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The structure of praseodymium aluminum germanide PjAl;Ge; has been determined by single-crystal X-ray
diffraction. The refined composition is PrAl 3 11735€; 8833 M = 857.01(8),0S20, (63)Cmcm-c’, a = 4.161(1),
b = 26.261(8)c = 4.373(1) A,Z = 2,D, = 5.96 Mg n®, R = 0.012,wR = 0.015 for 304 independent reflections
with F > 3 (F). Four sites in Wyckoff position £ are occupied by Pr(1), Pr(2), Al, and Ge, respestely, and a
fifth position 4c by a statistical mixture of Al and Ge with a ratioclose to 1:1. The compound is characterized
by a homogeneity range extending from 26.6 to 3048.% Ge at a constant Pr content of 40 at.%. Isotyis
compounds have been found foR;Al;Ge;, where R = Ce, Nd, or Sm. This new structure type can be
considered as an intergrowth of slabs cut from thre simple structure types: AlB, its ternary substitution
variant LiBaSi, and W, following the sequence -LiB&i-AlB,-LiBaSi-W-, with eight slabs in the translation
unit. The axes of the trigonal prisms in the AlB-type slab are rotated by 90° with respect to thosan the
neighboring LiBaSi-type slabs, as in tha-ThSi, type and the intergrowth structure TbGe,. The structure of
Pr,Al;Ge;s is also related to the structures of binary boride V,Bs, TasB,, VsBs, and CrB, and the ternary
aluminum germanide BaAl,Ge,, which altogether form a structural series with dfferent ratios of intergrown

AIB »- (LiBaSi-) and W-type slabs.

Alumogermanide / Rare-earth metal / Single-crystaK-ray diffraction / Crystal structure / Structural series

Introduction

Five ternary compounds are known in the Pr-Al-Ge
system: PrAlGe, (CaALSi,-type structure, Pearson
symbol hP5, space groupP ml) [1], PrAl;Ge
(Ba,CdsBis, 036, Cmce [2], PrAIGes (La,AlGe,
m36, C2/m) [3], PrAl,sGes (AIB,, hP3, P6/mmn)

[4], and PrAlGe (LaPtStl12,14,md) [4,5]. The latter
two alumogermanides are characterized by significan
homogeneity ranges (Prds1465& 45052 and
PrAly 42.0 085 58.1.03- In other R-Al-Ge systems,
whereR = La, Ce, Nd, Sm, Eu, and Gd, compounds
isotypic to those mentioned above are fornm@ed].

To date, the Pr-rich part of the Pr-Al-Ge systers ha
not been investigated and the aim of the presenk wo
is to study the formation of phases in the systenhé
range 33.3-45.0 at.% Pr, determine their crystal
structures and search for isotypic compounds in
related systems.
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Experimental

Alloys containing 35.0, 37.5, 40.0, 42.5, and 4&.96

Pr and equiatomic amounts of Al and Ge were
prepared by arc melting under an argon atmosphere.
The following starting elements were used: Pr 99.9%
Al and Ge 99.99%, and the weight losses were less
than 2%. The samples were annealed in evacuated
quartz tubes at 1073 K for 500 h and quenched into
cold water. Preliminary phase analysis was cawigd
using diffraction patterns recorded with a Debye-
Scherrer camera (diameter 53.7 mm) usingKCr
radiation. The formation of a new compound of
approximate composition Al;Ge; was observed,
and its crystal structure was determined from singl
crystal X-ray diffraction. A single crystal was seled
from an alloy, which after additional annealing at
1073 K for 1000 h had been crushed into metall&ygr
platelets. Diffraction data were collected on amaEn
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Nonius CAD-4 automatic diffractometer. The
programs used to solve and refine the structure wer
all from the MoIEN system[9]. Crystal data,
experimental and refinement details are given in
Table 1

To determine the homogeneity range of the phase
Pr,Al,Ge;, samples containing 40 at.% Pr and
25-35 at.% Ge were prepared. To check for the

