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Establishing relationships between the distribution of atoms in a crystalline unit cell and the properties of
phases is an important issue directly related to the application of functional materials. In this work, we present an
analysis of the crystalline structure, chemical bonds, and prediction of material properties using the example of
tetragonal phases Las-4xRaxGesS12 (R - Er, Ho, Y, Dy, Th), which crystallize in space group R3c. The presence of
rare earth elements with high coordination in the first coordination sphere is a significant contribution to changing
properties, particularly thermoelectric properties. This creates the possibility of increasing the entropy factor and,
as a result, improving the thermoelectric characteristics. The parameters of the elementary cell of the initial ternary
phase LasGesSi» decrease at a ratio of 1La:lR (R - Tb, Dy, Ho, Er) in the site 6a and 18b. In the
Er-containing phase, the lowest distortion index for the [M1 8S] polyhedron, while in the [M1 9S] polyhedron it
significantly increases. Additionally, the formation of "columns" from polyhedra [Ge2 6S] creates the possibility
of directional excitation in one direction, which can also have a significant impact on material properties. Overall,
the obtained non-symmetric materials may be promising for nonlinear optics.
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Introduction

The crystal structure and properties of materials play
a crucial role in determining their potential applications in
various fields. In the study of quaternary sulfides, the
effect of substitution rare earth metal on the crystal
structure and properties [1] of R3c quaternary
Las-2xRaxGesSi2 (R — Er, Ho, Y, Dy, Th) sulfides has
garnered significant attention. Substitution, the process of
replacing one element with another in a crystal lattice, can
lead to changes in the structural arrangement of atoms and,
consequently, influence the physical and chemical
properties of the material [2]. Substitution of rare earth
elements can lead to changes in the crystal structure of R3c
quaternary LasaxR4xGesSi2 (R — Er, Ho, Y, Dy, Th)
sulfides as it is in the work [3]. The size, charge, and
chemical properties of the substituted rare earth element
can influence the arrangement of atoms in the crystal
lattice, leading to structural distortions, changes in bond
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lengths, and alterations in symmetry [4].

Substitution of rare earth elements may introduce
defects in the crystal structure of R3c quaternary
Las-axRaxGesS12 (R — Er, Ho, Y, Dy, Th) sulfides. These
defects can affect the electronic and ionic conductivity,
thermal stability, and mechanical properties of the
material [5]. The magnetic, optical, electrical, and thermal
properties of the material can be modified by varying the
rare earth element composition [6]. This tuning can be
exploited for applications in magneto-optical devices,
sensors, catalysis, and energy storage. By selecting
appropriate rare earth elements with specific properties,
such as high magnetic moment or chemical stability, the
material's overall performance can be improved for
targeted applications.

This article explores the impact of substitution on the
crystal structure and properties of R3c quaternary
Las-axRaxGesS12 (R — Er, Ho, Y, Dy, Th) sulfides, shedding
light on how these modifications can be harnessed to tailor
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the characteristics of these materials for
applications.

specific

I. Experimental details

In the present work, we obtained the samples for
investigation from high-purity elements. The total mass of
a sample was 1 g. Co-melting of the elements was held in
evacuated ampoules (residual pressure 1072 Pa) in an MP-
30 programmable electric muffle furnace in two stages.
The first stage was heating to 1423 K (heating rate
12 K/h); exposure to 1423 K for 4 h; cooling to room
temperature (cooling rate 12 K/h). At the second stage to
obtain homogeneous samples, pre-synthesized ingots
were ground into powder and pressed into tablets. These
were again placed in evacuated containers, reheated to
773 K at the rate of 12 K/h, annealed at this temperature
for 500 h, and quenched into room-temperature water
(without depressurizing the containers).

Phase identification was performed with a
DRON-4-13 X-ray diffractometer using CuKa-radiation
(A20 = 0.02° 2O range 10 - 100°) with Bragg-Brentano
geometry. Rietveld refinement of the crystal structure was
performed in the WinCSD program package [7].
Visualization of the crystal structure utilized VESTA
program [8].

