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The NdF3-Nd,S3 system attracts attention of researchers due to the possibility of using LnSF compounds (Ln =
rare earth element) as possible new p- and n-type materials. The samples of this system were synthesized from
NdF3 and NdjSs. The NdSF compound belongs to the PbFCI structural type, P4/nmm space group, unit cell
parameters: a = 3.9331(20) A, ¢ = 6.9081(38) A. The experimentally determined direct and indirect NdSF

bandgaps are equal to 2.68 eV and 2.24 eV. The electronic band structure was calculated via DFT simulation. The
NdSF compound melts congruently at T = 1385 + 10°C, AH,, = 40.5 &+ 10 kJ/mol, AS = 24.4 + 10 J/mol. The
NdSF microhardness is 455 + 10 HV. Five phase transformations in the NdF3-Nd,S3 system were recorded by
DSC; their balance equations were derived. The liquidus of the system calculated from the Redlich-Kister
equation is fully consistent with the DSC data.

1. Introduction

The LnSF and LnSeF compounds (Ln is a rare earth element) are
considered to be promising p- and n-type materials [1,2]. The LnSF
compounds (1LnFs: 1LnyS3) are easy to prepare; they do not form
noticeable regions of solid solutions with LnF3 and LnyS3 components
and are chemically inert and thermally stable up to the melting tem-
peratures [3].

The LnSF compounds are also promising optical materials [4-6].
Their optical band gaps are Eg = 2.77 eV for GdSF [3,4] and Eg = 2.81 eV
for LaSeF [5]. The LnSF compounds exhibit a wide range of colors and
have been patented as UV-resistant pigments [6-10].

The Meta-GGA band structure simulations predict a 1.481 eV direct
bandgap for GASF and agree well with experimental absorption features.
The experiments were complemented by crystal structure predictions for
LaSeF, which were performed by means of full geometry optimization
using empirical potentials and local ab initio energy minimizations. The
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calculation results agree with the observed structures and predict yet
unknown LaSeF polymorphs. The electronic properties were studied
experimentally and theoretically and demonstrated the possibility of
bandgap engineering for LaSeF compounds [3,5].

The NdSF compound belongs to the PbFCI tetragonal structural type,
P4/nmm space group, with the following unit cell parameters: a =
3.9278(1) A, ¢ = 6.9056(2) A [11], a = 3.9264 (3) A, ¢ = 6.9058(5) A
[12].

Neodymium trifluoride belongs to the LaF3 tysonite structural type,
hexagonal crystal system, P63/mcm space group, Z = 6, with the
following unit cell parameters: a = 7.025 &, ¢ = 7.199 A [13], a = 7.018
A, ¢ =7.183 A [14]. The congruent melting temperature is 1377°C, AH
= 53.7 kJ/mol [15].

The a-Nd»S3 low-temperature modification belongs to the a-LasSs3
structural type, orthorhombic crystal system, Pnma space group, with
the following unit cell parameters: a = 7.4397(5) 108, b = 4.0278(3) 10\, c
= 15.5196(1) A [16]. The a-Nd2S3—y-Nd2S3 transition temperature is
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Fig. 1. Schematic of VTA-T setup and molybdenum crucibles. The setup (A) consists of several main units: working chamber (1), transformer (2), RIF-101 tem-
perature controller (3), setup control and data acquisition unit (4) (I/0 system made of ADAM 4000 series modules), personal computer (5), optical microscope (6),
MC-HD-5 video camera (7), observation display (8), gas pump (9), gas hoses (10), inert gas balloon (11), coolant hoses (12). External view of molybdenum crucibles
(B); thermocouple (C) with the crucible placed (D); schematic representation of the relative position of the thermocouple, crucible and sample (E).

1183°C [15]. The y-Nd,S3 modification belongs to the Th3P4 structural
type, 143d space group, a = 8.525 A [16]. NdyS3 melts congruently at
1801°C, AH = 56.3 kJ/mol [17]. The particles of y-Nd5S3 and a-Nd,S3
samples demonstrate a qualitatively similar morphology. The samples
consist of spherical elongated particles forming intergrowths and ag-
glomerates [16,17].

