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The objectives of this study were to refine the phase diagram of the GdF3-Gd2S3 system and to calculate their
liquidus, and to synthesize GASF and to study their properties. The GASF compound (ST PbFCI, P4/nmm, a (A)
3.83006(17), ¢ (10\) 6.8529(3), has an optical band gap for a direct interband transition of 2.56 eV and is char-
acterized by a pronounced increase in the Kubelka-Munk function in the region of this transition. Direct optical
bandgap of GdSF is measured to be equal to 2.77 eV. Two indirect bandgaps are detected to be 1.54 and 2.4 eV.
Meta-GGA simulations of band structure predicting 1.481 eV direct bandgap of GdSF are in good agreement with
these features of the experimental absorption spectrum. To explain this complicated case, we argue that formally
direct optical transitions to highly dispersive subbands contribute not to direct but to indirect bandgaps measured
by Tauc analysis. The GdSF compound melts incongruently with the formation of a melt and y-GdSs compound at
t=1280 + 2°C, AH = 40.6 + 2.8 kJ/mol, AS = 26.1 + 1.8 J/mol*K. The eutectic has a composition of 13 mol.%
Gd»Ss (0.74 GdF3 + 0.26 GdSF), the melting characteristics of the eutectic are 1182 + 2°C, AH = 36.2 + 2.5 kJ/
mol, AS = 24.9 + 1.7 J/mol*K. In the system GdF3 - Gd,S3 the balance equations for five phase transformations
recorded by the DSC method were compiled. Convergence was achieved in the liquidus of the system constructed

according to DSC data and calculated with the use of the Redlich-Kister equation.

1. Introduction

Compounds of composition LnSF (Ln - La, Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu) are promising as optical materials, in laser technology
[1-4] and electronics [5]. The LnSF compounds are inorganic color
pigments, and they have high chemical inertness, thermal stability, wide
color range and UV resistance [1-7].

Gadolinium Gd 4f” 5 d! 6s? has a half filled 4f level, and electronic
configuration of the Gd** ion is 4f”. Oxide and sulfide compounds con-
taining the trivalent gadolinium ion are matrix structures for creating
doped optical materials. The refinement of the phase diagram of the GdF3
- Gd,S3 system will make it possible to understand the processes occur-
ring during the synthesis of GdSF samples, and to select methods and
conditions for obtaining doped samples. The solubility of REE (rare earth
elements) sulfides in REE fluorides was not studied in detail. Information
about the diagram is presented in the abstract of the conference [8]. In
the GdFs-Gd,Ss system, the GASF compound decomposes by a peritectic
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reaction, temperature at 1282°C (1555 K). No noticeable areas of solid
solutions based on the GdF3 and GdSF compounds were found. An
eutectic is formed between the GdF3; and GdSF phases at 13 mol. %
Gd2S3 and 1157°C (1430 K). The length of solid solutions based on
v-Gd2S3 is 98-100 mol. % at 1427°C (1700 K) [8].

The GdSF compound (1GdF3:1Gd,S3) has a tetragonal structure of the
PbFCl type, sp. gr.

P4/nmm with cell parameters e. i.: a = 3.8297(1) f\, ¢ =6.8529(2) A
[3,4], a = 3.8345(3) 10\, ¢ = 6.8518(5) A [9]. As to related compounds,
two polymorph modifications are known for GdFs. The low-temperature
rhombic modification a-GdFs of the structural type (ST) p-YFj is related
to space group Pnma: Z = 4, a = 6.5713 10\, b = 6.9954 ;\, c=4.3932 A
[10,11], a = 6.5630(8) A, b = 6.9712(4) A, ¢ = 4.3873(9) A [11]. At
1074°C [12], the compound transforms into a high-temperature trigonal
$-GdF3 modification of the tysonite (LaFs) type, space group P3cl, with
parameters e. i. a = 6.8782(3) 10\, c=7.0621(6) A [11]. The temperature
of congruent melting of GdFs is 1230°C [12,13], 1252°C [14], and the
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melting enthalpy is 50.41 kJ/mol [12,13]. It was shown in Ref. [15] that
the GdF3_»xOx solid solution is formed in the GdF3-Gd,03 system. The
dissolution of Gd;O3 in GdF3 is accompanied by an increase in the
melting point of the solid solution by 90 °C for the composition
GdF2.7600.12-

The low-temperature orthorhombic modification a-GdyS3 crystallizes
in the a-LayS3 structural type, Pnma, a = 10.7447(7) zz\, b = 3.8985(3) zz\,
¢ =10.5446(9) 10\, Z = 4 [16]. The transition a-Gd2S3—y-Gd2S3 occurs at
1217°C. The y-Gd2S3 modification is related to the Th3P4 structure type,
143d, a = 8.387 A, Z = 4 [171.

