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The structure of the binary germanide PrGe g197)has been determined by single-crystal X-ray diffraton:
Pearson symboloS36-12.72, space grougCmmm, a = 4.2721(6),b = 30.673(4),c = 4.1433(6) A,Z = 8. The
structure is a derivative of the type ThGe and related to the types (Sm,Lu)Gggs and DyGe, g5 These types
can be represented as a linear intergrowth of threeonsecutive AlB-type slabs of trigonal prisms and two
CaF,-type slabs.

Germanide / Praseodymium / Single-crystal X-ray diraction / Crystal structure / Vacancy derivative

1. Introduction

The binary system®-Ge (whereR is a rare-earth
element) have been studied by different groups in
order to determine the phase equilibria and thetaty
structures of the compounfis-3]. In all these systems
the concentration range 60-66.7 at.% Ge is pasibyul
rich in compounds, which can be expressed by the
general formulaRGe,,, where x=0-0.5. In the
structures adopted by the compounds with a high
value ofx, each Ge atom is surrounded by six laiger
atoms forming a trigonal prism. “Co-axial” (AJBype

[4], all prism axes parallel) and “co-planad-ThSk-
type [5], mutually perpendicular prism axes in
consecutive slabs containing prisms with parallel
axes) arrangements of fused prisms lead to the
formation of 2D- and 3D-networks of Ge-Ge contact
distances, respectively, where each Ge atom is
surrounded by three other Ge atoms. The deficit of
small atoms (Ge) with respect to the parent strectu
types causes interruptions in the framework, bet th
basic arrangement of prisms remains and the
corresponding character of the Ge-atom substructure
is preserved. The structures can be expressedeby th
general formulaRn.1 X302, Wheren = 0 for the parent
AlB, (space groufP6/mmn) and a-ThSk (14,/amd
types ancdh > 0 for their vacancy-ordering derivatives
[6-11]. Venturini et al distinguished five ordered
structures with compositions between Prgeand
PrGe gg within a series of incommensurate derivatives
of a-ThSk in the Pr-Ge systeif].
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Trigonal-prismatic coordination remains for the
majority of the Ge atoms iRGe,, compounds with
lower values o, but a new type of slab appears. In
the structures of ThGe(space groupCmmm [12],
(Sm,Lu)Gegs (Cmcn) [13], and DyGegs (Cme,)

[14] approximately 3/4 of the Ge atoms are situated
inside the trigonal prisms of three consecutivésla
while the remaining 1/4 of the Ge atoms are planed
two Cak-type “semi-octahedral” slabs. The ThGe
and DyGegs structures represent close to ideal
variants of Ge atom arrangements in the slabs of
trigonal prisms, while the (Sm,Lu)@g and PrGeg;
structures can be interpreted as vacancy-ordering
derivatives.

2. Experimental

The crystal used for the investigation was foundrin
alloy of nominal composition ByAlsGes; 4 prepared
from high-purity components (Pr > 99.9, Ge > 99,999
and Al >99.9989nass%) by arc melting under
protective argon atmosphere with titanium gettbe t
weight loss was less thanniass%. The sample was
wrapped in molybdenum foil and annealed in a sealed
evacuated silica tube at 1073 K for six weekshat t
end of which it was quenched in cold water.
A preliminary phase analysis was carried out
on a diffraction pattern recorded with a Debye-
Scherrer camera (diameter 53.7 mm) usingKCr
radiation.
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A single crystal with the dimensions

structure was solved by direct methods and

0.02x0.05x0.085 mm was isolated from the annealed subsequent least-square refinements were carried ou

alloy. 3124 reflections, indexed on an orthorhombic
cell, were collected on an Enraf-Nonius CAD-4
automatic four-circle diffractometer. The crystal

with the SHELX-97[15] program package. Further
details of the data collection and final structure
refinement are given imablel.

Table 1 Crystal data and details of the data collectioth fimal refinement for PrGe;.

Composition from refinement
Molecular mas$/, (g moi™)
Space group
Cell parameters  a (A)
b (A)
c(A)
Cell volumeV (A3
Formula units per unit cell
DensityD, (Mg-m™)
Radiation, wavelength (A)
Number of reflections for cell parameters
Temperature for data collection (K)
Crystal size (mm)
Crystal color
Data collection method
Absorption correction
Number of measured reflections
Number of independent reflections
Refinement on
Reliability factors Re

wWR
Number of refined parameters

Pregom
279.554
Cmmm(#65)
4.2721(6)
30.673(4)
4.1433(6)
542.93(9)

8
6.840
MHKa, 0.71073
25

293
0.02x0.05x0.085
gray, metallic
w-260

empirical¢scans)
3124
504
F
0.035
0.050
32

3. Results and discussion

According to the investigation of the Pr—Ge phase
diagram by Eremenkoet al. [16], eight binary
compounds form in the system;8e, PeGe;, PrGe;,
PrGe,, PrGe, PyGe, PrGg,, and PrGe A more
recent work by Boutarekt al.[17], revealed two off-
stoichiometric digermanides Prge which were
characterized as two tetragonalThSi-type phases
with differentc/a ratios, called @ and Q. Both melt
congruently and have significant homogeneity ranges
In a previous work11l] we observed these phases,

which were found to exist in the ranges 60-61.8 and

62.7-64.4 at.% Ge, respectively, at 873 Kig.1

shows an extended version of the Pr-Ge phase
diagram as determined by Eremerdtal.[16], which
includes the two nonstoichiometric digermanides
PrGe., as given if17], with the homogeneity ranges
adjusted to our datd 1]. Two of the ordered-ThSk
derivatives distinguished by Venturiat al. [9] were
also identified as identical with,@nd Q.

