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Eight rare-earth nickel alumosilicides RsNiAl:Si, (R=Y, Gd, Th, Dy, Ho, Er, Tm, Lu) were synthesized by
arc melting and their crystal structures were studied by X-ray powder diffraction. They are isotypic to
Y 3NiAl;Ge,, Pearson symbol hP9, space group P-62m. The hexagonal structure type Y3NiAl:Ge, (Z = 1) isa
quaternary variant of the binary type Fe;P (Z = 3) and theternary types p:-K,UFs, LusCoGas, Zr3Cu,Si,, and
ZrNiAl. It belongs to a family of structures with trigonal prismatic coordination of the small atoms
(Ni and Ge).

Quaternary alumosilicide/ X-ray powder diffraction / Crystal structure/ sotypic compounds

Introduction types are characterized by well-defined composition
and ordered distribution of the elements in the
Four-component systemR-T-Al-Si, whereR is a structures, whereas the last type exhibits Ni/Al/Ge

rare-earth metal and is a 3i-element Mn, Fe, Co or disorder. Complete rows of isotypic compounds are
Ni, have been investigated with the purpose to not observed for any of the structure types; the
establish the existence of quaternary compounds. majority of the compounds are formed by rare-earth
According to Pearson’s Crystal Dafd] and the metals of the yttrium subgroup. The maximum
Handbook of Inorganic Substancef?], eight number of compounds, 40, was found for the strectur
compounds in these systems have been reported. Thetype Y;NiAl;Ge, in R-T-Al-Ge systems witlR = Y,
crystal structures of the compounds belong to four Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu afid= Mn, Fe,
structure types, GEe)(Fey.oAlog)AleSis (Pearson Co, Ni[13-17].

symbol 0$42, space group Cmmm isotypic The aim of the present work was to search for
compounds with Pr, Nd, and S{3], YbsFeAl17Sig representatives of the structure typeNWI;Ge, in

(tP32, P4/mmn) [4], SmNi(Nig27Sip79Al,Sis (tP28, R-Ni—Al-Si systems. Considering that Ge and Si are
P4/nmm) [5], and TbFgAlgSis (tP80, P4./nmg analogue with respect to their electronic and size

isotypic compound with Ef6]. The crystal structures factors, the probability of existence of isotypic

of the eight compounds were determined by X-ray compound$:;TAIsSi, is rather high.

single crystal diffraction. In the structure typifined

on compounds with Yb or Tb the chemical elements

are arranged in an ordered manner, whereas in the Experimental

structure types with Ce or Sm partial disorder is

observed, in particular, there are statistic missuof Samples of nominal compositidRyz i1 1Al 33.4Six2.2

Al and Fe, or Ni and Si, atoms, respectively. (R=Y, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) were
A larger number of quaternary compounds is synthesized from the elements (purity RE 99.75,

known in the systemsR-T-Al-Ge. The crystal Ni >99.99, Al>99.998, Sk 99.999 mass%) by arc

structures of these intermetallics belong to eleven melting in a water-cooled copper crucible with a

structure types, seven of which were determined in tungsten electrode under a purified argon atmospher

four-component systems: J8i;Al;Ge, (Pearson (using Ti as a getter). The ingots were annealed at
symbol oP30, space groufmmn [7], Y3NiAl:Ge 600°C under vacuum in quartz ampoules for 1 month
(hP9, P-62m) [8], ThNIAI,Ge, (1118, 14/mmn) [9], and subsequently quenched in cold water. The weight
CeNiAl5 /Ge g4 (t138, [4/mmn) [9], CeCoAl;Ge, loss during the preparation of the samples was less
(tP28, P-42ym) [10], SmNiAlLGe, (hR24, R-3m) [11], than 1 % of the total mass, which was 1 g for each

and Pr(Nj Al G&y 3)2 (0356, CmnR) [12]. The first six alloy.
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The crystal structures of the new compounds were
established by X-ray powder diffraction. Data for
polycrystalline samples were collected on an
automatic diffractometer STOE STADI P (®u,
radiation, 1=1.5406 A, in the angular range
6<20<110.625° with a step of 0.015° and scan time
250 s). The structural parameters were refinedhly t
Rietveld method18], using the program DBWH9].

