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Abstract

It is known that phases with disordered stoichiometric vacancies are promising candidates for new materials with outstanding
thermoelectric, radiation-resistant, catalytic, and other properties, which can be explained by a large concentration of the
so-called stoichiometric vacancies, caused by the fact that their stoichiometry does not correspond to the structural type.
It is interesting to search for such compounds in A™ - BY' semiconductor systems, whose sesquichalcogenides (Me,Ch,,
Me = Ga, In; Ch = S, Se, Te) are known to have both sphalerite and wurtzite structures and the share of stoichiometric
vacancies in the cationic sublattice of about '/,. The purpose of our study was to determine or confirm the high-temperature
structures of gallium sesquisulfides and determine the stability regions corresponding to the phases with these structures
on refined T-x diagrams in the high temperature region (T = 878 °C).

Various methods of structure and thermal analysis allowed us to prove that at temperatures above 878 °C, close to the
stoichiometry of Ga,S., gallium sesquisulfide has four modifications similar in terms of structure, which are connected with
each other and other phases of the Ga - S system by enantiotropic transitions. The study confirmed that y-Ga,, S, with a
sphalerite-like cubic structure is formed over a narrow temperature range (878 — 922 °C). The composition of the phase
was specified (59.3 mol %). The study demonstrated that at temperatures above 912 °C and a slight excess of gallium (up
to ~1 mol %) as compared to the stoichiometry of Ga,S, two modifications are formed: a defected wurtzite-like structure
(B-Ga,S,, P6,mc) and its derivative phase, who structure has a lower symmetry (o.-Ga,S,, P6,) and reaches the stage of
congruent melting (1109 2 °C). The study also accounts for the existence of a distectoid transformation a-Ga,S, < B-Ga,S,
(~1040 °C). The fourth modification with a monoclinic structure (o’-Ga,S,, Cc) is stable over a temperature range from room
temperature to ~1006 °C. Its composition satisfies the formula of Ga,S.. The article presents a corresponding T-x diagram
of the Ga - S system with the areas of existence of the said phases.
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1. Introduction

Itis known that when obtaining semiconductor
materials, in order to control their properties a
lot of attention is paid to the regulation of
the concentration of point defects, including
vacancies. However, structures of some of the
promising semiconductors demonstrate disorder
in one or several sublattices due to the fact that
the stoichiometry of the materials does not
correspond to the structural type. As a result,
the occupancy of certain sites in one or several
sublattices is significantly lower than 100%.
In a number of compounds, such unoccupied
vacancies, called stoichiometric vacancies, can
have great concentrations, up to tens of mol %
[1]. Since stoichiometric vacancies are essential
structural elements, they cannot be strictly
classified as point defects. However, several terms
can be found in the literature on the problem,
including defect structures and defect sphalerite
(wurtzite, spinel) structures.

Structures with stoichiometric vacancies
result in unique properties, which are not
observed in compounds with classical vacancies’.
These properties include good thermoelectric
properties, high radiation resistance, a wide
variety of lattice parameters in films, etc. [1-6].

In our study, we focused on the samples of
such substances in the Ga — S system, which is
one of the least studied among the A(III) — B(VI)
systems. It is known that gallium sulfides with
stoichiometry close to Ga,S, crystallize in
sphalerite- and wurtzite-like structures with
stoichiometric vacancies in the cationic sublattice
(~/ of the number of nodes) [7]. Detailed in the
literature are a large variety of phases formed as a
result of the ordered and disordered arrangement
of these vacancies. However, little is known
about the conditions for obtaining gallium
sesquisulfides with a particular structure. Recent
studies [8—-10] demonstrated that besides the o/’-
Ga,S, phase (one of the derivatives of the defect
wurtzite with ordered vacancies), which is stable
over a wide temperature range, there is another
compound - y-Ga,_.S., which has a sphalerite-like

2463
cubic structure with disordered vacancies. This

* Classical vacancies can be explained by deviations of
the composition of the solid phase from the ideal
stoichiometry and disordering of the crystal structure at
higher temperatures.
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modification is stable over a narrow temperature
range as compared to other phases (from 878 to
922 °C) and is shifted towards a significant excess
of gallium (0.5 mol %). At the same time, [9, 10]
as earlier [11, 12] reported the presence of other
gallium sesquisulfides on the phase diagram,
whose regions of existence correspond to even
higher temperatures than those of y-Ga,,S..

