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The isothermal section of the LaS;—Er,S;-Ga,S; system at 770 K was investigated by XRD. k&a, S; forms
a solid solution range extending to 50 mol.% “EsGa; ¢/S;", i.e. La;sErisGay 6757 is the boundary composition
of this solid solution. The unit cell parameters vigy linearly from a=1.0180(4m, c=0.6055(2hm for
LasGa; 6.5 to a=0.9820(5)nm, ¢ = 0.6228(3)nm for the sample of composition 2ol.% La,S; — 37mol.%
Er,S3 — 36mol.% Ga,S; (50mol.% “Er ;Ga;67S;"). The crystal structures of La;sYisGayerSy,
PrisTb; sGay 67S7, and Pr;sHo, Ga; 67S; were determined by powder XRD; they belong to thetructure type
CesAl 675;, space groupP6s. A continuous solid solution series (CSSS) with ih hexagonal structure was
observed in the quasi-ternary system Li5;—Th,S;-Ga,S; along the concentration line 36n0l.% Ga,S;. The
unit cell parameters vary from a =0.9670(3hm, ¢ =0.6083(2nm for Th;Ga;¢S; to a=1.0180(4)nm,

¢=0.6055(2nm for
La;sTbsGay 6757

LasGa;6S;, with the c-parameter

having a maximum at the composition
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Introduction

The La(Pr)S—Y(Tb, Ho, EnS;—GaS; systems are of
interest for researchers because their binary
components are widely used in various fields of
modern semiconductor technolo@j. According to
literature reportg2-8], the Ln,S;-Ga(ln}S; systems
feature the formation ofn;Ga(In) S; compounds
(Ln=La, Ce, Y, Th, Ho) that melt congruently and
crystallize in the Cgl,¢S; structure type (space
group P63) [2]. Among the best known rare-earth
chalcogenides, there is a large family of compounds
LnsBCX; (Ln=Y, rare earth, B=6-coordinated
elementC = 4-coordinated elemernX,= S, Se), which
also crystallize in the GAl; ¢S; structure type. They
are of great interest as potential IR non-lineaicap
(NLO) materials magnetic materials and ionic
conductors[9-13]. This family of compounds can
tolerate various combinations & and C. The most
common are: 1)B', CV [11]; 2) B", C" [14,15]
These two types of combination demand that
the sum of the valence d8 and C is equal 5.
Despite adopting the same crystal structure tyse, i
members show distinctively different NLO properties
This is quite unusual and the intrinsic reason
remains unknown. We have earlier investigated
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the crystal structure of the compound
LaysThy sGa67S;, space group P6;, CeAl;sS
structure type [16]. The number of known

isotypic compounds suggests the possible formation
solid solutions such aslLnl;,lLn2,GaS, where
Lnl =Lla, Pr;Ln2=Y, Th, Ho, Er, with different
extensions in the La(R8:—Y(Tb, Ho, EnNS—GaS;
systems, which crystallize in the 24, 6-S; structure
type and may have interesting optical properties.
Changing the composition allows varying the phylsica
properties over a wide range with the possibility t
satisfy the requirements of non-linear optics, axay
help understanding the differences in the NLO
properties.

Experimental

The samples for the investigation were synthesimed
step-wise heating the batches to 1420 K at theafate
10 K/h with 48-h stops at 400 K and 720 K. Afteh 2

at the maximum temperature they were cooled to
770 K at the rate of 20 K/h and annealed for 300 h.
Some samples were pressed into pellets and
additionally annealed for 500 h at 770 K for better
homogeneity.
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X-ray diffraction patterns of the samples were
recorded on a DRON 4-13 diffractometatu(K,-
radiation), scan step 0.05°, 2 s exposure time.Urtite
cell parameters were determined using the PDWin 2.0
and POWDER CELL 2.4 software packages. For the
determination and refinement of the crystal strregu
of the quaternary phases by the powder method,
diffraction patterns obtained on a DRON 4-13
diffractometer Cu K, -radiation) were used, scan step
0.02-0.05°, 15-30 s exposure at each point. Dufieg
refinement, the compositions of the statistical tomie
and defect positions were fixed in agreement with t
stoichiometry, in order to preserve the electric
neutrality of the compounds. The refinement inctude
the atom coordinates and isotropic displacement
parameters. The determination and refinement of the
structures by the powder method were performed
using the CSD software packadé].

