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The new ternary intermetallic compound Zr;AlGe; was synthesized and its crystal structure was detained
by X-ray single-crystal diffraction (structure type HfsCuSns, Pearson symbolhP18, space groupP6s/mcm,
a=8.104(3),c = 5.654(2) A,Z = 2). The structure type HECuSn; is a ternary variant of the structure type

TisGa, and a filled-up variant of the MnsSi; type. ZrGes and AlZr ¢ octahedra are connected by common faces
and form 1D-rods along the crystallographic directon [001], the former sharing edges to build up a
3D-framework with channels hosting the latter. At ®0°C no solid solution was observed between the
MnSiz-type binary compound ZrsGe; and the ternary compound ZiAlGes.
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Introduction

The phase diagram of the ternary system Zr-Al-Ge
has to our knowledge not yet been investigated. The
structural evolution in the Al-rich alloys ZrQlGe,

(x = 0-0.8) at 600°C, when Al atoms are progressively
replaced by Ge atoms, and the crystal structutbeof
ternary compound ZrAkGe s (structure type TiA),
Pearson symbol tI8, space group [4/mmm
a=3.92395, ¢=9.0476 A) were reported ifi].
Information on the phase relations in the Zr-ricrtp

of the system Zr—Al-Ge is absent in the literature.

The aim of the present work was to refine the
crystal structure of the new ternary compound
ZrsAlGes, discovered during an investigation of the
Zr—Al-Ge system. The structure was identified as
belonging to the structure type J@uSn (Pearson
symbol hP18, space growlt./mcn) [2], which is a
ternary filled-up variant of the MBi; type P16,
P6s/mcn) [3]. Among the related ternary systems of
Ti, Zr, or Hf with p-elements of group IlI, IV, or IV,
isotypic ternary phases have only been reported for
some of the systems {Zr,Hf}—{Al,Ga}-{Sn,Sb}
(Table ). However, in the binary systems
Ti—{Ga,Sbh}, Zr—{Al,Ga,Sn,Pb,Sb}, and Hf-Sn the
existence of several compoundsM, adopting the
binary variant of the HCuSn type, the TiGa, type
(hP18, P6y/mcn) [10], has been reported. Like
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HfsCuSn, the structure type I&a, is a filled-up
derivative of the MgSi; type. In the system Zr-Al-Ge
three binary compounds have been reported with one
of these types: ZAl; (MnsSi;, hP16, P6s/mcm
a=8.184,c=5.702 A) [11], ZrsAl, (TisGa, hP18,
P6s/mcm a=8.447,c=5.810 A) [12], and ZiGe;
(MnsSis, hP16, P6s/mem a= 7.99,c¢c = 5.54 A) [13].

It should be noted that the voids in ABi-type
structures can sometimes be occupied by small
atoms, easily overlooked, such as C, N, or O
(structure type HuSn), e.g. ZrsAlC, ZrAlgN,
ZrsAl 300 17[4].

Experimental

An alloy of nominal composition ZgAl 11 :Gess 3 was
synthesized from high-purity metals 99.9 mass %)

by arc melting in a water-cooled copper crucibldem

a purified argon atmosphere, using a tungsten
electrode and Ti as a getter. To achieve homogeneit
the sample was melted twice. After the synthesis th
ingot was wrapped into tantalum foil, sealed in a
quartz ampoule under vacuum and annealed at 600°C
for 720 h. Finally the ampoule with the sample was
guenched into cold water. The mass loss did not
exceed 1 mass% of the total mass, which was
approximately 1 g.
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Table 1 Unit-cell parameters for ternary compounds witRCGiiSn-type structures (Pearson syminéil8,
space group6s/mcen) reported in the systems {Zr,Hf}—{Al,Ga}—{Sn,SH}].

Compound , Unit-cell parameters, A - Ref
Zr-AlSn 8.655 5871 5]
ZrsGaSn 8.6599 5.8794 [5]
HfsGaSn?® 8.5564 5.7859 [6,7]
ZrsAlSbhs 8.5802 5.8465 [8]
HfsGaSh 8.4747 5.7190 [9]

& limiting composition of the solid solution k¥8aSn; (x = 0-1) of inclusion type

A prism-like single crystal was extracted from the
alloy, mounted on a glass fiber and X-ray diffranti
data were collected on a Rigaku AFC7 diffractometer
equipped with a Mercury CCD detector (graphite
monochromator, Md&a radiation, 2 = 0.71073 A) at
room temperature. No significant variations of the
intensities were observed during the data collectio
An absorption correction was performed applying a
multi-scan procedure.

