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The new ternary silicide LusNii1740)Sks was synthesized from the elements by arc-
melting and its crystal structure was determined by the single-crystal X-ray diffraction.
The compound crystallizes in the ScsNi;1Ges-type: Pearson symbol hP37.2, space group
P6s/mmc (No. 194), a = 8.0985(16), ¢ = 8.550(2) A, Z = 2; R = 0.0244, wR = 0.0430 for
244 reflections. The silicide LusNii1.742)Sis is new member of the EuMgs »-type structure

family.
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INTRODUCTION. Recently, ternary
systems consisting of silicon with rare earth
and transition metals attracted much atten-
tion mainly due to the phases with various
crystals structures and interesting physical
properties. The majority of such systems
were studied only to identify isostructural
series of compounds, for example the ternary
system Lu-Ni-Si. The isothermal section of
this system have been yet constructed, but
during the exploration of it, the existence of
nine ternary compounds has been found
(Table 1) [1-3]. All known compounds in the
Lu-Ni-Si system form in the region up to
33.3 at. % Lu. However, the formation of the
greater number of ternary compounds should
be expected considering the results of inves-
tigations of the related ternary system. Thus,

recently the ternary compound
Dy;Niqqg3Sis 95 (ScsNij Ge,-type, Pearson
symbol hP38, space group P6iz/mmc (No.
194), a = 8.1990(7), ¢ = 8.6840(7) A) [4] has
been found. This fact prompted us to search
for an isostructural compound in the Lu-Ni-
Si system. Our expectations were met and
new phase with a composition ~ LuzNi;Siy
was found.

Therefore, in the present paper we de-
scribe the results of the crystal structure in-
vestigation of the new rare-earth silicide us-
ing X-ray single-crystal diffraction data.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. A sample of nominal com-
position Luyg,Nig; 1Sin, wWas synthesized
from high-purity elements (Lu > 99.9 wt.%,
Ni > 99999 wt%, ad Si >
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Table 1
Crystallographic data of the ternary compounds in the system Lu-Ni-Si
Compound Stucture type Pearson | Space Lattice parameters, A Ref.
symbol | group a | b | ¢
LuNkoSk  Nd(Mng sFegs)Fes t126 [4/mmm  8.164 - 4.650 1,2
LuNisSis YN izSiz oP36 Pnma  18.49 3.739 6.710 1,2
LuN iSip CeAbLGa, t110 [4/mmm  3.905 - 9.495 1,2
LUNiSis SMNiGes 0S20 Cmmm 3.8827 20.8179 3.89111 3
LusNigSk CesNigShp cla4 Im-3m  8.659 - - 1,2
LuNigSis Lu,Co3Sis mS40 C2/c  11.032 11942 5.919 1,2
£=120.18° 1,2
LuNiSi CeNiSk 0S16 Cmcm  3.851 15.810 3.851 1,2
LuNiSi TiNiSi oP12 Pnma 6.67857 4.09340 7.11618 3
LuN io,slsil,gg A|Bz hP3 P6/mmm 3.94594 - 3.87276 3

99.999 wt.%) by arc-melting under a puri-
fied argon atmosphere, using Ti as a getter
and a tungsten electrode. The alloy was re-
melted two times to ensure homogeneity.
The ingot was annealed at 600°C in an evac-
uated quartz ampoule for 720 h and subse-
quently quenched in cold water. The weight
loss during the preparation of the sample
was less than 1 % of the total mass, which
was 2 g.

The single crystals were selected by
mechanical fragmentation from the sample.
Laue and rotation diffraction patterns of se-
lected single crystals showed hexagonal
symmetry with lattice parameters a ~ 8.2 and
c ~ 8.7 A Integrated intensities measured
with graphite-monochroma-tized Mo Ka ra-
diation on KM-CCD diffractometer con-
firmed the hexagonal lattice and the system-
atic extinctions were in agreement with the
space groups P6smc, P-62c, and P6;/mmc.
The structure type Sc;Ni;Ge, [5] was as-
signed and the structure was refined using
the program SHELXL (full-matrix least-
squares refinement on F?) [6] with aniso-

tropic displacement parameters for all of the
atoms.

The chemical composition of the select-
ed crystal was checked with a field-emission
scanning electron microscope (FEINovaNano
SEM 230) equipped with an EDS analyzer
(EDAX GenesisXM4). The experimentally
determined composition of the grain (19+2
at% La: 69+2 at% Ni: 12+2 at% Si) is rather
close to the composition calculated from the
structure refinements.