R = La, Ce, Nd, Sm, Eu, and Gd were synthesized.
The conditions for sample preparation were the same
as described above. The purities of the rare-earth
metals were 99.9% for La and Ce, 99.87% for Nd,
Sm, Eu, and Gd. Cell parameters were refined by the
program LATCON [10] from diffraction patterns
recorded using a diffractometer DRON-2.0
(FeKa radiation, Si standard). Theoretical patterns

possible formation of isotypic compounds in systems were computed with the program LAZY
with other rare-earth metal&,Al;Ge; alloys with PULVERIX [11].
Table 1 Crystal data, data collection and refinement.
Nominal composition RsAl 30Geyo
Refined composition Al 3117658 883(3)
M, 857.01(8)
Space group Cmcm(# 63)
a(h) 4.161(1)
b (A) 26.261(8)
c (R 4.373(1)
V (A3 477.8(4)
z 2
Dy (Mg m?) 5.96
Radiation type, wavelength (A) Mo Ka, 0.71073
Number of reflections for cell parameters 16
range for cell parameters (°) 7-20
(mm?) 29.61
F(000) 737
Temperature (K) 293
Crystal size (mean radius, mm) 0.035
Crystal color metallic gray
Scan method -2
Absorption correction empirical (scans)
Timin- Trax 0.849-0.997
Number of measured reflections 2788
Number of independent reflections 448
Number of reflections witlr > 3 (F) 304
Rint 0.026
max (°) 30
Range oh, k, | -5® 5, -36® 36, -6® 6
Number of standard reflections 3
Frequency of standard reflections (min) 120
Intensity decay (%) 0.4
Refinement on F
R 0.012
wR 0.015
S 0.49
Number of reflections used in refinement 304
Number of parameters refined 20
(1 Imax 0.9 10°
max (€ &) 1.41
min (€ &) 0.56
Extinction coefficient 3.1(2y 107
Scattering factors from International Tables for X-ray
Crystallography(1974, Vol. 1V)
Chem. Met. Alloy4 (2008) 353



E. Gladyshevskiet al.,Pr,Al;Ge;, a new member of the structural series with linegargrowth ...

Results

Fractional — atomic  coordinates, displacement
parameters and relevant interatomic distances for
Pr,Al;Ge; (020, Cmcn) are presented ifables 2
and 3 The atomic positional parameters were
standardized with the program STRUCTURE TIDY
[12]. The atoms are distributed over five sites #vo
of which are occupied by Pr, two others by Al arel G
respectively, and the remaining one by a statistica
mixture of Al and Ge M = A|0_558(4ﬁ%_442(4).
Consequently, the cell contains eight Pr atoms and
approximately six Al and six Ge atoms, the refined
composition being RAl; 1173588833 (Z = 2). The
Pr-Al, Pr-Ge, and PM interatomic distances are
similar to the sums of the metallic radii of the
corresponding atomg13]. The shortest distances
between Pr atoms exceed the sum of the metallic rad
by 4.6-11.1%, whereas those between Al khdr Ge
are shorter by 11.5-12.6%. The shortening observed
for the latter indicates a tendency towards cowvalen
type of bonding.

Figs. 1 and Zhow projections of the structure of
Pr,Al,Ges and the coordination polyhedra

Table 2 Fractional atomic coordinates, equivalent

of the different sites. It can be seen that the
coordination polyhedron of the site Pr(1) is a
20-vertex polyhedron, a deformed hexagonal prism
with all faces capped by additional atoms. The site
Pr(2) is surrounded by 17 atoms, which form a
pentagonal prism with all faces capped. The Al and
Ge atoms are situated at the centers of trigonal Pr
prisms with three additional atoms located opposite
the rectangular faces.

The PjAIGe; (or PrAl,(AlL,Ge),Ge, °
PrAI(Al,Ge)Ge) compound is characterized by a
constant content of Pr, whereas the Al and Ge obnte
was found to vary within the range Rtz 24.5. 9656 66.