Results and discussion
Isothermal section of the LaS;Er,S;—-Ga,S;

system at 770 K.The isothermal section of the quasi-
ternary system L&—EnS;—GaS; was constructed

from the results of XRD of 84 samplesSid. 1). The
existence of a new quaternary phase of the
composition LasEr sGa; 67S;, which crystallizes in
the hexagonal space grolbs, was found. Further
investigation showed that Lgr GaeS; s
isostructural to LgGa ¢7S;. The intermediate samples
between these compositions are single-ph&&),(
the unit cell parameters vary linearly from
a=1.0180(4) nm¢ = 0.6055(2) nm for Li5a, 6:S; to
a=0.9820(14) nm, ¢=0.6228(12) nm for the
composition 27 mol.% L& — 37 mol.% EBES; —

36 mol.% GaS; (Fig. 2. This indicates the
formation of a solid solution range of {Ga, ¢S;
extending to 50 mol% “BGaS;” i.e. the

existence of a phase 1#&ErGaeS;,, 0<x<1.5,
where the sample LgEr Ga ¢S; is the boundary
composition of the solid solution. Additionally,
the system at 770 K features single-phase regiéns o
the binary compounds && (Cc), LaS; (Pnma,
ErnS; (P2)/m), and the ternary compounds;Ga$
(Cm@,) and LaGa$ (P2/c). The phase
Las,EnGa ¢S, 0<x<1.5, forms equilibria with
GaS;, LaS;, ERLS;, EnGaS, and LaGag Two-phase
and single-phase fields border the regions of three
phase equilibria.

Ga,S;

Er,GaS,

Er,S;

[ ] one phase
I two phases

I three phases

La;Ga, S,

La,S;

Fig. 1 1sothermal section of the quasi-ternary systenBi-EnnLS:—GaS; at 770 K.
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of the compounds
La(Pr)15Tb(Y, Ho)1sGa; ¢;S; determined by X-ray
Samples of compositions
La(Pr) sTh(Y, Ho) sGa S; were synthesized

single-phase; the structure analysis showed thet th
are isostructural to LaTh, Ga ¢S; (P65) [3] and the
structure of this compound was chosen as starting
model for the refinement. The compositions of the
statistical mixturedM were fixed from the nominal
composition of the sample and were not refined. The
results of the refinements of the structures of the
compounds LgsY1:Gay 65, PrsTbisGaeS;, and
PrisHo, sGa 6.S; are presented inFigs. 3-5 and
Tables 1and 2. Calculated interatomic distances and
coordination numbers are givenTiable 3

Features of the crystal structures of the quaternay
compounds La(Pr) sY(Th, Ho, Er),:Ga; ¢7S; of the
quasi-ternary systems La(Pr}S;—Y(Tb, Ho, Er),S;—
Ga,S;. As expected, the structures of the studied
guaternary compounds LaY 1 Ga 675,
PrsThyisGa S, and  PrsHoisGaerS;  (powder
method), belong to the structure typesAle«S; [2],
space groupP6;, which hosts a large number of
compounds such as 4ln;¢S;, a=1.01963 nm,
c=0.62792 nm [4], La&aAlISiS;, a=1.0277 nm,

¢ =0.5793 nm[18], and LaCuSiS, a=1.0310 nm,
c=0.5794 nm[19]. The site of the cationB is
octahedrally coordinated, the catichis tetrahedrally
coordinated. In our case, Gal has tetrahedral
coordination (the 2 site is fully occupied), Ga2 has
octahedral coordination with a partial site occigrat
of 2/3 (Table 3. The structures of these compounds
may be presented as a series of face-sharing dctahe
Ga2$ and isolated tetrahedra GalSretched along
the c-axis (Figs. 6,J. The coordination polyhedron
LaS; is a single-capped trigonal prism. Similar

search for new quaternary compounds with otherrare polyhedra were observed in the structures of
earths. XRD data showed that these samples are CeAl;q/S;[2] and Lalng ¢S, [4].

