Chemistry of Chem. Met. Alloy$ (2016) 113-118

Ivan Franko National University of Lviv

Metals and Allovs www.chemetal-journal.org

Phase equilibria in the NX—-La,Xs—Ga(ln),X3 (X = S, Se) systems
and crystal structure of the LagNiGaS; compound

Nazar BLASHKG*, lvan OLEKSEYUK, Anatoliy FEDORCHUK, Oleg MARCHUK!

! Department of Inorganic and Physical Chemistry,ylzeslkrainka Eastern European National University,
Voli Ave. 13, 43025 Lutsk, Ukraine

2 Department of Inorganic and Organic Chemistry, LMational University of Veterinary Medicine and
Biotechnologies, Pekarska St. 50, 79010 Lviv, Wiea

* Corresponding authotTel.: +380-95-1530833; e-mail: blashko.nazar@yandex.u

Received September 23, 2016; accepted Decemhbh@028; available on-line April 1, 2018

The isothermal sections of the quasi-ternary Nd—La,Xs—Ga(In),X; (X =S, Se) systems at 770 K were
constructed using X-ray diffraction. The crystal stucture of the quaternary compound LaNiGa$S; (structure
type LasMnGaS;, Pearson symbolhP24, space groupP6; a= 1.01605(4),c = 0.60397(3) nm,R, = 0.0856,
R, = 0.1897) was determined by X-ray powder diffractin.

Rare-earth elements / X-ray powder diffraction / Ciystal structure

Introduction burner. The samples were synthesized by: 1) heating
the mixture to 870 K at the rate of 30 K/h; 2) esp@

Chalcogenide systems have been intensively studied for 100 h; 3) heating to 1370 K at the rate of 1B;K

in recent years to find new materials for infrasd 4) exposure for 2 h; 5) cooling to 770 K at theeraf

non-linear optics. The study of phase equilibrigl an 12 K/h; 6) homogenizing annealing for 500 h. After

crystal structures of compounds in the quasi-tgrnar having reached the equilibrium state, the sampbre w

systems NX—LaXs—Ga(lnpXs; (X=S, Se) will guenched into room-temperature water.

provide clarification of the nature of the chemical X-ray diffraction patterns for phase analysis were
interaction of the components in systems of a simil  recorded on a DRON 4-13 diffractometer in th@ 2
type and the conditions of formation and existeote range 10-80 (CuKa radiation, scan step 0.954 s
new phases that will constitute valuable informafio exposure at each point). Data processing and the
the search for new promising materials. determination of the crystal structure utilized the

Here we present the results of an investigation of WIinCSD software packad8&?2].
the phase equilibria in the quasi-ternary systems
NiX—LapXs—Ga(InpX; (X =S, Se) at 770 K.
The components of the investigated systems are Result and discussion
binary semiconductor compounds, the crystal
structures of which have been studied in detail and The existence of ten ternary compounds was
reported in the literaturé @ble ). confirmed in the boundary binary systems of the
Literature sources also report information on the investigated quasi-ternary systems at the annealing
formation of compounds in the boundary binary temperature. These are ,\&S; (space group
systemsTable 3. [4/mmn), La;Ga, 67S; (P6s), LaGaS (Pna2;), NiGaS,
(P-3ml), LaGaeSe (P6s), LainSs (P212:2),
Lagini ¢S, (P63), LaulngeSiz (Pbam), LagingeSe
Experimental (P65), and Laln, ¢Ses (Pbanj.
We have determined the existence of a new
The samples were synthesized from elements of at quaternary compound, kdiGas;, in the quasi-ternary
least 99.99 wt.% purity inquartz containers in an system NiS-Lg5:-GaS; (LasMnGa$S structure type
MP-30 programmable electric muffle furnace. The [33]). This compound crystallizes with hexagonal
containers were evacuated to a residual pressure of symmetry (space groug6;) and the unit cell
102Pa and sealed in the flame of an oxygen-gas parameters = 1.01605(4) nm and = 0.60397(3) nm.
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Table 1 Crystallographic data for the binary compounds.

Compound Structure type  Space group Cell parameters (nm) Ref.
a b c
La,S; La,S; Pnma 0.766 0.422 1.588 [1]
La,S; - Fd-3m 2.046 - - 2]
LayS; ThP, 1-43d 0.8723 - - [3]
La,Se TheP, 1-43d 0.90521 - - [4]
NiS NiS R3m 0.96071 - 0.31434 [5]
NiS NiAs P6y/mmc 0.34395 - 0.53514 [6]
NiSe NiAs P6s/mmc 0.3661 - 0.5356 [7]
GaS; GaS; Bb 1.1094 0.9578 0.6395 [8]
y=141.15°
GaS; GaS; P6, 0.6385 - 1.8040 [9]
GaS; GaS Ce 1.1107 0.6395 0.7021 [10]
B=121.17°
GaSe GaS; Ce 0.666 1.165 0.666 [11]
£=108.12°
GaSe GaSe F-43m 0.5463 - - [12]
In,S; In,S; 14,/amd 0.7623 - 3.236 [13]
In,S; MgAl,O, Fd-3m 1.0728 - - [14]
In,S; IN,S; P-3m1 0.3806 - 0.9044 [15]
In,Se In,Se R-3m 0.4025 - 2.8762 [16]
In,Se AlLS; P6, 0.71286 - 1.9381 [17]
In,Se AlLS; P65 0.711 - 1.93 [18]
In,Sey AlLS; P63 1.600 - 1.924 [19]