I1. Results and discussion

2.1. Crystal structure of Las4xRaxGesSi2 (R — Er,
Ho, Y, Dy, Th).

According to our investigation [9-11] the
Las-axRaxGesS12 (x =0+ 0.75) (Fig. 1) solid solutions
based on LasGesSi, ternary phase (ST own; Symbol
Pearson hR 38.161; SG R3c) exist in the quasi-ternary
La;S3 — R2S; — GeS; (R — Er, Ho, Y, Dy, Th) system. The
range of the solid solutions is following:

% of “ErsGesS12”;
% of “HO4G63812”;
% of “Y4GesS12”;

% of “Dy4Ge3812”;
% of “ThsGesS:1,”.

The change of the lattice parameter in the structure is
presented in Table 1. It is worth noticing that the
parameter of the Las.axDyxGesSiz (x =0+ 0.70) solid
solution has the widest A (a, c and V) (Fig. 1): a decreases
from 1.9400 nm to 1.9137 nm, ¢ - from 0.8100 nm to
0.7829 nm, volume of the lattice cell decreases from
2.6400 nm?® to 2.4847 nmd,

The crystal structure of the separate compositions
(Laz16Er184GesSi2, LazosH01,75Ge3S12, LazeaDy136GesSiz
and Laz2Thi0sGesSi12) of RaxLasaxGesSi2 solid solutions
is investigated by X-ray single crystal diffraction and

Las-axErsxGesSio is up to 62 mol.
Las-axH04xGesS12 — up to 60 mol.

Las-axY 4xGesSi12 — up to 75 mol.
Las-axDyaxGesSi2 — up to 70 mol.
Las-4x ThaxGesS12 —up to 72 mol.
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Fig. 1. The change of the lattice parameter in the structure of the Las-4xRaxGesS12 (R — Er, Ho, Y, Dy, Th)
solid solutions.

Table 1.
The change of the lattice parameter in the structure of the Las.4xR4xGesS12 (R — Er, Ho, Y, Dy, Tb) solid solutions
Composition a, nm Aa, nm ¢, nm Ac, nm V, nm® AV, nm?3
LasGesS12 1.9400 - 0.8100 - 2.6400 -
Lag-axErsxGesSiz (x = 0.62) 1.9203 0.0197 0.7858 0.0242 2.5117 0.1283
Las-4xH04xGesS12 (x = 0.60) 1.9149 0.0251 0.7900 0.0200 2.5366 0.1034
Las.axY 2xGesSio (x = 0.75) 1.9152 0.0248 0.7834 0.0266 2.4886 0.1514
Las4xDyaxGesSi2 (x = 0.70) 1.9137 0.0263 0.7829 0.0271 2.4847 0.1553
Las-axThxGesSi, (x =0.72) 1.9157 0.0243 0.7878 0.0222 2.5035 0.1365
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some of the composition are studied by X-ray powder
method.

Details of the experiment, atomic displacement
parameters refined in the anisotropic approximation
(Laz16Er184Ge3S12, LazosHO175Ge3sS12, LazgaDy136GesSio
i Laz02Th108GesS12) and interatomic distances are given in
the Table 2-7.

Laz,16Er1,84GesSi2 (Table 3). The distance between
M1 {0.20 La + 0.80 Er} and Sulfur atoms in the [M1 6S]
trigonal prism are within 3(M1-S)min = 0.27904(19) nm to
8(M1-S)max = 0.2806(2) nm. The distance between
M2 {0.65 La + 0.35 Er} and Sulfur atoms in the [M2 7S]
trigonal prism with additional atom is within
3(M2-S)min = 0.28491(18) nm to
3(M2-S)max = 0.30007(19) nm. The distance of Ge-S in
the [GedS] is  6(Ge-S)min =0.2195(2) nm  to
3(Ge-S)max = 0.22466(19) nm.