306 at 1073 K. Within the homogeneity range the cell
parameters change linearly. With increasing Ge
content thea parameter remains almost constant,
4.159-4.163 A, whereas thb and c parameters
decrease from 26.303 to 26.237 A and from 4.384 to
4.364 A, respectively. The cell volume decreasesfr
479.5 to 476.5 A (Fig. 9. The main contraction is
observed along the zigzag chains formed by the site
occupied by a statistical mixture of Al and Ge, the

site where the substitution takes place. A relative
high displacement parameter is observed for thedix

and airopic displacement parameters®(An the

structure of PAI;Ge; (Cmem a = 4.161(1),b = 26.261(8),c = 4.373(1) A;Ueq = i jUija*g*a g,
U2 =U13=Uz3=0).
. Wyckoff

Site position | X y z Uq Uy Uz, Uss
Pr(1) L 0| 0.42758(2) | ¥4 0.0062(1 0.0050(2 0.0079(2) 0.00p8(2
Pr(2) L 0| 0.79475(1) | ¥4 0.0060(1 0.0062(2 0.0062(2) 0.00p6(2
Al 4c 0| 0.11809(8) | ¥4 0.0058(5 0.0048(9 0.0039(9) 0.00p0(9
Al o 558(4{5€.44204) 4c 0| 0.02370(5) | ¥4 0.0110(3 0.0162(7| 0.0089(b) 0.00y9(6
Ge L 0| 0.67423(3) | ¥4 0.0076(1 0.0048(3] 0.0097(B) 0.00B3(4

Table 3 Interatomic distances (A) in the structure ofAPsGe; (standard uncertainties are less than 5 on the las

digit).
Pr(1) —-4Al 3.248 Al — M 2.479
-2M 3.271 -2 Ge 2.549
—4M 3.278 -2Pr(2) 3.166
-2 Ge 3.454 -4 Pr(1) 3.248
-2 Pr(2) 4.063
-2 Pr(1) 4,161 (M -1 Al 2.479
-2 Pr(1) 4,373 -™ 2.516
-2 Pr(1) 4.386 -2 Pr(1) 3.271
Pr(2) -4Ge 3.127 -4 Pr(1) 3.278
-1Ge 3.165
-2Al 3.166 Ge -2Al 2.549
-4 Pr(2) 3.824 -4 Pr(2) 3.127
-2 Pr(1) 4.063 -1Pr(2) 3.165
-2 Pr(2) 4,161 -2 Pr(1) 3.454
-2 Pr(2) 4,373
M = Alg 55545 .442(2)
354 Chem. Met. Alloy& (2008)
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Fig. 1 Projections of the structures of

Pr,Al;Ge; and BaAl.,Ge, (Pr and Ba atoms
large, Al atoms medium, Ge atoms small).

Fig. 2 Coordination polyhedra in the structure

of PrAl.Ge; (Pr atoms
medium, Ge atoms small).
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Fig. 3 Cell parameters in the homogeneity
range of the compound jAl ;Ges.

site in the direction between the chains. It may be
mentioned that no superstructure reflections were
observed for the equiatomic Al/Ge ratio 1:1. The
alloys containing 25.0, 31.5, 32.5, and 35.0 at.8%0 G
were multiphase samples; the diffraction patterthef
latter did not contain the lines characteristic of
PrAl;Ges.

The phase analysis of th&Al;Ge; samples
prepared fromR = La, Ce, Nd, Sm, Eu, and Gd
showed that isotypic compounds form with Ce, Nd,
and Sm. The unit-cell parameters decrease linearly
with decreasing ionic radiiR®* of the rare-earth
element Table 4. The alloys containing La, Eu, and
Gd were multiphase samples and their diffraction
patterns did not reveal any phase withAPiGes-type
structure.

Discussion

The structure of RBAI;Ge; belongs to class 10,
trigonal prismatic, according to the -classification
proposed by Kripyakevicfl4], which is based on the
coordination polyhedra around the smallest atoms. |
an ideal case, when tHe-R and R-X distances are
equal to the sum of the corresponding atomic radii,
structures with trigonal prismatic coordinatiofRs
form for k = ry/rr = 0.528. For larger values &f
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Table 4 Cell parameters for compounds withA&lgGe;-type structure (space gro@mcn).