For cerium subgroup lanthanides, the LnSF compounds melt
congruently. The NdSF compound is characterized by T, = 1381 + 7°C
and AH = 40.2 + 4.0 kJ/mol [4].

It is quite a reasonable approach to combine experimental studies of
phase diagrams with calculation methods, particularly liquidus line
simulations using the Redlich-Kister equation. The liquidus lines
calculated by this equation for various types of phase diagrams and
chemical systems agree with the experimental data [3,17,18].

In this work, the optical and thermal properties of NdSF were stud-
ied, the electronic structure of this compound was determined, and the
phase diagram of the NdF3-NdjS3 system was constructed.

2. Experimental methods

Synthesis of the samples. The following initial materials were used:
neodymium oxide (99.998 mol. % Nd203), ammonium thiocyanate
(98.9 mol. % NH4SCN, SUOYI, China), ammonium fluoride (98.9 mol.%
NH4F), gaseous argon (99.999 % Ar, Himreactiv, Russia).

The NdF3 and Nd,S3 samples were synthesized according to standard
procedures. Neodymium trifluoride was prepared hydrothermally by
autoclaving neodymium(IIl) nitrate in the presence of NH4F at
120-180°C [19-21]. The obtained neodymium trifluoride powder was
dried at 50 °C, and then the sample was annealed at 370 °C in the at-
mosphere of ammonium fluoride decomposition products to remove
adsorbed water molecules and OH groups. The resulting NdF3 com-
pound belongs to the LaFj structural type, P63/mcm space group, a =
7.008(9) f\, c = 7.178(6) A. Neodymium trifluoride was kept in a
desiccator at a residual air pressure of 1000-2000 Pa.

The Nd,Ss sample was synthesized by exposing Nd2Os3 to a flow of
H,S and CSy at 1050-1100°C [22]. HpS and CS, were prepared by
thermal decomposition of NH4CNS at 260-270°C [23]. The obtained
a-Nd»S3 modification belongs to the orthorhombic system, o-LasSs
structural type, Pnma space group, a = 7.440 A,b=4.028 A, c=15.519
A. The cubic y-Nd,S; modification prepared by annealing the a-Nd;Ss
modification in sulfur vapors at 1200-1300 °C belongs to the Th3P4
structural type, a = 8.529 A [17,24,25].

In the NdF3-Nd,Ss system, 22 samples of various chemical

compositions were synthesized. Weighed amounts of initial NdFs and
Nd,Ss substances were ground in an agate mortar and placed in a
graphite crucible inside in a quartz ampoule. The ampoule was evacu-
ated to 0.1 Pa and sealed. The sample was melted by heating the
graphite crucible in a high-frequency current setup. The moment of
melting was observed visually. The sample was kept in the melt for up to
2-3 min; then the sample was crystallized from the melt. The mel-
ting—crystallization cycles were repeated three to four times. The am-
poules with the samples were annealed in a muffle furnace at 900 + 5 °C
for up to 500 h.

Research methods. The powder XRD analysis was carried out on a
DRON-7 diffractometer (CuK, radiation; Ni-filter; 20 step: 0.02°%
counting time per point: 2 s). The unit cell parameters were determined
using the PDWin 4.0 package and the PDF-4 X-ray card file by means of
X-ray diffraction profiling. The unit cell parameters were determined
with an accuracy of +0.0001 nm [26-35]. Therefore, this structure was
utilized as the starting model for the Rietveld refinement, which was
performed using the TOPAS 4.2 program [36,37].

The differential scanning calorimetry (DSC) study was performed on
a SETARAM Setsys Evolution (TGA-DSC 1600) analyzer equipped with a
PtRh6%-PtRh30% thermocouple using the SETSOFT 2000 data pro-
cessing software. The 50 mg samples were kept in graphite crucibles.
The measurements were carried out in an argon flow supplied to the
upper part of the chamber at a rate of 20 mL/min. The samples were
heated at a rate of 10 K/min. The temperature and enthalpy of phase
transformations were determined with an accuracy of +1.8 K and +7%,
respectively [3,18,38,39].

