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Six rare-earth nickel alumoger manides RNiAl,Ge, (R=Gd, Tb, Dy, Ho, Tm, Lu) were synthesized by arc
melting and their crystal structures were studied by X-ray powder diffraction. They are isotypic to
SmNiAl,Ge,, Pearson symbol hR24, space group R-3m. The structures of the RNiAl,Ge, compounds can be
described asformed by two types of alternating slabs. Thefirst type of dab isbuilt up of cubes of composition
Alg, every second cube being centered by a Ni atom, and the second one is formed by octahedra of

composition Ge;, every second octahedron being centered by an R atom.

Rar e-earth nickel alumoger manide/ X-ray powder diffraction / Crystal structure

Introduction

In the R-Ni—Al-Ge systems, wherR is a rare-earth

Experimental

Samples of nominal compositioR;> Niqo Al50Ges

metal, 29 quaternary compounds have been reported (R = Sc, La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Tm, Yb,

[1-3]. The structures of these alumogermanides belong
to ten different structure types, among which gi& a
defined on quaternary compounds: sNEEAI;Gey
(Pearson symboloP30, space groupPmmr) [4],
Y3NiAl;Ge, (hP9, P-62m) [5], ThNiAl,Ge, (1118,
14/mmn) [6], CeNiAlsGees (138, 14/mmn) [6],
SmNIiAl,Ge (hR24,R-3m) [7], and Pr(Ni Al sG& 2)»
(0%, Cmn?R) [8]. The first five types are characterized
by well-defined compositions and complete ordering
of the atoms in the structures, whereas the las ty
exhibits Ni/Al/Ge atom disorder. Complete rows of
isotypic alumogermanides are not known for any
types. The hexagonal;MiAl ;Ge, type has the largest
number of representatives in tReNi—Al-Ge systems
(9 compoundsR = Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu [2,9]). The tetragonal THIIAI,Ge, type has 8
representativesR(= Y, Sm, Gd, Dy, Ho, Er, Tm, Yb
[3,10]), the rhombohedral SmNigke, type has two
isotypic compounds, with Y and E7,10], whereas
the other three structure types are the only
representatives of the types they define. The heavy
rare-earth elements form a larger number of
compounds (22) than the light rare-earth eleméfjts (
The aim of the present work was to search for new
representatives of the structure type SmN&& in
R-Ni—Al-Ge systems. It is interesting to note that
compounds adopting this structure type have also be
observed in somB-Au—-Al-Ge systemsR = Ce, Nd,
Gd, Er)[11].
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Lu) were synthesized from the elements
(purity for R>099.75, Ni=99.99, AI>99.998,
Ge> 99.999 mass%) by arc melting in a water-cooled
copper crucible with a tungsten electrode under a
purified argon atmosphere (using Ti as a gettelneg T
ingots were annealed at 600°C under vacuum in zjuart
ampoules for 1 month and subsequently quenched in
cold water. The weight loss during the preparatbn
the samples was less than 1 % of the total masshwh
was 1 g for each alloy.

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=1.5406A, in the angular range
6<20<110.625° with step 0.015° and scan time
250 s). The structural parameters were refinedhly t
Rietveld method12], using the program DBWH.3].
The elemental compositions of the phases in the
sample with Ho were determined by energy-dispersive
X-ray spectroscopy on a scanning electron micrascop
REMMA-102-02. The structure drawings were made
with the program ATOM$14].

Results and discussion

The X-ray phase analysis of the alloys annealed at
600°C showed that the samples with Gd, Tb, Dy, Tm,
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and Lu were single-phase and contained the
compoundRNiAl ,Ge,, which is new for these rare-
earths. The crystal structures effectively belamghe
SmNIAl,Ge, type. In addition to the new compound
HoNiAl,Ge, the sample with Ho contained a small
quantity (2 mass%) of a secondary phaseANi
(Fig. ). The compositions of both phases were
confirmed by EDX analysis. The samples with Sc, La,
Ce, Pr, Nd, Eu, and Yb were multi-phase alloys and
did not contain the phaseNiAl ;Ge. Based on the
X-ray diffraction data, the structural parametefrshe
compound$NiAl ,Ge (R= Gd, Th, Dy, Ho, Tm, Lu)
were determined.

‘WD=24.9mm

20.00kvV  x500

Fig. 1 Electron microscope photograph of the

alloy Hopp Nijo sAlsgGexs (HONIAILGe, — light
grey, NbAl; — dark grey).

