours led to an increase in the 
specific acidity and basicity of the surface (Fig. 
8A), especially of the basic sites. This result was 
apparently associated with the decomposition 
of the aggregates. On the one hand, it led to the 
appearance of Zr edge atoms dehydrated during 
heat treatment accompanied by the formation 
of LAS. On the other hand, the decomposition 
of aggregates contributed to an increase in the 
share of terminal OH groups (Fig. 7B), which had 

Fig. 6. Isotherms of N2 sorption (A), pore size distribution, and dependence of textural characteristics (B) of 
ZrO2 (500 °С) on the aging duration of ZrO2·nH2O
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basic properties [42-44]. Further aging led to a 
decrease in the acidity and basicity of the ZrO2 
surface. What is more, the basicity decreased 
more than the acidity (Fig. 8B). This effect can be 
also explained by the participation of terminal OH 
groups in the attachment of the ZrO2·nH2O PPs 
and the corresponding decrease in their number 
relative to the bridging OH groups.

The adsorption strength of the molecular 
probes, which is directly proportional to the 
temperature (Fig. 8G), also varied depending on the 
aging time. An increase in the latter from 0 to 6 h 
led to a shift in the maximum NH3desorption peak 
from 197 to 237 °C; while an increase from 213 to 
406 h resulted in an increase in the relative amount 
of NH3 desorbed above 400 °C and a decrease in the 
amount of CO2 desorbed above 300 °C.

Fourier IR spectroscopy of sorbed pyridine at 
150°C (Fig. 9A) and CO2 at 110°C (Fig. 9B) on ZrO2 
obtained from ZrO2·nH2O with different aging 
times confirmed the TPD results. An increase in 
the surface acidity was due to an increase in the 
number of LAS (1,444 cm–1 – 19b, 1,489 cm–1 – 
19a, 1,574 cm–1 – 8b, and 1,604 cm–1 – 8a). The 

number of LAS varied extremely depending on 
the ZrO2·nH2O aging time, 20 – 78 – 41 μmol/g. 
Aging also led to the formation of a small number 
of BAS (1,540 cm–1 – 19b and 1,636 cm–1 – 8a) (0 – 
15 – 10 μmol/g, respectively). CO2 was sorbed 
on the surface in the form of mono- (1,680–
1,650  cm–1) and bidentate (1,605, 1,470–1,440, 
and 1,223  cm–1) hydrocarbonates, bidentate 
carbonates (1,555 and 1,331 cm–1), and bridging 
(polydentate) carbonates (1,680–1,650 and 
1,470–1,440 cm–1). Surface hydrocarbonates were 
formed with the participation of the ZrO2 basic 
(edge) OH-groups, while surface carbonates were 
formed with the participation of the Zr4+–O2– 
acid-base pair [42, 45, 46].

3.4. Results and discussion
The described results allow distinguishing two 

time regions in which different transformations 
of ZrO2·nH2O occurred during its aging at pH = 10, 
T = 90 °C:

I. Region of 0–48 h. This interval is characterized 
by the decomposition of ZrO2·nH2O aggregates and 
agglomerates at all levels: aggregates of nanometer 

Fig. 8. The dependence of the acidity and basicity of the ZrO2 surface on the aging duration of ZrO2·nH2O

Fig. 7. IR spectra of ZrO2·nH2O OH groups (A) and the dependence of the ratio of the absorption band area of 
terminal OH-groups and bridge OH-groups on the aging duration of (B)
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primary particles (PP), which constituted the 
walls of micro - and mesopores; and secondary 
aggregates with the size of hundreds of nm, which 
constituted large micrometer dense and loose 
agglomerates. The results of low-temperature N2 
sorption were used to determine the particle size 
for adsorption, dads, under the assumption that 
they can be of different shapes, and to determine 
the wall thickness of cylindrical pores, 2d, [9] 
according to the following formulas:

d
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Sads
sp

,=
◊r

 [nm],		  (1)

2 2
4 4 2

2 2

d
r

= +
◊ ◊

-
d d

V

dpor por por ,
S

 [nm],	 (2)

where A is the particle shape coefficient: 6 – 
spherical, 4 – rod-like, 2 – plate-like; and 

r = 4.86 g/cm3 is the density of X-ray amorphous 
ZrO2·nH2O [47]. Since ZrO2·nH2O exists in the form 
of particles rather than a single long cylinder, the 
thickness of the walls between the pores is 2d [9]. 
Assuming that the shape of PPs and their aggre-
gates is plate-like (A = 2), the values of dads are 
close to the value of the thickness of pore walls, 
2d (Fig. 10A). This is consistent with the general 
ideas about the shape of ZrO2·nH2O nanoparticles 
[48-51] and the estimates based on previous re-
search (Fig. 10B). Therefore, during an aging time 
of up to 48 h, the PP aggregates in the initial 
ZrO2·nH2O broke up into their constituent PPs 
2 times smaller in size.

Interaction between PPs accompanied by the 
formation of aggregates occurred through the 
Zr-O (H)-Zr bridging group, the decomposition of 
which (Zr-O bond breakage) led to the release of 

Fig. 9. IR spectra of pyridine (A) and CO2 sorbed on ZrO2 obtained by heat treatment at 500 °С ZrO2·nH2O with 
different aging duration

Fig. 10. Changes in the adsorption size of ZrO2·nH2O particles and the thickness of the pore walls depending 
on the aging duration of ZrO2·nH2O (A) and comparison with the literature data (B)
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Zr-OH and an increase in the ratio of terminal OH 
groups to bridging OH groups. On the other hand, 
the formation of aggregates can be explained by 
a combination of hydrogen bonds and dispersion 
interactions (adhesion) [40]. Then the formation 
and decomposition of aggregates is of a physical 
rather than chemical nature. The latter is 
supported by the fact that the greatest increase 
in SSA was observed during the first 6 hours of 
aging, during which there was no significant 
dehydration of ZrO2·nH2O and no change in 
the ratio between terminal OH groups and 
bridging OH groups. However, as a result of these 
processes, some of the additional water molecules 
and/or OH groups located between the aggregates 
were removed. This was also confirmed by a 10–
12% decrease in the ZrO2·nH2O hydration and 
decrease in Qcr of aZrO2 by 16% after 48 h of aging. 
A change in the type of N2 sorption isotherms 
and the hysteresis loop revealed a change in the 
packing or ordering degree of the PPs and their 
aggregates: from dense microporous aggregates 
through loose aggregates of plate-like particles 
with PP microporosity and mesopores between 
them, to partially blocked mesopores with 
narrow mouths or ZrO2·nH2O with an ordered 
mesoporous grid-like structure.

The presence of PP aggregates in ZrO2·nH2O 
is a key condition for the formation of t-ZrO2 
after heat treatment at 430 and 500 °C, whereas 
their decomposition to primary particles is a key 
condition for the formation of m-ZrO2. In terms 
of factors explaining the stabilization of t-ZrO2 
[15, 16], aggregation increased the contribution 
of interfacial energy, which reached the value 
necessary for the formation of t-ZrO2. However, 
the aggregation of ZrO2·nH2O PPs apparently 
contributed to the formation of nuclei of the 
necessary local structure, spatial orientation, 
and ordering [14], while oriented attachment 
explained the high rate of their formation during 
thermal crystallization [34]. The decomposition 
of the ZrO2·nH2O aggregates reduced the role of 
the initial spatial orientation, local structure and/
or ordering of the ZrO2·nH2O PPs and reduced the 
role of the thermodynamic and kinetic factors of 
the t-ZrO2 formation. According to the Buyanov-
Krivoruchko oriented attachment theory [25], 
such behavior is characteristic of precipitation 
consisting of tightly packed (ordered) aggregates. 

According to this theory, the decomposition of 
aggregates to PPs is followed by the formation 
from them of partially crystallized particles, 
and from those of well-crystallized particles, 
crystallization centers, which does not lead to a 
change in the value of SSA.

II. Region of 96–406 h. In this time region, 
the primary particles of the X-ray amorphous 
ZrO2·nH2O formed as a result of the decomposition 
of aggregates crystallized and formed a mixture 
of t- and m-ZrO2, which was accompanied by 
intensive dehydration. The ratio of terminal OH 
groups to bridging OH groups decreased, which 
indicated the reaction of terminal groups with 
each other or bridging OH groups resulting in the 
formation of Zr-O-Zr oxygen bridges (oxolation). 
This resulted in a decrease in SSA and VS, an 
increase in the diameter and wall thickness of 
the ZrO2·nH2O and ZrO2 pores (500 °C), and a 
denser texture of secondary aggregates and 
agglomerates.

The fact that as a result of heat treatment at 
430 °C, the ratio of crystalline phases was still 
at about 0.9–1 and was not accompanied by the 
growth of the crystallites formed at the aging 
stage indicates the following. The crystallization 
centers of phases “oriented” the nearest ZrO2·nH2O 
PPs and the nuclei to get attached and crystallize 
into secondary crystals exactly with them. The 
crystallization centers which were formed during 
96–213 h of aging also grew by attachment 
mechanism during further aging for 213–406 h. 
Apparently, the disordering of the PPs which 
were formed during 48 h of aging contributed 
to the possibility of their orientation relative to 
each other in different spatial configurations, for 
example, a rod and a “sandwich” [14], with further 
binding through terminal OH-groups to form 
nuclei and then crystallization centers. What is 
more, the probability of such configurations was 
equal. Apparently, this also required an excess of 
OH groups in the mother solution and alkaline 
pH, which contributed to the deformation of 
nanoparticles [40]. The Buyanov-Krivoruchko 
oriented attachment theory explains the bimodal 
distribution of ZrO2·nH2O pore sizes by a higher 
rate of the formation of secondary crystals during 
the attachment of nuclei to crystallization centers 
as compared to the rate of the formation of 
crystallization centers from nuclei.
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4. Conclusions
This paper presents the results of the study of 

the changes in the phase composition, porosity, 
and acid-base properties of the ZrO2·nH2O surface 
and the ZrO2 nanocrystallites which are formed 
from it and their dependence on the aging time 
of ZrO2·nH2O in contact with the mother solution 
at 90 °C and pH = 10 and in the absence of the 
influence of impurities (Si4+, Na+, and K+). It was 
established for the first time that in the absence 
of impurities during aging, the above properties 
of ZrO2·nH2O and ZrO2 are extremely dependent 
on the aging time with an extremum at 24–96 h. It 
was established that the decomposition of dense 
aggregates of the primary particles and submicron 
and micron aggregates and agglomerates of X-ray 
amorphous ZrO2·nH2O precedes its crystallization 
into a mixture of t- and m-ZrO2 phases, which is 
described by the Buyanov-Krivoruchko oriented 
attachment theory. During the decomposition of 
PP aggregates, ZrO2·nH2O is characterized by the 
formation of edge OH groups, which participate 
in the further PP attachment and crystallization. 
It was assumed that another peculiarity identified 
during the research, i.e. the ratio of t- and m-ZrO2 
phases close to 1, which does not change after 
heat treatment, can be explained by the spatial 
orientation of PPs during their attachment. The 
orientation of PPs in dense aggregates of the 
initial ZrO2·nH2O is a key factor in the formation 
of nanocrystallites of the t-ZrO2 metastable phase 
during the heat treatment of ZrO2·nH2O.

The revealed features allow expanding the 
applications of the concepts of the oriented 
attachment theory to the mild conditions of 
ZrO2·nH2O aging. From a practical perspective, 
we determined the aging time of ZrO2·nH2O which 
makes it possible to achieve the best porosity 
and acid-base properties of the surface, which 
are important for the production of ZrO2-based 
catalyst supports.
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Abstract 
2D materials are becoming increasingly attractive for use in modern electronic devices due to new properties that can arise 
from reduced dimensionality and the quantum confinement of charge carriers. Many studies are aimed at the search for 
materials characterized by a layered structure, which allows obtaining chemically stable atomic layers without surface 
broken bonds. Binary compounds of elements of IV (Si, Ge, Sn) and V (P, As) groups form layered structures in which two-
dimensional layers with covalent bonds are bound by weak van der Waals forces, and from this point of view they can be 
considered as being promising 2D materials. However, it should be noted, that obtaining crystals of compounds of this class 
is associated with significant difficulties due to the high vapor pressure of phosphorus. Attempts have been made to obtain 
the GeP samples from tin melt solutions, which can significantly soften the synthesis conditions. The study of phase 
equilibria and the construction of a phase diagram of the Ge–P–Sn ternary system would allow approaching the production 
of both bulk and two-dimensional samples of germanium phosphide, as well as determining the possibility of alloying them 
with tin.
In this study, based on the investigation of several alloys of the Ge–P–Sn ternary system using the X-ray phase analysis, 
it was established that the phase subsolidus separation of the state diagram is carried out by the Sn4P3–Ge, Sn4P3–GeP, 
Sn3P4–GeP and SnP3–GeP sections. The composition of the alloys corresponded to the figurative points of the intersecting 
sections. A scheme of phase equilibria in the Ge–P–Sn system was proposed. This scheme assumes the existence of a 
nonvariant peritectic equilibrium L+Ge ↔ Sn4P3+GeP and eutectic processes L ↔ Ge+Sn+Sn4P3 and L ↔ Sn4P3+GeP+SnP3.
The study of alloys using the differential thermal analysis method allowed determining the temperatures of these processes, 
equal to 795 K, 504 K, and 790 K, respectively. The T-x diagram of the Sn–GeP polythermal cross section, which experimentally 
confirms the proposed scheme, was constructed. 
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1. Introduction
The АIVВV compounds have been known for 

a long time and have been quite well studied 
[1, 2]. However, their wide application was 
extremely limited due to the complex conditions 
of their synthesis. Recently, interest in these 
compounds has significantly increased due to the 
possibility of obtaining 2D materials based on 
them. Along with research into graphene, black 
phosphorus, and arsenic subgroup elements [3–
9], an active search for binary compounds that 
can be used as 2D materials is being carried out. 
AIVBV compounds are characterized by a layered 
structure with unequal bonds, which allow to 
obtain these phases in the form of atomically thin 
layers [10–14]. GeP samples in the form of two-
dimensional layers were obtained in [10], however, 
the harsh synthesis conditions significantly 
limit widespread use of this material, therefore 
attempts to obtain this phase from a melt solution 
in tin are being made. The authors [10] believed 
that the addition of a low-melting component 
such as tin, should soften the conditions for the 
production of germanium phosphide, lowering 
the synthesis temperature and the vapor pressure 
of phosphorus in the system. However, in addition 
to germanium phosphide, the presence of tin 
phosphide was detected in the samples. In order 
to predict the composition of the obtained 
samples, it is necessary to know the nature of the 
phase diagram of the ternary Ge-P-Sn system. 
The process, as well as the optimal conditions 
for obtaining materials with the required 
composition and the characteristics can be 
selected based on the nature of phase equilibria. 