The purpose of our study was to determine or
confirm the structures of gallium sesquisulfides
and determine the stability regions corresponding
to the phases with these structures on refined
Tx diagrams in the high temperature region
(T > 878 °C).

2. Experimental

The study was divided into several stages.
During the preliminary stage, we obtained
gallium sulfide alloys with various concentrations
of components using the method of direct
two-temperature synthesis described in [8].
The compositions of the alloys (1-2 g) used
in structural studies corresponded to the
concentration range of 58.0-60.2 mol % with the
concentration of sulfur in the samples changing
at an interval of 0.1-0.2 mol %. Ampoules with
the obtained ingots were annealed for 24 hours
at temperatures from 900 to 1080 °C, after which
they were quenched in iced water. The samples
were then taken out of the ampoules and ground
to powder.

During the first stage of the experiment, we
conducted powder diffraction of the obtained
alloys. Some of the samples were studied in
situ under equilibrium conditions at high
temperatures using synchrotron radiation.
However, most of the powder diffraction patterns
were obtained for quenched samples at room
temperature.

During the second stage, we performed a
differential thermal analysis of each of the
samples and an analysis of the alloys with a wider
concentration range: from 50.0 to 60.7 mol %.
In our experiments, we used the methodology
presented in [8, 13]. During the final stage, we
compared the results obtained by means of
different methods.

The synchrotron radiation experiments were
conducted at the National Research Centre
“Kurchatov Institute” on the Structural Materials
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Science station of Kurchatov Synchrotron
Radiation Source, channel K1.3b. The powder
of the studied compound was put into a quartz-
glass capillary with a diameter of 0.3-0.7 mm
and a length of 25-30 mm. The vacuumed and
sealed capillary was then put into a resistance
heating furnace with a narrow X-Ray entrance
slit. A chromel-alumel thermocouple was placed
in 1-3 mm from the capillary. A Dectris Pilatus
300K-W detector was placed about 20 cm behind
the sample (the distance was determined based
on the diffraction data for the studied sample
obtained at room temperature). The furnace
heated to high temperatures (860 °C) in about
5 hours. The criterion used to estimate the
time required to reach the equilibrium was the
complete identity of the diffraction patterns
obtained while increasing and decreasing the
temperature step by step. The time required to
obtain each diffraction pattern was ~ 0.5 hour.

The method was chosen due to the fact that
a noticeable pressure of chemically aggressive
vapors (Ga,S, S,) over gallium sulfides prevented
us from using the equipment traditionally
used in HT-XRD experiments. The walls of the
capillary with a thickness of ~10 um are almost
transparent for synchrotron radiation with a
photon energy of 18055 eV (at a wavelength
of 0.6867 A). They absorb less than 2% of
the energy. Together with the high energies
of synchrotron radiation this allowed us to
register the diffraction pattern of the powder
in the capillary. The upper temperature limit
was 1015 °C, which was only due to the
characteristics of the heating element.

The X-ray crystallography of the annealed
and quenched samples was performed at
room temperature using an Empyrean B.V.
diffractometer (CuK  -radiation in the 26 range
from 10° to 95°, step 0.02°, the exposure time at
each point at least 0.2 s).

To analyze the data, we modelled calculated
diffraction patterns of the powder based on the
literature data using the PowderCell 2.4 software
package [14]. The experimental diffraction
patterns obtained on the Kurchatov Synchrotron
Radiation Source were integrated in the Fit2D
software [15], which was also used to calibrate
the distance between the sample and the detector.
The results were presented in terms of the
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CuK -radiation (1.54060 A). The Unitcell software
was used for the refinement of cell parameters
[16]. The reflections observed on the diffraction
patterns were identified by means of comparison
with the literature data [10].