Lao,2sHo1,75GesS12 (Table 4). The distance between
M1 {0.22 La + 0.78 Ho} and Sulfur atoms in the [M1 6S]
trigonal prism is  8(M1-S)min = 0.28080(15) nm to
8(M1-S)max = 0.28200(16) nm. The distance
M2 {0.68 La + 0.32 Ho} —S inthe [M2 7S] trigonal prism

with additional atom is within

8(M2-S)min = 0.28512(15) nm to

8(M2-S)max = 0.30176(15) nm. The distance of Ge-S in the
[Ge 4S] is 6(Ge-S)min = 0.21958(16) nm to

8(Ge-S)max = 0.22461(16) nm.

La>Y2GesS12 (Table 5). The distance of M1 {0.09 La
+0.91 Y} - Sinthe [M1 6S] trigonal prism is 8(M21-S)min
=0.2794 nm to 8(M1-S)max = 0.2860 nm. The distance of
M2 {0.63 La + 0.37 Y} - S in the [M2 7S] trigonal prism
with additional atom is within
3(M2-S)min=0,2787(9) nm to 8(M2-S)max= 0,3087(9) nm.
The distance of Ge-S in the [Ge 4S] is
8(Ge-S)min = 0.2160(8) nm
to 3(Ge-S)max = 0.2303(10) nm.

Laz64Dy136GesS1z2 (Table 6). The distance of
M1 {0.35 La + 0.65 Dy} - S in the [M1 6S] trigonal prism
i 3(M1-S)min = 0.28260(18) nm to
S(M1-S)max = 0.28342(18) nm.  The  distance  of
M2 {0.76 La + 0.24 Dy} - S in the [M2 7S] trigonal prism
with additional atom is within
8(M2-S)min = 0.28539(17) nm to
3(M2-S)max = 0.30343(18) nm. The distance of Ge-S in