The LnSF compounds for lanthanides of the cerium subgroup melt
congruently: LaSF t = 1440 + 7°C, AH = 45.7 &+ 4.6 kJ/mol, CeSF t =
1410 +7°C, AH=40.7 + 4.1 kJ/mol, PrSFt = 1388 + 7°C, AH=39.7 +
4.0 kJ/mol, NdSF t = 1381 + 7°C, AH = 40.2 + 4.0 kJ/mol, SmSF t =
1314 + 7°C, AH = 36.1 + 3.6 kJ/mol. The SmSF phase decomposes in
melt-crystallization cycles [18].

Data on the nature of melting, temperatures, and enthalpies of
melting of LnSF compounds for rare earth elements of the yttrium sub-
group have not been found in the literature.

It is expedient to combine the experimental study of phase diagrams
[19-21] with calculation methods, in particular, the calculation of the
liquidus line using the Redlich-Kister equation [22]. Using the equation,
the liquidus lines of various types of phase diagrams for various types of
chemical systems were calculated [22,23], and convergence was ach-
ieved between the experimental and calculated data.

Crystalline compounds LnSF are of great interest due to their elec-
tronic structure in which, as predicted in recent article [24], the optical
properties must depend on the competition between interband transi-
tions of the charge transfer type, on the one hand, and transitions be-
tween 4f states experiencing Mott localization, on the other hand.

The aim of the study is to determine the optical and thermal prop-
erties of GdSF, establish the electronic structure of the compound and
construct the phase diagram of the GdFs - GdaS3 system.

2. Experimental methods

Synthesis of samples. The following initial substances were used:
gadolinium oxide GdyO3 (99.99 mol. % Gd;Os, TOPLUS China),
ammonium thiocyanate (98.9 mol. % NH4SCN, TOPLUS China), ammo-
nium fluoride (98.9 mol. % NH4F, TOPLUS China), gaseous argon
(99.999% Ar, Kriogen Russia).

Gadolinium trifluoride was obtained by the hydrothermal method by
autoclaving gadolinium nitrate in the presence of NH4F at 120-180°C
[25-27]. The gadolinium trifluoride powder was dried at 50 °C, and then
the sample was annealed at 370 °C in an atmosphere of ammonium
fluoride decomposition products to remove adsorbed water molecules and
OH groups. a-GdF3 was obtained with following characteristics: ST PbFCl,
Pnma, a = 6.5714 A, b = 6.9842 A, ¢ = 4.3905 A. The «-GdF; sample was
stored in a desiccator at a residual air pressure of 1000-2000 Pa.

The Gd,Ss sample was synthesized under the action of a flow of HyS
and CS; on Gdy03 at 1050-1100°C [16]. HsS and CS, were obtained by
thermal decomposition of NH4CNS at 260-270°C [17]. a-GdyS3 was
obtained with following characteristics: ST a-LasSs3, Pnma, a = 7.3397 }o\,
b =15.2732 108, ¢ = 3.9324 A. The v-GdzS3 modification was formed by
the annealing of a-GdsS3 at 1500-1600°C in the sulfur vapor atmo-
sphere. The crystal chemical characteristics of y-Gd,S3 are typical for the
ThsP4 ST: a = 8.3859 A, Z = 4 [28].

More than 17 samples of various chemical compositions have been
synthesized in the GdF3 - GdaS3 system. On the plotting diagram, data on
the phase composition of samples annealed at 900 °C, as well as the re-
sults of their study by DSC and VPTA methods. The batches of starting
materials were ground in an agate mortar and placed in graphite cruci-
bles. Then, each crucible was placed in a quartz ampoule. The ampoule
was evacuated to 0.1 Pa and sealed. Then, sample was melted by heating
the graphite crucible in a high-frequency current setup. The moment of
melting was observed visually. The cycles of transferring the sample to
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the melt-crystallization of the sample were repeated up to three or four
times. Ampoules with samples were annealed in a muffle furnace at 900
+ 5 °C for up to 500 h. According to the physicochemical analysis, all
annealed GdSF samples had a phase composition of 100 mol. % GdSF.