At the same time, information about the phase 
diagram in the literature is very limited. The 
following circumstances make the analysis of the 
Ge–P–Sn ternary system quite difficult. If the Ge–
Sn binary system is characterized by a eutectic type 
of phase diagram [15], then in the other two Ge–P 
and Sn–P binary systems there are intermediate 
phases. The Ge–P system has been studied quite 
well; germanium monophosphide GeP is the only 
compound and melts by a peritectic reaction at 
a temperature of 998 K and a pressure of about 
4.6 MPa [16]. The nature of the equilibria in the 
Sn–P binary system has not yet been definitively 
established, especially in the region of high 
phosphorus content. The system contains three 
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intermediate phases with a similar rhombohedral 
structure and space group R3̄m: Sn4P3, Sn3P4 and 
SnP3 [17]. There is also information about the 
existence of high-pressure phases, in particular, 
SnP with tetragonal and cubic structures [18]. 
The existence of tin monophosphide at normal 
pressures was first reported in [19], and Р321, 
Р3m1, R3̄m1 were indicated as the possible space 
groups. On the other hand, in a metallographic 
study of the Sn–P system for an equimolar 
composition Vivian [20] demonstrated a eutectic 
mixture of Sn4P3 and Sn3P4. The author [21] thinks 
that the contradictory results may be related to 
the metastability of the SnP phase. 

The authors of this study previously [22] 
detected the SnP phase using X-ray phase 
analysis (XRD) and X-ray electron microscopy 
in alloys with equimolar composition, but after 
prolonged annealing the phase decomposed. A 
conclusion about the fairly high kinetic stability 
of SnP below 773 K was made, but the question 
of thermodynamic stability remained open. In 
[23], the phase composition of samples obtained 
for establishing equilibrium between tin and 
phosphorus at given values of temperature and 
phosphorus vapor pressure was determined. 
Moreover, the tin monophosphide phase was not 
recorded under any conditions, which may also 
indicate the metastability of this phase. 

In [24,25], based on the study of samples 
of the Sn–P system using differential thermal 
analysis (DTA), X-ray phase analysis and local 
X-ray structural microanalysis, the existence of 
a eutectic equilibrium L ↔ Sn4P3 + SnP3 at 824 K 
was established. The Sn3P4 intermediate phase 
was formed in the solid state according to the 
peritectoid scheme at a temperature of less than 
673 K. The coordinates of the points of four-phase 
equilibrium were established by studying the 
temperature dependence of the saturated vapor 
pressure using the optical-tensimetric method: 
synthetic equilibrium (Sn4P3  + V  +  L1  +  L2) was 
realized at 836 K and 0.6 atm; the eutectic 
equilibrium point (L + V + Sn4P3 + SnP3) existed 
at 820 K and 2.8 atm. However, the SnP phase was 
not detected, which confirms the version about 
its metastability. Tin triphosphide, according to 
[20], decomposes into two liquids of different 
compositions, but the temperature of this 
synthetic equilibrium has not been established.
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In [26], we studied the alloys of the Ge–Sn4P3 
polythermal secttion of Ge–P–Sn ternary system 
using differential thermal and X-ray phase 
analysis methods. The samples were shown 
to be a heterogeneous mixture of two phases: 
germanium and tin phosphide with a Sn4P3 
composition. Neither tin lines nor germanium 
phosphide reflexes were detected on X-ray 
diffraction patterns. Two endothermic effects, 
with the low-temperature effect occurring at 
the same temperature (800 K) were revealed on 
the thermograms of the samples. Thus, it was 
concluded that this section is partially quasi-
binary (due to the synthetic transformation in the 
tin-phosphorus system, since the stratification of 
the liquid phase characteristic of a binary system 
can affect the nature of the liquidus surface of 
the ternary diagram in general, and, in particular, 
on the appearance of the considered section). 
However, in the study [26], when considering the 
division of the diagram into partial systems below 
the solidus, the appearance of the Sn3P4 by the 
peritectoid reaction was not taken into account, 
which requires additional experimental research. 

The aim of this study was the identification of 
the nature of the phase subsolidus separation and 
the presentation of a possible scheme of phase 
equilibria in the Ge–P–Sn ternary system.

2. Experimental
The samples were obtained using a single-

zone furnace SNOL 4/1100 ALSCO1220. The 
synthesis was carried out in quartz ampoules, 
which were pre-graphitized to prevent any 
possible interaction of the phosphorus with 
the walls of the ampoule. The OSCH-9-5 red 
phosphorus, OVCH-000 tin, and polycrystalline 
zone-purified germanium GOST 16154-80 were 
used to obtain the samples. The weighing was 
performed on AR2140 scales with an error of ± 1 
10–3 g. The ampoules with the weighed portions 
of the starting substances were evacuated to a 
residual pressure of 5·10–2 Pa and sealed.

The furnace heating mode was as follows: 
heating for 1 h to 693 K, then holding for two h 
at the specified temperature, and then heating for 
7 h to 1233 K and holding for 1.5 h. The samples 
were then annealed for 150 h at a temperature 
below the expected solidus. The annealing 
temperature was selected based on the nature of 

equilibria in binary systems. For majority of the 
studied alloys it was 623 K.

The samples were studied using differential 
thermal analysis (DTA) in a programmable 
furnace heating system at a heating rate of 3.5 
K/min, using calcined aluminum oxide as a 
standard. The samples and standards were kept 
in Stepanov quartz evacuated vessels. The signal 
from the chromel-alumel thermocouples was 
digitized and processed using the “MasterSCADA” 
computer program. 

The X-ray diffraction was performed using 
an ARL X’TRA diffractometer with Bragg–
Brentano Q–Q focusing geometry; the source of 
radiation was an X-ray tube with a copper anode: 
l(Cu-Ka1) = 0.1541 nm; l(Cu-Ka2) = 0.1544 nm; a 
step size of 0.04° and a counting time of 3 seconds. 
The diffraction patterns were interpreted using 
the ICDD PDF2 database.

3. Results and discussion
It should be noted that all binary compounds 

in the analyzed system do not melt congruently, 
as is assumed in the classical version of singular 
triangulation. Thus, germanium phosphide 
melts by a peritectic reaction [16], Sn4P3 and 
SnP3 decompose into two liquids of different 
composition (synthetic equilibrium) [20], and 
Sn3P4 is formed in the solid state according to 
the peritectoid scheme [24, 25]. Therefore, only 
phase subsolidus separation is characteristic of 
the studied triple system [27].

Possible variants for separation in the Ge–P–
Sn ternary system are shown in Fig. 1. The 
position of the secant cuts may vary, therefore 
experimental research is required for the 
determination of the correct separation pattern 
in the solid state.

To determine the subsolidus separation 
scheme of the phase diagram, alloys with 
compositions corresponding to the intersection 
points of the sections (Fig. 2) were prepared, and 
their phase analysis was carried out. 

The Ge0.30P0.30Sn0.40 (No. 1) sample corresponds 
to the intersection of Sn4P3–Ge and Sn–GeP 
sections. As shown in [26], it is a heterophase 
mixture of germanium and tin phosphide Sn4P3, 
which confirms the conclusions presented earlier. 
The Sn4P3–Ge section separates the secondary 
Sn4P3–Ge–Sn system, in which L↔Sn4P3+Ge+Sn 
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equilibrium will be realized. This suggests 
that the diagram partitioning presented in 
Fig. 1a is incorrect. This conclusion was also 
confirmed by the results of X-ray phase analysis 
of Ge0.36Sn0.28P0.36 (No. 2) and Ge0.41Sn0.15P0.44 (No. 3)
alloys, the diffraction patterns of which are shown 
in Fig. 3a, b. The alloys did not contain a tin-based 
phase, and the samples were a mixture of three 
phases: germanium, germanium phosphide, and 
Sn4P3. Since the figurative points of these alloys 
are the intersection points of the Sn3P4–Ge and 
SnP3–Ge sections with the Sn–GeP section, it can 
be concluded that the indicated cuts will not be 
secant cuts as the presence of neither Sn3P4 nor 
SnP3 were recorded in the samples. 

From this point of view, out of the variants 
of the diagram division presented in Fig. 1, the 
correct variant is 1c. In this case, the compositions 
of the Ge0.36Sn0.28P0.36 (No. 2) and Ge0.41Sn0.15P0.44 
(No. 3) samples belong to the triangle formed 
by the figurative points of the germanium, 
germanium phosphide and Sn4P3 phases, which 
also indicates that the Sn4P3–Ge and Sn4P3–GeР 
sections are secant sections below the solidus. 

If the division of the state diagram of the 
considered system is performed by the Sn4P3–
GeР section, then for Ge0.17Sn0.35P0.48 (No. 4) and 
Ge0.35Sn0.16P0.49 (No. 5) alloys we should observe the 
coexistence of two phases, germanium phosphide 
and Sn4P3. This is demonstrated by the diffraction 
pattern of the Ge0.17Sn0.35P0.48 (No. 4) sample, 
shown in Fig. 3c. The diffraction pattern of the 
Ge0.29Sn0.18P0.53 (No. 6) alloy, the figurative point of 
which represents the intersection of two sections: 
SnP3–Ge and Sn3P4–GeР is shown in Fig. 3d. In 
the sample, GeP and Sn3P4 are the main phases.

Summarizing all the results obtained by the 
X-ray phase analysis, we can propose a scheme 
of phase subsolidus separation in the Ge–P–
Sn system, performed by Sn4P3–Ge, Sn4P3–GeP, 
Sn3P4–GeP, and SnP3–GeP sections.

Alloys of the Ge–P–Sn system were also studied 
using differential thermal analysis. Since the 
samples belong to different polythermal sections, 

Fig. 2. Alloy compositions corresponding to the inter-
section of sections in the Ge–P–Sn system

Fig. 1. Possible separation schemes in the Ge–P–Sn ternary system

а

c

b

d
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information can only be obtained by comparing 
the lowest temperature effects on the heating 
curves. Such effects correspond to invariant 
equilibria involving a melt and three crystalline 
phases. At the same time, even lower temperature 
transformations in the solid state are possible 
(with the participation of Sn3P4), but they are 
usually rarely recorded by the DTA method. The 
temperatures of the onset of the first effects for the 
studied alloys are shown in Table, and thermograms 
of Ge0.41Sn0.15P0.44 (No. 3) and Ge0.29Sn0.18P0.53 (No. 6) 
samples are shown as the example in Fig. 4.

Alloys of the compositions Ge0.36Sn0.28P0.36 
(No. 2) and Ge0.41Sn0.15P0.44 (No. 3) are characterized 
by the same temperature of the onset of the 
first effect (795±1 К). Because their figurative 
points belong to the Ge–GeP–Sn4P3 triangle, it 
can be stated that at this temperature a four-
phase invariant process is carried out in the 

system with the participation of the melt and 
these three solid phases. Germanium phosphide 
is formed according to the peritectic scheme, 
then in the ternary system the L + Ge ↔ GeP 
monovariant process should occur, and the four-
phase transformation should also be peritectic. 
Accordingly, the following diagram of phase 
equilibria in the germanium – phosphorus – tin 
system can be proposed (Fig. 5).

The pU1 line corresponds to the L + Ge ↔ GeP 
monovariant process and along the e6U1 curve 
the L ↔ Ge + Sn4P3 process takes place, which is 
also monovariant. At the U1 point, a four-phase 
L + Ge ↔ GeP + Sn4P3 transformation takes place. 

The triangle formed by the figurative points 
of tin, germanium and tin phosphide Sn4P3, also 
has a four-phase transformation point (E1), at a 
temperature probably very close to the melting 
point of tin: 

Fig. 3. Diffraction patterns of samples of the Ge–P–Sn system: a – Ge0.36P0.36Sn0.28; b – Ge0.41P0.44Sn0.15; V - 
Ge0.17P0.48Sn0.35; g – Ge0.29P0.53Sn0.18. ▲ – Ge; ● – Sn4P3; ■ – GeP; ○ – Sn3P4

а

c

b

d

Table. Temperatures of the onset of the first effect for alloys of the Ge–P–Sn system

Alloy composition Т, К Alloy composition Т, К
№ 1 Ge0.30P0.30Sn0.40 800 ± 1 № 4 Ge0.17P0.48Sn0.35 794 ± 1  

№ 2 Ge0.36P0.36Sn0.28 795 ± 1 № 5 Ge0.35P0.49Sn0.16 795 ± 1

№ 3 Ge0.41P0.44Sn0.15 796 ± 1 № 6 Ge0.29P0.53Sn0.18 789 ± 1
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e1E1
e5E1
e6E1
E1 

L ↔ Sn + Sn4P3
L ↔ Sn + Ge
L ↔ Ge + Sn4P3
L ↔ Ge +Sn + Sn4P3

It should be noted that the phase diagram of 
the Sn4P3–Ge section constructed in [21] based 
on differential thermal analysis data is a eutectic 
type diagram with coordinates of the eutectic 

point e6 800 K, 15 mol. % Ge. Thus, in e6 point, 
the L ↔ Ge + Sn4P3 process is non-variant, carried 
out at constant temperature and composition of 
the melt.

Since the thermogram of the Ge0.29Sn0.18P0.53 
(No. 6) sample, shown in Fig. 5c, demonstrates a 
lower temperature than the other alloys, it can be 
assumed that the crystallization of this alloy ends 
at the point of four-phase equilibrium, located 
inside the triangle formed by the figurative 
points of the solid phases: Sn4P3, SnP3, and GeP. 
Accordingly, the following processes occur:

U1E2
e2E2
E2

L ↔ Sn4P3  + GeP
L ↔ SnP3  + Sn4P3
L ↔ Sn4P3  +  SnP3 +GeP

The processes occurring in areas with high 
phosphorus content and characterized by high 
saturated vapor pressure require additional 
research. Nevertheless, based on the data 
presented in this study, it can be concluded that 
in the Ge–P–Sn ternary system, the invariant 
peritectic equilibrium L + Ge ↔ Sn4P3 + GeP and 
the eutectic process L ↔ Sn4P3 + GeP + SnP3 are 
realized.

Fig. 4. Thermograms of alloys of the Ge–P–Sn system: a – Ge0.41P0.44Sn0.15; b – Ge0.29P0.53Sn0.18

а

b

Fig. 5. Scheme of phase equilibria in the Ge–P–Sn 
system and crystallization processes of the alloy of the 
Sn–GeP cross section 
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This diagram does not contradict the T-x 
diagram of the Sn–GeP polythermal section (Fig. 6), 
constructed in this work. The investigation of this 
section was interesting from a practical point of 
view to explain the possibility of using tin as a 
solvent, which was proposed by the authors [10].

For alloys with a tin content of more than 
40 mol. % , lines of germanium, tin, and tin 
phosphide of the Sn4P3 composition were recorded 
on the diffraction patterns. The X-ray diffraction 
data for the Ge0.20P0.20Sn0.60 sample are shown as 
an example in Fig. 7a. In the thermograms of 
samples in this concentration range, the first 
endothermic effect is realized at a temperature 
close to the melt point of tin (Fig. 8a). This 
confirms the presence of a four-phase equilibrium 
L ↔ Ge + Sn + Sn4P3 (E1 point), and since double 
eutectics in binary systems are degenerate, then 
the E1 point of the triple eutectic also exists in the 
region of very high tin concentrations.