The structure drawings were made with the program
ATOMS [20].

Results and discussion

The X-ray diffraction of the alloys annealed at 800
showed that the samples with Y, Gd, Tb, Dy, Ho, Er,
Tm, and Lu contained the compouriNiAl;Sip,
which is new for these rare earths. The crystal
structures effectively belong to theNAl;Ge, type.

In addition to the new compoun&sNiAl ;Si,, all the

samples contained a small quantity (~ 4 mass%) of a

secondary phaseRSi with Tll-type structure B,

4000

3000+

Intensity, a.u.

2000

1000
" ; i :m lnll l. A ln ll.l ahd
t

12 1 | H‘\ ‘H\‘ IH\ \IHI\’ \‘HI\‘ ‘H“\"\’I\’\‘\I’\‘ H\HMHI \“HHH‘II’ ‘\ i‘\”\”\\‘
10 éO 30 ZO %0 I60 I70 I80 I90 I100 110
26,°
Fig. 2 Experimental, calculated and difference
between experimental and calculated X-ray
powder diffraction patterns (Ko, radiation)
for the sample LagNii11Al33Si, 0 Vertical
bars indicate the positions of the reflections of
LusNiAl 3Si, (1) and LuSi (2).

The description of the coordination polyhedra is

Cmcn). The sample with Yb did not contain the phase given on the example of the compound;MiAl 5Si,.

The smaller atoms (Ni and Si) are characterizea by
trigonal-prismatic environment with additional atem
above all the side faces of the prisms: for Ni sLA}
and for Si — LyAl3[22]. The polyhedron of the Al site
is a cuboctahedron kNi,Al,Si,, and that of the Lu
site is a pentagonal prism with eight additionainas,
LugNi-AlgSiy: five atoms above the side faces of the
prism, two above the bases of the prism, and anothe
Tm, Lu) were determined. Ni atom beyond one of the edges of the prism. One
Details of the structural refinements, refinable unit cell of the structure of LNiAlI;Si, and the
atomic coordinates and displacement parameters of coordination polyhedra of the atoms are shown in
the eight new compoundB;NiAl;Si, are listed in Fig. 3
Table 1 As expected, the cell parameters refined for
the new compounds decrease with decreasing radius
of the rare-earth met§21] from Gd to Lu Fig. 1). A
comparison of the experimental and calculated
diffraction diagrams for LgNiAlsSi, is shown in
Fig. 2 Relevant interatomic distances for the eight
new compounds are presented able 2

“Yb3NiAlsSi,”, but the formation of the ternary
compound YBAISi, with Mo,FeBy-type structure
(tP10, P4/mbm) was confirmed. The cell parameters
refined for theRSi compoundsK =Y, Gd, Tb, Dy,
Ho, Er, Tm, Lu) and Y§AISi, are in good agreement
with those reported in the literatufe]. Based on the
X-ray diffraction data, the structural parametefrshe
compoundsR;NiAl;Si, (R =Y, Gd, Th, Dy, Ho, Er,

180 T T T
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oL o ®
:} sl * t e, .
160 * .
_155 CGd Tb DyHo Er Tm Lu
7.00 v
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600 ®
" ogss| @ * .
< L L . .
pad e . Fig.3 Unit cell of the structure of the
670 - LusNiAl3Si, compound and coordination
el polyhedra of the atoms.
<ime .
< 410 e ., The hexagonal structure type 3;NAI;Ge
igg S (Z = 1) is the only possible quaternary substitution
' 180 179 178 L77 176 175 L7 L73 derivative in space grouf-62m of the binary
rA type FeP (Z = 3) — FgPFeP,, since each chemical
Fig. 1 Unit-cell parameters ofRsNiAl;Si; element occupies a distinct crystallographic
compounds. position. To date the existence of four thie six
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Table 1 Details of the structural refinements of the compadsR:NiAl ;Si, (space group-62m, Rin 3:: x0 0, Niin2: 000, Alin3: x 0%, Siin&: 4% Y,Z=1).