Research methods. X-ray phase analysis (XPA) was carried out with
the use of a DRON-7 diffractometer equipped by a source of CuKa radi-
ation (Ni-filter). The scanning step was 0.02° (20), and the exposure time
was 2 s. The unit cell parameters were determined using the PDWin 4.0
software package and the PDF-4 X-ray file using profiling of diffraction
peaks. The accuracy of the unit cell parameter determination was
+0.0001 nm [20,22].

Differential scanning calorimetry (DSC) was performed on a SETARAM
Setsys Evolution (TGA-DSC 1600) setup with a PtRh6%-PtRh30% ther-
mocouple using the SETSOFT 2000 data processing software [20,22].
Samples 50 mg weight were placed in evacuated and sealed conical quartz
ampoules with a base diameter of 5 mm. The heating-cooling surveys were
carried out in an argon flow, and the gas supply rate to the upper part of the
chamber was 20 ml/min. The sample heating rate was 10 K/min. The setup
is calibrated by the reference points: Zn, KCro07, Ag, Au, Cu. The accuracy
of temperature determination in a DSC study up to 1200 °C is +1.8 K, the
enthalpy of phase transformations is +7%. In the DSC study of tempera-
tures 1200-1350 °C, the sample was placed in an open graphite crucible 5
mm in diameter, 8 mm high, with a wall of 0.3 mm. Temperature accuracy
0.5% of the temperature value, enthalpy - 12% of the enthalpy value. To
determine the temperatures of the liquidus line, samples weighing 1-1.5 g
were obtained. During the crystallization of the samples from the melt, no
separation of the phases of the eutectic and primary crystals (according to
the density of the phases) occurred. In the DSC survey at the peak of the
thermal effect, the liquidus temperature was taken as the end point of heat
absorption in the sample.

Scanning electron microscopy (SEM) was used to determine the
elemental composition of samples of the system. The analysis was per-
formed on a Tescan Mira 3 LMU using an energy dispersive attachment.
The error in determining the content of elements is +0.5 wt %.

Microstructural analysis (MSA) was carried out by using polished and
etched sections on a METAM LV 31 metallographic microscope. Micro-
hardness was determined on an HMV-G21DT microhardness tester at a
load of 490.3 mN (50 g) using the software of the HMV-G instrument.
Microhardness was measured on polycrystalline samples.

Diffuse reflection UV spectra were recorded for thin layers of powders
in the range of 200-1400 nm using a Shimadzu UV-2600 spectropho-
tometer (Japan) equipped with an ISR-2600 Plus integrating spherical
nozzle [29]. The BaSO4 standard (which was supplied by Shimadzu with
the spectrophotometer) was used to measure the diffuse reflectance
spectra. The diffuse reflection spectra obtained from thin layers of
powders were processed using the Kubelka-Munk function, which was
modified for the cases of direct and indirect interband transitions [30].
After constructing a linear approximation for the fundamental absorption
region, the linearity regions were chosen in such a way that the Pearson
correlation coefficient was 0.999, as, for example, in Ref. [31].

3. Results and discussion

3.1. Crystal chemical parameters of GdSF, phase equilibrium in the GdFs —
Gd,Ss3 system

The diffraction pattern of the GASF compound was identified in the
tetragonal syngony, ST PbFCl, P4/nmm, which agrees with the data of
[2]. The gadolinium atom is located in the center of the pentagondode-
cahedron, and it is surrounded by 5 sulfur atoms and 4 fluorine atoms
(Fig. 1, Tables 1 and 2). Therefore this structure was taken as starting
model for Rietveld refinement which was performed using TOPAS 4.2
[2]. Asymmetric part of the unit cell contains three atoms in special
Wyckoff sites (Gd — 8j, S — 8j and F — 4d), therefore only z-coordinates
of Gd, S atoms were refined during Rietveld refinement. Thermal pa-
rameters were refined independently and isotropically for each atom.



M.U. Abulkhaey et al.

Intensity'?, Counts'?

—_

N
o o o O

N N
o o

Journal of Solid State Chemistry 322 (2023) 123991

100% GdSF

20 30 40 50 60 70 80 90 100110120
20, Degrees

Fig. 1. Crystal structure, Rietveld difference plot and photo of the GdSF sample.