The visual thermal analysis (VTA) was carried out on an original
VTA-T setup (Fig. 1 A).

For VTA, a 50 mg polycrystalline sample was placed in a 10 mm high
molybdenum crucible (5 mm in diameter) having two holes on its
opposite flat ends (Fig. 1 B). The crucible was placed on a WRe 5/20
thermocouple (Fig. 1 C), the lower hole downwards (Fig. 1 D, 1 E), on
the graphite heater axis. The sample was loaded through the upper hole.
The setup was evacuated and filled with argon to a pressure of 1.1 bar.
The heating rate varied from 20 to 500 °C/min. The state of the sample
was monitored and recorded using an MC-HD-5 video camera. The setup
was calibrated for the following melting points: Cu (1085 °C), Ni
(1455 °C), Pd (1555 °C), Pt (1738 °C), white sapphire (2050 °C). The
calibration was performed with a reliability level of 98%. The temper-
atures were determined with an accuracy of 0.5-1.0% of their value. The
eutectic melting temperature was determined by the appearance of a
distinct liquid phase in the sample. The melts of the samples were
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Fig. 2. Crystal structure of NdSF and the Rietveld difference plot for this compound.

transparent in the visible region: the bottom of the crucible was clearly
seen, and its reflection in the form of a round spot appeared on the
sample surface. The liquidus temperature was determined as the point
when the melt became transparent [40].

The chemical composition of the phases was determined using an
Oxford instruments X-Max energy-dispersive analyzer as part of the
Tescan Mira 3 LMU device [17]. For each sample, the element contents
were obtained at 6-9 points. The contents deviating more than by 7%
were considered to be misses and were not considered. The remaining
values were averaged and processed using Student’s t-distribution for a
coefficient of 0.97.

The microstructural analysis (MSA) of polished and etched thin
sections of the samples was conducted on an AxioVert A1 MAT metal-
lographic microscope using the AxioVision SE64 software [17,40].

The microhardness of polycrystalline samples was determined on a
HMV-G21DT tester at a load of 490.3 mN (50 g) using the implemented
device software.

The UV diffuse reflectance spectra of thin powder layers were
recorded in the range of 200-1400 nm using a Shimadzu UV-2600
spectrophotometer (Japan) equipped with an ISR-2600 Plus inte-
grating spherical attachment [41]. The spectra were recorded with
respect to the BaSO4 standard (supplied by Shimadzu with the spec-
trophotometer) and processed using the Kubelka-Munk function, which
was modified for the cases of direct and indirect interband transitions
[42,43]. 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 equal to 0.999 (e.g., like in the
work by Rampino [42]).

The Fourier-transform infrared spectroscopy (FTIR) analysis was
carried out on a FSM 1201 FTIR spectrometer. The sample was prepared
in the form of KBr pellets.

The Raman spectra were recorded on an i-Raman Plus spectrometer
using 785 nm laser excitation.

2.1. Calculation details

The density functional theory calculations were carried out using the
CASTEP (Cambridge Serial Total Energy Package) [44] code. The
meta-generalized gradient approximation with the on-site orbital
dependent Hubbard U energy term [45] and the RSCAN functional [46]
were used. For the Nd 4f orbital, the U value was taken equal to 6 eV.
On-the-fly generated ultrasoft pseudopotentials with a cutoff energy of
650 eV were used. The Brillouin zone was sampled by a5 x 5 x 3
Monkhorst-Pack k-mesh. The experimental geometry of the NASF
crystal was optimized using the meta-GGA method until a maximum
force of 0.01 eV/A and a maximum stress of 0.02 GPa. The total energy

Table 1

Crystal data and structure refinement for NdSF.
Compound NdSF
Space group P4/nmm
a(A) 3.9331(2)
cA) 6.9081(4)
V(A 106.862(12)
Z 2
26 range for data collection, ° 10-90
Rup% 6.02
Ry, % 4.1
Ve 1.56
Rp,% 2.33

minimization was performed according to the convergence criterion of
1x 1077 ev.