The structure was solved by direct methods in the
centrosymmetric hexagonal space gr&@&/mcm the
positional and anisotropic displacement parameters
were refined by the full-matrix least-squares mdtho
using the program package WinCSO14].
Experimental details and crystallographic data for
ZrsAlGe; are listed inrable 2

Results and discussion
The structure of the ternary compoundsA6Ges

belongs to the structure type $80Sn (Pearson
symbol hP18, space group P6s/mcnj, which

represents a ternary ordered variant of the strecctu
type TiGa,, which is a filled up derivative of the
structure type MgBiz (hP16, P6y/mcn). Atom
coordinates and isotropic displacement parameters
from the refinement are given ifable3 The
structure of ZgAlGe; is characterized by two sites
occupied by Zr atoms, one site by Al atoms, and one
site by Ge atoms. The Al atoms occupy Wyckoff
position D, which is empty in the structure of the
binary germanide Z£6Ge; (structure type MgBis).
According to preliminary results of an investigatiof
the phase relations in the system Zr-Al-Ge, at 600°
ZrsAlGes is a distinct ternary compound, whereas the
binary compound ZGe; dissolves up to 8 at.% Al
forming a solid solution ZAl,Ge; (x = 0-0.64) of the
substitution type.

The interatomic distances and coordination numbers
in the structure of ZAIGe; are summarized ihable. 4
The interatomic distances correlate with the suhtheo
atomic radii of the elements,(=1.60,r5 = 1.431 and
ree = 1.225 A[15]) and are also in good agreement with
the distances in the structures of known binary
zirconium aluminides and germanides.

Table 2 Experimental details and crystallographic dataZigAlGes.

Compound composition

Formula weight

Structure type

Pearson symbol

Space group

Unit-cell parameters: a, A
c, A

Cell volumeV, A3

Formula units per cell

DensityDy, g cm®

Absorption coefficient, mm*

Number of reflections: measured

independent
with F > 35(F))
Reliability factor Req
Range oh, k, |
Hmax: °
Reliability factors: R
wR
S

Zr5A|G83
701.02
Hf5CUSQ
hP18
P6s/mcm
8.104(3)
5.654(2)
321.62(18)
2
7.241
22.2
1558
248
248
0.0392
-10sh<9, -6<sk<12,-8<1<8
334
0.0357
0.0375
1.01
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Table 3 Atomic coordinates, anisotropic and equivalentriguic displacement parameters forsXGe;
(HfsCuSn, hP18, P6s/mcm a = 8.104(3) ¢ = 5.654(2) AR = 0.0357wR = 0.0375).

Site \gggt(.gf; X y z Beg A?
Zrl 69 0.2567(2) 0 Yy 1.21(4)
Zr2 4d A % 0 0.87(3)
Al 2b 0 0 0 1.27(14)
Ge 6 0.6100(2) 0 Yy 1.05(4)
Site By, AZ B,,, A? Bas, A? By, AZ Bis, AZ Bys, AZ
Zrl 1.25(4) 0.87(5) 1.09(5) 0.43(2) 0 0
Zr2 0.86(3) 0.86(3) 0.59(5) 0.43(2) 0 0
Al 1.4(2) 1.4(2) 0.6(2) 0.69(9) 0
Ge 0.96(4) 0.94(5) 0.94(5) 0.47(3) 0 0

Table 4 Interatomic distances)) and coordination numbers (CN) in the structurZihlGe; (HfsCuSn,
hP18, P6s/mcm a = 8.104(3)c = 5.654(2) A).