Table 1
Main parameters of processing and refinement of the
GdSF samples.

Compound GdSF

Sp. Gr. P4/nmm
aA) 3.83006(17)
c(A) 6.8529(3)

V (A3) 100.527(10)
z 2
20-interval, © 20-120
Rwp,% 15.78

Rp,% 12.51

$2 0.71

RB,% 6.5

Table 2
Fractional atomic coordinates and isotropic displacement parameters (A2) of
GdSF.

Atom x y z Biso Occ.
Gd 0.25 0.25 0.22990(19) 0.5(2) 1
S 0.25 0.25 0.6536(6) 0.2(2) 1
F 0.75 0.25 0 2.0(49) 1

Refinement was stable and gave low R-factors (Table 1, Fig. 2). Co-
ordinates of atoms and main bond lengths are in Tables 2 and 3
respectively.

In the GdFs - Gd,S3 system, when substances are in a polycrystalline
state in the concentration range 0-50 mol. % Gd,Ss, the a-GdF3 and GAdSF
phases are in equilibrium (Fig. 2 A), as well as p-GdF3 and GdSF. When
quenching ampoules with GdF3 samples into saline solutions from tem-
peratures of 1100-1150 °C, the a-GdF3 modification was obtained. Phase
transformations of f-GdF3 during cooling and quenching of the samples
were not detected. In the region of 50-100 mol. % of GdsSs, in the
annealing of the samples and their subsequent cooling, the phase states of
GdSF and a-Gd,S3, GASF and y-Gd,Ss were found (Fig. 2 B, C). No
noticeable solid solutions are formed in the system based on the initial
compounds GdFs, Gd,Ss. In the two-phase samples of the system, the unit
cell parameters of each phase coincided with the unit cell parameters of
single-phase samples within the limits of possible determination error
(Section Synthesis of samples).

3.2. Calculation of electronic band structure and measurement of GASF
optical bandgap

3.2.1. Calculation details
All density functional theory calculations were performed using
CASTEP [32] (Cambridge Serial Total Energy Package) code. The

meta-generalized gradient approximation with the on-site orbital
dependent Hubbard U energy term [33] and RSCAN [34] (improved
version of SCAN [35]) functional were chosen. The best agreement with
experimental XPS spectrum [24,36] was achieved with the U{Gd) equal
to 3 eV. The on-the-fly generated ultrasoft and normconserving pseu-
dopotentials with a cutoff energy equal to 650 and 721.1 eV were used
for meta-GGA and HSEO06 [37] calculations, respectively. The Brillouin
zone is sampled by the 5 x 5 x 3 and 3 x 3 x 2 Monkhorst-Pack
k-meshes in case of meta-GGA and HSEOQ6, respectively. Experimental
structural model of GdSF crystal was optimized using meta-GGA method
until the maximum force became less than 0.01 eV/A and the maximum
stress was smaller than 0.02 GPa [38,39]. The convergence criterion for
minimization of total energy was set to be 1 x 10~ eV [40].

3.2.2. Calculation results and discussion

As the first step of DFT (density functional theory) calculations of
GdSF properties, the cell parameters and atom coordinates were relaxed,
and the obtained data are presented in Table 3. As can be seen in Table 3,
the difference between experimental and DFT optimized structural pa-
rameters is less than 1%.

The Brillouin zone (BZ) of GdSF is shown in Fig. 3. The full path along
high symmetry points of the BZ should be written as:
I'-X-M-T-Z-R-A-Z|X-R|M-A. Coordinates of these points are: I'(0, 0, 0),
X(0, 0.5, 0), M(0.5, 0.5, 0), Z(0, 0, 0.5), R(0, 0.5, 0.5), A(0.5, 0.5, 0.5). It
should be noted that electronic structure only along M-I'-Z-R path only
was published previously [24], and the appearance of bands is in general
similar both in Ref. [24] and in our calculation. The electronic structure
of GdSF calculated by meta-GGA is presented in Fig. 3. As the gadolinium
is a lanthanide element, a spin up and spin down states shown by
different colors. According to the results, it can be supposed that GdSF is
a direct band gap semiconductor with Edg = 1.481 eV. The value of Edg
obtained with hybrid HSE06 method is equal to 1.686 eV.