Compound %NlAI 3Si2 G%N|A| 3Si2 Tb3N|A| 3Si2 Dy3N|A| 3Si2 H03N|A| 3Si2 Er3N|A| 3Si2 TrTleAl 3Si2 LU3N|A| 3Si2
Cell parameters, A:  a 6.85746(9) | 6.90979(8) | 6.86802(8) 6.83711(9) 6.81341(9) | 6.79541(8) | 6.76825(9) 6.72303(7)
c 4.16590(6) | 4.20368(5) | 4.17427(6) | 4.15675(5) | 4.13947(6) | 4.12357(5) | 4.11438(6) | 4.09142(5)
Cell volumeV, A® 169.65(1) 173.81(1) 170.51(1) 168.27(1 166.41(1) 164.90(1) 163.22(1) 160.15(1)
DensityDy, g cm° 4.529 6.378 6.552 6.745 6.893 6.995 7.150 7.475
FWHM parameters: U 0.047(2) 0.083(3) 0.062(5) 0.051(4) 0.038(3) 0.048(2) 0.048(1) 0.031(2)
Y, -0.021(2) -0.039(4) -0.027(4) -0.042(3) -0.011(2) -0.035(2) -0.005(2) -0.001(2)
W 0.0098(6) 0.0127(5) 0.0139(7) 0.0164(6) 0.0085(7) 0.0116(5) 0.0104(2) 0.0098(4)
Mixing parameter 0.479(7) 0.581(6) 0.671(6) 0.648(7) 0.826(6 0(BD3 0.582(4) 0.611(6)
Asymmetry parametety, -0.057(8) -0.044(7) -0.037(8) -0.081(7) -0.083(8) -0.064(8) -0.077(5) -0.095(5)
Texture parametds, direction [001] 0.907(2) 0.935(2) 0.915(2) 0.889( 0.919(3) 0.943(2) 0.912(1) 0.904(1)
Atomic coordinates: x(R) 0.5919(2) 0.5951(2) 0.5932(2) 0.5924(2) 0.5945(2) 0.5937(2) 0.5906(1) 0.5904(1)
X(Al) 0.2337(7) 0.2298(11) | 0.2320(13) | 0.2348(12) [ 0.2399(13) | 0.2367(11) 0.2359(9) 0.2351(10)
Isotropic Biso(R) 1.22(2) 0.75(7) 0.91(5) 0.99(6) 0.88(2) 0.87(6) 0.85(4) 0.92(2)
displacement Biso(Ni) 1.16(11) 0.86(13) 0.83(11) 1.03(12) 0.97(9) 0.99(14) 0.92(10) 0.95(12)
parameters, A Biso(Al) 1.41(13) 0.90(14) 1.12(11) 1.14(11) 1.09(11) 1.38(15) 1.23(13) 1.06(14)
Biso(Si) 1.05(18) 0.77(19) 0.72(15) 1.01(14) 0.97(12) 0.94(12) 0.90(13) 0.86(17)
Reliability factors: Rs 0.0509 0.0626 0.0517 0.0521 0.0603 0.0536 0.0497 0.0486
Ry 0.0257 0.0321 0.0218 0.0192 0.0255 0.0218 0.0247 0.0187
Rup 0.0387 0.0414 0.0307 0.0258 0.0313 0.0285 0.0309 0.0344

Fig. 4 The structure type 3NiAl;Ge (a) and the related structure typesNigAl Ge, (b), PrNbAI; (c), and
GdNi-Al4 (d), emphasizing the arrangement of hexagonal chargwistructed from interconnected trigonal
prisms and centered by isolated columns of trigpniaims or isolated atoms.
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Table 2 Interatomic distanceg)in the eight new compoundsNiAl sSis.