The crystallographic data and details of
the data collection from the single crystal of
new silicide are listed in the Table 2. The
reasonable values of the residual factors of
the structure reliability confirmed that these
compounds indeed adopt the Sc;Ni;;Ge,-
type, which belongs to the EuMgs , family. A
final electron-density difference map was flat
and did not reveal any significant residual
peaks. The coordinates and displacement
parameters of the atoms are presented in Ta-
ble 3 and 4.

It should be noted, that structures relat-
ed to the EuMgs,-type are characterized
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Table2
Experimental details and crystallographic data for the LusNi11742Sis compound

Refined composition

LusNi1.74¢)Ska

M, g/mole 2644.24
Structure type ScsNip1Geq
Space group P6s/mmc
Z; Pearson symbol 2; hP37.2
Unit-cell parameters, A a =8.0985(16), c = 8.550(2)
Cell volume, A3 485.65(18)
Calculated density, g cm® 9.041
Absorption coefficient zz, mm* 52.609
F (000) 1191
@range for data collection 2.90-29.76
-11<h <10,
Limiting indices -11 <k <10,
-8<I1<11
Reflections collected / unique / with I > 26(1) 5249 /291 /244
Refined parameters 28
Extinction coefficient 0.00028(6)
R1/wR2 for | > 20(l) 0.0244/0.0430
R1/wR2 (all data) 0.0380/0.0455
Goodness-of-fit on F? 1.082

Table3

Atomic coordinates, equivalent dis place ment parameters and site occupancies for the

LusNi11.74¢2Sis compound

Atom \é\ggciggg Occupancy X y z Ueg, A2

Lu 6h 1 0.18984(4) 0.37968(4) 1/4 0.00729(19)
Nil 12k 1 0.16195(4) 0.32390(17)  0.58555(14) 0.0065(3)
Ni2 6h 1 0.56331(12) 0.1266(2) 1/4 0.0065(4)
Ni3 4f 1 1/3 2/3 0.0016(2) 0.0057(4)
Ni4 2b 0.735(15) 0 0 1/4 0.0156(17)
Sil 69 1 1/2 0 0 0.0049(7)
Si2 2a 1 0 0 0 0.028(2)

by channels along the c direction, the occu-
pation of which varies from one structure to
another (sites 4e, 2b and 2a) and generally
presents some kind of disorder. Different

models of occupations were tested for the
investigated structure. The best result was
obtained for fully occupied site 2a by Si at-
oms and 2b partially occupied by Ni atoms.
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These positions are partially occupied by Ge
atoms in the structure of the prototype
Sc;Niy,Ge,. Hence, the partial occupation of
the 2b site and full occupations of all other
sites in the structure of our silicide lead to
the refined composition LuzNiy; 742Si, for
the investigated crystal.

Table4d

Interatomic distances (0), reduced values of
interatomic distances (4 = 100(6 — >r)/>r,
where > r is the sum of the respective atomic
radii), and coordination numbers (CN) of the
atoms for LusNiyq 742Si, are listed in Table 5
(values of the atomic radii are taken from

[71

Anisotropic displace ment parameters (A%) for the LuzNiy17Sis compound

Atom | Uy | Uy | Us3 | U | Uiz | Uz
Lu_ 000642 00117(3)  0.0056(3) 0 0 0.00585(17)
NiL  00058(5) 0.0063(6) 0.0075(5) 0.0007(4)  0.0003(2) 0.0032(3)
N2  00067(6) 0.0058(9) 0.0068(8) O 0 0.0029(4)
Ni3d  0.0048(6) 0.0048(6) 0.0074(10) O 0 0.0024(3)
Ni4  00088(18) 0.0088(18) 0.029(3) =~ 0 0 0.0044(9)
Sil  0.0041(12) 0.0041(17) 0.0065(18) 0.0023(12) 0.0011(6) 0.0020(9)
Si2 0.006(2) 0.006(2) 0.071(6) 0 0 0.0030(11)
Tableb

Inte ratomic distances (d, A), A values (A = 100(d-Zr)/Zr, where Zr is the sum of the respective
atomic radii [11]) and atomic coordination numbers (CN) for the LusNi1174¢0)Skk compound