The cell parameters of all known quaternary
alumogermanides RNiIAl ,G& isotypic with
SmNIiAl,Ge are listed inTable 1 The cell parameters
refined for the new compound®NiAl ,Ge, (R= Gd,
Th, Dy, Ho, Tm, Lu) are in good agreement with #os
reported in the literature for YNifBGe, [7],
SmNIiAl,Ge [7], and ErNiALGe, [10]. As expected,
the cell parameters decrease with decreasing raflius
the rare-earth met@l5] from Sm to Lu.

Tablel Cell parameters of RNiAlGe
compounds with SmNiAGe-type structure.
Compound a A c, A v, A

YNiAl ,Ge,® [4.0959 30.958 449.8
SmNiAl,Ge? |4.1121 31.109 455.6
GdNiAl,Ge, |4.09456(9) 30.9672(9)|449.623(12)
TbNiAl,Ge, [4.08419(7)30.8699(7) 445.943(14)
DyNiAl ,Ge, |4.08274(7)30.7857(7)|444.410(15)
HoNiAl,Ge, |4.07878(3) 30.7444(3)|442.952(6)
ErNiAl,Ge,” [4.0716 30.7027 | 440.8
TmNIAlI,Ge, |4.06883(3)30.6533(3)439.487(7)
LuNiAl ,Ge, |4.06074(3) 30.5992(3)|436.970(6)

afrom[7],° from[10]

Details of the structural refinements (pseudo-Yoig

function for profile), refinable atomic coordinatasd

displacement parameters of the six new compounds
RNiAl ,Ge, are presented ifable 2 A comparison of
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the experimental and calculated diffraction diaggam
for HoNiAl,Ge, is shown in Fig.2 Relevant
interatomic distances for the six new compounds and
the corresponding coordination polyhedra are
presented ifable 3
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Fig. 2 Experimental, calculated and difference
between experimental and calculated X-ray
powder diffraction patterns (Ko, radiation)
for the sample H Ni,AlsGes Vertical
bars indicate the positions of the reflections of
HoNiAl ,Ge, and NpAl ;.

The coordination polyhedron of tHe atoms has
18 vertices and can be considered as a combination
two octahedra of compositions jAlnd Ge¢ and a
hexagon oR atoms. The Ni atoms are situated inside
Alg cubes. The Al atoms from the site All are located
inside octahedra Al having in addition three Ni
atoms and one Ge atom at contact distances. The Al
atoms from the site Al2 exhibit trigonal-prismatic
coordination. The prisms have the compositiogGit
and one triangular face is capped by a Ni atom. The
coordination polyhedron of the Ge atoms is builtofip
threeR and four Al atoms and can be described as a
slightly deformed octahedron of compositiéAl;
with one additional Al atom.

The structure of the compounBSliAl ,Ge, belongs
to the family of structures with cubic coordinatioh
the smallest atoms (here the Ni atoms), which
corresponds to class #8 of the classification by
P. Kripyakevich[16]. The Ni atoms are located at the
centers of cubes formed by Al atoms. Accordinghto t
database Pearson’s Crystal Dith a similar atomic
environment of Ni atoms is observed in six other
structure types, defined on quaternary and ternary
compounds: TINIAI,Ge [6], CeNiAls/Gees [6],
Y3Ta.Ni6+XAI 26 (CP49, Pm—3m) [18], Dy4N|9A| 24 (aP39,

P-1) [19], and YbN&AIg o3 (hR81,R32)[20] (Fig. 3.

In the tetragonal THIAl ,Ge [6] and rhombohedral
SmNIiAlLGe, [7] structure types the atoms are well-
ordered; the Ni atoms occupy only one Wyckoff
position. In the tetragonal structure typeNial s /G 64
[6], the different elements also occupy distinct sibes
two of the atom sites are partly occupied.
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Table 2 Details of the structural refinements of the compadsRNIAl ,Ge&, (space grouR-3m, Rin 3b 0 0 %4,
Niin3a00 0, All, Al2, and Ge in®0 0z Z = 3).