The differential thermal analysis (DTA) was
conducted on a unit consisting of TPM-101 and
TPM-200 sensor units and temperature sensors
in the form of chromel-alumel and nichrosil-
nisil thermocouples. The averaged signal being
transmitted to the computer every second. The
quantitative data was obtained using heating
mode only with heating rates from 0.9 to
4.0 K/min. Relatively low heating rates were used
to differentiate between phase transformations
occurring at similar temperatures and to prevent
the emergence of metastable states. Inaccuracies
in the temperatures of phase transformations
on the horizontal lines of the T-x diagram were
determined based on the statistical processing
of all temperatures obtained for a particular
horizontal for different compounds. The smallest
possible inaccuracy was assumed to be *#2 °C,
which is a standard inaccuracy for chromel-
alumel and nichrosil-nisil thermocouples. If the
value obtained after statistical processing was
lower, the final accuracy was still £2 °C.

The analysis of the DTA data allowed us to
determine the inaccuracy in the composition
of the samples. Alloys with compositions
differing by 0.1 mol % demonstrated reproducibly
different effects. For instance, the horizontal
line at 910 °C - eutectic melting of GaS +
v-Ga,, S, — L - was observed in samples with
a concentration of sulfur of up to 59.2 mol %.
However, it was not observed for the alloy with
X, = 59.3 mol %. Therefore, we assumed that the
concentration inaccuracy in the samples was
close to # 0.1 mol %.

The compositions of phases participating
in non-variant equilibria were refined when
comparingthe peak areas on the DTA thermograms.
It is obvious, that these areas are proportional to
the molar heat of phase transformations. Then,
when studying the disproportionation of the
condensed phase @, into two other condensed
phases (which occurs, for instance, during
incongruent melting):

D, = @+, (1)
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or the comproportionation of @, and @, into @,
(areactionisreverse to (1): for instance, eutectic
melting) the absorption of heat by the sample is
maximum, if the bulk composition of the studied
compound coincides with the composition of the
@, phase. This composition corresponds to the
maximum peak area on the DTA thermogram".

Since it is extremely difficult to conduct
thermographic experiments with identical
amounts of substances, it is practical to analyze
normalized areas (S°) rather than absolute areas
(S), where in formula (2) n is the amount of
substance in a Stepanov ampoule:

S == (2)
n
We should note that dependences S” = f(x,) are
constructed according to the Tamman’s method
and consequently look similar to the Tamman’s
triangle [17].

3. Results

Monoclinic o/-Ga,S, and cubic sphalerite-like
v-Ga, S, modifications. The results of the powder
diffraction analysis of the alloys of various
compositions annealed at different temperatures
(and quenched at these temperatures) are given
in Figs. 1 and 2 and table 1. Fig. 1 demonstrates
typical diffraction patterns, which vary
depending on the annealing temperature and
the composition of the alloy. The diffraction
patterns close to curve 1 with a large number
of diffraction maxima were observed for all the
annealed samples in the studied concentration
range (58.0-60.2 mol %), if the annealing
temperatures were below 870 °C. The same
diffraction patterns were observed for all the
alloys which, instead of quenching, were slowly
cooled to room temperature in the switched-off
furnace. A full-profile analysis of the diffraction
patterns demonstrated that the main phase in
such samples was the monoclinic modification of
o’-Ga,S.. When the concentration of sulfur was
from 59.8 to 60.2 mol %, this modification was the
only one. At lower concentrations of chalcogen
(58.0-59.6 mol %) an impurity phase appeared —

*This is true, if we compare the results of DTA conduct-
ed using identical number of compounds with the same
thermal conductivity and heat loss values. At the same time,
changes in the quantity of the vapour phase equilibrium
with @, @,, and @, should be negligibly small.
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gallium monosulfide (a hexagonal modification
of GaS-2H, P6,mmc).

