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Abstract

The nonstoichiometry of refractory compounds with a volatile component is based on solid-phase and heterophase processes.
At the same time, measurements of the parameters of these high-temperature phase transformations are often inaccurate.
The inaccuracy results from the instability of the equipment as well as the behavior of themselves samples. To overcome
these limitations, we developed three new methods of physicochemical analysis, which were then used in a comprehensive
approach to the study of nonstoichiometry and the chemical composition of defective phases at the macro and micro levels.
We refer to are high-speed thermal analysis, static tensimetric membrane technique, and stoichiographic differential
dissolution method. The methods were used to measure temperatures up to 2400 °C, pressure up to 10 atm, and the degree
of nonstoichiometry up to 10-*mol. %.

The review demonstrates the effectiveness of the proposed methodology applied to refractory compounds LnS, Ln,S,
(Ln = P3M), Yb(Ln), MnSb,,, ZrGeO,, Zr,GeO,, MgO, and Mg(Ru)O, as well as highly volatile REM polychalcogenides and
ZnMo(W)O,, presented in the form of powders, large crystals, ceramics, and films. For each of the studied substances,
fundamental knowledge was gained regarding their spatial-temporal evolution responsible for the occurrence and the
degree of nonstoichiometry. The data was obtained by studying T-x and p-T diagrams and by using of the stoichiographic
method to determine the phase purity, microstructural inclusions, and spatial chemical inhomogeneity of individual phases
at a micro level.

The obtained new quantitative thermodynamic and physicochemical data regarding the nonstoichiometry of the studied
compounds was used as a basis for the choice of the composition and the design of the crystallization process, sintering
and chemical deposition of thin films to realize a directed synthesis of materials with the desired properties. The review
was initiated by Professor Magomed Babanly, DSc in Chemistry, Associate Member of the Russian Academy of Sciences,
and editor of the special issue of the journal Condensed Matter and Interphases dedicated to physicochemical analysis in
material science.
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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 AgGaS,,
AgGaGeS,, ZnGeP,, and LiIMX, (M =1In, 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 T-xand p_, . -T-x 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-0, Zn-Mo(W)-0O, and MgO-ZrO,,
where even a small loss in volatile component
significantly effects the structural state and
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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 °C 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-0 and Zn-Mo(W)-0O,
and for determining the conditions regulating
the formation of their functional properties.
Refractory sulfides of REM, LnS, and Ln,S, 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 p_-T-x diagrams and
the methodological variability of the HSTA
approach, which helps to accurately determine
the thermodynamic parameters (Fig. 1). The
D, > D, based methodology is used to reliably
measure the liquidus and solidus temperatures
and thus ensure the accuracy of the topology
of the T-x diagram (Fig. 1a). The p, = p, based
methodology is used to measure the temperature
at the boiling poin and to obtain an equilibrium
p-T diagram of the dissociation process (Fig. 1b).
The p,, < p, 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/drt (a derivative of the thermal emission
along time), visual observation of the heated
sample, and analytical data regarding the amount
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Fig. 1. Block synopsis setup and procedures used in the experiments. Setup: I — 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

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 °C), Co
(1493 °C), Pt (1772 °C), Rh (1963 °C), and ALO,
(2050 °C) and the pressure of decomposition of
GaAs crystals, with p = 1.0 atm at 1610 °C. 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 p,-T'and T-x diagrams. The
topology of the latter is also typical for the Nd-
Sm systems (Fig. 2). The values T, = 2130 K and
p,= 2.3 atm are the operating parameters of the
growth of large stoichiometric La,S, crystals, and
T ..=1510Kand p_=0.016 atm resulted in the

press

formation of stoichiometric ceramics of the La,S,,

B and y 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 K 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
Ho,S.+Ho and Gd,S_+GdH, using the electropulse
technology [10-11].

Complex antimonides A,, Me MnSb,,
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. 2. Physicochemical study of the La-S system (a) heating curves of La,S, 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; () p-T dependence for a, B and y forms of La,S,
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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 T-x 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
Eu, MnSb  in the single-phase state by means
of a direct reaction of Eu,Sb, and EuSb, with
manganese [12]. Diagrams of Yb(Eu)Sb,-Mn
and Yb(Eu),Sb.-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 Ln ,MnSb
crystals according to the Ln Sb,+Mn reaction and
based on the similarity of the thermochemical
parameters of phases Ln,Sb, and Mn [13].

