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The new ternary intermetallic compound ZrAlo23Ge1.77 was observed after annealing at 600°C, and its crystal
structure was determined by X-ray single-crystal diffraction. The structure (own structure type, Pearson symbol
t132-8, space group l41/amd, a = 3.8013(2), ¢ = 29.893(3) A, Z = 4) is a variant with partial positional disorder of
the pseudo-binary structure type Zro.7sAlSii2s. The structures are members of the family of linear intergrowth
structures composed of AlB2-type slabs (layers of centered trigonal prisms) and CaF2-type slabs (layers of empty
“half octahedra™), here in the ratio 1:2. The structure of ZrAlo23Ge1 77 is characterized by statistical occupation by
Al and Ge of one of the sites forming the CaF2-type slabs and positional disorder of the Ge atoms that form zig-zag

chains along the crystallographic direction [100].
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Introduction

During an investigation of the phase diagram of the
ternary system Zr—Al-Ge at 600°C we found four ternary
compounds and reported the crystal structures of three of
them: ZrAl,5:Geg4s (structure type (ST) TiAls, Pearson
symbol (PS) tI8, space group (SG) 14/mmm: a = 3.92395,
¢ =9.0476 A) [1], ZrsAlGes (ST HfsCuSns, PS hP18, SG
P63/mcm, a = 8.104, ¢ = 5.654 A) [2], and ZrsAl,70Geo.30
(ST NbsSiSn;, PS tI32, SG 14/mcm, a 11.0145,
¢ =5.3921 A) [3]. ZrAl,5:Geo 45 is a member of the family
of cubic close-packed structures, which derive from the
face-centered cubic structure type Cu. ZrsAlGes
represents a filled-up Nowotny phase, and derives from
the binary structure type MnsSis, whereas the structure of
ZrsAl 70Gep 3o adopts a ternary variant of the structure
type WsSis, and probably forms via stabilization at lower
temperatures of the substitutional solid solution based on
the high-temperature modification of ZrsAlz (> 1000°C).
In all these structures a tendency towards ordering of Al
and Ge atoms was observed.

The aim of the present work was to determine the
crystal structure of the fourth ternary compound,
ZrAl23Ger 77. In the related systems Ti—Al-{Si, Ge} and
Zr—Al-Si, ternary phases adopting the tetragonal structure
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type ZrozsAlSiizs (PS tl124, SG 14i/amd) have been
reported [4]. The crystallographic data of these phases are
summarized in Table 1.

Table 1
Cell parameters of ternary compounds with Zrg 7sAlSiy 25-
type structures (Pearson symbol t124, space group

14:/amd).
Compound Czll parameters,CA Ref.
TiAlo24Si1.76 3.5788 27.132 [6]
Zro.75AlSi1 25 3.71 29.35 [7
TiAlo29Gern 3.6859 28.345 [8]

The structure of Zro75AlISiios represents a pseudo-
binary structure type, (Zro.75Alo.25)(Sio.s25Al0.375)2, Which
has later been reported also for binary compounds such as
ScSn,. Considering the difficulty to distinguish Si and Al
by X-ray diffraction, partial order of these two elements
cannot be excluded. The structure belongs to the family of
intergrowth structures that can be decomposed into slabs
characteristic of the simple structure types AIB; and
CaF; [5]
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Fig. 1. Image of the surface of the sample Zrss 3Al10Gess7 in SE and BSE modes.

I. Experimental details

An alloy of nominal composition Zrsz 3Al10Gess.7 was
synthesized from high-purity metals (> 99.9 mass%) by
arc melting in a water-cooled copper crucible under a
purified argon atmosphere, using a tungsten electrode and
porous Ti as a getter. To achieve homogeneity the sample
was melted twice. After the synthesis the ingot was
wrapped into tantalum foil, sealed in a quartz ampoule
under vacuum and annealed at 600°C for 1 month. Finally,
the ampoule with the sample was quenched into cold
water. The mass loss was less than 0.5 % of the total mass,
which was approximately 1 g.