With a lower tin content in alloys, GeP lines 
appeared in alloys along with Ge and Sn4P3 
reflexes, which can be seen in the spectrum 

Fig. 6. The T-x diagram of the Sn–GeP polythermal 
cross section 

Fig. 7. Diffraction patterns of samples of the Sn–GeP polythermal cross section: a –Ge0.2P0.2Sn0.6; b –Ge0.35P0.35Sn0.3. 
▲ – Ge; ● – Sn4P3; ■ – GeP; Δ – Sn

а

b
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shown in Fig.  7b. The alloy, corresponding to 
the intersection of the studied section with the 
Sn4P3–Ge section, was a two-phase mixture of 
germanium and tin phosphide, which confirms 
the partially quasi-binary nature of the Sn4P3–Ge 
section. A study of alloys with a tin content of less 
than 40 mol. % by differential thermal analysis 
showed that the lowest endothermic effect in 
temperature was recorded at a temperature of 
795 K. When cooling samples whose composition 
lies in the ab range, after the primary precipitation 
of germanium L ↔ Ge, the melting point falls 
on the curve of the monovariant equilibrium 
e6U1. For alloys with even lower tin content 
(bc segment) after the primary crystallization 
follows the L + Ge ↔ GeP secondary process (the 
pU1 monovariant equilibrium line). However, 
after, in any case, for all alloys a four-phase 
process L + Ge ↔ GeP + Sn4P3, occurred, which 
corresponded to a temperature of 795 K. This 
is demonstrated by the thermogram of the 
Ge0.35P0.35Sn0.30 alloy shown in Fig. 8b. 

4. Conclusions
Based on the study of a number of alloys of 

the Ge–P–Sn ternary system using the X-ray 
phase analysis method, it was established that the 
phase subsolidus separation of the state diagram 
is performed by the Sn4P3–Ge, Sn4P3–GeP, Sn3P4–
GeP and SnP3–GeP sections. Taking into account 
the type of phase diagrams of binary systems 
and the established phase partition of the state 
diagram of a ternary system, a scheme of phase 
equilibria in the Ge–P–Sn system was proposed, 
which assumes the existence of a nonvariant 
peritectic equilibrium L + Ge ↔ Sn4P3 +  GeP 
and the eutectic processes L ↔ Ge + Sn + Sn4P3 
and L ↔ Sn4P3 + GeP + SnP3. The study of alloys 
using the DTA method allowed determining 
the temperatures of these processes, equal to 
795 K, 504 K, and 790 K, respectively. The T-x 
diagram of the Sn–GeP polythermal cross section, 
experimentally confirming the proposed scheme, 
was constructed. 

Fig. 8. Thermograms of alloys of the Ge–P–Sn system: a –Ge0.20P0.20Sn0.60; b –Ge0.35P0.35Sn0.30

а

b
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Behavior of major and minor elements during directional 
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Abstract 
The Cu-Fe-Ni-S system is unique in terms of the number of crystalline phases with a variety of combinations of properties, 
which makes it relevant for prospective material studies. The phases of this system compose typical associations of massive 
zonal sulfide Cu-Ni ores, and their copper-rich zones are characterized by a high content of noble metals. Therefore, this 
system is among the most important of those used for the geochemistry of sulfides and for the metallurgy of copper and 
nickel. There is insufficient quantitative information on the equilibrium distribution coefficients of macrocomponents and 
the behavior of impurities upon crystallization of solid solutions in the region of the solid-melting diagram corresponding 
to natural ores or intermediate products of metallurgical production. Therefore, the goal of the work was to obtain new 
data on the phase diagram of the Cu-Fe-Ni-S system and corresponding phases of noble metals (Rh, Ru, Ir, Pt, Pd, Ag, Au) 
during the process of fractional crystallization of the melt simulating zonal copper-rich ores of platinum-copper-nickel 
sulfide deposits. 
We conducted quasi-equilibrium directional crystallization of the melt with a composition of (at. %): Fe 29.20, Ni 5.85, Cu 
17.60, S 47 with addition of 0.05% of Rh, Ru, Ir, Pt, Pd, Ag, and Au. The obtained sample was studied using optical and 
scanning electron microscopy, energy-dispersive spectrometry (SEM/EDS), and X-ray phase analysis. Differential thermal 
analysis (DTA) was used to determine the liquidus temperatures along the crystallization path. 
The distribution of macrocomponents along the cylindrical ingot showed that it consisted of five primary zones. Primary 
phases and phase associations crystallized from the melt in the following sequence: mss / mss + iss / iss / iss + bnss / bnss + 
pnss, where mss is monosulfide solid solution (FexNi1-x)S1±y, iss is intermediate solid solution (Cu,Fe)S1-x, bnss is bornite 
solid solution Cu5±xFe1±xS4±y, and pnss is pentlandite solid solution (FexNi1–x)9±yS8. This indicated a complex structure of the 
solid-melting diagram in the studied region. We determined the crystallization temperatures of mss and iss. A new type of 
secondary (phase) zoning was identified, formed as a result of subsolidus transformations of primary phases, which can be 
present in Cu-Ni sulfide ores. It was found that impurities can dissolve in the main sulfide phases, form individual microphases 
in the sulfide matrix, or be present in these microphases in the form of solid solutions. The main concentrators of Pd were 
pn and sug. Ir, Rh, and Ru were distributed between mss and pn, and Ag preferred bnss. Most impurities of noble metals 
formed inclusions as independent microphases: RuS2, Pt3Fe, Au* gold-based alloy, Pt-Fe-Au alloy, CuIr2S4, and native Ag. 
The results of the work showed that the behavior of macrocomponents could be described using distribution coefficients, 
and the behavior of microcomponents did not strictly correspond to the classical theory of fractional crystallization of 
multicomponent melts with impurities.
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1. Introduction 
The Cu-Fe-Ni-S system is unique in terms of 

the number of crystalline phases with a variety 
of combinations of properties, which makes 
it relevant for prospective material studies. 
Therefore, this system is among the most 
important of those used for the geochemistry of 
sulfides and for the metallurgy of copper and nickel 
[1-10]. From a geochemical point of view, the 
most interesting region of this system is located 
in the vicinity of the iron monosulfide (Fe,Ni)
S1±d (mss) composition. There is only one paper 
dedicated to the construction of a quantitative 
model of a fragment of the phase diagram of the 
Cu-Fe-Ni-S system [3]. The authors obtained 
equations for the liquidus and solidus surfaces in 
the iron-rich mss crystallization region with an S 
content of 50 to 52.5 at. % and also approximated 
the data for the distribution coefficients of nickel, 
iron, and copper during its crystallization from 
the melt. It is obvious that this region should be 
expanded and a similar description should be 
obtained for other solid solutions, as well as for 
regions of multiphase crystallization. 

So far, many fragments of the phase diagram of 
this system and its subsystems Cu-Fe-S and Fe-Ni-S 
have been characterized by discrepancies between 
the results of studies by different authors, and these 
differences were found not only in quantitative 
data, but also in the fundamental features of the 
structure of the phase diagrams. The problems of 
immiscibility of the quaternary melt of the Cu-
Fe-Ni-S system [5, 6], mechanisms of formation 
of the intermediate solid solution (Cu,Fe)S1-x, 
CuFe2S3 cubanite, (Fe,Ni)9S8 pentlandite, CuFeS2 
chalcopyrite and the boundaries of their regions 
of existence in the temperature-composition 
coordinates [11–16] are still a matter of debate. For 
example, in [3] the existence of two intermediate 
solid solutions was assumed: Cu1+xFe1+xS2, iss, stable 
up to 900-950 °C in nickel-poor compositions, 
and a new (Fe,Cu,Ni)S quaternary solid solution 
between iss and mss that exists at temperatures 
below 850 °C. There is not enough quantitative 
information on the positions of the conodes (i.e. 

on the equilibrium distribution coefficients of 
the components) upon crystallization of solid 
solutions in a wide range of temperature and melt 
composition variations in the middle part of the 
melting diagram near 50 at. % S. 

This system has been widely used to model 
the formation of magmatic platinum-bearing 
copper-nickel deposits. Massive ore bodies 
of these deposits are characterized by highly 
expressed chemical and mineral zoning. Copper-
poor zones are enriched in Ir, Os, Ru, and Rh, 
while copper-rich zones are enriched in Pd, Pt, 
Au, Ag, and chalcophile elements (Te, As, Bi, Sb 
and Sn) [5, 7, 17–22]. Zoning is associated with 
the hypothesis of the origin of ore bodies as 
a result of fractional crystallization of sulfide 
melt [5, 7, 17, 20, 21, 23–26]. For experimental 
modeling of this process we carried out the quasi-
equilibrium directional crystallization of melts 
simulating natural sulfide melts [27–30]. The 
prospects for using directional crystallization 
in the study of phase diagrams of sulfide 
systems are mainly related to the possibility 
of determining the equilibrium compositions 
of the melt and solid phases at an arbitrary 
moment of crystallization. Theoretical analysis 
and experiments on directional crystallization 
of sulfide melt showed the possibility of the 
existence of several types of zoning, which are 
determined by the composition of the initial melt 
and the structure of the phase diagram of the Cu-
Fe-Ni-S system and its boundary systems: Cu-
Fe-S and Fe-Ni-S [31]. Due to the complexity of 
the analysis of fractional crystallization of natural 
Cu-Ni sulfide melts and the lack of information 
for theoretical modeling, direct experimental 
studies of the Cu-Fe-Ni-S-(noble metals) model 
system are of interest for sulfide copper-nickel 
ores and intermediate products of metallurgical 
production. Therefore, the goal of the work was 
to obtain new data on the phase diagram of the 
Cu-Fe-Ni-S system and on the types of formation 
of noble metals during the process of fractional 
crystallization of the melt simulating copper-rich 
zonal sulfide platinum-copper-nickel ores. 
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2. Experimental 
A sample of the initial composition (at. %): 

Fe – 29.20, Ni – 5.85, Cu – 17.16, S – 47.00, Rh, Ru, 
Ir, Pt, Pd, Au, Ag, 0.05 of each was obtained from 
pure metals (99.99%) and analytically pure sulfur 
(99.99%) by heating the mixture of elements in a 
quartz ampoule evacuated to a residual pressure 
of 1.5·10–2 mm Hg to 1000 °C. It was held at this 
temperature for 24 hours and then cooled in air. 
The synthesized sample with a weight of about 11 
g was placed in a quartz ampoule with a conical 
bottom, which was evacuated to 1.5·10-2 mm Hg. 
Crystallization was performed by the Bridgman-
Stockbarger method in a two-zone furnace with 
a diaphragm. The container with the sample 
was placed in the upper zone of the furnace, 
heated until the sample melted, and held for two 
days. Then it was lowered into the cold zone at 
a speed of 2.25·10–8 m/s. This regime provided 
quasi-equilibrium conditions for directional 
crystallization. In this case, the obtained results 
can be attributed to the phase diagram of the Cu–
Fe–Ni–S system. The temperature at the lower end 
of the quartz ampoule was 890 and 601 °C at the 
beginning and end of crystallization, respectively. 
Once crystallization was complete, the ampoule 
was cooled in the switched-off furnace. 

The resulting ingot, approximately 120 mm 
long and 8 mm in diameter, was cut perpendicular 
to the longitudinal axis into 25 pieces. They were 
weighed and the fraction of crystallized melt g was 
determined. Fifteen fragments were used to prepare 
and study the polished sections. We identified a 
list of phases and their chemical composition in 
each fragment. The average chemical composition 
of the ingot, as well as the average composition 
of inclusions and local composition of phases 
were measured at the Analytical Center for 
Multielement and Isotope research, Siberian 
Branch of the Russian Academy of Sciences (using 
energy-dispersive spectrometry (SEM-EDS) on a 
MIRA 3 LMU high-resolution microscope (Tescan 
Orsay Holding) equipped with INCA Energy 450+ 
X-Max 80 and INCA Wave 500 (Oxford Instruments 
Nanoanalysis Ltd) microanalysis systems. The K 
series (S, Fe, Cu, Ni) and L series (Rh, Ru, Ir, Pt, 
Pd, Au, Ag) of X-ray radiation were used for the 
analysis. FeS2 (on S) and pure Fe, Ni, Cu, Rh, Ru, 
Ir, Pt, Pd, Au, Ag were used as references. The 
measurements were performed at an accelerating 

voltage of 20 kV, an electron beam current of 
1.5 nA, and a live spectra accumulation time of 30 s. 
With these analytical conditions, the lower limit of 
the detectable concentrations was 0.4–0.5 wt. % for 
Pt, Au, and Ir and 0.1–0.2 wt. % for the remaining 
elements. The error did not exceed 1–1.5  rel. 
% in determining the main components and 
2–5 rel. % for impurities. To estimate the average 
composition of multiphase sections, we used the 
total spectrum obtained by scanning sections with 
an area of up to 1.5 mm2. To reduce the lower limit 
of detectable concentrations by approximately 
twice, we increased the the accumulation time of 
spectra up to 120 s. The average composition of 
phase mixtures was calculated from 3–5 analyses 
from different sections of each cross-section along 
the ingot. The error in determining the main 
components was 1–2 rel. %. 

The melt composition at an arbitrary moment 
of crystallization was calculated from the average 
chemical composition of the solid phases using 
the material balance equation [32]: 

c
c c dg

gi
L

i i
S

g

=
-

-

Ú0
0

1
.

Here g is the mole fraction of the crystallized melt 
(g = 0 corresponds to the melted sample, while g = 1 
corresponds to the solidified sample), ci0 is the 
concentration of the i-th component in the initial 
ingot, ci

s is the average concentration of the i-th 
component in the ingot layer of thickness dg ad-
jacent to the crystallization front, ci

L is the average 
concentration of the i-th component in the melt. 

The phases were diagnosed by powder X-ray 
diffraction on a DRON-4 automated powder 
diffractometer using СuKa radiation with a 
graphite monochromator. The diffraction 
patterns were scanned in the range of 2q to 8° 
up to 90° with a step of 0.05°, and the scanning 
time per point was 4 s, with a slit of 0.5 mm. 
The obtained diffraction patterns were decoded 
using the ASTM database. The parameters were 
calculated using the UnitCell program. The 
sample from the initial zone was recorded with 
an external standard of Si. 

Differential thermal analysis (DTA) was 
performed for three specially synthesized 
samples with compositions located along the 



758

crystallization path. To perform DTA, we placed 
a sample weighing ~ 50 mg in a thermoanalytical 
cell in the form of an evacuated quartz ampoule 
with a concave bottom, which was installed 
on the thermocouple junction. The melting 
temperatures of the samples were determined 
by the reference-free DTA method with heating 
at a rate of 10 deg/min. The thermocouple was 
tested using the melting point of gold (1063 °C). 
The error in recording the temperature was ± 5 °С.

Table 1 contains a list of the phases obtained 
during the experiment and their designations.

3. Results and discussion
3.1. Behavior of macrocomponents

Based on the data on the change in the 
chemical composition of the substance along 
the ingot (Table 2), we plotted the distribution 
curves of the components up to g = 0.86 (Fig. 1). 

The trajectory of the melt composition upon 
crystallization is also presented, and the values 
of the average distribution coefficients of 
components between the solid ingot and the melt 
are provided. The average chemical composition 
of the substance of the ingot zones and the average 
distribution coefficients of macrocomponents 
changed abruptly when moving from one zone 
to an adjacent one. These data indicated that the 
resulting ingot consisted of five primary zones. 
Fig. 1 shows the process in a simplified way, 
although it clearly demonstrates the general 
patterns of crystallization of a zonal sample. 