At higher annealing temperatures (905
and 910 °C) alloys with an excess of gallium
in relation to the stoichiometry of Ga,S, (the
concentration of sulfur from 58.0 to 59.8 mol %)
demonstrated rare wide maxima of a specific
form, (curve 2, Fig. 1). Taking into account
the data of transmission electron microscopy
[10], these maxima indicated the presence of
a sphalerite-like cubic structure y-Ga, S, with
disordered stoichiometric vacancies. However,
this did not happen in the alloys with the
maximum concentration of sulfur (from 59.8
to 60.2 mol %), and monoclinic modification of
o’-Ga,S, remained at least up to 1000 °C.

The results of the high-temperature X-ray
phase analysis of the alloy with the concentration
of sulfur of 58.0 mol % conducted using
synchrotron radiation (curve 2, Fig. 1) were
thoroughly analyzed. They demonstrated that
the cubic modification of y-Ga,, S, can be stable
as compared to other phases under equilibrium
(it does not occur as a result of quenching and
decomposition of other structures). For this
composition, at temperatures 883,893, and 903 °C
¥-Ga,,,S, coexisted with gallium monosulfide
GaS. When the sample was kept at 918 °C, the
diffraction maxima of GaS disappeared and the
diffraction pattern demonstrated a wide halo
together with rare peaks of the y-phase. This
indicates the formation of a sulfide melt as the
second (impurity) phase. It should be noted that
[10] describes the results of a similar study of this
alloy. However, it only focused on the equilibrium
at a single temperature (918 °C).

Hexagonal high-temperature phases: wurtzite-
like B-Ga,S, (P6,mc) and its derivative o-Ga,S, (P6,).
[10] proved that at temperatures above 922 °C the
sphalerite-like y-Ga,, S, undergoes peritectic
decomposition into a melt and another high-
temperature phase ~Ga,S,. However, the analysis
of the structure of the substance obtained after
quenching at T > 945 °C always demonstrated a
mixture of hexagonal phases (a-Ga,S,, B-Ga,S,,
and - for some samples — GaS).

In our study, we maintained the annealing
temperature (from 940 to 1080 °C) of vacuumed
quartz ampoules with ground alloys of various
compositions close to Ga,S, for a long time
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Fig. 1. PXRD-patterns for the Ga — S samples of different compositions, synthesized under various conditions
and identified as follows: 1 - o’-Ga,S, (m) with the GaS admixture, 2 - y-Ga,, S, (c); 3 - B-Ga,S, (h,); 4 -
0-Ga,S, (h'); the designations of reflexes for a given phase are indicated in parentheses. Curves 1, 2,4 correspond
to samples obtained during annealing-quenching experiments; Curve 3 corresponds to in-situ research data
obtained with the use of the synchrotron X-ray radiation; the results converted to “copper” radiation (Cuk )

(272 hours). This, followed by quenching, allowed Quenching experiments conducted at
us to identify two more separate high-temperature  temperatures above 950 °C allowed us to obtain
modifications of gallium sesquisulfide (Fig. 2). apure X-ray diffraction pattern of the third high-
Thus, alloys with concentrations of sulfur of temperature modification - o-Ga,S,. This phase
59.0 and 59.3 mol % annealed and quenched at has a hexagonal structure and is a modification
930 °C demonstrated a single structure - 3-Ga,S,  of B-Ga,S,. Its formation is accompanied by the
with a wurtzite-like crystal lattice (P6,mc) with ~ ordering of stoichiometric vacancies, which
disordered stoichiometric vacancies. The same results in a decrease in symmetry up to SG P6,.
modification was observed during the in situ The latter can be observed on the diffraction
synchrotron experiment for the sample with pattern in the form of additional maxima as
X, = 59.75 mol % at temperatures of 965, 970, compared to the powder pattern of B-Ga,S,; see
975, and 1015 °C. At the latter temperature curve 4 and curve 3, Fig. 1. Fig. 2 demonstrates
B-Ga,S, was the only form (curve 3 Fig. 1), while that for the alloys of the studied composition
at lower temperatures it coexisted with the third range with the highest concentrations of gallium,
high-temperature modification o-Ga,S, (not to  the third high-temperature phase, o-Ga,S,, is
be confused with the monoclinic modification located above B-Ga,S, on the T-x diagram. For
o’-Ga,S, which is stable including at room instance, the o modification was identified for
temperature). Unfortunately, the design of the the compositions of 59.3 and 59.5 mol % with
experimental unit did not allow us to monitor annealing temperatures from 985 and 950 °C
the transformations of the alloy at temperatures respectively. At higher annealing temperatures,
higher than 1015 °C. above 1050 °C, this modification was observed
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Fig. 2. Compositions of samples of the Ga - S system identified during X-ray powder analysis versus the T-x-co-
ordinates of the phase diagram. Notation. Annealed and quenched alloys are designated as dark, gray-filled
figures - circles, triangles, squares, crosses; the samples, which studied in situ at high temperatures in a “syn-
chrotron” experiment are designated as light figures without shading. Digital designations: 1 - o-Ga,S,
(+ traces of GaS for samples with x, < 60.0 mol %), 2 - y-Ga,, .S, (+ traces of GaS for temperatures less than