HSTA also contributed to the problem of
enhancing the thermal stability of Yb MnSb,
[14-15]. Long-term use of stoichiometric ceramics
in aerospace vacuum at a temperature of 1000
°C 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
Yb,, Ln Mn Sn,, 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 °C
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 Yb, ,MnSb,, by
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Fig. 3. a) T-x diagram of condensed state system Eu - Sb with the phases Eu.Sb, - 1, Eu,Sb, - 2, Eu,Sb, - 3,
Eu,,Sb -4, Eu,Sb, - 5, EuSb, - 6; (b) T-x diagram of the condensed state system Mn-YbSb,; (c) T-x diagram of

the condensed system Mn-Yb,Sb,
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Fig. 4. Thermodynamic and thermochemical stabilities of the Yb , Ln  ,MnSb,  phases: (a) T, as a function
of the Ln distribution in the Yb (1), Yb (2), Yb (3) crystallographic positions; (b) mass loss of the Yb, MnSb,
(Yb), Yb,, La, MnSb,, (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 T-x diagrams of the system already
been studied by us.

The nonstoichiometry of ZnGeO, and Zn,GeO,
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 °C, all HSTA procedures were used: 1) quick
and slow heating; 2) visual observation; 3) control
of the distribution of the volatile GeO, 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 GeO, loss
resulting in the formation of subtraction solid
solutions, and the final stage of the formation
of the disordered ZrO, with 1-2 mol. % of GeO,
(Fig. 5a). The suggested approach also proved the
absence of the direct transition ZrGeO, — Zr,GeO,
[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)O, crystals
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obtained using the low-temperature-gradient
Czochralski technique in a system semi-open to
air. According to the T-x diagram of the ZnO-MoO,
system, the ZnMoO, phase is linear. However, two
negative factors, namely the peritectic melting
of the phase and the incongruent evaporation
of MoO,, 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 ZnMoO, 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
MoO, 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 MoO, powders at 650 °C
demonstrated spatial inhomogeneity of seeds
with the formation of a stable surface layer
supersaturated with MoO, (Fig. 6a). The surface
oxide sublimates actively during homogenization
at 1010 °C and the crystallization occurs from a
nonstoichiometric melt. Another source of the
MoO, 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. 6¢). When WO, was added to a
nonstoichiometric molybdate, the liquidus and
solidus lines shifted significantly towards lower
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Fig. 5. High-temperature transformations of the ZrGeO, (a) and Zr,GeO,(b) phases. Dependence of compositions
from temperature (dashed lines); inserts - morphology of the initial and final samples
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Fig. 6. Sources of formation and loss of the volatile MoO,component of loss in a semi-open system: (a) during
synthesis, (b) during homogenization, (c) during crystallization

temperatures. This kind of minimization of the
negative effect of the peritectic melting enhances
the quality of large ZnMo(W)O, crystals.

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

This method (Fig. 7a) used at temperatures
of 300-1220 K 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. 7c¢) and can

allgp| p b
B
4 F \A
E )(5)(4}(3)(2}(1
3 11T, K
1

1T, K

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 x,-x;; (c) p-T de-
pendence of the AB phase with the homogeneity range
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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),*'(R,)* (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 R* are added to the
dimers R,*, 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
LnR,-LnR . (Ln = P3M, R = §, 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 LnR,, toLnR
[19-21]. More advanced techniques, namely
the STM method and full-field X-ray structure
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analysis, were used when crystals were obtained
by means of the CVD 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 p-T-x diagram
of the NdS,-NdS . system with four vertical
lines of three-phase equilibria S,S,V (two solid
phases and vapor) divided by horizontal lines
of two-phase equilibria S,V, demonstrates the
existence of three intermediate and linear phases
NdS ,,,NdS . ,andNdS .. havingnon-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 Nd S ,, Nd,.S,,, and Nd.S . with
the general formula Nd S, |, 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 NdS, .. .and NdS ... 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 SmS ; and PrS, 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 p-T-x diagrams [23-24], and
twin nature of most SmS, , and PrS, 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