In zone I (0 ≤ g ≤ 0.28), the average 
chemical composition of the ingot changes 
from Fe40.19Ni6.16Cu2.08S50.86Ru0.38Rh0.15Ir0.20 to 
Fe38.85Ni7.76Cu2.17S51.07Ru0.08Rh0.01Ir0.07. It can be seen 
that upon crystallization Fe and Ni generally 
transited into solid solutions (kFe = 1.4–1.5, 

Table 1. Phases obtained in the present work in the Cu-Fe-Ni-S-(Pt, Pd, Rh, Ru, Ir, Au,Ag) system 
Intermediate solid solution

Phase Designation Formula
Primary solid solutions (ss) crystallizing from the melt

Monosulfide ss mss (Fe
x
Ni

1-x
)S

1±y

Intermediate ss iss (Cu,Fe)S
1-x

Bornite ss bnss Cu
5±x

Fe
1±x

S
4±y

Pentlandite ss pnss (Fe
x
Ni

1 –x
)

9±y
S

8

Secondary phases formed as a result of Subsolidus transformations during cooling of the sample
Monosulfide ss mss’ (Fe

x
Ni

1–x
)S

1±y
 (Ni from 6 to 10 аt.%)

Ni-rich Monosulfide ss Ni-mss (Fe
x
Ni

1-x
)S

1±y
 (Ni ~19 at. %)

Low-temperature intermediate 
ss of haycockite composition iss’

(Cu,Fe)S
1-x (Fe > Сu) 

Cu
4
Fe

5
S

8

Low-temperature intermediate 
ss of mooihoekite composition iss’

(Cu,Fe)S
1-x (Fe = Сu) 

 Cu9Fe9S16
Pentlandite pn (Fe, Ni)

9
S

8 (at. ratio Fe/Ni = 1)

Fe-rich Pentlandite Fe-pn (Ni, Fe)
9
S

8 (at. ratio Fe/Ni = 1.1-1.3)

Ni-rich Pentlandite Ni-pn (Ni, Fe)
9
S

8 (at. ratio Fe/Ni = 0.90-0.96)

Sugakiite sug
Сu(Fe,Ni)

8
S

8 (Fe/Ni ~ 1-1.5),
Сu to 7 ат.%)

Bornite bnss’ Cu
5±x

Fe
1±x

S
4±y

Native copper Сu Сu
Фазы благородных металлов

Laurite RuS
2

RuS
2

Isoferroplatinum Pt
3
Fe Pt

3
Fe

Gold-based alloy Au* Au from 52 to 69 at. %, impurities Ag, Cu, Pd

Alloy of Pt-Fe-Au system Pt-Fe-Au Pt-Fe-Au
Native silver Ag Ag
Cuproiridsite CuIr

2
S

4
(Cu,Fe)(Ir,Rh,Pt)

2
S

4
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kNi =  1.0-1.4), while Cu was rejected to melt 
(kCu  =  0.1). Sulfur has a weak tendency to 
concentrate in the solid ingot (kS = 1.1). 

In zone II (0.28 ≤ g ≤ 0.40), the composition 
of the ingot is Fe36.7-34.5Ni8.5-8.2Cu4.4-7.8S50.4-49.5. Since 
the distribution coefficients were k > 1 for Fe and 
Ni, these components generally transited into 
the solid phase. Copper accumulated in the melt 
during crystallization (kСu = 0.2–0.3). The sulfur 
distribution coefficient was kS = 1.1. 

In zone III (0.40 ≤ g ≤ 0.68), the composition 
of the ingot is Fe26.6-24.8Ni4.6-5.2Cu22.4-24.5S46.4-45.5. 
The distribution coefficients of the components 
between the solid phase and the sulfide melt were 
close to 1. This signifies a minor modification 
to the composition of the solid phase that was 
released from the melt. Since kFe = 1.09–1.02 
and kS = 1.03, it was slightly enriched with these 
components, and since kCu = 0.9, it indicated 
that the sulfide melt was slightly enriched with 
Cu. The distribution coefficient of nickel (kNi) 
changed from 0.9 at the beginning of this zone 
to 1 at its end. 

In zone IV (0.68 ≤ g ≤ 0.86), the average 
composition Fe19.31±0.25Ni4.35±0.10Cu33.11±0.12S43.07±0.06 
solidified from the melt. Upon crystallization, the 
solid phase was enriched with copper (kCu = 1.4–
3.4), while the sulfide melt was enriched with the 
remaining components (kNi = 0.7–0.8, kFe = 0.6–
0.8, kS ~ 0.9). 

As for zone V (0.86 ≤ g ≤ ~1), Fig. 1 shows only 
the average composition of the ingot. Its abrupt 
change in relation to zone IV and the differences 
in microstructure and association of secondary 
phases (Fig. 2) allowed assuming the existence 
of a new zone at the end of the ingot. 

Fig. 2 shows a scheme of a directionally 
crystallized sample and the microstructure of its 
cross sections. Studies of the polished sections 
also showed that the ingot consisted of five 
zones. When passing from one zone to another, 
the microstructure of the samples changed 
abruptly. Structural elements in the form of large 
grains and lamellae consisting of one or several 
phases can be identified in the micrographs 
of the samples. It can be assumed that some 

Table 2. Average concentrations of elements in the ingot and in the melt

g
Average solid composition, at. % Melt composition, at. %

Fe Ni Cu S Rh Fe Ni Cu S Rh
Zone I (0 ≤ g ≤ 0.28)

0.04 40.19 6.16 2.08 50.86 0.15 28.74 5.84 18.25 46.84 0.05
0.09 40.13 6.38 2.15 50.79 0.14 28.09 5.81 19.17 46.61 0.04
0.25 38.85 7.76 2.17 51.07 0.01 25.79 5.39 22.80 45.66 0.05

Zone II (0.28 ≤ g ≤ 0.40)
0.28 36.71 8.5 4.35 50.45 <mdl 25.35 5.26 23.55 45.47 0.05
0.33 34.47 8.17 7.82 49.54 <mdl 24.56 5.01 24.90 45.12 0.05

Zone III (0.40≤ g ≤ 0.68)
0.40 26.64 4.59 22.39 46.37 <mdl 24.34 5.06 25.17 44.98 0.06
0.49 25.87 4.98 23.02 46.13 <mdl 24.08 5.07 25.54 44.78 0.07
0.57 24.78 5.17 24.51 45.54 <mdl 23.94 5.05 25.74 44.64 0.08

Zone IV (0.68 ≤ g ≤ 0.89)
0.68 19.56 4.27 33.05 43.05 0.07 25.55 5.34 23.05 45.21 0.11
0.79 19.37 4.34 33.07 43.12 0.10 28.61 5.83 18.07 46.22 0.17
0.86 19.04 4.46 33.24 43.07 0.10 33.82 6.57 9.77 47.91 0.26

Zone V (0.89 ≤ g ≤ 1)
0.89 19.86 9.49 25.55 44.06 0.11 –

–
–

0.92 20.07 9.66 24.29 44.67 0.12
0.94 20.08 9.70 24.22 44.66 0.12
Note. mdl – minimum level of elements determination by SEM/EDS method. 
In zone I the content of Ru in solid 0.08–0.38 at. %, in melt 0.01–0.04 at. %. 
Ir in solid 0.07–0.20 at. %, in melt 0.03–0.04 at. %, in zones II–IV the content of these elements <mdl.
In zone V the content of Au about 0.15 at. %, Pt about 0.37 at. %, Pd up to 0.40 at. %, Ag about 0.30 at. %; in zones I–IV 

the content of these elements <mdl.
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multiphase formations appeared as a result of 
the solid solution decay initially formed from the 
melt. Determination of their average chemical 
composition taking into account the existing 
data on high-temperature phases in the Cu-Fe-
Ni-S system and its boundaries Cu-Fe-S and Fe-
Ni-S systems allowed identifying these primary 
phases and reconstructing the primary phase 
zoning of the sample (Table 3). Local analysis 
allowed recording the phase composition of the 
sample corresponding to the temperature range 
in which phase reactions ceased upon cooling. 
The expected temperatures are ~ 300–400 °C. 
The results of the study of the phase composition 
of the ingot related to ~ “isothermal” sections 
of the phase diagram in this temperature range 
(Table 4). 

During the first stage, an iron-rich solid 
solution containing about 2 at. % Cu and 

6–8 at. % Ni, which is usually called monosulfide 
(mss), crystallized from the melt. In the Fe-Ni-S 
system, there is a wide mss region between high-
temperature FeS1+x and NiS1+x [1, 4]. It is known 
that up to 8 at. % of copper can be dissolved in 
it [33]. The initial section of the trajectory of the 
change in the melt composition was in the region 
of primary crystallization of this solid solution. 
According to DTA, the liquidus temperature was 
956 °C at the beginning of mss crystallization and 
902 °C at the point of the end of its crystallization.

The microstructure of the sample cooled to 
room temperature consisted of a matrix of low-
temperature monosulfide solid solution mss’ and 
rare inclusions of intermediate solid solution iss’ 
of a composition close to haycockite (Cu4Fe5S8, hc) 
(Table 4, Fig. 2c, g = 0.09). It was found that mss’ 
had a hexagonal unit cell with parameters a = 
6.8890±0.0070 Å, c = 40.0995±0.0872 Å, unit with 

Fig. 1. Change in the average concentration of Cu, S, and Fe in the sulfide melt (closed circles) and solid ingot 
(open circles) up to g 0.85 (a) and the dependence of the average distribution coefficients of these components 
between solid ingot and melt on g (b). The dashed horizontal line shows the concentration of the component 
in the initial melt, the dashed vertical lines separate the zones
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cell volume 1648.0809 ± 3.1008 Å3. The release 
of hc was associated with a decreased copper 
solubility in mss when the sample was cooled to 
room temperature. 

Upon transitioning from zone I to zone II, 
the sample underwent an abrupt enrichment 
with copper and depletion of sulfur (Fig. 1). The 
micrographs (Fig. 2b, c, g = 0.28, 0.33) showed large 
inclusions in the mss’ matrix, representing a finely 
dispersed decomposition structures, with average 
composition Fe28.78±0.11Ni4.44±0.11Cu19.22±0.18S47.58±0.39, 
corresponding to the intermediate solid solution 
iss (Table 3). The amount of iss gradually increased 
along zone II. These data allowed us to conclude 
that the change in the composition of the sample 
was mainly caused by the appearance of iss. The 
Ni-containing intermediate solid solution is 
known to coexist with the melt in the Cu-Fe-Ni-S 
system [29, 30]. This allowed us to assume that 
the Ni-containing solution in our experiment 
was also formed in the process of crystallization 
from a sulfide melt at a temperature of 902 °C 
of a two-phase cotectic (mss + iss). Upon further 

cooling, iss decomposed into several phases that 
formed a characteristic decomposition structure 
of iron-rich iss’ (atomic ratio Fe/Cu ~ 1.5), iron-
rich pentlandite Fe-pn (atomic ratio Fe/Ni ~ 1.2) 
in the form of grains and rims at the boundary 
of mss’ and iss’, and Сu(Fe,Ni)8S8 sugakiite 
(Table 4, Fig. 2b, c, g = 0.28, 0.33). It should be 
noted that the iss matrix also contained finely 
dispersed inclusions sized < 1 μm that could not 
be identified. 

In zone III, the average chemical composition 
Fe25.76±0.93Ni4.1±0.30Cu23.31±1.09S46.01±0.43 corresponded 
to an intermediate iss solid solution. This means 
that the trajectory of the melt composition from 
the cotectic surface proceeded into the field of 
primary crystallization of iss. The crystallization 
path associated with such a transition was 
described in [31]. The microstructure of zone 
III consisted of iss’ (hc), bornite solid solution 
(bnss’), and iron-rich pentlandite (Fe-pn) (Fig. 2b, 
c, g = 0.49, Table 4). 

The transition from zone III to zone IV led 
to an abrupt increase in the copper content 

Fig. 2. Schematic of the directionally crystallized sample showing the primary zones (I-V) (a) and the charac-
teristic microstructure of secondary phases in reflected electrons (b) and reflected light (c). See text for com-
ments and phase designations
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Table 3: Average composition of primary phases along the ingot and partition coefficients of 
components between these phases and the sulfide melt

g Phase
Composition of phases, at. % k (Solid/L)

Fe Ni Cu S Ru Rh Pd Ag Ir Fe Ni Cu S
Zone I mss (0 ≤ g ≤ 0.28)

0.04 mss 40.19 6.16 2.08 50.86 0.38 0.15 < mdl < mdl 0.2 1.40 1.05 0.11 1.09
0.09 mss 40.13 6.38 2.15 50.79 0.28 0.14 < mdl < mdl 0.13 1.43 1.10 0.11 1.09
0.25 mss 38.85 7.76 2.17 51.07 0.08 <0.01 < mdl < mdl 0.07 1.51 1.44 0.10 1.12

Zone II mss + iss (0.28 ≤ g ≤ 0.40)

0.28
mss 38.1 8.99 2.19 50.73 < mdl < mdl < mdl < mdl < mdl 1.50 1.71 0.09 1.12
iss 28.85 4.52 19.34 47.3 < mdl < mdl < mdl < mdl < mdl 1.14 0.86 0.82 1.04

0.33
mss 37.61 9.51 1.98 50.90 < mdl < mdl < mdl < mdl < mdl 1.53 1.90 0.08 1.13
iss 28.7 4.36 19.09 47.85 < mdl < mdl < mdl < mdl < mdl 1.17 0.87 0.77 1.06

Zone III iss (0.40 ≤ g ≤ 0.68)
0.40 iss 26.64 4.59 22.39 46.37 < mdl < mdl < mdl < mdl < mdl 1.09 0.91 0.89 1.03
0.49 iss 25.87 4.98 23.02 46.13 < mdl < mdl < mdl < mdl < mdl 1.07 0.98 0.90 1.03
0.57 iss 24.78 5.17 24.51 45.54 < mdl < mdl < mdl < mdl < mdl 1.02 1.02 0.95 1.02

Zone IV iss + bnss (0.68≤ g ≤ 0.89)

0.68
iss 28.43 1.47 23.86 46.24 < mdl < mdl < mdl < mdl < mdl 1.11 0.28 1.03 1.02

bnss 13.72 0.27 45.37 40.63 < mdl < mdl < mdl < mdl < mdl 0.54 0.05 1.97 0.90

0.79
iss 28.03 1.81 23.62 46.54 < mdl < mdl < mdl < mdl < mdl 0.49 0.07 2.48 0.88

bnss 14.02 0.42 44.75 40.82 < mdl < mdl < mdl < mdl < mdl 0.98 0.31 1.31 1.01

0.86
iss 27.63 4.81 20.78 46.78 < mdl < mdl < mdl < mdl < mdl 0.82 0.73 2.13 0.98

bnss 13.78 0.22 45.71 40.29 < mdl < mdl < mdl < mdl < mdl 0.41 0.03 4.68 0.84
Zone V bnss + pnss (0.89≤ g ≤ 1)

0.89
bnss 13.99 0.30 44.13 41.25 < mdl < mdl < mdl 0.33 < mdl – – – –
pnss 24.02 24.94 3.47 46.55 < mdl 0.24 0.78 < mdl < mdl – – – –

0.92
bnss 14.04 0.23 44.36 41.21 < mdl < mdl < mdl 0.16 < mdl – – – –
pnss 24.25 23.69 2.79 47.79 < mdl 0.58 0.53 < mdl 0.36 – – – –

0.94
bnss 13.96 0.41 43.18 41.63 < mdl < mdl < mdl 0.82 < mdl – – – –
pnss 23.28 25.67 2.36 46.92 < mdl 0.45 1.06 < mdl 0.27 – – – –