The presented form of equation (1) was used. The equations were
prepared for characteristic phase equilibria in the system. Data on the
melting enthalpies of pure solid components were taken from sources
[17,47] and experimental data. When solving the mathematical system
of equations, the numerical coefficients in the Redlich-Krister equation
were found. Knowing the numerical coefficients, the liquidus tempera-
ture was considered as a function of composition. This approach has
proved satisfactory in the study of state diagrams of various systems [3,
18,471.

AH(T, —T)
Tm
—8x; +1)]]

= —[RTInx, + (1 —x1)* [Lo + Ly (4, — 1) + Lo (12,7

(@)
3. Results and discussions

3.1. Crystal chemical parameters of NdSF. Phase equilibrium in the
NdF3-Nd3S3 system

The XRD pattern of the NdSF compound (CSD-2324320) was solved
in the tetragonal system, PbFCl structural type, P4/nmm space group, in

Table 2
Fractional atomic coordinates and isotropic displacement parameters (A%) for
NdSF.

Atom X y Z Biso Occ.
Nd 0.25 0.25 0.2296(2) 0.5(3) 1
S 0.25 0.25 0.6456(9) 2.0(3) 1
F 0.75 0.25 0 1.8(5) 1
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Table 3

Main bond lengths (A) in NdSF.
Nd—s' 2.9117(18) Nd—st 2.874(6)
Nd—F 2.526(1)

Symmetry codes: (i) -x, -y, -z+1; (ii) -x+1/2, -y+1/2, 2.

agreement with the data reported in Ref. [11]. The neodymium atom is
located in the center of a capped square antiprism and is surrounded by
five sulfur atoms and four fluorine atoms (Fig. 2, Tables 1 and 2).

The NdSF crystals and powder are yellow-greenish in color (Fig. 2).

The La®" site was occupied by the Nd®* ion (Fig. 2). The refinement
was stable, and the obtained R-factors were small (Table 1, Fig. 2). The
atomic coordinates and main bond lengths are listed in Tables 2 and 3,
respectively.

When the substances occur in the polycrystalline state for 0-50 mol.
% NdjS3 concentrations in the NdF3-Nd,S3 system, the NdF3 and NdSF
phases exist in equilibrium. For 50-100 mol.% Nd,S3 concentrations,
the NdSF and y-Nd,S3 phase states were registered upon annealing and
cooling the samples. As a result of annealing at 900 °C, the samples
adopted the NdSF + a-Nd,Ss phase composition. In the system based on
NdFs3, NdSF, and a-Nd,S3 compounds, no noticeable solid solutions were
formed. Within the measurement error, the unit cells parameters of each
phase in the two-phase samples coincided with those of the single-phase
samples of these compounds.

3.2. Simulation of NdSF geometry and electronic structure

Recently, ab initio simulation of LnSF crystals we performed in the
work by Prof. Demourges et al. [48], where a modified DFT method with
a modified Becke-Johnson exchange-correlation potential were used.
The simulated and experimental bandgap values were compared by
finding the energy difference between the conduction band bottom and
the valence band top. According to Prof. Demourgues, the conduction
band bottom in LnSF is formed by a single branch, characterized by
strong dispersion. In our later work [3] we used the meta-GGA RSCAN
functional for GASF and obtained a different result. We showed that in
the case of strong dispersion, a formally direct interband transition
contributes to the indirect bandgap. Two indirect bandgaps were
detected in GASF to be equal to 1.54 and 2.4 eV. In the present article, we
develop this approach, which was previously tested for GdSF, for the
case of NdSF. We will show that fitting the simulation to make the en-
ergy difference between the conduction band bottom and the valence
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band top coinciding with the experimental bandgap is not the best
strategy. A more attractive approach implies the fitting of the simulated
absorption curve to the experimental Kubelka-Munk Function.