Table 2.
The lattice parameter of the compositions LasaxRaxGesS12 (R — Er, Ho, Y, Dy, Th)
Composition Method Lattice parameter, nm
P ® (p) @ (s) a, nm b, nm c, Nm
Lag 16Er1 64GesSia ® (s) 1.92165(4) 1.92165(4) 0.78757(2)
Laz 2sH01 75GesS1z ® (s) 1.92448(6) 1.92448(6) 0.79096(4)
LarY2GesSio ® (p) 1.92587(9) 1.92587(9) 0.79121(5)
Lay 64Dy136Ge3S12 @ (S) 1.92868(5) 1.92868(5) 0.79498(2)
Laz02Th1 esGesS12 @ (s) 1.92627(5) 1.92627(5) 0.79263(2)
® (p) — powder; @ (s) —single crystal
Table 3.
The atomic displacement parameters in the anisotropic approximation of Lay16Er g4GesS1o
Atom Site Occ. x/a y/b zlc Ueax10? (NM?)
Lal 6a 0.20 0 0 0 0.0156(2)
Erl 6a 0.80 0 0 0 0.0156(2)
La2 18b 0.65 0.00561(2) 0.23269(2) 0.21091(5) 0.01575(13)
Er2 18b 0.35 0.00561(2) 0.23269(2) 0.21091(5) 0.01575(13)
Ge 18b 1.0 0.19819(4) 0.18583(4) 0.16050(9) 0.0106(2)
S1 18b 1.0 0.28665(10) 0.17814(12) -0.0030(3) 0.0197(4)
S2 18b 1.0 0.11948(11) 0.05862(10) 0.2486(3) 0.0156(4)
S3 18b 1.0 0.11378(11) 0.20200(11) 0.0004(2) 0.0159(4)
S4 18b 1.0 0.27482(11) 0.27028(11) 0.3586(2) 0.0174(4)
Table 4.
The atomic displacement parameters in the anisotropic approximation of Laz2sH0175GesS1o
Atom Site Occ. x/a y/b zlc Uexsx10? (nm?)
Lal 6a 0.22 0 0 0 0.01514(17)
Hol 6a 0.78 0 0 0 0.01514(17)
La2 18b 0.68 0.00512(2) 0.23235(2) 0.20972(4) 0.01557(10)
Ho2 18b 0.32 0.00512(2) 0.23235(2) 0.20972(4) 0.01557(10)
Ge 18b 1.0 0.19840(3) 0.18600(4) 0.15939(7) 0.01083(17)
Sl 18b 1.0 0.28676(9) 0.17798(10) -0.0029(19) 0.0188(4)
S2 18b 1.0 0.12012(9) 0.05927(9) 0.2489(2) 0.0156(3)
S3 18b 1.0 0.11377(9) 0.20170(10) 0.00018(18) 0.0164(3)
sS4 18b 1.0 0.27474(10) 0.27032(9) 0.35681(18) 0.0171(4)
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Table 5.
The atomic displacement parameters in the anisotropic approximation of La;Y2GesS12
Atom Site Occ. x/a y/b zlc Uesx10? (nM?)
Lal 6a 0.09 0 0 0 0.61(6)
Y1 6a 0.91 0 0 0 0.61(6)
La2 18b 0.63 0.0046(2) 0.2302(1) 0.2083(5) 0.38(3)
Y2 18b 0.37 0.0046(2) 0.2302(1) 0.2083(5) 0.38(3)
Ge 18b 1.0 0.1964(2) 0.1862(2) 0.1638(5) 0.88(9)
S1 18b 1.0 0.1581(4) 0.3758(4) 0.1721(11) 0.4(2)
S2 18b 1.0 0.1211(4) 0.0635(4) 0.2440(9) 0.4(3)
S3 18b 1.0 0.1116(5) 0.2013(4) 1.0048(9) 0.3(3)
S4 18b 1.0 0.3928(4) 0.0574(4) 0.1916(10) 1.0(2)
Table 6.
The atomic displacement parameters in the anisotropic approximation of LassDy136Ge3S12
Atom Site Occ. x/a y/b z/lc Uenx10? (nm?)
Lal 6a 0.35 0 0 0 0.01332(19)
Dyl 6a 0.65 0 0 0 0.01332(19)
La2 18b 0.76 0.23180(2) 0.00440(2) 0.29217(5) 0.01431(11)
Dy2 18b 0.24 0.23180(2) 0.00440(2) 0.29217(5) 0.01431(11)
Ge 18b 1.0 0.18617(4) 0.19870(4) 0.34239(8) 0.01012(19)
S1 18b 1.0 0.17763(11) 0.28681(10) 0.5037(2) 0.0167(4)
S2 18b 1.0 0.06020(10) 0.12063(10) 0.2507(2) 0.0143(4)
S3 18b 1.0 0.20135(11) 0.11384(10) 0.5012(2) 0.0153(4)
S4 18b 1.0 0.27045(10) 0.27455(11) 0.1456(2) 0.0154(4)
Table 7.
The atomic displacement parameters in the anisotropic approximation of Lay o Tb; 0sGe3S12
Atom Site Occ. x/a y/b zlc Uenx10? (nM?)
Lal 6a 0.13 0 0 0 0.01507(16)
Thl 6a 0.87 0 0 0 0.01507(16)
La2 18b 0.63 0.23214(2) 0.00481(2) 0.29107(5) 0.01602(10)
Th2 18b 0.37 0.23214(2) 0.00481(2) 0.29107(5) 0.01602(10)
Ge 18b 1.0 0.18612(3) 0.19854(3) 0.34133(7) 0.01108(17)
S1 18b 1.0 0.17791(9) 0.28680(8) 0.50334(19) 0.0181(3)
S2 18b 1.0 0.05962(9) 0.12026(9) 0.2509(2) 0.0156(3)
S3 18b 1.0 0.20154(9) 0.11378(9) 0.50011(19) 0.0162(3)
S4 18b 1.0 0.27040(9) 0.27465(9) 0.14436(18) 0.0171(3)

the [Ge 4S] is 8(Ge-S)min = 0.21993(19) nm to
3(Ge-S)max = 0.22456(18) nm.