Note. mdl – minimum level of element determination by SEM/EDS method. In zone I partition coefficients (mss/L): 
k Ru =10.48, 12.56 and 6.92, k Ir = 4.57, 3.35, 1.96 at g = 0.04, 0.09 and 0.25, respectively; k Rh = 3.27 and 3.46 at g = 0.04 
and 0.09, respectively

Table 4. Composition of secondary phases in zones along the ingot

g Phase Sum, 
wt. %

Composition, at. %
Fe Ni Cu S Ru Rh Pd Ag Ir

1 2 3 4 5 6 7 8 9 10 11 12
Zone I (0 ≤ g ≤ 0.28) mss' + iss'(hc)

0.04
mss' 99.45 40.19 6.16 2.08 50.86 0.38 0.15 < mdl < mdl 0.20

iss' (hc) 98.45 28.80 0.87 20.11 50.23 < mdl < mdl < mdl < mdl < mdl

0.09
mss' 99.67 40.13 6.38 2.15 50.79 0.28 0.14 < mdl < mdl 0.13

iss' (hc) 99.16 30.00 1.85 20.01 48.14 < mdl < mdl < mdl < mdl < mdl

0.25
mss' 99.93 38.85 7.76 2.17 51.07 0.08 0.01 < mdl < mdl 0.07

iss' (hc) Not defined
Zone II (0.28 ≤ g ≤ 0.40) mss' + iss'(hc) + Fe-pn +sug

0.28

mss' 101.04 37.3 10.08 2.07 50.46 < mdl < mdl < mdl < mdl < mdl
iss' (hc) 100.76 30.30 1.26 19.69 48.76 < mdl < mdl < mdl < mdl < mdl
Fe-pn 100.81 28.55 22.73 1.57 47.01 < mdl < mdl 0.15 < mdl < mdl

sug 101.08 28.35 19.27 4.84 47.39 < mdl < mdl 0.14 < mdl < mdl
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Eng of Table 4
1 2 3 4 5 6 7 8 9 10 11 12

0.33

mss' 99.06 37.81 9.60 2.33 50.25 < mdl < mdl < mdl < mdl < mdl
iss' (hc) 98.89 28.57 0.84 23.26 47.33 < mdl < mdl < mdl < mdl < mdl
Fe-pn 99.08 26.05 25.18 1.44 46.89 < mdl < mdl 0.44 < mdl < mdl

sug Not defined

0.40

mss' 98.52 36.47 10.22 3.64 49.50 < mdl 0.15 < mdl < mdl < mdl
iss' (hc) 98.01 27.76 1.82 23.82 46.59 < mdl < mdl < mdl < mdl < mdl
Fe-pn 97.77 27.40 22.87 2.37 47.0 < mdl < mdl 0.36 < mdl < mdl

sug 98.47 26.75 19.28 7.44 46.28 < mdl < mdl 0.13 < mdl < mdl
Zone III (0.40 ≤ g ≤ 0.69) iss' (hc) + pn + bnss'

0.48
iss' (hc) 99.08 27.54 0.79 25.21 46.46 < mdl < mdl < mdl < mdl < mdl

pn 99.07 25.24 25.88 1.74 46.81 < mdl < mdl 0.33 < mdl < mdl
bnss' 101.97 15.59 0.4 43.26 40.75 < mdl < mdl < mdl < mdl < mdl

0.57
iss' (hc) 98.95 27.17 3.11 23.41 46.31 < mdl < mdl < mdl < mdl < mdl

pn Not defined
bnss' 101.26 13.75 0.30 45.95 40.00 < mdl < mdl < mdl < mdl < mdl

Zone IV (0.68≤ g ≤ 0.89) iss'(hc) + Ni-pn + bnss' +Cu

0.68

iss' (hc) 99.36 27.86 0.83 24.71 46.61 < mdl < mdl < mdl < mdl < mdl
Ni-pn 99.95 25.2 25.68 1.78 46.88 < mdl < mdl 0.46 < mdl < mdl
bnss' 100.22 13.72 0.27 45.37 40.63 < mdl < mdl < mdl < mdl < mdl
Cu 97.75 1.06 0.28 98.34 0.32 < mdl < mdl < mdl < mdl < mdl

0.79

iss' (hc) 98.67 28.17 1.21 23.78 46.84 < mdl < mdl < mdl < mdl < mdl
Ni-pn 100.27 24.78 25.82 1.88 47.06 < mdl < mdl 0.45 < mdl < mdl
bnss' 100.67 14.02 0.42 44.75 40.82 < mdl < mdl < mdl < mdl < mdl
Cu 99.18 2.34 0.39 96.91 0.36 < mdl < mdl < mdl < mdl < mdl

0.86

iss' (hc) 100.98 28.82 1.34 21.72 48.12 < mdl < mdl < mdl < mdl < mdl
Ni-pn 101.18 24.71 26.29 1.84 46.69 < mdl < mdl 0.47 < mdl < mdl
bnss' 100.79 13.78 0.22 45.71 40.29 < mdl < mdl < mdl < mdl < mdl
Cu Not defined

Zone V (0.89 ≤ g ≤ 1) iss' (mh) + Ni-pn + sug + Ni-mss + bnss'

0.89

iss' (mh) 101.12 26.33 0.9 25.75 47.03 < mdl < mdl < mdl < mdl < mdl
Ni-pn 102.07 23.02 25.84 2.78 46.57 < mdl 0.22 1.56 < mdl < mdl

sug 101.47 24.49 22.75 4.76 47.09 < mdl 0.14 0.77 < mdl < mdl
Ni-mss 101.57 28.26 18.35 1.79 50.03 < mdl 0.71 < mdl < mdl 0.58

bnss' 101.82 13.57 0.28 44.68 40.89 < mdl < mdl < mdl 0.59 < mdl

0.92

iss'(mh) 98.12 25.14 1.02 26.40 47.44 < mdl < mdl < mdl < mdl < mdl
Ni-pn 100.08 23.33 25.77 1.93 46.97 < mdl < mdl 2.0 < mdl < mdl

sug 100.3 25.43 20.15 5.06 48.68 < mdl 0.36 < mdl < mdl 0.32
Ni-mss 99.73 27.40 18.64 1.81 50.82 < mdl 0.75 < mdl < mdl 0.57

bnss' 100.44 14.04 0.23 44.36 41.21 < mdl < mdl < mdl 0.16 < mdl

0.94

iss'(mh) Not defined
Ni-pn 103.93 23.28 25.67 2.36 46.92 < mdl 0.45 1.06 < mdl 0.27

sug 103.23 24.93 21.33 4.54 48.16 < mdl 0.48 0.19 < mdl 0.38
Ni-mss Not defined

bnss' 102.60 13.67 0.32 44.6 41.13 < mdl < mdl < mdl < mdl < mdl

Note. Au and Pt content in all phases < mdl. mss' – low-temperature monosulfide solid solution (Ni 6-10 at. %), Ni-mss 
– nickel monosulfide solid solution (Ni~19 at. %), iss' – low-temperature intermediate solid solution, bnss' – low-tempera-
ture boronitic solid solution (Ni 6-10 at. %), iss' – low-temperature intermediate solid solution, bnss' – low-temperature 
bornite solid solution, Fe-pn – pentlandite with Fe/Ni = 1.1-1.3, pn – pentlandite with Fe/Ni=1, Ni-pn – pentlandite with 
Fe/Ni=0.90-0.96, sug – sugakiite Cu(Fe,Ni)8S8, Cu – native copper.
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and a decrease in the iron and sulfur content in 
the sample (Fig. 1). Large lamellar inclusions, 
representing a finely dispersed decay structure, 
were visible in the micrographs (Fig. 2b, c, g = 
0.79, 0.86). They have an average composition of 
Fe27.6-28.4Ni1.5-4.8Cu20.8-23.9S46.2-46.8, so they should be 
attributed to the intermediate solid solution (iss). 
These inclusions were present in the matrix of the 
bornite solid solution Fe13.7Cu45.4Ni0.3S40.6 (bnss) 
(Table 3). The obtained data allowed stating 
that the change in the sample composition was 
mainly caused by the appearance of bnss in it. 
In [34, 35] it was shown that in the middle part 
of the phase diagram of the Cu-Fe-S system, the 
liquidus surface consisted of the fields of primary 
crystallization of the pyrrhotite solid solution 
(poss), the digenite-bornite solid solution Cu2S–
Cu5FeS4 (bnss), and the intermediate solid solution 
CuFeS2–Cu3Fe4S6 (iss). The ternary eutectic poss + 
bnss + iss, as well as quasi-binary eutectics (poss + 
bnss), (poss + iss), and (iss + bnss) were present on 
the liquidus surface. Bnss is also known to coexist 
with the melt in the Cu-Fe-Ni-S system [28]. Thus, 
in our experiment, the melt trajectory can also 
correspond to the crystallization of the cotectic 
(iss + bnss). We found that iss decomposed upon 
cooling to form low-temperature iss’ of the 
Fe27.6-28.2Ni1.21-4.8Сu20.8-24.7S46.6-46.8 composition, Ni-
pn with an atomic ratio of Fe/Ni = 0.96-1, while 
bnss decomposed into low-temperature bnss’ and 
native copper (Fig. 2b, c, g = 0.79, 0.86, Table 4). 

It was difficult to determine the exact set of 
primary phases released from the melt in zone V 
due to its complex structure. The decomposition 
was complicated by the formation of intergrowths 
of sulfide minerals with impurity phases, the 
amount of which took up a noticeable fraction of 
this section of the sample (Fig. 2b, c, g = 0.89, 0.92). 
It is possible that during the transition from zone 
IV to zone V, the trajectory of the melt composition 
entered the crystallization region of the bivariant 
cotectic of pnss (Fe23.3-24.2Ni23.4-25.7Сu2.4-3.5S46.6-47.8) + 
bnss (Fe14.0Ni0.2-0.4Сu43.2-44.4S41.2-41.6) (Table 3, Fig. 2b, 
g = 0.89, 0.92). It should be noted that previously 
we obtained the bivariant cotectic (bnss + pnss) 
in [28]. The following low-temperature phases 
were present in zone V: iss’ of mooihoekite 
composition (mh), Ni-pn, Ni-mss, sug and bnss’ 
(Table 4, Fig. 2c, g = 0.92) and, possibly, other 
unidentified phases of basic sulfides.

3.2. Behavior of microcomponents
Over the course of the directional crystal

lization of the sulfide melt, impurities can pass 
into the solid ingot either in the main phases as 
solid solutions or form inclusions as independent 
phases (e.g., [16, 28]). Let us study the behavior 
of noble metals in the experiment. 

3.2.1. Solid solution in base metal sulfides
Noble elements in primary sulf ide solid 

solutions. The results on the mss composition 
in zone I presented in Table 3 showed that Ir, 
Ru, and Rh were concentrated in this phase 
at the initial moment of melt crystallization. 
Their distribution coefficients mss/L > 1, which 
was consistent with the data in [6, 22, 36–38]. 
The content of Pt, Pd, Ag, and Au in mss was 
less than the minimum level of their detection 
by SEM/EDS. However, their content measured 
by the precision laser ablation method allowed 
calculating the distribution coefficients mss/L: k 
Pt 0.02-0.2, k Pd <0.03-0.2, k Au 0.01-0.09 [6, 14, 
36–39]. According to the data in [22], the values 
of k for Pd, Pt, Au, and Ag ranged from ~ 0.1 to 
~ 1·10–3, so these elements should be mainly 
expelled into the melt. 

The content of noble metals in primary mss, 
iss, and bnss in zones II-IV was below the limit of 
their detection by SEM/EDS (Table 3). Therefore, 
these crystallization stages were accompanied 
by a more intense accumulation of impurities 
in the melt. According to [22], the distribution 
coefficients of Pt, Pd, Ag, and Au had low values, 
which led to the enrichment of the sulfide liquid 
with these elements. Pt and Au were not found 
in iss [14, 40], Rh dissolved in sulfur-rich iss [41], 
while Pd (up to 0.4 at.%) could enter into iss 
with Cu > Fe and into Ni-rich iss (up to 1 at.%) 
[14]. Data on the directional crystallization of 
sulfide melts showed that 0.13-0.15 at. % Au 
could dissolve in iss with Cu > Fe [42]. Bornite 
solid solution associated with Ni-rich iss could 
dissolve 0.1 at. % Pd [14]. 

Measurement of the average composition of 
the ingot in zone V showed that the bnss + pnss 
cotectic crystallized in it. According to the data 
in Table 3, Pd and Rh were concentrated in pnss 
(0.8 and 0.2 at. %, respectively), and Ag expelled 
into bnss (0.3 at. %), which corresponded to the 
results obtained earlier in [28]. 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(4): 755–771

E. F. Sinyakova, K. A. Kokh	 Behavior of major and minor elements during directional crystallization



765

Noble elements in secondary sulfide solid 
solutions. In zone I, up to 0.15 at. % Rh can be 
dissolved in low-temperature mss’ (Table 4). In 
zone II, the content of impurities of all noble 
metals in mss’ was less than the analytical error. 
Upon cooling, iss decomposed into a mixture 
of iss’, Fe-pn, and sug. The Pd was distributed 
between Fe-pn and sug. Obviously, Pd was 
initially present in iss, which was crystallized 
from the melt in this zone. In zone III, up to 0.3 
at. % Pd could be dissolved in pn with the atomic 
ratio Ni / Fe = 1. The main concentrator of Pd in 
zone IV was Ni-pn. In zone V, Pd and Rh were 
distributed between Ni-pn and sug. Rh can also 
be present in Ni-mss. 

3.2.2. Phases of micro-elements 
The sample contained phases that were 

synthetic analogues of the following minerals: 
RuS2 laurite, Pt3-xFe isoferroplatinum, CuIr2S4 
cuproiridsite, as well as an alloy based on native 
gold Au*, native silver Ag, and a solid solution of 
the composition Pt-Fe-Au.

RuS2. At the beginning of the crystallization 
process (g ~ 0.04), a mass formation of laurite 
RuS2 was observed (Fig. 3a). Laurite was present 
in the mss’ matrix as single faceted crystals sized 
about 15 μm2 and plates sized about 3 x 30 μm 
or their fragments (Fig. 3 a-c). It may contain 
the following impurities (at.%): 0.9-4.7 Ir, about 
0.5 Rh, 0.4 Pd, 0.2 Ag, up to 1.7 Fe, and 0.4 Ni 
(Table 5). The heterogeneity of the chemical 
composition of the laurite crystals should be 
noted: their central zone was richer in ruthenium, 
and the edge zone was doped with iridium, which 
was consistent with the data in [43]. 

Ruthenium remaining in the melt was 
released in zones IV and V as large rare single 
crystals of RuS2 sized up to 130 μm2 (Fig. 3 n, j, 
k) and in intergrowths with CuIr2S4 cuproiridsite 
(Fig. 3 k, n). The Ir impurity in laurite varied from 
~5 to ~8 at. %, and RuS2 may also contain Rh, Pd, 
Ag, Ni, Fe, and Cu (up to 0.5-1 at. %). 

CuIr2S4. Iridium formed its own phase, similar 
in composition to the natural mineral of the 
thiospinel group – CuIr2S4 cuproiridsite. CuIr2S4 
was present in zones IV and V in the form of 
isolated inclusions of irregular shape sized about 
20 μm2 and in intergrowths with RuS2 sized up to 
150 μm2 (Fig. 3 k, l, m). Cuproiridsite contained 

up to 2 at. % of Pt and Rh, about 5 at. % Fe and 
~4 at. % Ni (Table 5). 