Total electronic density of states (DOS) and partial DOS presented in
Fig. 4. The comparison of calculated DOS below 0 eV with experimental
XPS data [24,36] showed excellent agreement in positions of f-Gd, p-F
and p-S bands. According to Fig. 4, the valence band top of GdSF is
formed by p-electrons of S, while the conduction band bottom is gov-
erned by the Gd d-states. It should be noted that density of states of
d-orbital is rather low from the bottom of conduction band (1.481 eV) to
3.25 eV.

The Kubelka-Munk function modified for case of indirect bandgap
was built on the base of diffuse reflectance spectrum and is presented in
Fig. 5. The optical bandgap obtained via non-modified Kubelka-Munk
function is equal to 2.56 eV. The value is very close to the value of 2.5 eV
calculated in theoretical article [24] with the help of WIEN2k package
and modified Becke-Johnson exchange-correlation potential. However,
as it is stressed in a recent study [30], the use of unmodified
Kubelka-Munk function can lead to an error, which, in some cases, can be
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Fig. 2. X-ray diffraction patterns of samples of the GdF3-Gd,S3 system. GC — global composition, PhC — phase composition by XPA.

Table 3
DFT calculated structural parameters for GdSF. Experimental values obtained in
this work are presented in parentheses.

. . . 2
Lattice dimensions, A

a c
3.83006 6.8529
(3.85563) (6.86918)
Fractional coordinates x y z
Gd 0.25 0.25 0.22799
(0.22990)
S 0.25 0.25 0.647
(0.6536)
F 0.75 0.25 0
>
[}
>
(o]
—
[0}
C
L

r X ™ R A

Fig. 3. Electronic band structure of GdSF calculated using the meta-GGA
RSCAN approach.
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Fig. 4. Total and partial density of states of GdSF.

significant. In Ref. [30] it is believed that the modification of the
Kubelka-Munk function for the cases of direct and indirect transitions,
despite its approximate nature, may be preferable. To avoid the misfit
between Kubelka-Munk function and the absorption spectra, translucent
powder-containing discs can be used, but this approach requires
hyper-quality of the personnel [41,42]. Therefore, in our study
Kubelka-Munk functions modified according to Ref. [30] allow us to find
the direct bandgap in GASF equal to 2.77 eV, while indirect bandgap is as
low as 2.4 eV. At the same time, the growth of fundamental absorption on
the plot of Kubelka-Munk function above 2.5 eV has a very pronounced
character, which does not agree very well with the band structures pre-
sented in figures in Ref. [24]. Really, as it is evident from the band
structure calculated in Ref. [24], interband transition in GASF originates
from the excitation of 3p electrons of sulfur to the 5d orbitals of gado-
linium. The PDOS of 5d states of gadolinium in the vicinity of interband
transition is expected, due to strong dispersion, to be rather low and
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Fig. 5. Indirect bandgaps in GdSF determined with the help of modified
Kubelka-Munk function in comparison with CASTEP meta-GGA RSCAN
calculations.

should increase slowly, in certain contradiction with our experiment.
Therefore, despite the high level and careful performance of the calcu-
lations in Ref. [24], they cannot be considered free from an imperfection.

In order to clarify the situation with the band structure of GdSF, we
performed ab initio calculations as described above in this very subsection
using meta-GGA RSCAN and HSEO06 approaches. The structural parame-
ters were used as obtained by Rietveld refinement in this study. The
parameters of the model were partially adjusted in order to fit the energy
levels below Fermi energy to the available XPS data [24], and to reach
this, we used fitting of correlation energy. The band structure and PDOS
obtained are generally similar to those reported in Ref. [24]. However,
with no scissors correction, the energy gap between top of the valence
band and the bottom of conduction band was equal to 1.481 eV in case of
meta-GGA RSCAN and slightly wider bandgap of 1.686 eV was obtained
in the case of HSE06. In the next step, we calculated absorption of GASF
crystal. Fig. 5 is Tauc-like plot for indirect transitions where experimental
Kubelka-Munk function modified for indirect transition is compared to
meta-GGA-simulated absorption curve, the latter being modified for in-
direct transitions, too. Curiously, HSE06 predicting wider formal direct
bandgap than meta-GGA RSCAN results in almost the same absorption
curve like the latter. This comparison evidences no exact quantitative
coincidence; however, qualitative agreement is very impressive. Two
indirect bandgaps for GASF can be detected, Eg; = 1.54 eV and Ego = 2.4
eV. The point, where Kubelka-Munk function experiences change from
the region of Eg; to the region of Ego, is approximately 2.5 eV. The
DFT-simulated absorption curve below 2.5 eV exhibits the same slope as
the experimental Kubelka-Munk function, and above 2.5 eV its slope
experiences twofold increase.