Laz02Th19sGesS1z2 (Table 7). The distance of
M1 {0.13 La+ 0.87 Tb} - S in the [M1 6S] trigonal prism
is 3(M1-S)min = 0.28146(15) nm to
8(M1-S)max =0.28250(16) nm. The distance of
M2 {0.63 La + 0.37 Tb} - S inthe [M2 7S] trigonal prism
with additional atom is within
S(M2-S)min = 0.28515(15) nm to
8(M2-S)max = 0.30266(15) nm. The distance of Ge-S in the
[Ge 4S] is 8(Ge-S)min = 0.21960(16) nm to
3(Ge-S)max = 0.22472(16) nm.

2.2. The LazS3 — R'2S3 — GeS; systems.

The La;Ss — R'2S; — GeS; (R' — Th, Dy, Y, Ho, Er)
systems are the one of the possible tetrahedron of
La—-R'—Ge - S (Fig. 2).

The Las-4.ErkGesSi2 (x = 0 - 0.62) solid solution is
formed by substitution of replacement of lanthanum atoms
by erbium atoms with a smaller radii
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La,,Tb,Ge;S, (x=0-0.72)
La,,Dy,Ge;S;, (x=0-0.70)
La,,Y,Ge;S, (x=0-0.75)

La, 4,Ho,Ge;S,;, (x=0-0.60)
La,,,Er,Ge;S,, (x=0-0.62)

© - Erp 34La9 66Ge1 2557
- Erp 34Ce 66Ge1,2557

- Erp 34Pro 66Ge1.2557

tetrahedral of the

concentration
La-R'-Ge-S(R'-Th, Dy, Y, Ho, Er) sulfide system.

Fig. 2. The

(rpg*3/rg+3s = 1.14 (Coordination surrounding
(CS) = 8); ryg+3/Tg+3 = 1.13 (CS =9), [12]). The same
character of substitution is observed for other solid
solutions:
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Las-ax ThyGesS12 (x =0-0.72; rLa+3/T'Tb+3 =1.11
(CS =8); ry +3/rmp+z = 1.10 (CS = 9)),
Las-4,DyxGesS12 (x =0 - 0.70; TLa+3/TDy+3 =1.11
(CS=9), TLa+3/T'Dy+3 =1.11 (CS=9)),
Las-4,YxGesSi2 (x =0-0.75; TLa+3/T'y+3 =1.12
(CS=8), ry+3/ry+s = 1.11 (CS = 9)) and
La4.4xHoXGe3812 (X =0- 0.60; T'La+3/7"HO+3 =1.13
(CS = 8), T'La+3/T'HO+3 =1.12 (CS = 9)) [12].

The crystal structure ofsolid solutions
Las-axThyGesSiz (x =0- 0.72), Las-axDyaGesS1z
(x =0- 0.70), Lag-axY 2xGesS12 (x =0- 0.75), Lay-
4XHO4XG83812 (x =0- 0.60) i La4.4xEr4XGe3812

(x=0-0.62) is derived from the structure of the
LasGesSi2.compound (ST LasGesS1z; Symbol
Pearson hR38; SG R3c). In the structure (Fig. 3) the site 6i
(0,0,0) and the 18b (x,y,z) are filled with statistical
mixture of M1 (La + R) and M2 (R + La), respectively.

a@=>—>b
Fig. 3. The polihedra in the crystal structure of
LazyleEr1,g4G€3812 (Ml . 0,80 Er + 0,20 La)

(M2:0,65La+0,35Er).