Atoms 5, A CN Atoms 5, A CN
ZrL —2Al 2.5151(8) Al —62zr1 2.5151(8)
_1Ge 2.782(1) —2Al 2.8270(8) 14
_2Ge 2.864(1) 11 —6Ge 3.4616(9)
_2Ge 3.0261(8) Ge —227r1 2.782(1)
_47r2 3.3702(9) —27r1 2.864(1)
22 —227r 2.8270(8) —47r2 2.8752(8) 13
—6Ge 2.8752(8) 14 1711 3.0261(8)
_627r1 3.3702(9) _2Ge 3.3430(9)
_2Al 3.4616(9)

The shortest distances in the structure are distanc
between the sites Zrl and Al (2.515A). These are
shorter than in the binary aluminides&r, (2.849 A)
[12], which crystallizes with a FGa-type structure.
Insertion of Al atoms into Zgl octahedra in the
structure of ZgGe; [13] leads to an expansion of these
(the distance from the center of the octahedroitsto
vertices increases from 2.340 A ins@e; to 2.515 A
in ZrsAlGes) and to an expansion of the hexagonal
unit cell. Another feature of the structure of tiitée
compound is the short Zr2-Zr2 distance (2.827 A),
indicating strong interaction between Zr atoms.
Similar behavior has been reported for the
isostructural phases listedTiable 1

The content of the unit cell of ZIGe; and the
coordination polyhedra of the atoms are shown in
Fig. 1 The Zr atoms are coordinated by 11 (site Zrl)
and 14 (site Zr2) atoms and form polyhedra of
composition _ZrAl,GeZr, and  Zr&GeZrg,
respectively. The  defect anticubooctahedron
Zr1Al,GeZr, can also be seen as a deformed
pentagonal bipyramid of composition ,&le; with
four additional Zr atoms, or as a tricapped trigona
prism of composition G&r, with two additional Al
atoms. The Frank-Kasper polyhedron @egZrg can
be described as a deformed hexagonal prism of
composition GgZrg with two Zr atoms capping the

hexagonal faces. The atoms belonging to the closest
environment of the Al atoms also form Frank-Kasper
polyhedra consisting of 14 atoms,ZAMAl.Ges. These
polyhedra are deformed rhombododecahedra formed
by an ALGe; cube and a Zroctahedron. The Ge
atoms are coordinated by nine Zr atoms, two Al and
two Ge atoms forming a Frank-Kasper 13-vertex
polyhedron of composition @e,GeAl,. It can be
described as a deformed anticubooctahedron with one
additional atom, or as a tricapped trigonal prism o
composition Zg with four additional atoms.

The coordination number and polyhedron of the
Zrl site changes when Al is inserted into the $tmec
of the binary compound ZBe;, The 15-vertex
polyhedron in the structure of Be; (deformed
pentagonal prism Zg with five additional Ge atoms
capping the two bases and three lateral faces)
transforms into an 11-vertex polyhedron in the
structure of ZgAlGe;. The coordination numbers
and polyhedron types of the other atoms do not
change.

In the structure of the ternary compoundAlGe;
columns of simple polyhedra may be considered.
Distorted ZGe; octahedra share edges, forming
cavities in which AZrgs octahedra are situateig. 2).

The ZiGesoctahedra, as well as the Z& octahedra,

are connected by common faces along the
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crystallographic direction [001] and form a Tablel, atoms of ad-element (Zr) center octahedra
3D-framework and 1D-rods, respectively. It is formed by atoms of g-element (Ge) andice versa
interesting to note that, in the structure ofAddGes, as Al atoms p-element) center octahedra formed by Zr
in the structures of the isotypic ternary phasgedi in atoms ¢-element).

Zr1GegZrg

AlZreAl ,Ge; GeZr AlL,Ge,

Fig. 1 Content of the unit cell and coordination polyledf the atoms in the structure ofZiGe; (yellow
balls — Zr, red — Al, and green — Ge atoms).

Fig. 2 Part of an infinite column of Al-centered ¢Zoctahedra along [001] (a) and 3D-framework of
Zr-centered Ggoctahedra with Al-centered Zioctahedra in channels (b) in the structure ofAKBe;
(yellow balls — Zr, red — Al, and green — Ge atoms)
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Conclusions

A new ternary compound, &IGe; —was
synthesized and its crystal structure was detemnine
by means of X-ray single-crystal diffraction. The
structure belongs to the structure typesGUSn,
which is a ternary ordered derivative 0§Gg, and a
filled-up variant of the MgBi; type. The Al atoms
occupy Wyckoff position B at the origin of the unit
cell and center Zroctahedra. The structure can be
visualized as built up from columns of Ge and
AlZrg octahedra running along the crystallographic
direction [001].
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