The results presented here are part of a systemati
investigation of the quasi-ternary systems
AX-R:Xs;—Ga(InyX; (where A = d-element,R = rare-
earth elementX = S, Se)34-36]. The corresponding
quasi-binary boundary systems exhibit a decreasing
number of ternary compounds within the->Se
series. On the contrary the number of ternary
compounds increases within the -Ghbn series.
Among the studied systems, a quaternary compound
only exists in the NiS—-L:&:—Ga&S; system.

The indium-containing quasi-binary systems
NiS(Se)-InS(Se} feature large solid solution ranges
of In,S(Se). The maximum solubility of NiS in the
NiS—In,S; system is 30 mol.% and the solid solubility
in the selenium-containing system is 25 mol.% NiSe.

Isothermal sections of the investigated systems
were constructed from the results of the phase
analysis Figs. 1-9.

The analysis of thbkl indices and the intensity of
the reflections indicate that the structure of the
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LagNiGaS, compound is likely to belong to the
LasMnGa$ structure typd33]. Experimental details
and crystallographic data of IdiGaS; are presented
in Table 3 Refinement of the atom coordinates and
isotropic displacement parameterBalfle 4 in this
model yielded satisfactory values of the reliapilit
factors. Experimental, calculated and differential
diffraction patterns of the LAiGaS, compound are
presented iifrig. 5.

The interatomic distances agree well with the sum
of the ionic radii Fig. 6). A projection of the unit cell
and the coordination polyhedra of the La, Ni, Gh, S
S2, and S3 atoms in the {NiGa$S, structure are
shown inFigs. 7,8 The surrounding of the La atoms
are trigonal prisms with one additional atom, fodme
by 7 S atoms. The Ni atoms are located at the cente
of octahedra, and the Ga atoms inside tetrahedra of
sulfur atoms. The S1 and S3 atoms also have
tetrahedral surrounding, whereas the S2 atoms are
surrounded by 5 neighbors.
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Table 2 Crystallographic data for the ternary compounds.

Cell parameters (nm)

Compound St:;g;ure S&icpe N o - Ref.
LayNiS, LayNiS; 14/mmm 0.40801 — 1.6334 [20]
LayNiS, LasCuSiS P6; 1.0264 - 0.5744 [21]
NiGaS, FeGaS, P-3ml 0.36249 - 1.19956 [22]
LaGa$S LaGaS P2./c 1.517 1.056 1.282 [23]

B=137.70°
LaGa$S AQsSISs Pna2, 1.04045 2.19835 0.60565 [24]
LasGay 6757 LasCuSiS P63 1.015 - 0.608 [25]
La;sGa 656 | LasCuSiS P65 1.067 - 0.610 [26]
LasinSg LasIinSs P2,2:2¢ 1.6912 1.3946 0.4079 [27]
Lagln, ¢S LasCuSiS P6; 1.01963 - 0.62792 [28]
Lasling 67513 NdyInsS;3 Pbam 2.1280 1.1795 0.40380 [29]
Lagln, ¢:S€ CeAl, ¢S P6; 1.050 - 0.650 [30]
Lasing s7Seas NdsInsS;3 Pbam 1.2442 2.2146 0.41969 [31]

Fig. 1
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Isothermal section of the NiS-LaS;-GaS; system at 770 K:1 — LgS;; 2 — NiS; 3 — Ggf;; 4 — LaNiS;;
5 — NiGaS,;, 6 — LaGa§ 7 — LaGa ¢S, 8 — LaS; + LayNiSy; 9 — NiS + LaNiS;; 10 — NiS + NiGaSy;
11 - GaS; + NiGaS;, 12 — GaS; + LaGag, 13 — LaGa$ + LaGaeS;; 14 — LaS; + LaGasSy;
15 — LaS; + LaNiGaS; 16 — LaNiS; + LaNiGas;; 17 — LaGa ¢S; + LaNiGaS;; 18 — LaGag + LaNiGas;
19 — NiS + LaNiGaS; 20 — NiGaS, + LaNiGas;; 21 — NiGaS, + LaGaS; 22 — LaS; + LayNiS; + LaNiGas;
23 — LaS; + LasGa 675, + LaNiGaS;; 24 — LaGag+ LasGa, ¢7S; + LagNiGaS;; 25 — NiS + LaNiS; + LaNiGas;

26 — LaGa$+ NiGaS, + LagNiGaS; 27 — NiS + NiGaS, + LaNiGaS; 28 — GaS; + NiGaS, + LaGas.