910 °C), 3 - B-Ga,S

2732

4 - a-Ga,S,. The dotted lines indicate the horizontals obtained from the DTA results; the

compositions of the probable phases are marked as vertical dotted lines

in quenched samples over all the studied
concentration range, up to the sample with the
concentration of sulfur of 60.2 mol %. In all the
experiments, phase a-Ga,S, was identified as
the only one (curve 4, Fig. 1). The monoclinic
modification o'~ Ga,S,, which is the most stable
at room temperature, was not registered even as
an impurity phase and even in the samples with
the highest concentration of sulfur (60.2 mol %).

The differential thermal analysis (DTA)
allowed us to obtain an approximate T-x diagram

230

of the Ga - S system. However, before we present
the diagram, we should point out several
characteristic features registered on differential
heating curves for the alloys of Ga - S of various
compositions.

56.0-59.0 mol % region. For the samples
corresponding to this concentration interval,
thermograms were registered, which, besides
the minimum associated with the liquidus line,
demonstrated deep endoeffecs at temperatures
of 878,910, and 922 °C (Fig. 4a).
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Table 1. Thermal stability of the condensed phases for the Ga — S system and the structures of these

phases
Upper temperature limit Structure, cell CocraB
Lower temperature limit of the pp P o parameters and the .
- of the phase stability and TBEpI Ot
da3sa phase stability and the the correspondent phase | Presence of ordered (+) (basbi
correspondent phase equilibrium poncent p or disordered o
equilibrium . Moi. % S
(=) vacancies
878+ 2 °C, 922+ 4 °C, cubic, sphalerite-like,
v-Ga,,S,| GaS+o/'-Ga,S, = y.—GaMS3 @, |v-Ga,S, = [3.-Ga12_S3 +L, (II) S.G. F43m, 59.3
eutectoid peritectic a=5.17-5214, ()
L 910+ 3 °C
ACTLIAB GaS +y-Ga,S, =L, (III) - melt of gallium sulfides -
P eutectic
912+3 °C, ~1040 °C, Hexagonal, wurzite-
B-Ga,S, |y-Ga,,S.+ oc'—GaZS3=.[3—GaZSZ, av) B—Ga283_= oc—Ga_283, W) a- 3.6’82., b _ 63.03,1A, 59.8
eutectoid distectoid )
~950 °C (from the Ga-side),
L+ B'Gazcsgt:h:tﬁ"t‘ffz’ (VD 1109 £ 2 °C, hexagonal, S.G. P6,,
o-Ga,S T o-Ga,S, =L, (VIII) a=6.3883,b=18.0814,|59.0-60.2
273 ~982 °C (from the S-side), Con 2 Sent "neltin )
B-Ga,S, + o/-Ga,S, = 0-Ga,S,, (VII) g &
eutectoid
1002 £ 2 °C, moHokamHHag, I Cc,
, o’-Ga,S, =L+ a-Ga,S,, a=11.14,b=6.41,
o’-Ga,S,, Stable at RT (IX) c=704A b=121.2°, 60.0
peritectic melting (+)
967 = 2 °C [10], Layered hexagonal,
GaS-(2H) Stable at RT GaS=L, (XI) S.G. P6,mmc, 50.0
congruent melting a=3.59,b=15.43 A[10]