Compound a(A) b (A) c(A) V (A%

CeAlGe 4.1918(8) 26.366(5) 4.3860(7) 484.7(1)
PrLAlGe; 4.1615(6) 26.249(4) 4.3690(6) 477.2(1)
Nd,AlGe; 4.1432(8) 26.132(4) 4.3544(7) 471.4(1)
SmAlLGe, 4.0988(5) 25.899(3) 4.3037(6) 456.9(1)

Fig. 4 Projections of the structures of AlBLiBaSi, a-ThSk, LaPtSi, and W (Al, Ba, Th, La, and W atoms
large, Li and Pt atoms medium, B and Si atoms $mall

structures  with  coordination number 8 and
coordination polyhedra in form of square antiprisms
(0.64) or cubes (0.732) are more stable. For smalle
values ofk, structures with coordination number 6, but
with coordination polyhedra with a smaller size,
octahedron (0.414), are formed. For a compound of
composition PAI;Ge;, an average value &= 0.77

for X (Al and Ge) can be calculated from the values of
the atomic radii listed ifil3], however, the distances
betweerR atoms observed in the structure are longer,
and those betweeX atoms shorter, than the sum of
the tabulated metallic radii, so that an effectiadue

of k = 0.60 may be considered, which is closer to the
ideal value for trigonal prismatic structures.

Class 10 in the classification by Kripyakevich has
the largest number of representatives among
intermetallic compounds and is subdivided into
several groups. In the first group the whole space
filled exclusively by trigonal prisms. The trigonal
prisms can be differently filled and/or arrangedd a
consequently deformed, for different representative
of this group. When the axes of the trigonal prisres
all parallel, the hexagonal structure type A[RS5] is
realized. In this type th&X (B) atoms, which are
situated at the centers of the trigonal prismsmfor
graphite-like isolated % nets. In the hexagonal
structure of LiBaS[16], theX (Li and Si) atoms adopt
an ordered arrangement in the nets. In these stasct
the trigonal prisms share rectangular faces to form
infinite slabs, which are interconnected via common
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bases. InFig. 4 one-prism-thick slabs are cut from
AIB, and LiBaSi in a different way: perpendicular to
the [210] direction. When neighboring slabs of mss
are rotated by 90° with respect to each other (the
prism axes become perpendicular), ¥hatoms form a
three-dimensional framework, characteristic of the
structures of tetragonal-ThSh [17] and LaPtS{18].
In the latter structure the atoms centering thgotral
prisms are ordered. Blocks formed by two conseeutiv
one-prism-thick slabs can be considered, neighborin
blocks being shifted by ¥ Zwith respect to each
other. The translation unit in the stacking diresti
contains four slabs (or two blocks). It is intenegtto
note that two other compounds identified in the
Pr-Al-Ge system, PrAkGe s and PrAlGe, crystallize
with AlB,- and LaPtSi-type structures, respectively.
Structures in which the space is filled by trigona
prisms and segments characteristic of other simple
structure types belong to the second group of types
with trigonal prismatic coordination. Transition tak
borides such as orthorhombic CyB], VsBg [20,21],
TasB,4 [22], and \bB; [20,23], are representatives of
this group. Their structures can be considereduds b
up from slabs of trigonal prisms with parallel jpnis
axes, separated by slabs with empty tetrahedra and
square pyramids—g. 5. These thin slabs correspond
to half the translation unit of the cubic W typeds
Fig. 4), in which the high-temperature modification of
praseodymium, b-Pr, crystallizes. Other types of
borides in which trigonal-prism slabs are separated

Chem. Met. Alloy& (2008)
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Fig. 5 Projections of the structures obB4, Ta&B,, VsBe, CrB, and MoB (V, Ta, Cr, and Mo atoms large,

B atoms small).

two or more such W-type slabs are also known (see
[12]). In the CrB type (antitype ta-Tll [24]),
individual AlB,-type slabs are separated by W-type
slabs, whereas in 3B, and B3, double and triple
AlB »-type slabs, respectively, are separated by W-type
slabs. The structure of sBg contains single and
double trigonal prism slabs and can, thereforey bés
considered as an intergrowth of CrB- andBjaype
slabs. Among these structure types adopted bypinar
borides, only TgB, has a known ternary substitution
variant, BaAl,Ge, [25], among aluminum gemanides.
The double slabs of trigonal prisms in orthorhombic
BasAl,Ge, can be considered as cut from LiBaSi, the
ternary substitution variant of ApseeFig. 1).