A plate-like single crystal was extracted from the
alloy, mounted on a glass fiber, and X-ray diffraction data
were collected at room temperature on a Rigaku AFC7
diffractometer, equipped with a Mercury CCD detector
(graphite monochromator, Mo  Ka  radiation,
4 =10.71073 A). An absorption correction was performed
applying a multi-scan procedure.

The structure of the ternary compound was solved by
direct methods in the centrosymmetric tetragonal space
group l4,/amd; the atomic positional and anisotropic
displacement parameters were refined by the full-matrix
least-squares method, using the program package
WinCSD [9]. Experimental details and crystallographic
data for ZrAlo23Ge1.77 are listed in Table 2.

The composition of the ternary compound
(Zro.99Alo.253)Ge1.75(3)) was independently determined by
energy-dispersive X-ray spectral analysis, performed on a
scanning electron microscope TESCAN Vega3 LMU
(Fig. 1), equipped with an energy dispersion X-ray
analyzer Oxford Instruments Aztec ONE with a detector
X-MaxN20.

I1. Results and discussion

The crystal structure of the ternary alumogermanide
ZrAlo23Ger 77 represents a new structure type (Pearson
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Table 2
Experimental details and crystallographic data for
ZrAlp23Ger77
Compound composition ZrAlg 23Ges. 77
Formula weight 225.98
Pearson symbol t132
Space group 14:/amd
Cell parameters: a, A 3.8013(2)
c, A 29.893(3)
Cell volume V, A3 431.95(9)
Formula units per cell Z 8
Density Dx, g cm™ 6.950
Absorption coefficient z, mm? 30.16
No. of reflections: 1474
measured _ 254
independent (with F > 36(F))
Reliability factor Reg 0.0392
Range of h, k, | -5<h<2,-5<k<
5,-43<1<43
Ormax, ° 33.2
Reliability factors: R 0.0311
wR 0.0320
S 1.01
symbol tI32-8, space group I44amd), which is

characterized by partial disorder of the Al and Ge atoms.
Atom coordinates and displacement parameters for
ZrAlg23Gey 77 are given in Table 3.

The structure is closely related to the structure type
Zro75AlSiy s [7], which has the same space group and
similar cell parameters and to which the structures of three
chemically related ternary compounds belong (see Table
1). During the structure refinement, positional disorder for
the Ge atoms occupying site Gel was evidenced by large
values of the displacement parameters. The disorder was
successfully modeled by splitting the site in Wyckoff
position 8e into two positions shifted along [001] (sites
GelA and GelB). The site occupancy of both sites was
conveniently fixed at 50 %. The refined distance between
neighboring positions of the split sites is 0.254(3) A.
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Table 3

Atom coordinates and displacement parameters (A2) for ZrAly23Ge1.77 (PS t132, SG 141/amd, origin choice 2,
a=3.8013(2), c =29.893(3) A, R = 0.0311, wR = 0.0320)

Site Wyckoff position X y z Biso
Zr 8e 0 1/4 0.19867(4) 0.47(3)
M@ 4b 0 1/4 3/8 0.67(4)
GelA® 8e 0 1/4 0.02789(6) 0.35(4)
GelB?® 8e 0 1/4 0.0364(1) 0.26(12)
Ge2 4a 0 3/4 1/8 0.69(3)
Site Bu B2z Bss B2 Bis Bas
Zr 0.34(5) 0.27(5) 0.81(4) 0 0 0
Ma 0.50(6) 0.50(6) 1.02(9) 0 0 0
GelA® 0.39(8) 0.31(8) 0.36(6) 0 0 0
GelB?® 0.3(2) 0.2(2) 0.24(12) 0 0 0
Ge2 0.51(4) 0.51(4) 1.05(7) 0 0 0