At the first step of DFT calculations, the geometry was optimized
using the initial structural data from Tables 1 and 2 The obtained lattice
parameters a and ¢ are equal to 3.98 A and 7.00 A, respectively. The
discrepancy with experimental data was less than 1.2 % for a and less
than 1.4 % for c. The optimized z coordinates of Nd and S differ only in
the third decimal place, their values being equal to 0.22848 and
0.64863, respectively. Thus, the NdSF geometry calculated in the meta-
GGA RSCAN approximation agrees well with the experimental data.

Fig. 3 shows the calculated electronic structure. Fig. 3 a presents the
band structure with highlighted indirect electronic transitions, while
Fig. 3 b shows direct transitions. Since neodymium is a lanthanide
element, the spin up and spin down states are shown in black and red
colors, respectively. The path through high-symmetry points of the
Brillouin zone is the same as the one used in Ref. [3]. As can be seen in
Fig. 3 a, the following indirect electronic transitions can be distin-
guished for the spin up case (those for the spin down case are shown in
parentheses): ['-Z 1.64 (2.2), Z-I" 2.13 (2.78), and Z-I" 2.57 (2.98) eV.
According to Fig. 3 b, the following marked direct transitions can be
distinguished for the spin up case (those for the spin down case are
shown in parentheses): I'-I" 1.58 (2.134), Z-Z 2.19 (2.84), Z-Z 2.63
(3.051), and I'-T" 3.27 (3.76) eV. Fig. 3 contains also other indirect and
direct high-energy electronic transitions, but we do not consider them in
this work. The comparison of the band structure calculated by Prof.
Demourgues with that obtained in our study shows that the band shapes
are similar in both cases. The differences are as follows: 1) bandgap sizes
2) positions of excited states originating from unoccupied f orbitals of
individual Nd ions. The latter can hardly influence the bandgap due to
the weakness of the ff absorption. The former, as will be shown below,
can be useful for the correct bandgap determination. Finally, note that
the lowest subbands in the conduction band show strong dispersion, like
in the case of GdSF [3], possibly manifested as similar features of the
Kubelka-Munk function.

Fig. 4 images the total density of states (DOS) and partial densities of
states (PDOS). Unfortunately, we could find no XPS data for these
compounds and therefore could not compare the valence band positions,
as it was earlier done for GdSF in work [3] where a good agreement was
reported. According to Fig.4, the top of the NdSF valence band is formed
by S p-states, while the bottom of its conduction band is mainly formed
by Nd d-states.

= LTl N\ N . . . .o
Q\-2) .Y-_’Ag( K > { o )
AN AN = = 5
T N\ 7 AT
V= V/ 5 S
> —— spin up 2 57 NEREE: 2
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Fig. 3. Electronic band structure of NdSF calculated using the meta-GGA RSCAN method: indirect transitions (a), direct transitions (b).



V.M. Grigorchenko et al.

Total
w T T T T T
(]
® /
o {1\
> Nd -
G o Feem * S ——
c 3
S A
(=
S
s p d f
F
2 0 2 4 6
Energy, eV

Fig. 4. Total and partial densities of states in NdSF.

3.3. Diffuse reflectance spectra and optical bandgap of NdSF

Fig. 5 shows the Kubelka-Munk functions derived from the NdSF
diffuse reflectance spectra and modified for the goal of determining
direct and indirect optical bandgaps. The direct and indirect NdSF
bandgaps are equal to 2.68 eV and 2.24 eV, respectively. However,
before the beginning of the fundamental indirect bandgap absorption,
there is one more distinct linear part of the Kubelka-Munk function
corresponding to a smaller optical bandgap of 1.3 eV (Fig. 5, top). These
features are very close to the result that was recently reported for the
GdSF crystal [3]. In fact, the GdSF direct bandgap was found equal to
2.77 eV, and two indirect bandgaps were determined as 2.4 eV and 1.54
eV. The following highly interesting feature was revealed by comparing
the experimental data obtained for GASF with the corresponding DFT
data: the formally direct bandgap was predicted at 1.481 eV; however,
the calculations suggest that this interband transition is related (due to
high dispersion) to an indirect bandgap. The absorption spectrum cal-
culations showed that the real onset of direct bandgap in GdSF occurs
above 2.5 eV, in agreement with the experiment.