Compound GdNiA|Ge, | TbNIAl ,Ge, | DyNiAl ,Ge, | HONIAl ,G&, | TmNIAl ,Ge, | LUNiAl ,Ge,
Cell parameters, A:a 4.09456(9)| 4.08419(7)| 4.08274(7)| 4.07878(3)| 4.06883(3)| 4.06074(3)
c 30.9672(9)| 30.8699(7)| 30.7857(7)| 30.7444(3)| 30.6533(3)| 30.5992(3)
Cell volumeV, A® 449.623(12)445.943(14) 444.410(15) 442.952(6)| 439.487(7) 436.970(6)
DensityDy, g cnm° 5.196 5.258 5.317 5.361 5.449 5.549
FWHM parametersyU 0.264(8) | 0.163(5) | 0.091(5) 0.055(1) 0.069(2) 0.049(1)
\Y -0.072(5) | -0.052(3) | -0.028(3) | -0.020(1) | -0.014(1) | -0.017(1)
w 0.0165(6) | 0.0172(5) | 0.0138(5) | 0.0139(3) | 0.0129(2) | 0.0126(2)
Mixing parameter 0.779(8) 0.743(7) 0.774(9) 0.621(3 0.668(4) 0(8%7
Asymmetry parametety, -0.060(4) -0.079(2) -0.083(3 -0.082(2) -0.078(2) -0.091(2)
[Toeoxlti”e paramete®, direction | 4 4513y | 10502) | 1.054(2)| 1.124(0)| 1.094(1]  1.103(1)
Number of reflections 103 100 100 100 100 100
Number of refined parameters 17 17 17 20 17 17
Atomic coordinatesz(All) 0.3108(2) | 0.3111(1) | 0.3114(2) | 0.3112(1) | 0.3110(1) | 0.3106(1)
Z(AI2) 0.0773(2) | 0.0776(1) | 0.0778(2) | 0.0780(1) | 0.0781(1) | 0.0781(1)
Z(Ge) 0.2239(1) | 0.2232(1) [ 0.2227(1) | 0.2225(1) | 0.2219(1) | 0.2214(1)
Isotropic Biso(R) 0.45(7) 1.11(5) 0.99(6) 0.88(2) 0.87(2) 1.06(2)
displacement Biso(Ni) 0.56(13) 0.53(8) 1.13(12) 0.27(3) 0.61(4) 0.77(5)
parameters, A B (Al1,Al2) | 0.60(13) 0.62(8) 1.14(11) 0.44(3) 0.78(4) 0.79(5)
Bis(Ge) 0.77(9) 0.72(5) 1.21(8) 0.57(2) 0.74(2) 0.90(3)
Reliability factors: Rg 0.0622 0.0741 0.0823 0.0321 0.0382 0.0440
Ry 0.0344 0.0331 0.0353 0.0529 0.0623 0.0726
Rup 0.0434 0.0424 0.0539 0.0725 0.0878 0.0934
Table 3 Interatomic distances and coordination polyhedrthé six new compoundNiAl ,Ge,.
5, A
Atoms Gd To Dy Ho ™™ u Polyhedron
R -6 Ge | 2.9546(19) 2.9336(18) 2.9210(18) 2.9141(18)89%7(18)| 2.8812(18
-6 Al2 | 3.640(5) 3.622(2) 3.611(5) 3.602(2) 3.590(2) 3.583(2)
-6R 4.09456(9)| 4.08419(7) 4.08274(f) 4.07878(3) 4.0868B| 4.06074(3)
Ni | -2 Al2 | 2.394(6) 2.396(3) 2.395(6) 2.398(3) 2.394(3) 2.390(3)
-6 All | 2.4648(18)| 2.4559(9)| 2.4520(1Y) 2.4512(9) 44B9(9) | 2.4455(9)
All | -3 Ni | 2.4648(18)| 2.4559(9)| 2.4520(1Y) 2.4512(9) 4BA9) | 2.4455(9)
-3 All | 2.745(5) 2.729(2) 2.717(4) 2.720(2) 2.719(2) 2.726(2)
-1 Ge | 2.691(7) 2.714(4) 2.731(7) 2.727(4) 2.731(4) 2.729(4)
-3 Al2 | 2.909(5) 2.912(3) 2.918(5) 2.915(3) 2.905(3) 2.893(3)
Al2 | -1 Ni | 2.394(6) 2.396(3) 2.395(6) 2.398(3) 2.394(3) 2.390(3)
-3Ge | 2.565(3) 2.5630(17) 2.565(3) 2.5621(17) 2/®61) | 2.5629(17)
-3 All | 2.909(5) 2.912(3) 2.918(5) 2.915(3) 2.905(3) 2.893(3)
Ge | -3 A2 | 2.565(3) 2.5630(17) 2.565(3) 2.5621(17) 2ABA7)| 2.5629(17)
-1 All | 2.691(7) 2.714(4) 2.731(7) 2.727(4) 2.731(4) 2.729(4)
-3R 2.9546(19)| 2.9336(18) 2.9210(18) 2.9141(18) 2.888)| 2.8812(18)
20 Chem. Met. Alloy41(2018)
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DyaNigAl 4 (@P39, P-1) YbNisAlg 3 (NRB1, R32)