Pt3Fe. Platinum formed a phase similar to the 
mineral isoferroplatinum Pt3Fe. It was detected 
in the mss’ matrix in zones I and II as dendritic 
structures of inclusions ranging in size from 
≤ 1 μm to about 7 x 15 µm (Fig. 3g, zone I; Fig. 3e, 
zone II). Isoferroplatinum contained about 1 at. % 
Au, about 3 at. % Cu and Ni (Table 5). 

For the analysis of gold-based alloy Au*, 
solid solution of Pt-Fe-Au composition, and 
native Ag, we selected the largest inclusions, but 
they are usually smaller in size than the value 
of the X-ray generation zone, i.e. up to about 1 
μm. Therefore, the results of the analysis of the 
composition of these phases were contaminated 
with components of the host phase. 

Au*. Gold formed an independent phase 
containing (at.%): from ~ 53 to ~ 69 Au and 
impurities of Pd (up to 10 at.%), Ag (up to 
6 at.%) and Pt (up to 1.5 at.%) (Table 5). These 
impurities formed solid solutions with Au, which 
was consistent with the structure of the solid-
melting diagrams of binary Au-Ag, Au-Cu, Au-
Pd and ternary systems Au-Ag-Cu and Au-Ag-Pd 
[44, 45]. Au* inclusions were localized in zone II 
in the iss’ matrix and in zone V at the mh / Ni-pn 
interphase boundaries as elongated inclusions 
about 1 μm wide and 10–30 μm long (Fig. 3e, 3p) 

Pt-Fe-Au solid solutions. The Pt-Fe-Au 
microphase was established in zones II–V. In 
zones II and III, the results of the analysis of 
the composition of this solid solution were 
strongly contaminated with the components of 
the pentlandite matrix. In zones IV and V, its 
composition varied within the following range 
(at.  %): Pt from 43.2 to 49.0, Fe from 21.7 to 
23.7, Au from 7.4 to 14.9 (Table 5). This phase 
was present in the form of isolated inclusions or 
colonies of inclusions of a maximum size of up to 
5 μm long and up to 1–2 μm wide in the matrix 
Fe-pn in zone II (Fig. 3g), pn in zone III (Fig. 3h), 
Ni-pn in zone IV (Fig. 3k, m) and Ni-mss in zone 
V (Fig. 3n, o, p). The high content of Pt, Fe, and Au 
and the nature of decomposition similar to that in 
similar inclusions in [28] allowed attributing the 
discovered inclusions to a Pt-Fe-Au solid solution. 
The authors of [28] found that in case of cooling, 
inclusions of such a solid solution decomposed 
into a mixture of Pt3-хFe and an alloy based on Au*. 
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Fig. 3. Forms of noble metal microphase separation in sulfide matrices in zones I–V. Microphotographs were 
obtained in reflected electrons. RuS2 crystals in the mss’ matrix at g 0.04 (a, b, c); Pt3Fe inclusions in the mss’ 
matrix at g 0.09 (d) and 0.33 (e); Au* inclusions in the hc’ matrix at g 0.28 (f) and in the Ni-mss’ matrix at g 0. 
92 (p); single RuS2 and CuIr2S4 inclusions in Ni-pn matrix at g 0.68 (i, j); RuS2 and CuIr2S4 intergrowths at g 0.86 
(l) and 0.92 (n); Pt-Fe-Au alloy inclusions in pn at g =0.57 (h), in Ni-pn at g 0.68 (k), 0.86 (m) and 0.92 (n, o, p)
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Table 5. Chemical composition of selected grains of characteristic microphases of noble metals in the 
sample

Phase Ideal 
formula Fe Ni Cu Au Ag Pt Pd Ru Ir Rh S Сумма

Zone I (mss)

Laurite RuS2

1.23 0.27 – – 0.46 – – 56.04 3.1 0.82 36.13 98.05
1.27 0.26 – – 0.25 – – 31.93 0.93 0.46 64.9
1.19 0.29 – – 0.44 – 0.77 54.79 6.98 – 37 101.46
1.2 0.28 – – 0.23 – 0.41 30.63 2.05 – 65.2

1.63 0.42 – – – – – 46.77 15.37 – 35.47 99.65
1.73 0.42 – – – – – 27.46 4.74 – 65.64

Isoferroplatinum Pt3Fe 11.01 1.02 1.08 1.48 – 81.32 – – – – 0.42 96.33
29.47 2.6 2.54 1.12 – 62.31 – – – – 1.96

Zone II (mss+iss)

Isoferroplatinum Pt3Fe 11.8 1.35 1.36 – – 84.09 – – – – 0.45 99.06
30.15 3.28 3.05 – – 61.51 – – – – 2

Gold-based alloy Au*1 2.33 0.85 5.36 85.82 0.86 – 2.51 – – – 0.76 98.48
6.61 2.29 13.36 68.99 1.26 – 3.74 – – – 3.75

Alloy of Pt-Fe-Au 
system Pt-Fe-Au1 11.76 7.35 6.83 42.42 1.85 17.07 4.01 – – – 10.96 102.26

18.43 10.96 9.4 18.84 1.5 7.66 3.3 – – – 29.91
Zone III (iss)

Alloy of Pt-Fe-Au 
system Pt-Fe-Au1 13.29 9.51 8.28 36.65 1.88 17.49 3.81 – – – 13.2 104.11

18.72 12.75 10.25 14.64 1.37 7.05 2.82 – – – 32.39
Zone IV (iss+bnss)

Native silver Ag1 18.78 15.65 6.15 – 38.72 – 0.74 – – – 19.5 99.55
20.09 15.93 5.78 – 21.45 – 0.42 – – – 36.34

Alloy of Pt-Fe-Au 
system Pt-Fe-Au1 10.28 1.59 5.19 12.45 – 71.18 1.64 – – – 1.3 103.62

23.69 3.49 10.51 8.14 – 46.97 1.98 – – – 5.22

Laurite RuS2

1.04 0.66 1.26 – – – 0.59 44.51 16.77 0.88 34.54 100.26
1.12 0.67 1.19 – – – 0.33 26.39 5.23 0.51 64.56
0.33 0.33 – – – – – 42.06 24.37 – 35.36 102.45
0.36 0.34 – – – – – 25.11 7.65 – 66.55

Cuproiridsite CuIr2S4 3.58 2.98 8.01 – – 3.26 – – 56.44 2.40 24.09 100.75
4.83 3.83 9.51 – – 1.26 – – 22.15 1.76 56.67

Zone V (bnss+pnss)

Cuproiridsite CuIr2S4 3.57 2.84 7.99 – – 4.71 – – 54.87 2.73 23.63 100.35
4.88 3.69 9.59 – – 1.84 – – 21.77 2.02 56.21

Laurite RuS2

0.34 0.37 – – 0.21 – 0.14 45.13 18.85 0.46 35.40 100.88
0.37 0.38 – – 0.12 – 0.08 26.76 5.88 0.27 66.17
0.39 0.24 – – – – – 46.88 18.22 0.86 36.2 102.8
0.41 0.24 – – – – – 27.17 5.55 0.49 66.14
0.28 0.39 – – – – – 42.93 22.4 1.19 35.5 102.69
0.3 0.4 – – – – – 25.41 6.97 0.69 66.23

0.45 0.39 – – 0.41 – – 43.86 20.25 1.11 35.5 101.96
0.48 0.4 – – 0.23 – – 25.89 6.29 0.64 66.07

Native silver Ag1 13.18 4.23 28.04 – 33.61 – 0.51 – – – 18.44 98.02
14.38 4.39 26.89 – 18.99 – 0.29 – – – 35.05

Gold-based alloy Au*1 2.17 1.02 7.42 74.55 4.49 2.10 7.79 – – – 1.40 100.94
5.39 2.41 16.20 52.51 5.78 1.49 10.16 – – – 6.06

Pt-Fe-Au-ss Pt-Fe-Au1

9.64 2.22 4.06 10.67 0.57 70.38 1.03 – – – 1.04 99.61
23.43 5.13 8.67 7.35 0.72 48.97 1.31 – – – 4.4
9.22 2 4.09 13.1 0.39 70.13 1.41 – – – 1.18 101.53

22.21 4.58 8.66 8.95 0.49 48.37 1.78 – – – 4.95
8.63 1.91 4.36 20.91 0.38 59.98 1.01 0 0 0 0.94 98.11

21.72 4.57 9.64 14.92 0.5 43.2 1.33 0 0 0 4.12
Fe Ni Cu Au Ag Pt Pd Ru Ir Rh S

Note. For each phase the composition expressed in wt. % is in the upper row, in at. % – in the lower row. ss- solid 
solution.

1 – high content of major components indicates the entrapment of sulfide phases in the analyzed area of the matrix.
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Ag. Native Ag was released in the form of 
rims less than 1 μm wide around bnss’ and Ni-pn 
grains in zones IV and V of the sample. Elongated 
inclusions of Ag in the bnss’ matrix were also 
observed there (Fig. 3k, m, p) (Table 5). 

As can be seen from the above-described 
experimental results, micro-elements can be 
present as solid solutions in the primary and 
secondary main phases of the Fe–Ni–Cu–S 
system, as independent phases crystallized from 
the melt, or as a result of partial decomposition 
of sulfide solid solutions during their cooling, and 
also in the form of impurities dissolved in other 
microphases. Impurities of noble metals soluble 
in the main phases of this system distributed 
during crystallization in accordance with the 
classical theory, similar to macrocomponents. 
Thus, Ir and Ru dissolved well in the matrix of 
high-temperature mss, and upon cooling they 
transited into the low-temperature modification 
of mss’. Rhodium’s behavior was more complex. 
It was present at the beginning of crystallization 
in mss, while the remaining Rh noticeably 
accumulated in the melt only in zone V, where 
it was present in pnss, upon decomposition of 
which in case of cooling it transited into Ni-mss. 
Palladium and silver were concentrated in the 
final products of melt crystallization, pentlandite 
and bornite solid solutions, respectively. The 
main low-temperature concentrator of Pd 
was pentlandite. A recent work [46] proved its 
inclusion in the pentlandite crystal lattice, and 
in [47] a discovery of pentlandite containing 
11.26 wt. % Pd in Norilsk ores was reported. 

Impurities that did not transit into sulfide 
solid solutions can form independent phases: 
primary ones directly in the process of fractional 
crystallization of the melt and secondary ones as 
a result of solid-phase reactions. It is likely that 
the compounds with a melting point significantly 
exceeding the crystallization temperature of this 
melt were formed from the melt. Crystallization 
of Pt3Fe and mass formation of RuS2 were 
associated with the initial stage of the directional 
crystallization process. Refractory RuS2 (melting 
point ~ 1600 °C) was formed in the Ru-S binary 
system [44]. The Pt-Fe phase diagram contained 
a non-stoichiometric Pt3Fe compound with a 
wide homogeneity region, formed as a result of 
the decomposition of a continuous solid solution 

at a temperature of 1350 °C ([48] and references 
from it). 

It should be noted that Pt3Fe inclusions were 
observed in the mss’ matrix of zone I, while 
RuS2 was found not only in this matrix, but also 
in the decomposition products of the eutectic 
alloys iss + bnss and bnss + pnss in zones IV and 
V, respectively, as an independent phase and in 
intergrowths with CuIr2S4. The formation of these 
phases directly from the melt was confirmed 
by the large sizes and expressed faceting of the 
inclusions. In accordance with the theory of 
quasi-equilibrium directional crystallization 
of multicomponent melts with impurities, the 
process of zoning formation made up by primary 
sulfide solid solutions should be accompanied by 
the formation of primary impurity zoning [49]. 
The impurity phases should appear in the ingot in 
a sequence, one after another. Each impurity zone 
was distinguished by its own set of microphases. 
The transition from one zone to another meant 
rather the disappearance or the emergence than 
the emergence of a new microphase. As a result, a 
regular change in the distribution of microphases 
should occur along the sample. In our experiment, 
this pattern was not observed. Thus, RuS2 crystals 
were formed in zones I, IV, and V, which meant 
that there was no fractionation. It should be noted 
that the processes of formation of new phases 
upon directional crystallization were determined 
only by the processes of their incorporation at 
the crystallization front. Upon crystallization 
of phases composed of macrocomponents, a 
continuous crystallization front was formed. 
Upon crystallization of microphases, a continuous 
crystallization front could not be formed, and 
thus the main limiting stage was the formation 
of nuclei. The formation of nuclei occurred under 
strongly nonequilibrium conditions, and thus it 
was natural to expect that the theory of quasi-
equilibrium directional crystallization would not 
work in this case. 

Silver rims around secondary inclusions bnss’ 
and Ni-pn were most likely formed as a result 
of solid-phase processes. Primary bnss partially 
captured Ag in the process of crystallization 
from the melt. In case of cooling, inclusions of 
Ag appeared due to a decrease in its solubility 
in bnss’. Secondary formations included Pt-Fe-
Au solid solutions, which were observed to occur 
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within grains of secondary Ni-pn and Ni-mss, 
and this indicated their formation as a result of 
solid-phase reactions. They were represented by 
the structure of decomposition of Pt3Fe and Au*. 
Au* inclusions were associated with iss’ (hc) or 
with mh/Ni-mss boundaries. This suggested that 
their formation was a consequence of subsolidus 
iss decay. The processes of microphase separation 
during solid-phase reactions, as well as during 
crystallization from a melt, proceeded as 
nonequilibrium through the stage of nucleation 
and their subsequent growth.

4. Conclusions 
In this work we obtained new data on the 

behavior of the main elements and impurities upon 
fractional crystallization of a multicomponent 
melt of the Cu-Fe-Ni-S-(PGE, Au, Ag) system with 
its own special type of zoning.

It  was shown that during fractional 
crystallization the macrocomponents were 
distributed in accordance with the classical 
theory. Their behavior can be described using 
distribution coefficients. It was established that 
during melt crystallization, the sequence of 
primary phase formation had the following form: 
mss / mss + iss / iss / iss + bnss / bnss + pnss. These 
results indicated a more complex structure of 
the melting diagram in the studied region of the 
Fe-Ni-Cu-S system than was known before from 
classical experiments using samples obtained by 
long-term annealing and subsequent quenching. 

The results of chemical analysis and the ingot 
microstructure study allowed determining a list 
of low-temperature secondary phases and their 
associations that must be taken into account 
when constructing subsolidus sections. A new 
type of secondary (phase) zonality may be present 
in Cu-Ni sulfide ores.

In the first approximation, the behavior of noble 
metal impurities upon fractional crystallization 
can be described using distribution coefficients. 
The processes of microphase separation from the 
melt or during solid-phase reactions proceeded as 
non-equilibrium through the stage of formation 
of nuclei and their subsequent growth. Therefore, 
the process of formation of impurity zonality 
did not strictly correspond to the theory of 
quasi-equilibrium directional crystallization of 
multicomponent melts with impurities.
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1. Introduction
It is known that a system is in equilibrium if 

it has a minimum of free energy and a maximum 
of entropy. A stable thermodynamic equilibrium 
should comply with following inequalities 
according to thermodynamics [1-3]: 

CP > CV > 0 		  (1)

(thermal stability),

cT > cS > 0 		  (2)

(mechanical stability), 

(∂2G/∂x2)P,T = (∂μ/∂x)P,T > 0 	 (3)

(resistance to diffusion). 
In these inequalities P – pressure, T – 

temperature, V – volume, C – heat capacity, 
S  – entropy, G – isobaric-isothermal potential, 
c  =  (∂P/∂V) - compressibility, μ – chemical 
potential, x - concentration. 