In view of interesting results obtained for the GdSF bandgaps, it is a
worthy task to compare the experimental and simulated spectra of other
LnSF crystals. NdSF can be used for such comparison, though it is a more
difficult object for computer simulations than GdSF. It is well-known
that the DFT approach suffers from errors due to the interaction be-
tween f electrons. For instance, the smallest errors will be obtained in
DFT calculations involving the Ce>* ion, which has only one f electron.
The errors will be minimal also in the case of Gd** ions possessing seven
outer-shell 4f electrons, corresponding to a half-filled f-shell. The Nd*
ion has three 4f electrons and is expected to be the most difficult object
for DFT calculations.

Fig. 5 (top) shows that the DFT calculations predict several spectral
features in the vicinity of the indirect bandgap. Between 1 eV and 2 eV,
the calculated curve contains a contribution of f-f transitions. The onset
of fundamental absorption above 2 eV, resulting in the experimental
indirect bandgap of 2.4 eV, is also predicted. In contrast to GdSF, no
small indirect bandgap Eg inq1 equal to 1.3 eV was found because of the
superposed f-f contribution. As can be seen from Fig. 5 (below), the onset
of fundamental absorption at the direct bandgap is less correct than in
the case of indirect bandgap in NdSF or in the case of GdSF.

3.4. Morphology of the compound particles. Microstructure of the samples
of the NdF3-Nd,S3 system

The particles of synthesized NdFs;, NdSF, and «-NdySs samples
exhibit different morphologies. The NdF3 powder (Fig. 6 A) consists of
oval 9-12 pm agglomerates formed by spherical 0.3-1 pm grains. The
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Fig. 5. Kubelka—Munk functions of NdSF for indirect (top) and direct (bottom)
bandgaps as compared with the DFT calculated absorption spectra.

NdSF particles (Fig. 6 B) have a layered structure. The planes and edges
of the crystals are clearly visible, some of them characterized by formed
cuttings. The 7-20 pm a-Nd,S3 particles (Fig. 6 C) have elongated cy-
lindrical shapes; the sintered particles form an openwork structure.

The chemical composition of the samples was determined by EDS.
For the NdF3 powder, the Nd and F contents in the sample were
confirmed only qualitatively, and their values are shown in parentheses
(Fig. 6 A). For the NdSF powder, the determined contents of chemical
elements generally coincide with those calculated from the chemical
formula (Fig. 6 B). For the Nd,S3 powder, only the Nd and S contents
were close to the calculated ones. The coincidence of calculated and
established contents of chemical elements in NdSF is due to the fact that
the studies were conducted with flat crystal faces. The particles of NdF3
and Nd,S3 powders have oval surfaces and therefore do not meet the
requirements set by the EDS method for the accurate elemental content
measurements.

The impurities are oxygen and aluminum. Oxygen is an impurity
element due to the contact with the atmosphere; aluminum is a
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Theory. Wt % Exp.Wt %

Nd (62,7+6,5) 68,9 Nd (81,9+1.1) 81,0 Nd (70,6+3.1) 72.4
F (37.2+3.2) 30,1 S (12,5%1,7) 12,7 S (29.4+4.6) 27.6
Impurities: 1.0 F (5,5+2.8) 5,6
Impurities: 0,7 7
D E "-' q F PG Nsz;
NEBEE 2
s
3 %
> _—?-‘f': Sici 'y
_ A5
PG NdF; Eutectic 0.72 NdF; + 0.28 NdSF PG NdASF | Eutectic 0.76 NdSF + 0.24 Nd,S;

93 mol. % NdF; — 7 mol. % Nd,S;

60 mol. % NdF; — 40 mol. % Nd,S;

32 mol. % NdF; — 68 mol.% Nd,S;

Fig. 6. SEM images of NdF3 (A), NdSF (B), and Nd,S3 (C) particles. The chemical composition according to the SEM data is presented under the images. Micro-
structures of the thin sections of melt-grown samples of the NdF3-Nd,S3 system (D, E, F). Phase compositions are indicated in the captions. The PG abbreviation

denotes primary grains.