aM = 0.461(9)Al + 0.539(9)Ge; ° occ. (GelA) = occ. (GelB) = 0.5.
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Fig. 2. Cell content and coordination polyhedra in the
structure of ZrAlg 23Ge1 77.
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The composition of the ternary alumosilicides Zrg75AlSis 25
and Tig.g7Alo.63Si150 [7] differ from the ideal T:M ratio 1:2
(T — transition metal, M — p-element) due to the formation
of statistical mixtures of Zr (or Ti) and Al atoms. At the
same time, also the Si atoms are in part replaced by Al
atoms. In the structure of the alumogermanide
ZrAlo23Ger 77, similarly to  TiAlg2Geirn [8], the
corresponding site in Wyckoff position 8e is exclusively
occupied by transition metal atoms, while Al and Ge
atoms are distributed over the other sites in a partly
disordered way. Statistical mixture of Al and Ge atoms
was found for the site in Wyckoff position 4b, whereas the
sites in 4a and 8e are occupied by Ge atoms alone. Both
structures, ZrAlp23Geir7z and TiAlg2Geir, are thus
ternary, partially ordered variants of the pseudo-binary
structure type Zro7sAlSii2s. It may be mentioned that the
displacement ellipsoid of the Ge site in Wyckoff position 8e
in TiAlo20Ge1.71 shows a relatively high value along [001].
The cell content and coordination polyhedra of the atoms
in the structure of ZrAlg2sGe177 are shown in Fig. 2,
interatomic distances and coordination numbers are listed
in Table. 4.

The Zr atoms are coordinated by 16 atoms, which
form a polyhedron of composition ZrM,GesZrs. This
polyhedron can be described as a cuboctahedron of
composition M,GegZr, with four additional Zr atoms. The
atoms belonging to the closest environment of sites
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Table 4
Interatomic distances (o) within the coordination
polyhedra and coordination numbers (CN) in the
structure of ZrAlg23Ges .77

Atoms 0, A CN
Zr | —4GelB® 2.725(1)
(4 GelA?) (2.778(1))
~2Ge2 2.909(1)
—2Mb 2.909(1) 16
~2GelA 3.037(2)
(2 GelB?) (3.239(3))
—27r 3.610(1)
—47r 3.801(1)
MP | — 4 Ge2 2.688(1) o
4z 2.909(1)
GelA (1 GelB? (0.254(3))
~2GelA® 2.528(2)
(2 GelB?) (2.703(2)) 8
—47r 2.778(1)
—27r 3.037(2)
GelB | (LGelA? (0.254(3))
~2GelA 2.703(2)
(2 GelB?) (2.889(3)) 8
—47r 2.725(1)
—27r 3.239(3)
Ge2 | —4MP 2.688(1) o
47y 2.909(1)

a partially occupied sites; ® M = 0.461(9)Al + 0.539(9)Ge

M (statistical mixture of Al and Ge atoms) and Ge2 form
8-vertex polyhedra MGesZrs and Ge2MaZr., respectively,
which are made from two mutually perpendicular trigonal
prisms sharing a square face (a gyrobifastigium). The Ge
atoms from site GelA are coordinated by six Zr atoms
forming a trigonal prism, and two Ge atoms capping
rectangular faces of the prism. The Ge atoms from site
GelB have the same type of polyhedron, with different
distribution of distances.

Contact distances are observed between Ge atoms
from the sites GelA and GelB, situated near the centers
of the trigonal prisms Zrg (see Fig. 3a,b), indicating strong
homonuclear interaction (covalent and metallic radii for
Ge are: ey = 1.220 A, rmet = 1.369 A). These atoms form
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Fig. 3. Projection of the structure of ZrAlg23Gey 77 onto the (101) plane with highlighted Ge-atom zig-zag chains
and planar square-mesh nets of Al and Ge atoms (a), enlarged projection of the Ge-atom zig-zag chain onto the
(101) plane (b), and a planar square-mesh net of Al and Ge atoms in the (110) plane (c).