40 50

L] 70 80 a0

Fig. 3 Experimental (dots), calculated (solid line) andfedential (bottom) diffraction patterns of
Lay 5Y15Gay 675
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Fig. 4 Experimental (dots), calculated (solid line) andfedential (bottom) diffraction patterns of
PrysThy sGay 6757
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Fig. 5 Experimental (dots), calculated (solid line) andfedential (bottom) diffraction patterns of
Pry sHO1 sGay 6757
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Fig. 6 Crystal structure of LaTh, {Ga :S; along the crystallographic directien

Table 1 Crystallographic characteristics of the structwkthe compounds La(RrY(Tb, Ho), sGa, 675

Sample composition
Space group

Unit cell, nm

V, nn?

LY 1 :Gay 6757
P6s

a =0.98276(2),

¢ =0.61658(2)

PrsThy sGay 675,
P63

a =0.97973(2),

¢ =0.61008(2)

Pr sHo, sGay 6757
P65

a =0.97373(3),
¢=0.61179(3)

0.51572(4) 0.50714(4) 0.50236(5)
Number of atoms per unit cell 23.34 23.34 23.34
Calculated density, g/chn 4.3953(3) 5.1769(5) 5.2858(5)
Absorption coefficient, 1/cm 752.26 1159.63 900.96
Radiation; wavelength, nm CwiK0.154178 Cu kk; 0.154178 Cu k; 1.54185
Diffractometer DRON 4-13 DRON 4-13 DRON 4-13
Computation mode full profile full profile full pfde
Number of free parameters 20 20 20
R; R, 0.0666; 0.2169 0.0907; 0.2460 0.1027; 0.2793
Scale factor 0.36414(4) 0.5375(4) 0.4741(3)
Texture axis and parameter [011]; 1.86(2) [113@202) [100]; 0.96(3)

Chem. Met. Alloy$S (2016)

109



I. Ivashchenkeet al, The quasi-ternary systemJdSg3-EnS;-GaS; and quaternary compounds ...

Table 2 Atomic coordinates of the structures of the commatsuLa(Pr)sY (Th, Ho), sGa ¢/S;.

Atom | Wyckoff site xla y/b zlc Occupation Bisox 107, nnt
LaysY15Ga 6757
M1 & 0.1597(2) 0.3779(1) | 0.0540(5) 0.50La + 0.50Y 252(
Gal > v, A 0.6221(6) 1 1.17(4)
Ga2 2 0 0 0.2657(13) 0.667 3.34(4)
s1 D v, %, 0.2755(13) 1 0.67(4)
s2 & 0.1066(6) 0.2446(5) |  0.4725(8) 1 0.85(4)
s3 & 0.4650(7) 0.9001(5) |  0.7669(8) 1 1.39(4)
PrysThy sGay 675,
M1 & 0.1535(2) 0.3788(2) | 0.0466(8) | 0.50Pr + 0.50Tb  0.54(3)
Gal > v, %, 0.6037(11) 1 0.83(7)
Ga2 2 0 0 0.2657(13) 0.667 3.49(7)
s1 D v, A 0.255(2) 1 0.37(7)
s2 & 0.1006(8) 0.2398(8) |  0.4990(14) 1 0.78(7)
s3 & 0.4798(11) | 0.9110(9) |  0.7714(13) 1 0.66(7)
Pry sHO, sGay 675,
M1 & 0.1562(2) 0.3797(2) | 0.0423(7) | 0.50Pr + 0.50H0  1.21(3)
Gal > v, %, 0.6174(9) 1 0.66(6)
Ga2 2 0 0 0.2657(13) 0.667 1.65(7)
s1 D v, %, 0.273(2) 1 0.92(7)
s2 & 0.1065(9) 0.2447(8) |  0.4646(12) 1 0.60(6)
s3 & 0.4751(11) | 0.9038(9) |  0.7653(12) 1 0.73(6)