The results of the detailed” differential
thermal analysis (DTA) confirm the results of the
structure analysis, which indicated the stability
of the y-Ga,, S, phase over a small range of
temperatures and compositions. Furthermore,
the results of the DTA allowed us to specify this
range. Taking into account the results of the
structure analysis, the first effect demonstrates
that the lower limit of the temperature range
is the eutectoid decomposition into GaS and
monoclinic o’-Ga,S, (878+2 °C; equation (I),
Table 1). The latter effect indicates the upper
limit of the y phase. It is associated with
incongruent melting, which, besides the melt,
results in the formation of another high-
temperature modification Ga,S, (9222 °C;
equation (II), Table 1). Finally, the intermediate
effect (910 °C) is associated with eutectic melting
(equation (III), Table 1).

* The study included 75 samples. Each sample was
analysed at three heating rates: 0.9, 1.9, and 3.8 K/min.

The analysis of the dependences of normalized
areas of endoeffects on thermograms allowed us
to specify the composition of the y-Ga,, S, phase
at the lower and the upper limits of existence of
the phase on the T-x diagram. According to Fig. 3,
the lower limit corresponds to the concentration
of sulfur of 59.3*0.1 mol %. A similar value was
obtained for the upper limit of existence of this
modification, which is 0.2 % less than stated in
[10].

59.0-59.5 mol % region. In this concentration
range, all the above mentioned peaks, except for
the last one (910 °C), were also quite prominent,
which indicated that the compositions were close
to the region of existence of y-Ga,S..

59.5-59.8 mol % region. In this region, there
was a decrease in the temperature of the effect
(which was previously registered at 922 °C)
to 916-917 °C. This indicated a change in the
nature of the effect. Taking into account the
X-ray data, the corresponding transformation
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Fig. 3. The dependence of the reduced peak area on the alloy compositions for the DTA heating patterns, fo-
cused on the endo-effect observed at a temperature of ~878 °C

is associated with the formation of a new phase
B-Ga,S, from y-Ga,, S, and o’-Ga,S, according to
the reaction reverse to eutectoid transformation —
see equation (IV), Table 1.

The 59.8 mol % composition demonstrated a
slight effect at 1040 °C (Fig.4b), which canindicate
the decomposition of the phase and which
we classified as a distectoid transformation —
equation (V), Table 1. Furthermore, at a
temperature of 955-960 °C an additional
endoeffect appeared (Fig. 4b), whose area
increased at higher concentrations of sulfur in
the studied samples. Taking into account the
results of powder diffraction, we associated this
effect with the formation of the o-Ga,S, phase
from the melt and B-Ga,S, according to the
catatectic reaction (see equation (VI), Table 1).

59.9 mol % composition. This composition
is interesting because all the above mentioned
effects (878, 917, and 950 °C) disappear from
the thermogram, while a new one appears and
is reproduced at a temperature of ~982 °C. We
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interpreted this effect as satisfying equation
(VID), Table 1.

60.0-60.7 mol %s region. All the thermal
experiments conducted in this region
demonstrated the presence of a strong effect at
1002 £2°C, which is most probably associated
with the peritectic decomposition of the o’-Ga,S,
phase (equation (IX), Table 1).

For the alloy with the concentration of sulfur
of 60.0 mol %, the maximum liquidus temperature
is reached and the form of the effect becomes
typical for the phase transformation of the I kind.
This indicates congruent melting of the a-Ga,S,
phase (1109£2 °C).

The results of the DTA (Table 1) together with
the results of powder diffraction (Fig. 2) allowed
us to obtain a fragment of the T-x diagram of
the Ga - S system refined for the concentration
range from 50.0 to 60.7 mol %. The diagram is
presented in Fig. 5.