Isothermal section of the NiSe-LsEe-Ga,Se; system at 770K: 1 — LaSe; 2 — NiSe; 3 - GiSe;
4 — LaGa sS€; 5 — NiSe + LgSe; 6 — NiSe + Ggbey, 7 — GaSe; + LaGa 656, 8 — LaSe + LaGay 656,
9 — NiSe + LaGa 6:S€e; 10 — NiSe + LS + LagGa, 6:5€; 11 — NiSe + GiSg; + LagGa, g:Se.
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Isothermal section of the NiS—-LaS;—In,S; system at 770 K:1 — LaS;; 2 — LaNiS;; 3 — NiS; 4 — NilpS;;
5 - InS;; 6 — LalngegSis; 7 — LalnieS;, 8 — LalnS, 9 — LaS; + LaNiS;; 10 — NiS + LaNiSy;
11 — NiS + NilpS;; 12 — NilnS; + In,S;;, 13 — InS; + LadnagSiz 14 — Laln ¢S, + Ladnse/Sis;
15 — LalnSs + Laglni6S;; 16 — LaS; + LaInSg; 17 — LaNiS; + LagInSg, 18 — LaNiS; + Lalng ¢S
19 — NiS + Lalny6S7; 20 — NiS + LalnggSi3 21 — NilnS, + Laylng 6513, 22 — LaS; + LayNiS; + LagInS;
23 — La1N|87 + LaInSs + Laglng 6757, 24 — NiS + LaN|S7 + Lalng 6757, 25 — NiS + Laln, §:S; + Laylng 67S:3;
26 — NiS + NllQS4 + Laylng 67513, 27 — IS; + Laulng 67513 + Ni|n254.

Isothermal section of the NiSe-LgSe—In,Se system at 770K:1 — LaSe; 2 — NiSe; 3 — ISe;
4 — LalngeSas 5 — LalnieSe; 6 — LagSe + NiSe; 7 — NiSe + bibe; 8 — InSe + LalnssSeas
9 — Laln6Se + Lalns¢Sas 10 — LaSe + Laginy 656, 11 — NiSe + Lgn; 6:5€; 12 — NiSe + LangsSeas,
13 — NiSe + LgSe; + Laglny 65€; 14 — NiSe + Lgln; 6756 + Laylng 5@ 3 15 — NiSe + 1556 + Laying 6:S@s.

Table 3 Experimental detailand crystallographic data of MiGas,.

Compound LagNiGaS
Structure type LagMnGaS
Pearson symbol hP24
Space group P63
a (nm) 1.01605(4)
¢ (nm) 0.60397(3)
Cell volume (nm) 0.53998(6)
Calculated density (gi?) 4.7328(6)
Radiation and wavelength (nm) Ba 0.154185
Diffractometer DRON 4-13
Mode of refinement Full profile
Program WinCSD
Number of free parameters 19
26(°) and si#A max. (1/nm) 100.02 4.97
Reliability factors R 0.0856

Ry 0.1897
Scale factor 0.21900(12)
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Table 4 Atomic coordinates, equivalent displacement patarseand site occupancies for;N&#Gas,.

Atom | Wyckoff position x/a y/b zlc Occ. BisoX10? (NnT)
La 6 0.3737(2) | 0.1430(2) | 0.2308(6) 1 0.95(5)
Ni 2a 0 0 -0.007(2) 1 0.3(2)
Ga 7 v, % 0.1533(7) 1 0.73(14)
s1 & 0.1012(6) | 0.5164(8) | 0.0023(9) 1 0.6(3)
S2 & 0.1438(7) 0.2327(6) |  0.2675(14 1 1.5(3)
s3 7. v, % 0.513(2) 1 1.0(3)

Intensity (arb. units)

B )
Viearn) VB A nshN s P i

N A A T T W W B T T IR
1 AN " N A\ i, "
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20 30 40 50 60 70 80 920
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Fig. 5 Experimental and theoretical diffraction patteofis.a;NiGasS; and their difference.

Fig. 8 Packing of polyhedra in the structure of the
LasNiGaS, compound.

Fig. 7 Unit cell and coordination polyhedra of the
atoms in the LéNiGa$ structure.
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Conclusions

[19] S.A. Semiletov, Kristallografia 6(6) (1961)
200-203.

Isothermal sections of the phase diagrams of the [20] G. Collin, J. FlahautJ. Solid State Chemd

NiX—LaXs;—Ga(lnpX; (X=S, Se) systems were
investigated. The existence of compounds reported i
the literature was confirmed. The crystal structafe
the new quaternary compound NiGaS, was
determined.
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