Atoms 0, A
Y Gd Th Dy Ho Er m Lu
R |-1Ni |2.7985(7) 2.7978(7) | 2.7939(6) 2.7868(8) 281G | 2.7610(7) | 2.7709(7) 2.7538(7)
-4 Si | 2.9419(7) 2.9713(3)| 2.9490(3) 2.9350(B) 29H3p | 2.9162(3) | 2.9027(1)] 2.8846(1)
-2 Al |3.2022(3) 3.2131(5) | 3.2014(6) 3.1921(6) 38(73 |3.1655(5)| 3.1615(5) 3.1454(5)
-4 Al |3.2206(4) 3.2847(6) | 3.2419(8) 3.2090(6) 34@) |3.1837(5)| 3.1678(3)| 3.1486(4)
-4R 3.5983(4) 3.6375(4) | 3.6085(4) 3.5894(4) 3.5846(8).5722(4) | 3.5469(2)| 3.5225(2)
Ni |-6 Al |2.6281(2) 2.6342(2) | 2.6258(3) 2.6262(3) 28B3J |2.6150(2) | 2.6041(2) 2.5852(2)
-3R 2.7985(7) 2.7978(7) | 2.7939(6) 2.7868(8) 2.7628(&).7610(7) | 2.7709(7)| 2.7538(7)
Al [-2 Ni |2.6281(2) 2.6342(2) | 2.6258(3) 2.6262(3) 2F/BJ |2.6150(2) | 2.6041(2) 2.5852(2)
-2 Si | 2.6932(3) 2.7321(5)| 2.7053(6) 2.6801(p) 248y |2.6554(5) | 2.6481(4) 2.6343(5)
-2 Al |2.7758(6) 2.7503(9) | 2.7598(9) 2.7806(8) 2B®) |2.7860(9) | 2.7654(7) 2.7381(8)
2R 3.2022(3) 3.2131(5) | 3.2014(6) 3.1921(6) 3.1738(B.1655(5) | 3.1615(5)| 3.1454(5)
-4R 3.2206(4) 3.2847(6) | 3.2419(8) 3.2090(6) 3.1814(6).1837(5) | 3.1678(3)| 3.1486(4)
Si |-3 Al [2.6932(3) 2.7321(5) | 2.7053(6) 2.6801(%) 24M6) |2.6554(5)| 2.6481(4) 2.6343(5)
-6 R 2.9419(7) 2.9713(3) | 2.9490(3) 2.9350(3) 2.9269(2.9162(3) | 2.9027(1)| 2.8846(1)

possible ternary derivatives of the,Petype is known:
B1-KoUFg, LusCoGa, ZrsCuSk; (all Z = 1) and ZrNiAl
(Z=23)[23].

The structure of the KiAl;Ge, type can be
considered as an arrangement of trigonal prisms of
composition ¥ centered by Ge atoms. The prisms
form infinite columns (common bases) running along
the crystallographic direction, and in theab plane [4]
each prism is connected to two other priskia
common edges. As a result, hexagonal channels are [5]
formed, in which isolated columns of trigonal prsm
of composition A}, centered by Ni atoms, are located.
Similar structure fragments, hexagonal channels, ar
also present in related aluminide structures: the [6]
quaternary type ENizAl;Gey (hP9, P-62m) [7] and
the ternary types PrbAl; (hP6, P/6mmm) [24] and
GdsNi-Al 14 (WP72,P-62m) [25] (Fig. 4).

(2]

(3]

[7]

(8]
9]
(10]

Conclusions

The quaternary compound&NiAl;Si, (R =Y, Gd,

Tb, Dy, Ho, Er, Tm, Lu) adopt the structure type
Y 3NiAl ;Ge,, which belongs to a family of structures
with trigonal prismatic coordination of the small
atoms (Ni and Ge). The Ni- and Ge-centered trigonal
prisms form infinite columnsia common triangular
faces. The columns of Ge-centered prismg Ghare
prism edges and form a 3D framework with six-
membered rings in the (001) plane, whereas the
columns of Ni-centered prisms @lare isolated and

(11]

located in the channels of the framework. [12]
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