The statistical mixture M1 (6a) are distinguished by a
higher content of atoms R (R —Tb, Dy, Y, Ho a6o Er), and

M2 (TICT 18b) — by a higher content of atoms La. The
atoms are in the two type of polihedra: trigonal prism
[M1 9S] with tree additional atoms S and trigonal prism
[M2 8S] with two additional atoms S. The [Ge 4S]
tetrahedral environment setting is for Ge atoms.

In Table 8, the volume, effective coordination
environment settings and distortion index (DI) for trigonal
prism [M1 9S] with tree additional atoms S and trigonal
prism [M28S] with two additional atoms S of the

LasGesS1o, Laz 02 Th1,08GesS12, Laz64Dy1,.36Ge3S12,
Laz2sHO0175GesS12 1 LagisErigaGesSi2 composition are
presented.

In the statistical mixture M1 (La+R) with a
predominant content of Th, Dy, Ho or Er atoms, a
significant decrease in the volumes of trigonal prisms
[M1 9S] compared to the volume of the trigonal prism [La
9S] is observed in the structure of LasGesS1». Substitution
of lanthanum atoms in trigonal [La 9S] prisms by Tb, Dy,
Ho, or Er atoms causes an increase in the distortion index
(DI). Hence, the trigonal [M1 9S] are less symmetrical
compared to the trigonal [La 9S] prism in the structure of
La46e3312.

In trigonal prisms M2 (La + R) with a predominant
content of La atoms, the volume of trigonal prisms
[M2 8S] decreases compared to the volume of trigonal
prism [La 8S], but not significantly.

The decrease of volume of the trigonal [M1 9S] and
[M2 8S] prisms correlates well with changes in the
parameters of the cells in the structure of sulfides of
LasGesSao, Laz,02Th1 08Ge3S12, Laz64Dy1,36Ge3S12,
Laz2sH01,75GesS12 1 Lag 16Er1,84GesSio (Fig. 5).

Table 8.

The parameters of [M1 9S] and [M2 8S] polihedra in the structure of sulfide: 1 — LasGesSi2, 2 — Laz 02Ty 98GesS12,
3 — LapsaDy1.36Ge3S12, 4 — LagsH01,75Ge3S12, 5 — Laz16Er1,84GesSi2

ide o [M1 9S] [M2 8S]
Sulfide phase V, nm? CSefr DI V, nm? CSefr DI
La,GesSy 0.05715 7.49 0.0677 0.04833 7.11 0.0440
Lo bt oG-S M1=0.13La+0.87 Th M2=0.63 La+0.37 Tb
2021 TL98RI01 005321 | 701 | 0.0816 0.04644 [ 715 [ 0.0454
Lay eaDV: 4 GesS M1 =0.35La+0.75 Dy M2 =0.76 La + 0.24 Dy
2640Y1365€3912 005364 | 7.07 |  0.080L 0.04674 | 7.6 | 0.0443
Lo eHor - GexS M1 =0.22 La + 0.78 Ho M2 = 0.68 La + 0.32 Ho
225 TPLISRIO1 0.05296 | 698 |  0.0825 0.04621 [ 7.4 [ 0.0458
Lo T c1GesS M1 = 0.20 La + 0.80 Er M2 = 0.65 La + 0.35 Er
216118428912 0.05233 | 690 |  0.0851 0.04582 | 7.14 | 0.0460
V, nm3 - ; V, nm?3
0.0590--[La 98] DI} 0.1000 0.05004 [La 8S] DI} 0.0700
|
0.0570 - : - :  0.0900 0.0480 - 0.0600
0.0550 ’A&f/ y—-"w L 0.0800 0.0460 L 0.0500
0.0530 : ‘ - 0.0700 0.04404 - 0.0400
0.0510 [M1 98] - 0.0600 0.0420 - 0.0300
/A S S A T 5 3 4 5