Fig. 7 Polyhedral representation of the crystal
structure of LasTh; sGa 6:S;.
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Taking into account the formation in the quasi-
ternary system L&:-Th,S:-GaS; of the compounds
ThsGa S, and LaGa¢/S;, both having the same
hexagonal structure, space grabBfs; samples along
the concentration line 36 mol.% £53 were prepared.
They show the existence of a continuous solid sniut
series with the hexagonal structure, with the aalt
periods varying from @ =0.9670(3) nm,
¢ = 0.6083(2) nm for Tii5a; 6:S; to a = 1.0180(4) nm,
¢ = 0.6055(2) nm for Li5a 7S (Fig. 9).

A comparison of the extent of the solid solutions
along the concentration line 36 mol.% ;Sain the
La,S:-GaS:—ERLS; and LaS;—GaS;-Th,S; systems
(Figs. 2,§ is of interest. The solubility of
La;Ga 6/S; in the erbium-containing system is
limited. The terbium-containing system features a
continuous solid solution series (CSSS) between the
isostructural compounds t@a, ¢-S; and ThGa, 7S,
The unit cell parameter and the volume vary with a
minor deviation from linearity with composition,
whereas the c—parameter shows a maximum

at the composition LaTb GaesS; (Fig. 9.

oy$ (2016)
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Table 3 Interatomic distances and coordination
numbers of atoms in the structure of the compounds v, e v, o
La(Pr).sY(Tb,Ho): sGay 675;.
Atoms Distance, nm C.N. U=E2l, pUsEZL
La; sY1Ga 65y 0.5120+ F0.5120
M1 1S3 0.2804(6) 7
1S2 0.2816(6) 0.49204 -0.4920
1s1 0.2835(4) 7 7
1S2 0.2872(5) ¢, nm ¢, nm
182 0.2881(5) 0.62551 H0.6255
181 0.2943(6)
181 0.3107(6) 0.6055j'/v/a\a\\10,6055
Gal 1S3 0.2208(9) 4 anm T 2, nm
3S1 0.2271(5) ] [
Ga2 352 0.2416(7) 6 1.0070 1.0070
352 0.2734(8) | I
Br o, G oS, 0.9870 0.9870
M1 1S3 0.2769(9) 7 0.9670 10.9670
1S2 0.2802(9) -
1s1 0.2811(7) T0;Ga 787 1030 50 70 90 LayGay S,
1S2 0.2818(8) mol.% La;Ga, ¢;S;
1s1 0.2884(10)
182 0.2888(8) Fig. 8 Variation of the unit cell parameters of
181 0.3064(10) the samples of the FBa ¢S—LaGa S
Gal 1S3 0.2246(14) 4 system (36 mol.% G§&;).
3S1 0.2190(8)
Ga2 352 0.2335(10) 6
3S2 0.2854(9) References
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M1 1S3 0.2763(9) 7 [1] Z. Zheng, J.E. GreedarRare Earth Elements
1S2 0.2826(9) and Materials in: R.A. Meyers (Ed.),
1s1 0.2829(7) Encyclopedia of Physical Science and
1S2 0.2854(8) Technology Academic Press, New York, 2003,
1S1 0.2855(10) pp. 1-22.
1S2 0.2976(8) [2] D. de Saint-Giniez, P. Laruelle, J. Flahaut,
1S1 0.3003(10) C. R. Acad. SciSer.C 267 (1968) 1029-1032.
Gal 1S3 0.2185(14) 4 [3] J. Flahaut, M. Guittard, A.M Loireau-Lozac’h,
3S1 0.2328(8) Glass Technol24 (1983) 149-156.
Ga2 352 0.2482(10) 6 [4] L.D. Gulay, M. Daszkiewicz, in:
3S2 0.2563(9) K.A. Gschneidner Jr., J.-C.G. Bunzli

V.K. Pecharsky (Eds.}landbook on the Physics
and Chemistry of Rare Earth¥ol. 41, Elsevier
B.V., Amsterdam, 2011, Ch. 250, pp. 157-273.
AM. Loireau-Lozac’h, M. GuittardMater. Res.
Bull. 12 (1977) 881-886.

