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In previous publications about the seven ternary equiatomic
title compounds only the KHg2 (CeCu2)-type subcells with sta-
tistical distribution of the palladium and germanium atoms were
reported. However, weak superstructure re6ections resulting
from an ordered distribution of these atoms are observed in the
Guinier powder patterns. A CaCuGe (a-YbAuGe)-type structure
with a tripled subcell b axis was established from the powder
patterns for the compounds LaPdGe, CePdGe, PrPdGe,
NdPdGe, SmPdGe, and the low-temperature (a) modi5cation of
GdPdGe. In addition, this structure was re5ned from single-
crystal X-ray di4ractometer data of CePdGe: Pnma,
a 5 2190.2(9) pm, b 5 448.4(2) pm, c 5 767.3(3) pm, R 5 0.019
for 396 structure factors and 56 variable parameters. The re5ne-
ment of this structure for a-GdPdGe resulted in
a 5 2112.3(3) pm, b 5 440.5(1) pm, c 5 757.7(1) pm, R 5 0.022
for 372 F values and 56 variables. The high-temperature (b)
modi5cation of GdPdGe has a YPdSi-type superstructure with
a doubled b axis of the subcell: Pmmn, a 5 430.3(1) pm,
b 5 1409.9(2) pm, c 5 757.6(1) pm, R 5 0.019 for 470 F values
and 40 variables. In spite of the long-range order of the palladium
and germanium atoms established for the superstructures, the
re5nements of the occupancy parameters suggest small amounts
of Pd/Ge disorder for all compounds. The crystal chemistry of
these compounds is brie6y discussed. The new germanide
Yb3Pd4Ge4 was prepared from the elements in a sealed tantalum
tube in a high-frequency furnace and its structure was re5ned
from single-crystal X-ray data: Gd3Cu4Ge4 type, Immm,
a 5 410.7(1) pm, b 5 707.0(1) pm, c 5 1372.2(3) pm, R 5 0.027
for 667 F values and 23 variables. ( 2000 Academic Press

Key Words: palladium germanides; crystal structure; super-
structures.

INTRODUCTION

Equiatomic rare earth palladium germanides have inten-
sively been investigated in recent years with respect to phase
analytical relationships and physical properties (1}18). The
most interesting compound in this series is the dense Kondo
1To whom correspondence should be addressed.
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system CePdGe which orders antiferromagnetically at 3.4 K
(3}7). On the basis of X-ray and neutron powder di!raction
data, a disordered KHg

2
(CeCu

2
)-type structure (19, 20) has

been assumed for the whole series of compounds ¸nPdGe.
An exception in this series is EuPdGe (10) which crystallizes
with the monoclinic EuNiGe-type structure. This germa-
nide contains divalent europium (21).

In some recent papers we reported on several superstruc-
tures with pronounced KHg

2
-type subcells (22}27). In the

course of our studies of equiatomic rare earth palladium
silicides¸nPdSi (24, 26) and rare earth platinum germanides
¸nPtGe (27) we decided to search also for the suspected
superstructures in the series of the germanides ¸nPdGe
reported to be isotypic with KHg

2
. Precise X-ray powder

data of the compounds ¸nPdGe (¸n"La}Nd, Sm, Gd, and
Tb) already revealed weak superstructure re#ections indi-
cating cell enlargements. Here we report on the palladium}
germanium ordering in these equiatomic germanides.
CePdGe shows a trippled cell content. It is isotypic with
CaCuGe (25) and a-YbAuGe (28). The structures of the two
modi"cations of GdPdGe are both superstructures of the
KHg

2
type: the low-temperature a-modi"cation has a

tripled cell volume with CaCuGe-type structure, while the
high-temperature b-modi"cation has a doubled cell content
and is isotypic with YPdSi (24).