Fractional atomic coordinates and displacement
parameters for PrGe; are presented ifable 2 and
Table 3 The positional parameters were standardized
with the program STRUCTURE TIDY[18]. The
refinement showed no indication for the presencalof
in the structure. The isotropic displacement patarae
of sites Gel and Ge5 were constrained to be equal.

Table 2 Atom coordinates and site occupancy for Rréze

Site Wyckoff position X y z Occupancy
Pri 4 0 0.30943(3) Ya 1
Pr2 4 0 0.42367(3) 0 1
Gel & 0.1465(17) 0.23939(22) 0 0.218(4)
Ge2 X 0 0 0.0726(9) 7
Ge3 4 0 0.10820(8) Ya 1
Ge4d 4 0 0.15723(8) 0 1
Ge5 4 0 0.23511(19) 0 0.383(6)
Ge6 h 0.5700(7) 0 Ya Ya
70 Chem. Met. Alloy40(2017)
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Fig. 1 Pr—Ge phase diagrah6], adjusted with data frofi1,17].

Table 3 Equivalent (isotropic) and anisotropic displacetrngarameters (A in the structure of PrGe;.

Atom BedBiso Up Uz, Uazs Ui Uis Uzs
Pri 0.51(2) 0.0074(4) 0.0022(4) 0.0096(4) 0 0 0
Pr2 0.43(2) 0.0073(4) 0.0021(4) 0.0068(4) 0 0 0
Gel 0.95(7)*

Ge2 1.17(8) 0.0056(14) 0.0287(21) 0.0103(26) 0 0 0
Ge3 0.89(3) 0.0106(8) 0.0131(9 0.0101(8) 0 0 0
Ge4 0.91(3) 0.0093(8) 0.0155(10) 0.0097(8) 0 0 0
Ge5 0.95(7)*

Geb 0.78(8) 0.0050(25) 0.0151(1y) 0.0093(14) 0 0 0

* . —_
Biso- BGel - BGeS-

Fig.2 shows a projection of the unit cell of the
structure of PrGgy, along the shortest translation
vector, [001].

The interatomic distances within the coordination
polyhedra are listed irrable 4 As expected, the
structure exhibits several too short distances, that
due to the partial occupancies, do not occur in
the real structure: between neighboring positiohs o
the split sites Ge2d€er-ceo= 0.602(5) A) and Ge6
(Sges-ces= 0.598(4) A), and between Ge5 and Gel
positions.

The unit-cell parameter ratios of Pre are
similar to those of the types Th&gSm,Lu)Gegs,

and DyGegs (Fig. 3. All these structures contain
triple slabs of trigonal prisms, separated by deubl
In ThGe(Table §

prisms formed

slabs of

“half octahedra”.
all the sites

inside the trigonal
by Tb atoms are occupied by Ge atoms with the
shortest distancesdges.ges= 2.107 A.
full occupancy of the prismatic sites is observad i

the two outer slabs, while the arrangement of Ge

In PrGgy,

atoms in the inner slab is disordered. In totaluals5

of the trigonal prisms are filled by atoms from
the site Geb, another 2/5 by atoms from the
site Gel, and approximately 1/5 of the prisms are

empty.
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Fig. 2 Projection of the unit cell of the structure of R{G along [001] and coordination polyhedra:
PriPgGer, (a), Pr2PiGey (b), GelP4Ge; (c), Ge2PiGe, (d), Ge3P4Ge, (€), GedRGe; (f), GebSPsGe; (9),
Ge6P5Ge (h).
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Fig. 3 Projection of the unit cells of ThGand PrGegy, along [001], and DyGes and (Sm,Lu)Gegss
along [100].
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Table 4 Interatomic distances in the structure of Prgésplit site Gel and site Ge5 exclude each otlitess s
Ge2 and Ge6 are also split).