Table 4
Microhardness of phases NdF3, NdSF, Nd,S3 in NdF3-Nd,S3 system samples.

Phase Microhardness, HV Microhardness NdF3, NdSF, Nd,Ss, in two-

phase samples, HV

NdF3 345 + 20 343 367 - - -
NdSF 455 + 10 - - 445 455 -
Nd,S3; 700 + 15 - - - - 711
Compositions of two-phase samples 7 12 40 50 75

in mol.% NdjSes

background element, since its peak occurs during the calibration.

The microstructure data obtained for the thin sections of samples of
the NdF3-Nd,Ss3 system completely coincide with the XRD data. The
sample containing 7 mol. % of Nd,Ss is formed by NdF3 primary grains
and by the 0.72 NdFs + 0.28 NdSF eutectic (Fig. 6 D). The oval shape of
NdF3 primary grains is similar to the shape of grains in the NdFj3 crystals
(Fig. 6 A). In the 40 mol.% Nd,Ss sample, rectangular NdSF primary
grains were formed (Fig. 6 E), their shape being similar to that of NdSF
particles (Fig. 6 B). A correlation was also observed between oval Nd,S3
particles and oval primary grains of Nd,Ss crystals in the 68 mol. %
Nd,S3 sample (Fig. 6 F). Both eutectics in Fig. 6 D, E, F are formed by
elongated grains of equilibrium phases. In Fig. 6 F, the axial and
transverse sections of eutectic grains can be clearly seen.

Within the measurement uncertainty, the same phase in various
samples with different phase compositions exhibits similar microhard-
ness (Table 4). The microhardness of the phases naturally increases in
the NdF3 — NdSF — Nd»Ss series.

3.5. NdSF thermal characteristics. Phase transformations in the
NdF3-Nd3S3 system

Five phase transformations were detected by DSC in the NdF3-NdS3
system. According to the DSC data, the melting enthalpies and melting
points of NdF3 almost coincide with the calorimetric data [15] (Fig. 7 A,
Table 5 No. 1).

The melting peak of the 0.72NdF3-0.28NdSF eutectic on the state
diagram has a distinct linear region, fully corresponding to the invariant
eutectic equilibrium of the system. The DSC curve of the 25 mol. %
Nd,S3 sample also shows peaks corresponding to complete melting and
crystallization points, determining positions of the liquidus line (Fig. 7
B, C, Table 5 No. 2). The NdSF compound melts congruently. The DSC
curve has a peak corresponding to the endothermic effect of melting of
the NdSF sample (Fig. 7D-Table 5 No. 3).

Thermal stability of the NdSF compound is evidenced by the absence
of noticeable mass losses on the TG curve.

The temperature of the 0.76 NdSF +0.24 Nd,S3 eutectic is only 10 °C
lower than the melting point of NdSF (Fig. 7F-Table 5, No. 4). The flat
shape of the peak corresponding to the NdSF melting indicates that the
compound dissociates significantly in the melt [4]. The melting en-
thalpies of each eutectic as a whole is equal to the sum of melting en-
thalpies of their components calculated from the eutectic composition.
The characteristics of the a-NdyS3—y-NdsS3 polymorphic transition
coincide with the literature data (Table 5, No. 5).

3.6. Phase diagram of the NdF3-Nd;S3 system

The phase diagram of the NdF3-Nd,Ss system was constructed. A
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Fig. 7. DSC curves of the samples of the NdF3-Nd,S3 system. Compositions of the samples in mol. % Nd,S3 are indicated.