Atom | [ d(A | A(%) | Abom | [ dA | A%
Lu TN 2.6629(8) -105 Ni3 2SIl 2.3376(5) 30
CN =19 INi2 28220(13) -51 | CN=12 1Sil  2.3383(3) -3.0
1IN  2.8221(16) -5.1 INil  2.5164(14) 15
4Nil  2.8599(15) -3.8 2Nil  2.5171(14) 1.5
2Nil  2.8955(14) -2.6 2Ni2  2.5941(17) 46
2Ni3  2.9262(14) -1.6 IN2  25945(17) 46
4Sil  3.0627(5) 5.5 1Lu  2.9258(14)  -16
2Si2  3.4147(7)  17.6 2Lu  29262(13)  -16
2Lu  3.4862(7) 05 Ni4 2Si2  2.1375(5)  -11.3
Nil 1Si2  2.3865(13) -1.0 | CN=11 3Lu  26629(7)  -105
CN =13 2Sil  2.4818(14) 3.0 6Nil  2.6716(9) -1.0
1Ni3  25171(14) 15 Sil 2Ni2  2.3146(7) -4.0
INQ  25244(20) 1.8 CN=12  2Ni3  2.3376(5) -3.0
IN2 25245(12) 1.8 4Nil  2.4818(14) 3.0
1Ni4  26716(13) 7.7 4Lu  3.0627(6) 55
2Nil  2.7020(12) 9.0 Si2 2Ni4  21375(5)  -11.3
INil 28121(18) 134 | CN=14 6Nl  2.3865(8)  -1.0
2Lu  2.8599(14) -3.8 6Lu  3.4147(7) 176
6 ISSN 2708-129X. VKP . XIM . XXYPH ., 2020, .86, N0 5
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End of the Table 5
Atom | | dA) | A®%) Atom | | dA) | A%
1Lu  2.8955(14) -26 |[CN=12 2Nil 2.5245(16) 1.8
Ni2 2Sil  2.3146(7) -4.0 2Ni3 25941(17) 46
CN=12 2N2  2.5113(24) 1.3 1Lu 2.8220(19) -5.1
2Nil  2.5244(14) 1.8 1Lu 28221(10) -5.1

r(Lu) = 1.734 A r(Ni) = 1.246 A, r(Si) =
1.170 A). Most of the interatomic distances
are in good agreement with the atomic sizes.
The interatomic distances between Lu-Si2
and Nil-Nil are somewhat larger in compar-
ison with the sum of the respective atomic
radii. The largest decrease of interatomic
distances is observed between Ni4 and Lu or
Si2 atoms. It does not exceed 12 % of the
sum of the atomic radii of respective atoms.
Moreover, within LugNiy; 74¢Si, structure
the silicon atoms are not in contact with each
other.

The projection of the unit cell of
LugNiy; 74(2Si4 compound and the coordina-
tion polyhedrons (CP) of atoms are shown in
Fig. 1. CP are similar to corresponding poly-
hedrons of atoms in the Sc;Ni;;Ge, structure
[5] and typical for the most of the ternary
compounds in the RE-Ni-Si systems. The
lutetium atoms have the largest coordination
number (CN = 19) and its polyhedron
[Lu(LuyNiy4Sig)] can be described as pen-
tagonal prisms with seven capping atoms. A
distorted icosahedron with one additional
atom [Nil(LusNi,Siz)] is the CP of the Nil
atoms (CN = 13). The coordination polyhe-
drons of the Ni2 and Ni3 atoms (CN = 12 for
both) are similar and can be described as
distorted icosahedrons, [Ni2(Lu,NigSi,)] and
[Ni3(LusNigSi3)], respectively. A trigonal
prism [Ni4(LusNigSi,)] with lateral sides and
bases capped by additional atoms is the co-

ordination polyhedron of the Ni4 atom (CN
= 11). Only lutetium and nickel atoms form
the coordination polyhedrons of the Sil and
Si2 atoms. The Sil atoms have 12 neighbors
and the polyhedron [Sil(LusNig)] can be
described as a distorted icosahedron. A dis-
torted rhombicdo-decahedron is the CP of
Si2 atoms [Si2(LugNig)] (CN = 14).

The LugNiyy 742)Si, structure can be
considered as a packing of the Sil polyhe-
drons [Sil(LusNig)] (Fig. 2). Such polyhe-
drons are connected to each other by com-

2 Sheths LI
b, ,a
Lu (mm2) Si1 (.2/m.) Si2 (-3m.)

Fig. 1. The unit cell of the LusNiy1.74)Sia struc-
ture and coordination polyhedrons of the atoms.
The site symmetries are indicated.
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mon triangular faces and form column along
the c direction with small holes between ad-
jacent columns of icosahedrons from one
unit cell. The columns from the neighboring
unit cells, in turn, are combined into a net-

Fig. 2. The arrangement of the Sil polyhedrons
in the LugNiy1.72¢)Sks structure.

work with twisted triangular cylinder, in the
center of which the nickel and silicon atoms
with coordination (0 0 z) are situated.