Atoms o, A Atoms 0, A
Pri -4 Gel 2.969(5) Ge2 -1Ge2 0.602(5)
-4 Gel 3.049(5) -2 Geb 2.552(3)
-2 Geb 3.080(4) -2 Geb 3.001(4)
-4 Ged 3.1465(9) -2 Geb 3.011(3)
-4 Geb 3.274(3) -4 Pr2 3.1835(8)
-2 Ge3 3.309(2) -2 Geb 3.400(3)
-4 Gel 3.763(6)
-2Pr2 4.0707(12) Ge3 -2 Ged 2.560(2)
-2Prl 4.1433(6) -4 Pr2 3.1321(9)
-2Prl 4.2255(12) -2Prl 3.309(2)
-2Prl 4.2721(6)
Ge4 -1Ge5 2.389(6)
Pr2 -4 Ge3 3.1321(9) -2 Ge3 2.560(2)
-4 Geb 3.1405(8) -2Gel 2.597(7)
-4 Ge2 3.1835(8) -4 Prl 3.1465(9)
-2Ged 3.274(2) -2Pr2 3.274(2)
-2Prl 4.0707(12)
-2Pr2 4.1433(6) Geb -2 Gel 0.640(7)
-2Pr2 4.2721(6) -2 Gel 1.701(8)
-2Geb 2.323(3)
Gel -1Geb 0.640(7) -1Ged 2.389(6)
-1Gel 1.098(10) -2Gel 2.871(7)
-1Gel 1.252(10) -2Prl 3.080(4)
-1Geb 1.701(8) -4 Prl 3.274(3)
-2 Gel 2.233(10)
-1Ge4 2.597(7) Geb -1 Geb 0.598(4)
-1 Geb 2.871(7) -2Ge2 2.552(3)
-2Prl 2.969(5) -2Ge2 3.001(4)
-1Gel 3.020(10) -2Ge2 3.011(3)
-2Prl 3.049(5) -4 Pr2 3.1405(8)
-2Prl 3.763(6) -2 Ge2 3.400(3)
Table 5 Relationship between the structures of Th&@w PrGeg; (Space grougmmn).
TbhGe PrGeq o1
a=4.113pb=29.878¢c = 4.005 A a=4.2721p=30.673c=4.1433 A
Site Wyckoff position and atom coordinate Site  Wof€position and atom coordinates  Occupancy
Thl 4 0 0.3091 | ¥ Pri| j4 0 0.3094 | v 1
Th2 4 0 04249 | O Pr2| i4 0 0.4236 | O 1
Gel | 4 0 0.1016 | Y Ge3d j4 0 0.1082 | v 1
Ge2 | 4 0 0.1538 | O Ge4 i4 0 0.1573 | O 1
Ge5| 4 0 02351 | O 0.383
Ges | 4 0 02424 1 0 Gel | & 0.1465 | 0.2393| 0 0.218
Ged | 2 Vs 0 % Ge6| 4 0.5700 | O Vs Vs
Geb a 0 0 0 Ge2| K 0 0 0.0726 |

The average distance between Ge atoms within the to be broken into finite four-atom chains in PiGe
central slab is 2.771 AF{g. 4), taking into account
dger.cer= 3.020 A, which is longer than the usual

distances between

atoms in

where two atoms are at the centers of trigonahggis
and two are shifted towards a vacancy. The mean

germanides interatomic distance between Ge atoms for such four

(2.4-2.7 A). Hence, the continuous chain of smaller member chains, 2.688 A, is close to the distances
atoms formed in the structure of ThG&e3), appears

between Ge3 and Ge4 atoms in the outer slabs.

Chem. Met. Alloy40(2017)
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Fig. 4 Ge-atom network in the ordered structure of Th&wmd part of the corresponding distorted network in
PrGe o, based on realistic distances between partly oecugites (three consecutive trigonal prism layegs a

shown in a projection along [001]).

The structure of (Sm,Lu)Ge; is an extreme case
where Ge-atom chains still exist. 1/3 of the triglon
prisms are empty and only pairs of atoms shifted
toward a vacancy remain. Further replacement of
small atoms by vacancies leads to the Dyfe
structure (space grougCmmm [19] with half-
occupancy of the Ge sites in the inner trigonal
prismatic slab.

The shortest distance between Ge atoms in
the Cak-type slabs in ThGeis 2.871 A. The unit
cell of PrGey, is larger and the distance between
Wyckoff positions 2 and 2 has increased to 2.976 A.

830808

@ @ @@ @
@ @ @@ @
2808080
@ @ @ @

@ 8

Fig. 5 Cak-type slab
PrGQ_gl.

o 8

in the structure of
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In order that Ge-Ge bonds will exist, the Ge at@mes
displaced to positions of lower symmetry belonging
half-occupied split sites. The Ge atoms form distbr
squares in the plane perpendicular to the
crystallographic direction [010]F(g. 5 with Ge-Ge
distances of 2.552 A.

Conclusions

The structure of the binary germanide Prge
has been determined by single-crystal X-ray
diffraction. It is a partly disordered derivative
of the ThGe type and can be represented as
a linear intergrowth of three AlRype slabs of
trigonal  prisms  stacked as in a-ThSh
(mutually perpendicular prism axes in neighboring
slabs) and two CaRype slabs. Both structure types
are closely related to the structures of (Sm,Ly}se
and DyGegs with similar cell parameters.
The latter are built from the same type of slab,
however the axes of the trigonal prisms in
neighboring AlB-type slabs are all parallel, as in AlB
itself.

Vacancies in the Ge substructure and the
consecutive deformations favor bonding between Ge
atoms and lead to the formation of finite chaing an
squares in the structure of Prge

Chem. Met. Alloy40(2017)
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