Thermodynamics distinguishes three types 
of equilibria: stable, metastable, and labile. 
Metastable equilibria are locally stable (satisfy 
inequalities 1–3), but may be unstable with 
respect to the appearance of other phases. For 
the transition into the stable state, the system 
must overcome a potential barrier. Labile states 
are locally unstable (one of the inequalities 1–3 
is impaired), and the transition to a stable (or 
metastable) state does not require overcoming a 
potential barrier. 

As for labile equilibria, the thermodynamic 
literature accepts as a postulate that labile 
states are not physically realizable, at least not 
observable, and thus are devoid of practical 
interest, since the transition to a stable state does 
not require overcoming a potential barrier, and a 
random fluctuation leads to an accelerated shift 
of the system from the initial state.

“If within a certain interval of parameter 
values any of the inequalities (stability criteria) 
is not satisfied, then this interval cannot be 
associated with any really existing states. …Such 
states… are completely unstable (labile) and, 
therefore, physically impossible (in any case, 
unobservable).” [4, p. 74].

“Unstable states are practically unrealizable, 
since the slightest fluctuations shift the system 
out of the equilibrium state. Therefore, the use of 
stability conditions allows to identify real systems 

and exclude systems that are devoid of practical 
interest.” [5, p. 44]. 

“Unstable equilibrium is not physically 
realizable. This statement is often questioned 
based on phenomenological reasoning, but it 
can be proven by statistical thermodynamics 
methods.” [6, p. 83].

“We obtain a curve on which thermodynamic 
inequalities are impaired (for a homogeneous 
body); it limits the region in which the body under 
no circumstances can exist as homogeneous.” [7, 
p. 285].

It should be noted that J. W. Gibbs, who 
actually formulated these stability criteria, 
expressed them much more cautiously: “A phase 
which is unstable with respect to continuous 
changes is evidently incapable of permanent 
existence on a large scale except in consequence 
of passive resistances to change” [1, p. 109]. 

The purpose of this study is the demonstration 
of the fallaciousness of these statements [4–7]. 
Systems in labile states are not only observable 
but also very useful from a practical point of view 
in materials science. 

2. Problem statement
The set of points at which the stability 

conditions are impaired is called spinodal. The 
spinodal dimension (point, line or surface) can 
be different depending on the dimension of the 
corresponding phase diagram. 

In general, determination of the position 
of spinodals requires the consideration of the 
thermodynamic model of the system. We will 
limit ourselves to considering the chemical 
spinodal, namely, considering the decomposition 
of solid solutions, i.e., the impairment of the 
stability of the system in relation to diffusion. 
According to the third law of thermodynamics, 
as the temperature decreases, phases of variable 
composition must undergo decomposition 
or ordering. We will limit ourselves to binary 
systems, which does not affect the generality of 
the conclusions. 

At the same time, the position of the binodal, 
which is determined quite simply, allows to 
estimate the position of the spinodal with a high 
degree of reliability. In the immiscibility of solid 
solutions, the critical point, the binodal dome 
point К also belong to the spinodal, see Fig. 1. At 
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this point, both the binodal and the spinodal have 
a common horizontal tangent, i.e. (∂T/∂x)P = 0. 

There is a simple thermodynamic model, 
namely the regular solution model, applicable 
only to systems with isostructural components, 
but allows to qualitatively navigate in more 
complex cases. In the regular solution model for 
a binary system, the spinodal equation is written 
as follows [3]:

T = 4Tcx(1 – x),		  (4),

where Tc – the absolute temperature of the criti-
cal point, which is realized at a composition 
containing 50 mol. % of components (Fig. 2a). At 
T → 0 K, the spinodal curve goes to the origin of 

coordinates, but, unlike the binodal, does not 
have a vertical tangent at this point (Fig. 2). It 
should be noted that in the monograph by 
Prigogine and Defey the position of the spinodal 
is depicted with an error [3, Fig. 16.16]. Taking 
into account elastic stresses during the decom-
position of solid solutions leads to a shift in the 
position of binodals and spinodals in the compo-
sition-temperature coordinates [8–10].

The immiscibility, i.e. the appearance of both 
the binodal and the spinodal associated with it, 
in the metastable region of existence of a solid 
solution or glass is of great interest [11, 12]. 

Experimental methods for determination 
of the position of spinodals are limited and 
generally effective only for relatively fast 
kinetics of phase transformations [13, 14]. The 
change in the microstructure of alloys can be 
used as a method for determining the spinodal 
[12]. The study [15] also deserves attention (the 
experimentally obtained region of solid solution 
immiscibility exactly corresponds to the spinodal 
equation).

3. Examples
The CaF2-SrF2 system. The phase diagram 

is presented in Fig. 3 [16]. There is a continuous 
series of solid solution between isostructural 
components. The position of the critical point of 
decomposition of the solid solution is outlined 
based on the data of the study of the CaF2-SrF2-
MnF2 ternary system [17]. At room temperature, 

Fig. 1. Binodal and spinodal (dash-dotted line) during 
immiscibility of a solid solution in a binary system in 
the vicinity of the critical immiscibility point К

                                               a                                         b                                         c
Fig. 2. Position of binodals and spinodals (dash-dotted line) in binary systems in the regular solution model. 
L – melt, a – stratifying solid solution
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only solid solutions containing up to 10 mol. % 
of the second component, while intermediate 
compositions containing 10-90% CaF2, are in a 
labile state.

Nevertheless, the corresponding compositions 
can be grown in the form of single crystals and are 
recommended as optical materials, transparent in 
a wide range of the spectrum from UV to IR [18, 
19], as well as matrices for doping with active 
rare earth ions [20-24]. There are no questions 
about the technological stability of the relevant 
materials. Continuous solid solutions of Ca1-xSrxF2 
is obtained even when using low-temperature 
synthesis methods, including co-precipitation 
from aqueous solutions [25]. 

Another example is the CaF2 - BaF2 system. 
Preliminary studies have shown that the 

picture of phase equilibria in the system is more 
complex than described in [26]. The system 
contains intermediate phases stable within a 
narrow temperature range.

Limited solid solutions based on the 
components are formed in the system. Both the 
growth of single crystals from the melt [27] and 

low-temperature co-precipitation [25] allow 
the synthesis of only limited solid solutions. 
However, the Ba1-xCaxF2 continuous solid solution 
was obtained by mechanochemical synthesis 
[28]. The corresponding samples can exist for 
an indefinitely long period of time. However, 
after heating, the system transformed into an 
equilibrium state. The decomposition of the solid 
solution accompanied by the release of heat and 
an exothermic effect on thermograms at 420–
450 °C occurs [29]. 

In general, the behavior of spinodals in 
complex cases remains unclear. Each specific case 
requires careful analysis.

The phase diagram of the BaF2-LaF3 system 
is shown in Fig. 4. At the phase diagram, using 
a special technique focused on the use of low-
temperature phase formation, the immiscibility 
region of the Ba1-xLaxF2+x heterovalent solid 
solution was identified (phase F) [30]. The 
indicated position of the spinodal (Fig. 4b) shows 
that at room temperature the Ba1-xLaxF2 x solid 
solution is in a labile state in the approximate 
concentration range of 0.03  <  х  <  0.45. This 

Fig. 3. Phase diagram of the CaF2-SrF2 
system [16]

Fig. 4. Phase diagram of the BaF2-LaF3 system [30] (a), and the pro-
posed region of spinodal decomposition of the solid solution 
(dash-dotted line, b). 1-3 – data from Sobolev and Tkachenko [30]
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qualitatively corresponds to the results of the 
synthesis of solid solutions by co-precipitation 
of f luorides from aqueous solutions [32]. 
However, the practical stability of the Ba1-

xLaxF2+х single crystals, grown from the melt is 
obvious. In particular, a composition containing 
30 mol. % LaF3 is a promising multifunctional 
material [33]. 

The next example is the SrF2–LaF3 system 
(Fig. 5) [34]. The low-temperature studies have 
shown that the homogeneity region of the 
Sr1-xRxF2+x fluorite solid solution below 400 °C 
rapidly decreases and almost reaches zero, which 
corresponds to the requirements of the third law 
of thermodynamics [35, 36] (Fig. 5). How can the 
spinodal be located for such a decomposition of 
the Sr1-xLaxF2+x solid solution? 

In this case, the solvus curve has an inflection 
point with a practically horizontal tangent. 
According to the van der Waals equation for 
coexisting phases in a binary system at constant 
pressure [35, 37]:

(∂Т/∂x)P = ∆x(∂2G/∂x2)P,T/[∆x(∂S/∂x)P,T -∆S].	 (5)

In this equation, the derivatives of the 
isobaric-isothermal potential G and entropy 
S for the concentration x of any component 
in the considered solid solution are used. The 
∆x and ∆S values are equal to the difference 
in concentrations and entropies of coexisting 
phases. From this equation it follows that the 
horizontal tangent to the equilibrium curve of 
two phases (∂T/∂x)P = 0 can occur if ∆x = 0 or 
(∂2G/∂x2)P,T = 0. The first condition corresponds 
to the equality of the compositions of two phases 
that are in equilibrium and does not correspond to 
the considered case. The second variant remains. 

Thus, the presence of a horizontal tangent 
to the solvus curve corresponds to the boundary 
condition of stability with respect to diffusion. In 
[34], the approach of a diffuse phase transition in 
the Sr1-xLaxF2+x solid solution from above to the 
solvus curve was proposed. However, this was not 
confirmed by the recording of DSC curves. Thus, 
the approach from below the binodal curve of 
metastable immiscibility of the Sr1-xLaxF2+x solid 
solution in a way that the critical point practically 
coincides with the solvus curve, presented in 
Fig. 6c, remains. Such a critical state of phase 
equilibria, changing the topology of the phase 

diagram, is a bifurcation of the phase diagram 
[38, 39]. At the К critical point three lines with 
a horizontal tangent exist, namely: the solvus 
curve of the solid solution, the binodal of the 
metastable decomposition of this solid solution, 
and the spinodal corresponding to this binodal 
converge (Fig. 5). 

Position of the SrF2-LaF3 system in the series 
shown in Fig. 6, practically corresponds to the 
bifurcation point (Fig. 6c). while the position of 
the BaF2-LaF3 system corresponds to Fig. 6d. Since 
the nature of phase equilibria in the vicinity of 
bifurcation points is subject to fluctuations [40], 
it is possible that variant (6d) is also implemented 
for the SrF2-LaF3 system with a slight excess of the 
critical immiscibility point of the solid solution 
over the solvus curve. 

Approximate position of the spinodal in the 
SrF2-LaF3 system is shown in Fig. 5. Again, there are 
no problems with the stability of Sr1-xLaxF2+x single 
crystals, grown from the melt. This also applies to a 
single crystal of the Sr0.70La0.30F2.30 composition, the 

Fig. 5. Phase diagram of the SrF2-LaF3 system [34] and 
the probable position of the binodal (dotted line) and 
spinodal (dash-dotted line) in the region of metastable 
stability of the Sr1-xLaxF2+x solid solution

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(4): 772–781

P. P. Fedorov	 Labile states are the basis of functional materials



777

most refractory inorganic fluoride with a melting 
temperature of 1570 °C [33]. 

The BaF2-RF3 (R = Pr, Nd) systems studied in 
the low-temperature region [41] are characterized 
by inflection points on the solvus curves. This 
indicates the presence of metastable low-
temperature immiscibility of solid solutions. 
Probably, the corresponding phase diagrams 
occupy position (b) in the sequence diagram 
shown in Fig. 6, with metastable immiscibility of 
the fluorite solid solution (and the corresponding 
spinodal) at a lower temperature. The assumption 
of the presence of low-temperature spinodal 
decomposition of the Ba1-xRxF2+x solid solutions 
is confirmed by the results of attempts to 
synthesize the corresponding solid solutions 
by co-precipitation from aqueous solutions 
[32]: as a result of the synthesis, a mixture of 
practically pure barium fluoride and a fluorite 
phase containing about 40 mol. % RF3 was formed.

Finally, we will discuss systems of zirconium 
dioxide with oxides of rare earth elements, which 
are sources of optical materials – cubic zirconia 
(fianite) [42, 43]. Continuation of the curves of 
the limiting solubility of solid solutions based 
on the high-temperature ZrO2 modification into 
the region of low temperatures [44], taking into 
account the requirement of the presence of a 
vertical tangent at a temperature approaching 
absolute zero [45], inevitably requires the 
presence of an inflection point on the metastable 
solvus curve, see Fig. 8. Based on the above 
description, this also indicates metastable 
immiscibility of the Zr1-xRxO2-0.5x solid solutions, 

which, however, occurs at very low temperatures, 
possibly below room temperature. 

4. Architecture of spinodal decomposition
Single-phase materials located in the spinodal 

decomposition zone must undergo a directed 
evolution, consisting of decomposition into 

Fig. 6. Change in the phase diagram of a binary system due to an increase in the critical temperature of solid 
solution immiscibility (“sunrise-sunset” bifurcation) [38]. Dotted line – metastable equilibria, dash-dotted 
line – spinodals

Fig. 7. Phase diagram of the BaF2-NdF3 system [41]. 
1–3 – data [31]

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(4): 772–781

P. P. Fedorov	 Labile states are the basis of functional materials



778

two phases, and this process must occur with 
acceleration. The differences in the coexisting 
phases and the characteristic size of each of 
them continuously increase. The structure of 
the resulting aggregate has a complex topology 
and is the subject of numerous computational 
and experimental studies, see, for example, 
[12, 46-51]. In mathematical modelling, the 
Cahn-Hilliard equation is usually used. The 
corresponding materials have a set of topological, 
mechanical and physicochemical properties 
that determine the interest in such objects. 
Such terms as two-framework structures [12], 
spinodoid metamaterials [49, 50], spinodal 
architected materials [51], multifunctional 
spinodal nanoarchitectures [45], self-assembled 
nanolabyrinthine materials [48], cellular materials 
with spinodal topologies [47] are used for 
these materials. These materials are stressed 
nanocomposites. Surprisingly, the topology 
of spinodal decomposition resembles the 
architecture of chalcedons [52].

However, we are primarily interested in single-
phase materials in the spinodal decomposition 
zone. It should be noted that the answer to 

the question: is the material homogeneous? – 
mainly depends on the used research methods. 
In optically transparent single crystals of the 
Ba1-xRxF2+x solid solutions, discussed above, 
heterogeneities of the order of ~20 nm in size 
were revealed by electron microscopy [33, 53]. 
However, the quality of single crystals allows laser 
generation to be obtained even after long-term 
storage. An example of an optical quality single 
crystal after storage for about 40 years is shown 
in Fig. 9. It should be noted that the expected 
size of the inhomogeneity is approximately an 
order of magnitude smaller than the wavelength 
of light. In this case, according to the X-ray 
diffraction method, such samples are single-
phase, with well-defined unit cell parameters, 
linearly dependent on the composition. At the 
same time, when these crystals were studied using 
the Raman light scattering method, they look 
more like two-phase systems. This issue requires 
further investigation.