Fig. 4. Intergrowth of AIB,- and CaF,-type slabs in the structure of ZrAlg23Ge1 77 along the crystallographic
direction [001].

infinite zig-zag chains along [100] and [010] and the
shortest “possible” distance between split positions
(GelA-GelA) is only slightly longer than the distance in
elementary Ge. The Ge atoms from site Ge2 and the atoms
from site M (approximately 50 % Al + 50 % Ge) form
planar square-mesh nets in the (001) plane, where
interatomic distances of the same magnitude as
0(GelA-GelB) are observed (Fig. 3c).

The structure of ZrAly23Ge177 belongs to the family
of linear intergrowth structures composed of AlB:-type
and CaF-type slabs [5]. The former can be represented by
layers of fused centered trigonal prisms and the latter by
layers of empty “half octahedra”. In ZrAlg 23Ge1 77, single
AlBo-type layers, built from trigonal prisms centered by
Ge atoms and formed by Zr atoms, alternate with two
CaF,-type layers, containing the sites M and Ge2, along
the crystallographic direction [001]. Consecutive layers of
trigonal prisms are rotated by 90° around [001], whereas
the CaF-type layers in the double slabs are shifted with
respect to each other in the (001) plane, so that a glide
plane appears at the interface.
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Conclusions

The new ternary compound ZrAlg23Gerrz was
synthesized and its crystal structure determined by X-ray
single-crystal diffraction. The structure belongs to a new
structure type, which is a ternary variant with partial
positional disorder of the pseudo-binary structure type
Zro75AlSiy 5. It differs from the latter by the modelling of
positional disorder of the Ge atoms forming zig-zag
chains. The structure belongs to the family of linear
intergrowth structures formed by AIB,- and CaF,-type
slabs, in this case present in the ratio 1:2.
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. Mapuckesuy, S. Tokaituyk, JI. Akcenspya, P. ' maguimieBcbkuii
Crpykrypuumii Tun ZrAlo23Ger77

JIvsiecoruti nayionanvhuil ynisepcumem imeni leana ®panxa, Jlvsis, Ykpaina, yaroslav.tokaychuk@Inu.edu.ua

3HaiieHo HOBY TepHapHy crioiykKy ZrAlo23Ger,77 mpu 600°C 1 ii kpHCTaTiYHy CTPYKTYPY BU3HAUEHO METOIOM
PEHTIeHIBChKOI Andpakiii MoHOKpucTany. CTpykTypa (BnacHuit T, cuMBon [lipcona t132-8, mpocroposa rpyma
141/amd, a = 3,8013(2), ¢ = 29,893(3) A, Z = 4) € BapiaHTOM 3 YACTKOBUM MO3HIiHHUM HEBMOPSIKYBAHHSM aTOMIB
NCeBIO-0IHAPHOTO CTPYKTypHOro THIy Zro75AlSii2s. O6GHIBI CTpyKTYpH HajexaTre a0 cepil JiHIHHHX
HEOJHOPITHUX CTPYKTYpP, MOOYAOBaHUX 3pOIIeHHAM (parmeHTiB TUy AlB2 (Imapu neHTpOBaHUX TPUTOHATBHUAX
npu3M) i ¢parmentiB tuny CaF2 (mmapu He3armoBHEHHX “‘HamiB-okTaenpis”) y cmiBBigHomeHHi 1:2. CTpykrypa
cronyku  ZrAlo23Ge177 XapakTepHu3yeTbCsl CTAaTUCTHYHHMM po3TamryBaHHsM aTomiB Al i Ge B omHoMy 3
KpHcTanorpadivyHuX MOJI0KEHb, IO YTBOPIOIOTH hparMenTH Tuity CaF2, a Takoxk MO3UIIHHIM HEBIOPSIKYBaHHIM
aTomiB Ge, sIKi yTBOPIOIOTh 3UI'3aromno1iOHi JaHII0KKH B3/I0BXK KpucTanorpadidnoro HanpsMky [100].

KiwouoBi cioBa: IUpKOHINA; alfOMiHIN; repMaHid; peHTreHiBChbKa AUQPaKIisi MOHOKPUCTATy; TepHapHa
CIIOJIyKa; KPHCTaliYHA CTPYKTYpa; CTPYKTYpa 3pOLICHHS.
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