Metastable states in the Ga — S system.
As we have previously mentioned, three out
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Fig. 4. DTA heating patterns of the Ga - S alloys with a sulfur content of 58.8 (a) and 59.8 (b) mol % S at rates
of 2 and 4 K/min, respectively
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of four phases of the Ga,S, family (o, B, and
v-Ga,,,S,) are metastable at room temperature
and can be obtained only through quenching at
high temperatures at which they are stable as
compared to other phases. In order to determine
the conditions under which these phases
transform into their stable modifications at
noticeable rates, samples of phases o-, B, and vy
(with the concentration of sulfur of 59.8 mol % for
the first two phases and 59.3 mol % for the third
phase) were studied in DTA experiments, where
they were heated starting with room temperature
at a heating rate of ~ 2 K/min. Thermograms of all
the samples demonstrated noticeable exoeffects:
B-Ga,S, sulfide (460+10 °C) was the most
susceptible to decomposition; modifications
y-Ga,, S, and o-Ga,, S, also demonstrated
exoeffects close to 700 and 650 °C respectively.
In all the cases, the result of the transformation
was a monoclinic modification o’-Ga,S, (with an
impurity of GaS). In order to determine the heat
of the phase transition

B-Ga,S; —» a’-Ga,S;, (3)

a sample of the f modification was analyzed using
a Hitachi DSC 7020 differential scanning calorim-
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eter over a temperature range from 25 to 600 °C
in a highly pure (99.999 %) nitrogen atmosphere.
The heat of the phase transformation calculated
based on the peak area was 15.9 J/g, which
corresponds to 3.75 kJ/mol in relation to the
idealized stoichiometry of Ga,S.. Unfortunately,
it was impossible to estimate the thermal effects
of the relaxation of two other high-temperature
phases in the o phase due to the temperature
limitations (~600 °C) of the equipment.

During the DTA of the studied phase trans-
formations observed during slow (2-4 K/min)
cooling of the samples at temperatures outside
the stability regions of high-temperature phases,
the cooling curves demonstrated the same
main effects as the heating curves. However,
these effects correspond to significantly lower
temperatures. Thus, the most high-temperature
modification a-Ga,S,, which was in contact with
melt L, (compositions from 58.0 to 59.5 mol %)
is supercooled to a temperature of ~890 °C,
below which it transforms into y-Ga,,S,. In
turn, y-Ga,, S, when slowly cooled decomposes
into GaS and o/-Ga,S, only at 830-840 °C, i.e.
It endures long-term supercooling up to almost
50 °C as compared to the lowest temperature of its

1/C
1o F
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Fig. 5. Fragment of the T-x-diagram for the Ga - S system according to the data of this work
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stability region. Other horizontal lines also shift
noticeably towards lower temperatures. Thus,
the eutectic horizontal satisfying the reaction
reverse to (III) (Table 1) shifts by ~ 15 °C from its
position on the T-x diagram, and the temperature
of peritectic crystallization of o’-Ga,S, (reaction
opposite to (IX), Table 1) shifts by ~25 °C.
Other peculiarities are that in cooling modes a)
there were no transformations indicating the
formation of the B-Ga,S, phase and b) congruent
crystallization of gallium sesquisulfide (a-Ga,S,)
proceeded almost without supercooling.

4. Discussion

A shift of the regions of existence of defect
phases towards the excess of the cation former
(Ga, In). Let’s consider the fact that the regions
of existence of all sesquisulfides from the Ga,S,
family are shifted towards an excess of the
cation former (Ga). The only exception is the
o/-Ga,S, phase whose composition corresponds
to the ideal stoichiometry (60.0 mol %) within an
inaccuracy of 0.1 mol %.

Here we can use the concept of valence
electron concentration [18, 19], according to which
structures with bonding networks close to the
structure of diamond can be formed at a valence
electron concentration (VEC) from 4.00 to 4.80
(in certain cases up to 4.92). VEC is defined as
the number of valence electrons per formula unit.
Despite being rather formal, this approach can
be effective when predicting the stoichiometry
of some solid-phase compounds. In particular,
it explains a noticeable shift of the composition
of the cubic y phase Ga,_ S, towards an excess of
gallium as compared to the ideal stoichiometry
of Ga,S,. Thus, with the concentration of sulfur
in the phase being 59.3 mol %, we obtain & = 0.06
and VEC:
vEC= 2003436 _ 7.