Table 5
Temperatures, enthalpies, and entropies of phase transformations in the NdF3—-Nd,S3 system.
No Phase transformation Coordinates Equation of the phase transformation AH, AH, KJ/mol. AS
1
Composition T, °C /8 J/mo
1 Congruent melting NdF3 1384 + 2 NdFs4iiquia 266.9 + 10 53.7 £ 10 324 +£10
271.8 £ 10 [1]
2 Melting eutectic 14 mol.% Nd»S3 1285 + 2 0.72 NdF; + 0.28 NdSF & liquid 230.7 £5 124 +5 80+5
3 Congruent melting NdSF 1385+ 2 NdSF s liquid 207.2 + 10 40.5 + 10 244+ 10
206.0 [2]
4 Melting eutectic 62 mol.% NdjS3 1375+ 2 0.76 NdSF + 0.24 Nd,S3 & liquid 209.6 50.0 30.3
5 Polymorphic transition Nd,S3 1179 £5 a-Nd2S3—7-Nd,S3 18.0 £3 69+3 48 £3
1183 + 2 [1] 19.6 + 2 [1]

congruently melting NdSF compound is formed in the system. The NdSF
compound divides the system into two eutectic-type subsystems:
NdF5-NdSF and NdSF-Nd,Ss.

The liquidus of the system consists of four branches. The liquidus line
of the system was calculated from the Redlich-Kister equation by
writing down the equilibrium equations at the following phase equi-
libria: NdF3 polycrystalline phase — eutectic melt (1); eutectic melt —
NdSF polycrystalline phase (2); NdSF polycrystalline phase — melt (3);
NdSF polycrystalline phase — eutectic melt (4); eutectic melt — NdsS3
polycrystalline phase (5). For each of the five phase equilibria, we wrote
the Redlich—Kister equation with substituted NdFs, NdSF, Nd,S3 melting
temperatures and enthalpies. A system of five mathematical equations
was obtained by solving which obtained the following values of nu-
merical coefficients: Ly = —27730, L, = 5836, L, = —16880 [18]. The
temperature of the liquidus line was calculated from these coefficients as
a function of composition (Fig. 8). The DSC data for the liquidus tem-
peratures agree with the position of the calculated liquidus line with a
correlation coefficient of 0.99.

Since the constructed phase diagram of the NdF3-Nd,S; system
noncontradictory incorporates the results obtained by independent

methods, it can be considered a reliable one.
4. Conclusion

The obtained single-phase NASF sample is characterized by the
tetragonal crystal system, PbFCI structural type, P4/nmm space group.
The resulting lattice parameters a and ¢ are 3.9331(20) A and 6.9081
(38) A. The optimized z coordinates of Nd and S differ only in the third
decimal place and are equal to 0.22848 and 0.64863, respectively. The
experimental values of direct and indirect NdSF band gaps are 2.68 eV
and 2.24 eV. The additional indirect band gap has a width of 1.3 eV.

The particles of the synthesized samples have the following
morphology: agglomerate-forming spherical grains (NdFs3); layered
structure, faceted crystals (NdSF); cylindrical ovals forming an open-
work structure (a-Nd,S3). The shape of the particles correlate with that
of the melt-grown crystals of the phases. The microhardness of the
phases was determined. Each phase has the same microhardness in all
samples with different phase compositions.

Five phase transformations were detected by DSC in the NdF3-Nd3S3
system. The NdSF compound melts congruently. The compositions,
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melting temperatures, and melting enthalpies of two eutectics were
determined. The phase diagram of the NdF3-Nd,S3 system was con-
structed. No noticeable solid solutions based on all NdF3, NdSF, Nd,S3
compounds were formed in the system. The phase compositions of the
samples were established for all phase-equilibrium fields. The liquidus
of the system calculated from the Redlich-Kister equation is fully
consistent with the DSC data.

The established physicochemical characteristics of NdSF and the
NdF5-Nd,Ss3 system can be used to study the NdSF:Eu?*, NdSF:Yb®", and
NdSF:P doping.

Our simulation experience also suggests that the option of absorption
spectrum calculation, as implemented in the CASTEP package, is very
useful. Some limitation of the CASTEP package is that no agreement
could be obtained between simulated and experimental absorption
values within a broad energy range (down to 25 eV or more). Combining
the CASTEP advantages with those of modern simulation methods
would be desirable for a more profound investigation of the solid-state
absorption spectra formation.
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