Alternatively, the structure of EuMgs
type can be considered as a packing of clus-
ters [Mg,], which are dimers of face-sharing
hypho-icosahedra with 14 \wertices (Fig. 3)
[8]. These dimers connect by common Mg
atoms into the zigzag chain along c direc-
tion. The triangle from Eu atoms are located
between the “links” of this chain. The space
between zigzag chains are occupied by the
linear chains from the Mg atoms. The simi-
lar units can be seen in the structure of
ScsNiy;Gey,-type as well as LugNiyg 74(2)Sis
compound. The clusters of the first one are
built from 11 Ni atoms and 6 Ge atoms, and
11 Ni atoms and 6 Si atoms form the clusters
in the structure of our compound. The trian-
gle from the Sc atoms in case of Sc;Ni;;Ge,
and the Lu atoms in case of LuzNij; 74(2)Sis
are instead of triangle from the Eu atoms.
The only difference in these two compounds
are in the linear chains. In the structure of
LusNiy; 74()Si4 the Ni and Si atoms from
such chain, while the atoms of only one type
form the chain in the case of Sc;Ni;;Ge, and
EuMgs ,. The difference in the occupation of
channels along the c direction is as well ob-
served in other related structures, for exam-
ple, in the Sc;Ni;Si,-type, which is realized
in the ternary systems R-Cu-Si (R =Y, Gd-
Lu) or inthe Gd;Ru,Al,-type. The latter one
has four representatives among ternary sili-
cides of nickel and rare-earth metals
RsNiy,Si, (R = Gd, Ho, Er, Tm) [9, 10]. The
Table 6 summarizes the data for the related
structure types with space group P6s/mmc
that belong to the family of the structure
type EUMGs ,.
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Fig. 3. The arrangement of the clusters in the EuMgs 2, ScasNi11Ges and LusN 1742 Sks Structures.
Table6
Atom distribution in related structure types with space group P6;/mmc.
Sructue Unit-cell Wyckoff position Refs
P mraneters A 6 12k 6h 69 4 4e 2 2a
k%149  (x2x2) (x2x 1/4) (1200) (132/3z) (002 (001/4) (000)
BMg,  CIpoeC B Mg Mg Mg Mg Mgs  Mgn  Mgo 11
a=5276,c=
ErZng 4733 Er Zn Zn Zn Zn - - Zn
ScsCursAls a= gggg' = Sc AbssCloss  AbssCloas  ClozaAby  AbgsClosa - Clos Clozy 13
GARWAL azg.gég; = & Al AbeRl Ru Al i Al RU 14
a=9809;c=
CesAQ:Mah13 10,448 Ce MhosAGios  MOossAD12  AGeMes  MhosAdoos - MysAGs A9 15
o a=8024;c= . . . . .
ScsNq Sk 8429 Sc Ni Ni Si Ni - Si - 16
SeoNis Ge a:ggg; C= & Ni Ni Ge Ni . Gawp  Gam 5
DyNigzSi,  273800°7 Dy Ni Ni Si Ni - Nbm  Shes 4
. .. a=8099c= . . . . . .
LusN k174Sk 8550 Lu Ni Ni Si Ni - Nb74 Si
* this work
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CONCLUSIONS. The new silicide
LusNiy; 7402514 has been synthesized and its
structure has been investigated using single-
crystal X-ray diffraction. The compound
crystallizes in the Sc;Niy,Ge, structure type
which belongs to the large family of struc-
tures related to the EuMgs, type. The struc-
tural feature of LusNiy; 74(»Si, compound is
the partially occupied nickel position which
leads to deviation of the composition of the
compound from the composition of the
structural type.

KPUCTANINYECKAS CTPYKTYPA
HOBOI'O CI/IJII/IHI/II[A LU3N i11y74(2)Si4
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Tonvwa