M. Patrie, M. GuittardC. R. Acad. SciSer. C
268 (1969) 1136-1138.

S. Jaulmes, P. Laruell&cta Crystallogr.B 29
(1973) 352-354.

A.B. Agaev, J.A. Akhmedova, P.G. Rustamov,
Zh. Neorg. Khim37 (1992) 461-464.

S.P. Guo, G.C. Guo, M.S. Wang, J.P. Zou,
G. Xu, G.J. Wang, X.F. Long, J.S. Huathprg.
Chem.48 (2009) 7059-7065.

[10] Y.F. Shi, Yu.K. Chen, M.Ch. Chen, L.M. Wu,

A similar phenomenon was also observed in the study
of the CyFeSng-CwZnSng system[20]. This was (5]
explained by the ordered location of the cationghwi

the formation of a superstructure, as in the cdsheo (6]
solid solution in the APS—CuPS; system[21]. No
superstructure reflections were observed in the [7]
diffraction patterns of the samples of theGa, ¢:S—
ThsGai S, system within the CSSS. The maximum  [8]
deviation from Vegard's rule falls on the compasiti

Lay <Th, Ga ¢:S;. This leads us to conclude that partial ~ [9]
ordering of the cations in the structure may exzist
this composition. Clearly, the difference in the
character of the interactions in the systemsSia

G&S; and EpS;—GaSs;, and the absence of a ternary
compound EGa ¢S;, limit the extent of the solid
solutions in this case.

Chem. Met. Alloy$S (2016)

H. Lin, L.J. Zhou, L. ChenChem. Mater.27
(2015) 1876-1902.

111



I. Ivashchenkeet al, The quasi-ternary systemJdSg3-EnS;-GaS; and quaternary compounds ...

[11] M. Daszkiewicz, L.D. Gulay, O.S. Lychmanyuk,
A. Pietraszko,J. Alloys Compd.467 (2009)

168-172.

[12] K.M. Poduska, F.J. DiSalvo, K. Min,
P.S. Halasyamanil. Alloys Compd335 (2002)
L5-L9.

[13] M. Daszkiewicz, L.D. GulayMater. Res. Bull.
47 (2012) 497-499.

[14] B.W. Rudyk, S.S. Stoyko, A.O. Oliynyk, A. Mar,
J. Solid State Cher210 (2014) 79-88.

[15] X. Zhang, W. Chen, D. Mei, Ch. Zheng, F. Liao,
Y. Li, J. Lin, F. HuangJ. Alloys Compd610
(2014) 671-675.

[16] ILA. Ivashchenko, 1.V. Danyluk, L.D. Gulay,
A.S. Eliseev, I.D. Olekseyuk, A. Pfitznegoll.

112

Abstr. Sci. Conf. “First Forum of the Science of
Materials”, Ulan-Ude, Russia, 2012, pp. 39-41.

[17] L.G. Akselrud, Yu.N. Grin, P.Yu. Zavalij,
V.K. Pecharsky, V.S. Fundamenskgoll. Abstr.
12" Eur. Crystallogr. Meet.,Moscow, 1989,
p. 155.

[18] Y.T. Yang, J.A. Ibers). Solid State Cheml55
(2000) 433-440.

[19] G. Collin, P. LaruelleBull. Soc. Fr. Mineral.
Cristallogr. 94 (1971) 175-176.

[20] P. Bonazzi, L. Bindi, G.P. Bernardini,
S. MenchettiCan. Mineral 41 (2003) 639-647.

[21] R. Blachnik, B. Gather, E. Andrad, Therm.
Anal. 37 (1991) 1289-1299.

Chem. Met. Alloy$S (2016)