The interpretation of these features are as follows. At 1.54 eV, the
direct interband transition to highly dispersive Gd 5d subband is ach-
ieved. However, the spectral density of states in this Gd 5d subband is
rather small in view of strong dispersion. This is proved by the fact that in
Tauc plot for direct transitions there is not any signs of contribution from
direct transition at 1.54 eV. As the photon energy increases above 1.54
eV, the transitions become to require the contribution from phonons with
the increasing phonon energy, too. When photon energy achieves 2.5 eV,
the contribution from less dispersive and more numerous subbands be-
comes noticeable, thus forming the second bandgap. One more general
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statement can be outlined: formally direct interband transitions from less
dispersive valence subbands to highly dispersive conduction subbands
contribute to the indirect bandgaps detectable via Tauc plots.

3.3. Microstructures of samples in the GdF3 — GdsS3 system

The chemical elements Gd, S, F are evenly distributed in the thin
section of a single-phase GdSF sample. (Fig. 6 B). Crystals of the GdSF
phase are brown in reflected light. The average value of the microhard-
ness of a polycrystalline phase sample is 276 + 3 HV.

Conclusions about the phase composition of grains in thin sections of
samples were made based on the content of chemical elements in grains
according to SEM data and the phase composition of samples according
to XRD data.

In a sample of eutectic composition, the alternation of the GdF3 and
GdSF grains is clearly observed (Fig. 6 A). In a sample from the region of
50-100 mol. % GdjSs, there are primary grains of the Gd,S3; phase
located in the field of GASF phase crystals (Fig. 6C). This distribution of
phases unambiguously indicates the formation of the GdSF phase by the
reaction of Gd,Ss3 crystals with the melt (Table 4, line 2).

3.4. Thermal characteristics of GdSF, phase transformations in the GdFs —
Gd,S3 system

In the GdF3 - GdaS3 system, 5 phase transformations were detected by
DSC (Fig. 7, Table 4). The temperatures of the a-GdF3; < p-GdFs poly-
morphic transition and the melting of GdF3 within experimental errors
(Fig. 7 A) coincide with the data reported in Ref. [12]. On the DSC-curve
of a-GdF3 and samples of the system located near the GdF3 coordinate,
the peak of the thermal effect of the a-GdF3 2y-GdFs phase transition is
present on the heating and cooling curves. When quenching ampoules
with GdFs samples into saline solutions from temperatures of
1100-1150 °C, the a-GdF3 modification was obtained. The modification
of B-GdF3 by cooling was not detected. The study of partially oxidized
GdF3.2xOx samples confirmed the data presented in Ref. [15].

The melting peak of the 0.74GdFs - 0.26GdSF eutectic has a pro-
nounced linear section that is fully correspondent to the non-variant
phase equilibrium in the state diagram of the system (Table 4 line 4,
Fig. 7 B, C).

The GdSF compound melts incongruently. The DSC curve recorded
the peak of the endothermic thermal effect of the melting of the GdSF
phase, as well as the peak of the melting of y-Gd,Ss crystals formed
during the decomposition of the GdSF phase (Fig. 7. D).

The melting enthalpy of GASF was determined by constructing the
Tamman triangle for the samples containing 50-97 mol. % GdS3 (Fig. 7.
E, F). In the performance of a DSC analysis, the samples containing 50
mol. % of GdyS3 were melted and then crystallized upon cooling. The
samples are primary formed by the y-GdaS3 crystals surrounded by the
GdSF phase. The thin section also contains narrow stripes or triangles of
eutectic crystals of the 0.74 GdFs + 0.26 GdSF phase (Table 4 line 3),
which is in complete agreement with the phase diagram shown in Fig. 8.

The temperatures of congruent melting in the series of compounds
LnSF (Ln = La — Sm) regularly decrease [18]. The GdSF compound melts
incongruently. An incongruent melting pattern should be predicted for
subsequent LnSF compounds of the yttrium subgroup.