Fig. 4. The parameters of [M1 9S] and [M2 8S] polihedra (volume (V) and distortion index (DI)) for the sulfide
structure: 1 — LasGesSiz, 2 — Laz 0 Th1,9sGesS12, 3 — LageaDyi1,36Ge3S12, 4 — LagsH01,75GesS12, 5 —
Laz,16Er1,84Ge3Syo.
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a, nm : ¢, nm
1.9450 I | » - - L 0.8200
1.9350] H ‘ » L 0.8100
1.9250 \ ! L 0.8000
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1.9050 L 0.7800
T T T T T
1 2 3 4 5
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2.6600

2.6200
2.5800

2.5400
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|
2.5000 ’
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Fig. 5. The change of the lattice parameters of sulfide: 1 — LasGe3sS12, 2 — Laz02Th1 9sGe3S12, 3 —
Laz 64Dy1,36Ge3S12,
4 — Lag2sH01,75Ge3S12, 5 — Lag,16Er1,84GesSyo.

CN=4
site 2b

CN=6
site 2a

CN=7
site 6¢

(ST Dy3Ge1.25S7, SG P63)
site 2a: Ge2 = 0.29 Ge
site 2b : Ge1
site6c: M=0.78 Er+0.22 R

{R-La, Ce, Pr}

Fig. 6. The projection of cell and stacking of polyhedra in the structure of Erp sl ag66G€1,25S7, Er234Ceo66Ge1,2557
and El’z,34PI‘o,eeGel,2537.

'
'
'
o] '
'
i
a

)
Fig. 7. “Blocks” and “columns” in the structure of
Erz3slaoe6Ger 2557, Er,34Ceog6Ge1 2557 and
Er2,34ProgeGer 2557

Existence of sulfide ErpzilagesGeisS; phase was
established for the first time during the study of phase
equilibria in the ErSz — LaxSs — GeS; system at 770 K.
The crystal structure of the phase investigated with single
crystal  method. The  EryCeoesGe1sS;  and
Er,.34Pro66Ge1,25S7 phases are synthesized by isomorphic
substitution of lanthanum atoms for cerium and
praseodymium atoms, respectively. The phases are
crystalized in hexagonal symmetry (ST DysGe125S7;
Pearson Symbol hP23; SG P6).

In the structure of quaternary  sylfides
Erz3slaoe6Ger 2557, Er234Ceo,66G€1,2557 1
Er234ProssGe1 2557 the site 6¢ is filled with statistical
mixture Er + La, Er + Ce and Er + Pr, respectively. Ge
atoms are in the site 2a (Occ. = 0.29) and 2b. Atoms of the
statistical mixture with sulfur atoms form trigonal prisms
[M 7S] with one additional atom. These prisms form
"blocks" (three prisms each), in which the prisms are
connected to each other by common edges (Fig. 7). Ge
atoms form two type of polihedra — tetrahedral and
octahedral. [Ge2 6S] octahedra in the direction of the ¢
axis form "columns" with common faces. The [Gel 4S]
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tetrahedra are isolated from each other and are connected
to the prism "blocks" by one vertex or three edges. All
synthesized chalcogenides have a non-centrosymmetric
crystal structure, and therefore are promising objects for
nonlinear optical research.

Conclusions

In summary, substitution of rare earth elements in R3c
quaternary LasuRuxGesSi2 (R — Er, Ho, Y, Dy, Th)
sulfides offers a versatile approach to modify the crystal
structure and properties of these materials for tailored
applications across various fields. By understanding the
interplay  between  substitution and  material
characteristics, researchers can design novel materials
with  enhanced functionalities and performance.
Dysprosium is known for their strong magnetic properties.
When the element is incorporated into a material, it can
enhance its magnetic properties, making it more suitable
for applications such as magnetic storage devices and
sensors. Lanthanum can improve the electrical
conductivity of a material. The addition of yttrium can
improve the strength and toughness of a material, making
it more suitable for structural applications. The physical
properties of a material will depend on concentration of
rare earth elements, distribution, and interactions with
other elements in the material. In order to establish such
relationships, it is necessary to carry out targeted research.