In the structure of RAI;Ge;, as in the structure of
VB3, blocks of three consecutive slabs of trigonal
prisms are separated by W-type slabs. However,
differing from V,Bs, consecutive slabs in the blocks
are rotated by 90° with respect to each otherndkda
a-ThSp- and LaPtSi types. These blocks contain

so that each Ge atom is connected to two Al atoms,
the third atom of the triangle being a Pr atom, nehe
each Al atom is surrounded by two Ge atoms and one
atom from the mixed sitéM in the central slab of
trigonal prisms. It may be noted that once the atom
are ordered like this in the outer layers, theraas
possibility to order the Al and Ge atoms in thetcan
slab so that each Al has three Ge and each Ge has
three Al neighbors. The same arrangement of Al and
Ge atoms as in the outer slabs of trigonal prissns i
observed in all the slabs in Bd,Ge. No Ge-Ge
contacts occur in this structure, whereas Al-Al
contacts occur in both structures. If we assumeé tha
Ge-Ge contacts are also not favored igARGe;, then

the homogeneity range of the phase can be forntulate
as PjAlz,Ges,. The substructures formed by the
small atoms in the closely related structures of
Pr,Al;Ge; and BaAl,Ge, are shown irfig. 6. Similar
blocks consisting of three consecutive slabs gbtral
prisms with their prism axes rotated by 90° are

ordered and disordered slabs, the disordered onesobserved in the binary structure type Th@E$]. The

being located between two ordered slabs. In,AlBd
a-ThSi, eachX atom is connected to three other
atoms, however, in 3B; and PjAI;Ge; only 2/3 of
the X atoms have three B, Al, or Ge atoms capping the
trigonal prisms. The remaining§atoms have a V or Pr
atom capping one of the prism faces. IpAPsGe;, the
distribution of Al and Ge is ordered in the outeydrs

Chem. Met. Alloy4 (2008)

a-ThSi-type blocks are, however, separated by
Cak-type segments in this structure. A closely related
structure was reported for PrGe[27], where partial
disorder was observed in the central prism slab and
the Cabk-type segments.

The structures of the borides and alumogermanides
shown inFigs. 1, 4 and $orm a linear heterogeneous
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Fig. 6 Substructures formed by Al and Ge atoms in theictires of PjAI;Ge and BaAl,Ge

(M = Al s55(45&.442(4)-

Table 5 Members of the structural seriBgnm):nXom+m) With different ratios of linearly intergrown AlB

(m), LiBaSi- (m), and W- ) type slabs.

Structure type Nurrr;ber of slabsr|rr]1' the translat::)n unit Ratio (mtm’)/n R content (at.%)
AlB, 1 0 0
LiBaSi 0 1 0
. 33.3
a-ThSi, 4 0 0 ¥
LaPtSi 0 4 0
VB3 6 0 2
Pr,Al;Ge; 2 4 2 3 40.0
TagB4 4 0 2
BaAl,.Ge, 0 4 2 2 42.9
VsBg 6 0 4 1.5 45.4
CrB 2 0 2
MoB [28] 4 0 4 ! 50.0
homologous series. Their compositions can be the ternary alumogermanide &,Ge, and some

represented by the generalized formuRy,..Xom,

wherem andn are the relative numbers of slabs cut
from the AIB, (LiBaSi) and W structures, respectively
(Table 5. A decrease of the ratim/n corresponds to
an increase of the content from 33.3 to 50.0 at.% for
structures with a single separating W-type slab.
A binary variant of the BAI;Ge; type is not yet

known.

Conclusions

The structure of theR,Al;Ge; compounds where
R = Ce, Pr, Nd, or Sm, belongs to a new structupe ty
of intermetallic compounds, which was determined on

the compound with praseodymium. The,A5Ge;

type is a member of the linear structural seriesreh
AlB»>- and/or LiBaSi-type slabs are intergrown with
W-type slabs. Other representatives of this seares

binary borides.
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