Fig. 9. Single crystal of Ba0.71Nd0.29F2.29. – optical filter 
for a wavelength of 2.5 µm. The faceting is artificial. 
Grown by T. Turkina [54]. Photographed January 22, 
2024

Electron microscopy did not  reveal 
inhomogeneities similar to those described for 
single crystals of the Ba1-xRxF2+x solid solutions 
in single crystals of cubic zirconia with a 
concentration of about 10 mol. % Y2O3. 

 5. Conclusions
Thus, the conducted analysis of phase 

diagrams shows that solid solutions with a 
fluorite structure, such as M1-xRxF2 x (M = Ca, Sr, 
or Ba) fluorides and Zr1-xRxO2-0.5x (R = rare earth), 
are labile at normal temperature and pressure, 
but they do not show degradation corresponding 
to spinodal decomposition. The same applies 
to functional materials created on their basis: 

Fig. 8. Phase diagram of the ZrO2-Y2O3 system [42]
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their technological stability is much higher than 
thermodynamic stability [55]. Obviously, this is 
determined by the extremely low values of the 
diffusion coefficients of cations. The systems are 
“falling”, but too slowly to be noticed. 

Fig. 9, which records the preservation 
of functional material in a labile state for 
approximately 40 years, convincingly refutes 
Gukhman’s assertion [4]. Obsidian (volcanic 
glass), existing in a thermodynamically non-
equilibrium state, was a functional material 
of Paleolithic cultures for thousands of years. 
Some manifestations of volcanic glass retain its 
original amorphous (apparently labile) form for 
200 million years [56]. 
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Abstract 
This study is important due to the lack of reliable data about the properties of high temperature materials for energy 
production and aerospace engineering. The purpose of this article was to evaluate the thermodynamic stability of RE 
magnesium hexaaluminates REMgAl11O19 (RE = La, Pr, Nd, Sm) with a magnetoplumbite structure, which are promising 
components for thermal barrier coatings. For this, we calculated the values of the Gibbs energy of the decomposition 
reactions of RE magnesium hexaaluminates into simple oxides and aluminum-magnesium spinel MgAl2O4 and REAlO3 
phases in the temperature range of 298–1,800 K. For calculations, we used data on the thermodynamic properties of 
hexaaluminates calculated from the values of heat capacity measured by differential scanning calorimetry in the range of 
300-1,800 K and from values of thermodynamic properties of simple oxides, MgAl2O4, and REAlO3 provided in previous 
research. There is hardly any information about the thermodynamic properties of RE magnesium hexaaluminates, which 
are promising thermal barrier materials. The purpose of the article is to provide a thermodynamic evaluation of the 
probability of decomposition reactions of hexaaluminates in the high temperature region. 
Previously published data on the high temperature heat capacity of compounds with the composition of REMgAl11O19 
(RE = La, Pr, Nd, Sm) were used to calculate temperature dependences of entropy and changes in enthalpy, which were used 
to evaluate the Gibbs energy of the decomposition reactions of hexaaluminates into constituent oxides. 
The temperature dependences of the Gibbs energy of the four possible decomposition reactions of hexaaluminates allowed 
drawing conclusions about thermodynamic stability in the high temperature region. 
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1. Introduction
The improved efficiency of modern power 

turbine plants and aircraft engines largely depends 
on the development of new materials that allow 
significantly increasing the temperature of gases 
in the working area. Parts from nickel-cobalt 
alloys used for the manufacture of critical parts 
(for example, turbine blades) can be effectively 
operated, even with cooling, at temperatures that 
do not exceed 1,000–1,200 °C [1]. Oxide coatings 
of metal parts in combination with the cooling of 
inner surfaces allow increasing the temperature 
of working gases by hundreds of degrees due to 
a large temperature gradient in the oxide layer 
[2, 3]. Coatings designed to protect against the 
effects of high temperature are known as thermal 
barrier coatings. Another important function of 
oxide coatings is protection against chemical 
exposure to substances in gaseous and condensed 
states, which are formed during fuel combustion 
and in the form of suspended particles enter the 
turbine together with pumping-in air [4].

Until recently, thermal barrier coatings were 
mainly made of yttria stabilized zirconia, YSZ 
[5]. This substance has some disadvantages, i.e. 
temperature restrictions for its application (about 
1,200 °C) associated with the presence of a phase 
transition [6] and a significant diffusion of oxygen 
at high temperatures leading to the oxidation 
of the surfaces of metal parts. Therefore, a 
number of high-temperature complex RE oxides 
have been proposed for application: zirconates 
RE2Zr2O7 [7], hafnates RE2Hf2O7 and RE2O3 2HfO2 
[8], tantalates RETaO4 and RE3TaO7 [9, 10], 
niobates RE3NbO7 [11], etc. These materials meet 
the key requirements for thermal barrier coatings: 
they have high melting temperatures, no phase 
transitions in a wide range of temperatures, have 
low thermal conductivity, a specified coefficient 
of thermal expansion, and mechanical properties. 
Currently, there has been a lot of interest in 
RE magnesium hexaaluminates [12] due to 
their lower thermal conductivity and potential 
chemical resistance to CMAS oxides (CaO, MgO, 
Al2O3, and SiO2) at high temperatures [13].

One of the ways to evaluate if a particular oxide 
of thermal barrier coatings can be used under the 
conditions of high temperatures and the corrosive 
effect of gases and substances in the condensed 
state (in particular, melts) is the thermodynamic 

evaluation of the probability of decomposition 
reactions of complex oxides into more simple 
oxides, as well as reactions of interaction with 
the substances in the environment in the high 
temperature region. For this, it is necessary to 
determine the Gibbs energy of these reactions.

The triple phase diagram of RE2O3-MgO-Al 2O3 
published in [14] is characterized by the presence 
of 4 eutectics and a number of phases (La2O3, MgO, 
Al2O3, MgO·Al2O3, La2O3·Al2O3, 2La2O3·11Al2O3) 
(Fig. 1). It can be noted that it does not have 
the LaMgAl11O19 phase with a magnetoblumbite 
structure. It can be assumed that in addition to 
REAlO3 perovskites, the quasibinary diagram 
of RE2O3-Al2O3 for other rare-earth elements, 
starting with terbium, will have other compounds: 
aluminum garnets RE3Al5O12 and RE4Al2O9 with a 
monoclinic structure.

There is little information about the experi
mental determination of the thermodynamic 
properties of hexaaluminates with a magneto
plumbite structure. For example, such data are 
only available for heat capacity. In [15], the heat 
capacity of LaMgAl11O19 was determined by means 
of thermoanalytical analysis. The resulting data 
was presented in the form of a small graph. In 
[16], to determine the thermal conductivity of 
REMgAl11O19 (RE = La, Pr, Nd, Sm, Eu, Gd), the 
authors used the values of specific heat capacity 
which were calculated by the Neumann–Kopp 

Fig. 1. Phase diagram of La2O3-MgO-Al2O3 from [14]
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rule. The resulting data was also presented 
graphically. The most reliable data were obtained 
by measuring the heat capacity of LaMgAl11O19 
and SmMgAl11O19 by differential scanning 
calorimetry in the high temperature range [17, 18, 
19, 20]. These data were presented as the Maier-
Kelley equation Cp(T) = A + B×T – C/T2.

The values of entropy and the changes in 
enthalpy can be calculated from the known ratios 
of the heat capacity data:

S T
C
T
dT

T
p∞ - = Ú( ).

.

298 15
298 15

	 (1)

and 

H T H C dT
T

p∞ - ∞( ) = Ú( ) . .
.

298 15
298 15

 	 (2) 

2. Evaluation of the Gibbs energy
To evaluate the thermodynamic stability of 

hexaaluminates REMgAl11O19 (RE = La, Pr, Nd, Sm) 
in the high temperature region, it is necessary to 
calculate the Gibbs energy of possible reactions 
for oxides, for which there is data on enthalpies of 
formation at 298.15 K and on changes in enthalpy 
and entropy in the high temperature region:

REMgAl11O19 = 0.5 RE2O3 + MgO + 5.5 Al2O3	 (I),

REMgAl11O19 = 0.5 RE2O3 + MgAl2O4 + 4.5 Al2O3	(II),

REMgAl11O19 = REAlO3 + MgO + 5 Al2O3	 (III),

REMgAl11O19 = REAlO3 + MgAl2O4 + 4 Al2O3	 (IV).

We chose the decomposition reactions into 
simple oxides, aluminum-magnesium spinel, and 
REAlO3 aluminates with a perovskite structure 
because they are present in the triple phase 
diagram given in [14]. Evaluation by reaction:

REMgAl11O19 = REAl11O18 + MgO 	 (V)

was impossible due to insufficient data for 
REAl11O18. 

For the four above listed reactions, the 
temperature dependences of the Gibbs energy, 
which were calculated as the difference between 
the values for the reaction products and the 
starting substances, can be presented as follows:

Reaction (I):

∆r(I)G°(T) = [0.5∆fG°(RE2O3, T) + ∆fG°(MgO, T) + 
+ 5.5∆fG°(Al2O3, T)] – ∆fG°(REMgAl11O19, T).	 (3)

Reaction (II):
∆r(II)G°(T) = [0.5∆fG°(RE2O3, T) + ∆fG°(MgAl2O4, T) + 
+ 4.5∆fG°(Al2O3, T)] – ∆fG°(REMgAl11O19, T).	 (4)

Reaction (III):
∆r(III)G°(T) = [∆fG°(REAlO3, T) + ∆fG°(MgO, T) + 
5×∆fG°(Al2O3, T)] – ∆fG°(REMgAl11O19, T).	 (5)

Reaction (IV):
∆r(IV)G°(T) = [∆fG°(REAlO3, T) + ∆fG°( MgAl2O4, T) + 
+ 4∆fG°(Al2O3, T)] – ∆fG°(REMgAl11O19, T).	 (6)

The Gibbs energy of reactions (I-IV) can 
be expressed as the sum of two components: 
enthalpy and entropy.

Reaction (I):
∆r(I)G°(T) = {[0.5∆fH°(RE2O3, T) + ∆fH°(MgO, T) + 
+ 5.5∆fH°(Al2O3, T)]– ∆fH°(REMgAl11O19, T)} – 
– T{[0.5S°(RE2O3, T) + S°(MgO, T) +  
+ 5.5S°(Al2O3, T)]– S°(REMgAl11O19, T)}.	 (7)

Reaction (II):
∆r(II)G°(T) = {[0.5∆fH°(RE2O3, T) +  
+ ∆fH°(MgAl2O4, T) + 4.5∆fH°(Al2O3, T)] – 
– ∆fH°(REMgAl11O19, T)} – T{[0.5S°(RE2O3, T) + 
+ S°(MgAl2O4, T) + 4.5S°(Al2O3, T)] –  
– S°(REMgAl11O19, T)}.		  (8)

Reaction (III):
∆r(III)G°(T) = {[∆fH°(REAlO3, T) + ∆fH°(MgO, T) + 
+ 5∆fH°(Al2O3, T)]– ∆fH°(REMgAl11O19, T)} – 
– T{[S°(REAlO3, T) + S°(MgO, T) + 5S°(Al2O3, T)] – 
– S°(REMgAl11O19, T)}.		  (9)

Reaction (IV):
∆r(IV)G°(T) = {[∆fH°(REAlO3, T) + ∆fH°( MgAl2O4, T) + 
+ 4∆fH°(Al2O3, T)] – ∆fH°(REMgAl11O19, T)} – 
– T{[S°(REAlO3, T) + S°( MgAl2O4, T) +  
+ 4S°(Al2O3, T)] – S°(REMgAl11O19, T)}.	 (10)

To calculate the enthalpy component over a 
wide range of temperatures, we needed data on 
the enthalpies of the corresponding reactions 
at 298.15 K and the temperature dependences 
of the changes in enthalpy and entropy for each 
participant in the reaction.

The thermodynamic values necessary for the 
calculation were taken from the original articles 
[17–24] and reference books [25–27]. We found 
values of enthalpy of formation for LaAlO3 and 
PrAlO3 perovskites in [28], however, we failed to 
find data on the temperature dependence of heat 
capacity. Therefore, calculations were only made 
for neodymium and samarium compounds. We 
obtained the estimated enthalpies of formation 
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of hexaaluminates REMgAl11O19 (RE = La, Pr, Nd, 
Sm) with a magnetoplumbite structure by drop 
calorimetry [29]. The results of calculations of 
enthalpies and Gibbs energies of type (I–IV) 
reactions in the temperature range of 298.15–
1,800 K are shown in Fig. 2–5.

From Fig. 2, it follows that the values of 
the Gibbs energy of a type (I) reaction for the 
lanthanum, praseodymium, and neodymium 
compounds had positive values in the studied 

temperature range, while in the case of the 
samarium compound the sign changed to 
negative, which may indicate its thermodynamic 
instability in the region below 1,400 K. However, it 
should be noted that taking into account the error 
of determination (about ± 10 kJ/mol), this value 
can shift to the region of lower temperatures (up 
to 800 K). There was a general downward trend 
in thermodynamic stability from lanthanum to 
samarium.

                                                    а                                                                                                 b
Fig. 2. Temperature dependences of enthalpy (a) and Gibbs energy (b) of reaction (I) for: 1 – LaMgAl11O19, 2 – 
PrMgAl11O19, 3 – NdMgAl11O19, 4 – SmMgAl11O19

                                                    а                                                                                                 b
Fig. 3. Temperature dependences of enthalpy (a) and Gibbs energy (b) of reaction (I) for: 1 – LaMgAl11O19, 2 – 
PrMgAl11O19, 3 – NdMgAl11O19, 4 – SmMgAl11O19
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The values of the Gibbs energy of a type (II) 
reaction for LaMgAl11O19 became negative when 
the temperature exceeded 1,100 K, which indicates 
the probability of the reaction. Judging by the 
temperature dependences of the Gibbs energy 
for PrMgAl11O19, NdMgAl11O19, and SmMgAl11O19 
shown in Fig. 3 and their negative values, a type 
(II) reaction for these compounds is possible over 
the entire range of high temperatures.

Judging by the sign of the Gibbs energy of the 
reaction which involved a decomposition into 
magnesium and aluminum oxides and REAlO3 
perovskites (RE = Nd, Sm), this process is very 
probable.

Very negative values of the Gibbs energy 
indicated that a type (IV) reaction for obtaining 
magnesium-neodymium and magnesium-
samarium hexaaluminates from perovskites, 

                                                    а                                                                                                 b
Fig. 4. Temperature dependences of enthalpy (a) and Gibbs energy (b) of reaction (III) for: 3 – NdMgAl11O19, 
4 – SmMgAl11O19

                                                    а                                                                                                 b
Fig. 5. Temperature dependences of enthalpy (a) and Gibbs energy (b) (IV) for: 3 – NdMgAl11O19, 4 – SmMgAl11O19
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spinel, and aluminum oxide should not occur. 
A significant difference in the type of the Gibbs 
energy and enthalpy dependencies of type 
(III) and (IV) reactions can be explained by the 
influence of the entropy factor.

3. Conclusions
Analysis of the thermodynamic stability of 

RE magnesium hexaaluminates REMgAl11O19 
based on the calculation of the Gibbs energy 
of the decomposition reactions into simple 
oxides, aluminum-magnesium spinel, and 
REAlO3 perovskites allowed determining the 
probability of these reactions over a wide range of 
temperatures. It was shown that there is influence 
of enthalpy and entropy factors on the type of 
temperature dependence of the Gibbs energy of 
decomposition reactions of hexaaluminates into 
simpler oxides.
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