*e-mail: bohdanabelan@gmail.com

MeTtoaoM 3JIEKTpO-1yroBOM IIJIAaBKA CHH-
TE3UPOBAHO HOBBIM  TEpHApPHBIA  CHJIMIUJ
LusNii1,74¢)Skh. Kpucrammmgeckylo cTpykrypy
U CCIICIOBAHO METOJIOM MOHOKPHCTATBHOW PEHT-
reHoBckoil nu@pakiuu. CoeauHeHUe KpuUCTai-
nausupyercsi B crpykrypHoM THie SC3NijiGes:
cumBon [lupcona hP37.2, mpocTpaHCTBeHHas
rpymma P6s/mmc (Ne 194), a = 8,0985(16), ¢ =
8,550(2) A, Z = 2; R =0,0244, wR = 0,0430 s
244 peduiekcoB. ATOMBI B HCCIIEIOBAHOM CO-
€IMHEHUH HMEIOT CIEAYIoLMe KOOpAMHAIMOH-
Hble uncia: 19 mus morenus, 11-1m1g HuKens, u
12, 14 nyist Kpe MHUSL

KnoueBbl € ¢ 0B al HHTEPMETAUINBI,
CUIIMLMJ, KpPUCTa/UIMYECKas CTPYKTypa, MOHO-
KPUCTaJIbHBIE PEHTTEHOBCKHUE MCCIIEIOBAHUS.

KPUCTAIIYHA CTPYKTYPA HOBOI'O
CWINLIMAY LugNiiy742Sis

b. BenaHl*, M. MaHﬂxol, M. }lseBerol, J1. Ko-
BaJ'IBCKaZ, P. I'manumeBcbKkui

! Ivsiscoruii HAYioHAaNIbHULL YHIBep cumem iMeHi
leana ©panka, éyn. Kupuna i Meghoois, 6,
79005 Jlvsis, Ykpaina

2 IHncmumym HuzbKomemnepamypHux i cmpyx-
mypuux docniodxcens, Ilonbevra akademis HAYK,
11. O. boke 1410, Bpoynas 2, 50-950, Ilonvwa
*e-mail: bohdanabelan@gmail.com

MerogomM €NeKTpOAYroBOro IUIABJICHHS
CMHTE30BAaHO HOBUM  TEpHapHUHA  CUIIIIU]
LusNi1,72¢)Sk4. Kpucraniuny crpykrypy mocimi-
JDKEHO METOJIOM MOHOKPHCTATbHOI PEHTICH iB-
cekoi mudpaxkirii. Crioyiyka KpUCTaaBYETHCS B
crpykrypHomy trmi SczNip1Ges: cumboi ITipco-
Ha hP37.2, mpocropoBa rpyma P6z/mmc (Ne
194), a = 8,0985(16), ¢ = 8,550(2) A, Z=2; R =
0,0244, wR = 0,0430 nns 244 pednekcis. HoBuit
CUJIIUJ] XapaKTePU3YEThCS YaCTKOBUM 3aIlOB-
HEHHSM KpuUcTanorpadiqHoro moioxeHHs 2b,
ske y cTpykrypi mpototuny SC3Ni1Ges gactko-
BO 3allOBHEHO aTOMaMH repMmaHito. MiKaToMHi
Bingani 1o0pe y3ro/LKYyIThCS 3 CYMOIO pajiyciB
BIOIIOBIIHMX aroMiB. ATOMH B JIOCIIDKEH I
CHOJYI1 MAIOTh TaKi KOOpAWHaliH1yucna: 19 y
moTtenio, 11-1 y Hikemo, ta 12, 14 y kpemH 0.
KoopauHaliiiiHi MHOTOTpaHHUKH € XapaKTepHH-
MU JUIS CHOJIYK TaKOTO THUIY. ATOMHU JIOTEIIO
LEHTPYIOTh MEHTAarOHAIUIBHY MPU3MY 3 CiMOMa
mopatkoBumu aromaMu. Aromu Nil, Ni2 ta Ni3
MaroTh KOOPAWHAIINH1 TTONIEIPH Y BUTIISAL CITO-
TBOpEHUX iKocaeapiB. ATom N# LIEHTpye Tpu-
TOHAIBHY TPHU3MYy 3 II’SThOMa JIOJaTKOBHUMH
atomamu. Jlo koopauHamiiiHOi cdepu aTomiB
CHUJIILIFO BXOIATh BUKIIFOYHO aTOMH JIOTEIIIF0 Ta
HIKENI0, a KOOpJAUHAIIiH1 oNieApu MarTh (o-
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pPMy CIIOTBOPEHOTO iKOCae/ipa y BHIIAJIKYy aTOMIB
Sil, Ta cmOTBOPEHOTO0 POMOIYHOTO JOJAEKACaPY
-y Si2.

KniodoBi ca0Bal HTepMETaTiau CHITIIHI,
KpUCTaJuHA CTPYKTYpa, MOHOKPHUCTAJIbH1 PEHT-
T€H IBCHKI TOCTIDKEHH .
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