(2.06+3)

The actual VEC can be even smaller (by
several hundredths) than the calculated value
4.77, because the electrons of the gallium atoms
that partially occupy the vacancies in the cationic
sublattice of the cubic Ga, S, phase may have
little impact on the formation of the chemical
bond. We should note that a small shift of the
composition of the y phase towards gallium as

(5.1)
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compared to the ideal composition of Ga,S,,
for which VEC would be almost 4.80, is in good
agreement with the fact that the valence electron
concentration in the structure tends to decrease.
However, even after this shift VEC = 4.7 is still
close to the upper stability limit, which makes
the Ga,, S, phase metastable outside the narrow
region of temperatures and compositions.

Taking into account the closeness of the
bonding networks in wurtzite- and sphalerite-like
structures, it is also logical that the homogeneity
ranges of both wurtzite-like B-Ga,S, and its
modification a-Ga,S, shift towards gallium. It
also explains the fact that these phases are only
stable over a limited temperature range.

Thermal stability. Wurtzite-like modifications
can exist at higher temperatures than sphalerite-
like structures, which is common for many binary
phases, for instance, ZnS [20]. It is logical that
the homogeneity ranges of the phases based on
a “defect” wurtzite - and o-Ga,S, are generally
located on the T-x diagram of the Ga - S system
above the region of existence of the sphalerite-
like modification y-Ga,,S..

Characteristics that require further analysis.
As quite unexpected came the fact that a more
ordered phase -Ga,S, has a narrow homogeneity
range, while its superstructural modification
a-Ga,S, with ordered vacancies has a wider
homogeneity range and can be formed at higher
temperatures than the 3 phase. This fact requires
further analysis. At the same time, the vacancies
of the a-Ga,S, phase are only relatively ordered.
This structure demonstrates crystallographically
different positions of gallium in the cationic
sublattice, which changes the symmetry and
induces the transition P6zmc — P61. Different
cationic positions in the a-Ga,S, structure
are partially occupied to different degrees.
However, they remain disordered, because
partial occupation is stochastic. On the contrary,
stoichiometric vacancies of another modification
of the wurtzite-like structure of the  phase,
a monoclinic o’-Ga,S,, are almost completely
ordered. As a result, this phase is significantly
different in terms of stability from the disordered
and partially ordered modifications: o’-Ga,S, is
almost completely stoichiometric and stable over
a wide range of temperatures, starting from room
temperature.
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Although some of the results of the study
require further research, we can conclude that the
results are relevant, because they were obtained
using various methods and are in good agreement
with each other.

5. Conclusions

Using several independent methods of
structure analysis (X-ray powder diffraction
and high-temperature diffraction by means of
synchrotron radiation), we confirmed that the
high-temperature phase found during electron-
diffraction studies (TEM, DAED) and formed at
temperatures from 878 to 922 °C has a cubic
sphalerite-like structure F43m with disordered
stoichiometric vacancies. The composition of
the phase further referred to as y-Ga,, S, was
specified (6 = 0.06 or x, = 59.3 mol %). The study
demonstrated that at temperatures above 912 °C
and a slight excess of gallium (up to ~1 mol %)
as compared to the stoichiometry of Ga,S, two
modifications are formed: a defected wurtzite-
like structure (B-Ga,S,, P6.mc) and its derivative
phase, the structure of which has lower symmetry
(0-Ga,S,, P6,)). For the first time the wurtzite-like
(B-Ga,S,, P6,mc) and sphalerite-like (y-Ga,,S,)
defect structures (with disordered vacancies) were
obtained under equilibrium and studied in situ by
means of synchrotron radiation.

For the first time a phase diagram of the Ga - S
system was obtained and the regions of existence
of the three above listed high-temperature
gallium sesquisulfides and a modification of
gallium sesquisulfide (a’-Ga,S,, Cc), stable at
room temperature, were determined.
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