Smitiukh O. — Candidate of Chemical Sciences, Senior
Lecturer of the Department of Inorganic and Physical
Chemistry;
Marchuk O. — Candidate of Chemical Sciences, Associate
Professor of the Department of Inorganic and Physical
Chemistry.
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O. Cwmitiox, O. Mapuyxk

BruiuB 3aMilieHHS PiAKiCHO3eMeJbHUX METAJIIB HA KPUCTAJIIYHOI
CTPYKTYPH Ta BJACTHUBOCTI TeTpapHuXx cyjabdiaiB Las sxRaxGesS12

(R —Er, Ho, Y, Dy, Tb)

Bonuncekuii nayionansnuil ynieepcumem imeni Jleci Ypainku, m. JIyyox, Yrpainku, Smitiukh.Oleksandr@vnu.edu.ua

BcTaHOBIIEHHST B3a€MO3B’SI3KIB MIXK PO3IIO/IIOM aTOMIB B KPHCTaJidHIH KOMIPII Ta BIACTHBOCTSIMH (a3 €
BXJIMBOIO TMPOOJIEMOI0, 10 Oe3MocepeaHbO MOB’sI3aHa 13 3aCTOCYBaHHAM (YHKIIOHAIBHUX MarepiamiB. Y wii
po0OTi HaMH TIPEICTABICHO aHaTi3 KPHUCTANIYHOI CTPYKTYpH, XIMIYHUX 3B’S3KIB Ta MPOTHO3YBaHHS XapakTepy
BIIACTHBOCTCH pEYOBMHHM Ha Tmpukiag TterpapHux (a3 Las4xRaxGesSiz (R — Er, Ho, Y, Dy, Th), mo
KPHCTAi3yIOTbCsI B MpocTopoBiit rpymi R3C. BaxiumBuMm BHECKOM B 3MiHY BIAaCTHBOCTEH, 30KpemMa
TEPMOENEKTPUYHHUX, € TPHCYTHICTh PiAKICHO3EMEMEILHHX €JIEMEHTIB 3 BHCOKOIO KOOPJMHALIEIO ITepIIol
KoopauHauiiHoi cdepu. Lle cTBOpIOE MOXIMBICTD Ul MiJBUINEHHS €HTPOMIWHOrO (akTopy i, K pe3yJjbTar,
CIpuUsi€ ITIOKPAILCHHIO TEPMOENCKTPUYHHUX XapaKTepUCTHK. IlapaMeTpu eJeMEHTapHOi KOMIPKHM BHXiJHOI
tepHapHoi (asu LasGesS12 3MeHIyroThes npu criBsigHonieHni 1La:1R (R — Th, Dy, Ho, Er) 8 IICT 6a ta 18b. B
Er-micHiil (ha3i HalHWKYKN TUCTOPUIAHUX iHAEKC it mojieapa [M1 8S], B Toii yac sik B nomieapi [M1 9S] Bin
3Ha4YHO 3pocTae. OKpiM TOTro, yTBOPEHHS «KOJIOH» i3 mojieapiB [Ge2 6S] cTBOproe MOKIHBICTh MOCTYAIBHOTO
30y/PKSHHsI B OTHOMY i3 HAIPsIMKIB, 1[0 TAKOK MOYKEe MaTH CYTTEBHUIl BIJIMB Ha BIACTHBOCTI MaTepiaiiB. B minomy,
OTpHMaHi HEIEHTPOCUMETPHIHI MaTepiald MOXYTh OyTH IEPCIIEKTHUBHUMH ISl HENiHIHHOT ONITHKH.

KorodoBi cioBa: nocropuilinuii GpakTop; KpUcTadidHa CTPYKTypa; piIAKiCHO3eMeNbHI MEeTalli; elIeMEeHTapHa
KOMIipKa, TeTpapHi Cyabdiam.
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