The temperature of the a-GdaS3 — y-Gda2S3 polymorphic transition
generally coincides with the literature data [17], the enthalpy was
determined by the DSC method, and the entropy was calculated. During
the transition, a weight loss of up to 0.06% was recorded (Fig. 7. G).

3.5. Phase diagram of the GdFs — Gd»S3 system

In the GdF3 - Gd,Ss3 system (Fig. 8), no noticeable areas of solid so-
lutions are formed based on the initial GdF3 and Gd;S3 compounds. In
annealed two-phase samples, the unit cell parameters of the GdF3 and
GdS3 phases, within the limits of the determination errors, coincide with
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Fig. 6. SEM images of the chemical element contents in thin sections of samples of the GdF3 - Gd,S3 system. The composition of the samples according to the weights

of the components: A-13, B-50, C-60 mol. % GdaSs.

Table 4
Temperatures and enthalpies of the phase transformations in the GdF3-Gd,S3 system.
N2 Type of phase transformation Coordinates Phase transformation equation AH, J/g AH, KJ/mol. AS J/mol
Comp-ound t,°C
1 Polymorph transition GdF3 1064 + 2 a-GdF; 5 f-GdFs 11.6 £ 0.8 2.5 1.9
2 Congruent melting GdF3 1230 +£ 2 B-GdFs; sliquid 251.1 +£17.8 53.8 35.8
3 Incongruent melting GdSF 1280 + 2 GdSF s 0.88 liquid (43 mol. % Gd3S3) + 0.12 y-Gd,S3 195 +13.6 40.6 26.1
4 Eutectic melting 13 mol. % GdS3 1182 +2 0.74 GdF3 + 0.26 GdSF  liquid 169.9 +11.9 36.2 249
5 Polymorph transition Gd,S3 1217 £ 2 a-Gd,S3—y-Gd,S3 379 +2 15.5 10.4

the crystallochemical parameters of the synthesized GdFs and GdsSs
powders.

For samples of the system, changes in the temperatures of poly-
morphic transitions in GdFs and in GdzS3 were not recorded. The DSC
curve of the GdFs phase sample has a peak at 1064 °C of the a-GdFs —
B-GdFs polymorphic transition. The temperature of the a-Gd;S; —

v-GdaS3 transition, according to DSC data, is 1217 °C (Fig. 7 G, Table 4
line 5). In the samples containing more than 95 mol. % of the initial
components, the peaks of eutectoid transformations are detected at
almost the same temperatures, but at noticeably lower enthalpies.
Between the GdF3 and GdSF phases, a eutectic is formed with a
composition of 0.74 GdF3 + 0.26 GdSF (in the GdF3-Gd,S3 system, 13
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Fig. 7. DSC curves recorded for the samples of the GdF3 - Gd,S3 system. Sample composition: A - GdFs, B - 13, C - 40, D - 50, E — 55; F- 97; G — a — Gd2S3; mol. %

Gd,Ss3. PhC - phase composition of samples.

mol. % Gd3Ss3). According to DSC data, the melting point of the eutectic is
1182 °C (Fig. 7 B, Table 4 line 4). The obtained data coincide with the
results of [8] within the limits of measurement errors. The eutectic is
formed by elongated phase crystals, which composition is confirmed by
SEM (Fig. 6 A).

In the range of 43-100 mol. % Gd,Ss, the DSC curves of the samples
show a peak of the thermal endo effect related to the incongruent melting
of GdSF (Table 4, Fig. 7). The construction of the Tammann triangle
confirms that the peak belongs to the incongruent melting of the GdSF
phase Fig. 7 [43].

The GdSF phases are technological materials. In all samples of the
system, the GdSF phase is formed in weighted amounts during short
annealing (up to 100 h). Samples 50 mol. % GdjSs crystallized from the
melt and cooled contain more than 99 mol. % GdSF.

Microstructures of the melted two-phase samples crystallized from
the melt belonging to the region of 50-100 mol. % Gd,S3 are similar to
each other. The samples contain primary Gd,Ss grains of light brown
color located in the darker field of the GdSF phase (Fig. 6C). The samples
with the phase Gd205S were not studied [44].

The liquidus of the system consists of three sections, in each of which
from four to seven liquidus temperature values were obtained. (Fig. 8).