2024;26(4): 633-645
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Fig. 8. Experimental Ps-T-x diagram of the NdS,-NdS .
system with different m/V (the sample mass / volume
of membrane) ratios and monovariant lines 1-4

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 °C, decreasing the temperature
step to 15 °C, 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
DyS, ,.-DyS, . [30]and LaS,-LaS, [31-32] reflected
actual phase state (Fig. 9) with a smaller number
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Fig.9. (a) Experimental Ps-T-x diagram of the LaS,-LaS . system for highly homogeneous crystals, monovariant
lines (1-3) of linear phases LaS,, LaS, ;and LaS, _; (b) kinetic curves differential dissolution of the homogeneous

LaS, crystal with stochigram

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 LaS ,,LaS, ..,DyS .,
and DyS, . 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 La S, and Dy,S, . 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 La,S,, phase with 10% of defects, a 10-
fold superstructure regarding to structure of the
initial ZrSSi subcell was found. For the Dy,S .
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 LnS, (for the La-Nd systems),
LnS , (for La-Sm), LnS, . (for Gd-Er), and LnS .
(for La-Nd). Due to the absence of perfect crystals,
phases Lasl.93’ DYS1.836’ Hosl.sez’ Dys1.77’ Ndsl.ss’
SmS ., and PrS , 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 LnS, ; ¢ 8 > 0.15 are characterized by
incommensurately modulated structures [26, 35];
the variety of orientations of vacancies, dimers
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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. 10. Experimental p, -T- x diagram of the SmSe -
SmSe . system with heterogeneous crystals, mono-
variant lines I- Y], linear intermediate phases SmSe
SmSe, ., SmSe ., SmSe, .., SmSe .

1.8757

1.85° 1.80° 1.75°



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

. G. Vasilyeva

The thermodynamics of phase transformations
in polyselenide diagrams of systems PrSe,-PrSe
GdSe ,.-GdSe, ,, and SmSe ,-SmSe . 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 SmSe, ,-SmSe . system
includes five intermediate phases of closely
resembling compositions: SmSe, , SmSe .,
SmSe ., SmSe, . ,SmSe ., and SmSe . (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 thisregard, the conducted
physicochemical study significantly contributes
to the understanding of the nonstoichiometry
of polychalcogenides and the corresponding
equilibrium and nonequilibrium structural solid-
phase transformations.

a
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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 [Na,S]*Ce,S, 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 Na,S 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 Na,S (that is
typical for solid-phase synthesis) resulted in
deviation from the standard color value, and

b
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\\
200. \
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Fig. 11. (a) The phase and chemical composition of the heterogeneous and homogeneous (b) solid solution
Na,S-Ce,S, 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
YBa,Cu,O, films with a thickness of 0.05-1.0 um,
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
Zn, ,,.Eu, .S 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 tobe 10~*at. % at an equilibrium partial
pressure of oxygen p, = 10°-10-* Torr. The DD
method was successfully in determining of the
scale of nonstoichiometry and the conditions
favorable for it. It was determined that highly
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emissive 110 nm MgO 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-O, is established according
to the reaction 20 — OZvalpor + V0 + 2e, which is
alternative to the traditional defect formation
process: Mg Mg’l‘\4g + VO + 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
ZrO,, RuO,, or CeO,, 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

b
L ) ( - L ] - L - " . .
. * Free flow -
© .0, + AF + V(precur) .

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 p , = 10~ torr
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Fig. 13. Characterization of film with the MgO/ZrO, = 11/1 composition (a, b) scanning electron microscopy,
(c) X-ray diffraction, (d) differential dissolution, (e) coefficient of secondary emission

MgO and ZrO, mixture (Fig. 13). It demonstrated
that a high chemical activity of both phases,
different for MgO and RuO,, 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 K, but

sublimate incongruently, namelyLnS,Ln.S,,Ln,S,
Yb(Ln), ,MnSb, , ZrGeO,, Zr,GeO,, ZnMo(W)O,,
LnS(Se),,and LnS(Se), . (Ln—arare 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 T-x and
p-T diagrams of LnS, Ln,S,, and Yb(Ln) ,MnSb
for the identification of wide and very narrow (up
to 10 at. %) homogeneity regions of the phases.
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New data was obtained regarding the lattice
mobility of the volatile components of phases
ZrGe0,, Zr,GeO,, and ZnMo(W)O, 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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