Fig. 3 The structure type SmNifBe, and related quaternary structure types, emphasthi@ arrangement
of Ni-centered cubes Al

In the tetragonal structure type i(Nig27Sip79Al 4Sig every second cube is empi¥l]. The structure type
[17] the Ni atoms are situated on two sites belongingt YsTaNig.,Al,s represents an exception, since in this
different Wyckoff positions; the first one is ocoeg structure the cube of Al atoms, centered by a binat
exclusively by Ni atoms, while the second one is is located at the centre of the cell and is isoldtem
occupied by a statistical mixture of Ni and Si asorhm other cubes. The other quaternary structures can be
the cubic structure type sYaNig.,Alog [18] the Ni considered as formed by two types of slab, alteérgat
atoms are also located in two Wyckoff positiong th  along the crystallographic direction [001]. Similar
first one is only partly occupied by Ni atoms, wdes slabs of A cubes are present in all these structures,
the second one is part of a split site occupiedaby  but the slabs of cubes are separated by diffetabss
statistical mixture of Ni and Al atoms. The triétin In the structure of SmNiAGe, the second type of slab
Dy4NigAl,, [19] and rhombohedral YbRAlg,s [20] can be seen as formed by octahedra of composition
structure types have an ordered distribution of the Ge;, with every second octahedron centered by a Sm
chemical elements, but some sites are partly vacant atom. In the structure of FHIAl ,Ge&, the second slab

In the above mentioned structures thg élibes is built from slightly deformed empty cubes of

are connected by common edges and centered by Ni composition ThGe,, whereas in GiAl5;/Ge gy
atoms, forming slabs. This arrangement of cubes in  similar deformed cubes of composition,Gey, which
slab corresponds to the simple G#fpe structure, form the second slab, are in part centered by Aber
where the space is completely filled by dubes, but atoms.

Chem. Met. Alloy41(2018) 21
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In the structure of Sgli(Nig»7Sig79Al4Sis along
the crystallographic direction [001] the slabs d§ A
cubes are separated by two layers of square amtipri
of composition Sj centered by Sm atoms. Additional
Si or Ni atoms in statistical disorder are situaied
voids (square pyramids) inside the slabs of arstipsi

In the structures of THIAl .G,
CeNiAl 577G .64 and SmNi(Nig 7S 79Al4Sks, every
Ni-centered A} cube is connected to four others by
sharing edges, forming walls with the thicknesshef
side-length of one cube. In the structure of
SmNIiAl,Ge, the cubes are oriented so that a cube

diagonal is perpendicular to the slab. Each cube is

connected to six other cubeg common edges, so
that corrugated slabs are formed.

The ternary structures of [NigAl,, and
YbNizAlg,; can be described as three-dimensional
packings of slightly deformed cubes of composition
Alg centered by Ni atoms. Dy or Yb and additional Al
atoms are located in the voids of the framework.

Conclusions

The structure of the quaternary compouRdEAl ,Ge,
(R=Gd, Th, Dy, Ho, Tm, Lu) belongs to the
SmNiAl,Ge, type. The structure of the SmNj&e,
type may be described as formed by slabs of
Ni-centered cubes 4l alternating with Sm-centered
octahedra Gg Ni-centered cubes Alseem to be a
particularly stable structural element since simila
cubes are observed
quaternary and ternary aluminides with rare-earth
metal and nickel, as shown for the typesNiBl ,Ge,,
CeNiAl 5 7/G6 64 SmNi(Nig 2/Sip 79 Al 4Sie,
Y3TaNi6+xA|26, Dy4NigA|24, and YbNQAIgzg The
quaternary structures, with the exception of
Y sTaNig+,Al, can be considered as formed by two
types of slab alternating along the crystallographi
direction [001], one of them being built up of
Ni-centered cubes Al The ternary structures can be
described as a 3D-stacking of slightly deformed
Ni-centered cubes Al
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