3.6. Calculation of the liquidus line of the system according to the Redlich-
Kister equation

The Redlich-Kister equation for the molar excess Gibbs energy of a
binary solution is converted into an expression for the chemical poten-
tials of the melt components (1, 2). Detailed transformations are pre-

sented in [22].

P =p+RT Inx; + (1 —x) [Lo+Li (4 — 1) + Ly (123 = 8x, + 1)], (D)

Wy =} + RT Inxp 4 x7 [Lo + Ly (4x; — 3) + Ly (12x] — 16x; 4 5)] 2

- where x; and x5 are the molar fractions of the components in the
melt, y; and y5 are the activity coefficients of the 1 st and 2 nd compo-
nents, Lo, L1, Ly are numerical coefficients.

GdF3 was chosen as the first component and GdsSs - as the second.

To take into account the features of the phase diagram of the GdFs -
Gd,S3 system, five equations of phase equilibria were compiled in the
system: 1) GdF3 phase - eutectic melt, 2) eutectic melt - GdSF phase, 3)
melt at the point 43 mol. % Gd,S3 at a temperature of 1280 - GASF phase,
4) melt at the point 43 mol.% Gd,Ss at a temperature of 1280 °C - Gd»S3
phase, 5) arbitrary equilibrium melt - Gd,;Ss phase at 1327°C. For
example, in the fifth case, the phase equilibrium equation has the
following form (3)

AHoas, (Toays, = T) _

TGays,

— [RT In x6 + x3 [Lo + Ly (4xs — 3) + Lo (123 — 16x5 +5)]] 3

Temperature data on the enthalpies of melting of pure solid compo-
nents were taken from Refs. [12,17]. When solving a system of five
equations, the numerical values of the coefficients were obtained: Ly =
—873.064, L; = 17800, L, = —14860, and the lines of the liquidus
branches were calculated as functions of temperature on composition.
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Fig. 8. Phase diagram of the GdF3 — Gd,S3 system. Conventional designations.
Differential Scanning Calorimetry data: 1 - peak of thermal effects, phase
transformations, which correspond to invariant phase equilibria on the diagram
(polymorphic transitions in GdF3, Gd,Ss, eutectic melting, incongurant melting
of GASF); 2 - temperature end heat absorption in the sample when it is heated; 3
- complete melt of the sample according to the VPTA data. Phase composition of
samples according to XRD, MSA, SEM data: 4 — single-phase; 5 - two-phase. The
liquidus line was calculated using the Redlich Kister equation.

The line is shown in Fig. 8. In sections of the GdFs-eutectic liquidus line
and the eutectic-peritectic point (43 mol. % Gd3S3), the DSC data and the
calculated liquidus line coincide with an accuracy of 43 °C. In the section
of the peritectic-melting point of Gd,Ss, the calculated line is mainly
located above the experimental points. Probably, when deriving the
Redlich-Kister polynomial, an insufficient number of phase equilibria
from this region was considered. An approach is being developed to
derive the Redlich-Kister polynomial taking into account phase equilibria
for all experimentally established liquidus line temperatures.

4. Conclusions

The GdSF phase has the characteristics of ST PbFCl, P4/nmm, a A
3.83006(17), ¢ (10\) 6.8529(3), V(i\g) 100.527(10), Z = 2, microhardness
value is 276 + 3 HV, the optical band gap is Eg = 2.56 eV. The tem-
perature of incogruent melting is equal to GdSF t = 1280 °C, the
decomposition enthalpy is AH = 40.6 + 2.8 kJ/mol, AS 26.1 + 1.8 J/
mol*K. The phase refers to technological materials. Samples containing
100 mol. % GdSF, obtained by crystallization from the melt, sintering and
annealing. Based on the results of studying samples of the GdF3 — Gd»S3
system by DSC, XRD, and SEM methods, a phase diagram of the system
was refined. The balance equations for five phase transformations
occurring in the system have been compiled. The liquidus line was
calculated using the Redlich-Kister equation. The phase diagram of the
GdF3 - GdaS3 system was refined with the consistency of the results of
physicochemical methods of analysis based on various physical princi-
ples, which allows us to consider the phase diagram of the system
reliable.

The temperatures of congruent melting in the series of compounds
LnSF (Ln = La - Sm) regularly decrease. The GdSF melts incongruently.
The LnSF compounds are stable over time, have a stoichiometric
composition. The creation of materials of p- and n-type conductivity
based on GdSF, LnSF is topical.
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