While trying to prepare a sample of YbPdGe (8, 17) we
obtained the new germanide Yb

3
Pd

4
Ge

4
with Gd

3
Cu

4
Ge

4
(Li

4
Sr

3
Sb

4
)-type structure (29, 30) which we re"ned on the

basis of single-crystal data. So far, only Ho
3
Pd

4
Ge

4
(31) and

Tm
3
Pd

4
Ge

4
(32) are known in this series. Recent phase

analytical investigations indicated also the existence of the
other ¸n

3
Pd

4
Ge

4
germanides with ¸n"Y, Gd}Er (33).

EXPERIMENTAL

Starting materials for the preparation of the ternary ger-
manides were ingots of the rare earth elements (Kelpin and
Johnson Matthey), palladium powder (Degussa, 200 mesh),
9
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FIG. 1. Experimental setup for the inductive annealing of an ingot in
a water-cooled silica tube.
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and germanium lumps (Wacker), all with stated purities
better than 99.9%. In the "rst step, the rare earth ingots
were cut into smaller pieces under para$n oil. The latter
was washed o! with n-hexane and the pieces were kept in
Schlenk tubes under argon. The para$n oil and n-hexane
were dried over sodium wire and the argon was puri"ed
over molecular sieves and titanium sponge (900 K). The rare
earth pieces were then arc-melted to small buttons (about
500 mg) in a miniaturized arc-melting furnace (34). This
premelting procedure greatly reduces shattering of these
elements during the exothermic reaction. The palladium
powder was pressed to small pellets (6 mm diameter).

The rare earth buttons, the palladium pellets, and the
germanium lumps were then mixed in the ideal atomic ratio
1 : 1 : 1 and melted in an arc furnace under an argon pressure
of about 600 mbar. The melted ingots were turned over and
remelted three times on each side to ensure homogeneity.
With the exception of the gadolinium compound, all sam-
ples were subsequently enclosed in evacuated silica tubes
and annealed at 1070 K for 2 weeks. GdPdGe is dimorphic.
The high-temperature modi"cation b-GdPdGe is obtained
by quenching, while the low-temperature modi"cation a-
GdPdGe forms upon annealing b-GdPdGe for 4 weeks at
1070 K. High-quality single crystals of b-GdPdGe were
obtained by annealing an arc-melted button slightly below
the melting point for 2 hours in a water-cooled silica tube
using a high-frequency generator. The experimental setup is
shown in Fig. 1.

Due to the low boiling point of ytterbium (1700 K),
Yb

3
Pd

4
Ge

4
could not be prepared by arc-melting. The

elements were therefore sealed in a small (1 cm3) tantalum
tube under an argon pressure of 600 mbar. The tube was
placed in a water-cooled quartz glass sample chamber in
a high-frequency furnace (Kontron Roto-Melt, 1.2 kW). The
experimental setup has been described in detail elsewhere
(35). In the "rst step, the tube was heated with the maximum
power output of the generator. The exothermic reaction was
easily noted by observing the occurence of white heat for
about 1 second. The annealing temperature was then
lowered to about 1100 K for about 1 minute and then raised
again to the maximum. Subsequently the tube was annealed
for 3 hours at about 1100 K. The reaction resulted in
a light-gray polycrystalline sample of Yb

3
Pd

4
Ge

4
which

could easily be separated from the tantalum tube. Using this
preparation technique, it was only possible to obtain sam-
ples with a Yb

3
Pd

4
Ge

4
content of about 90%. We always

observed a small amount of equiatomic YbPdGe as a sec-
ond phase in our samples.

The silvery ingots of ¸nPdGe and Yb
3
Pd

4
Ge

4
were well

crystallized and extremely brittle. The polycrystalline sam-
ples are stable in moist air over a period of several months.
No deterioration could be observed. Powders are dark gray.
The irregularly shaped single crystals exhibit a metallic
luster.
The purity of the samples was checked by Guinier powder
patterns using Cu Ka

1
radiation and a-quartz

(a"491.30 pm, c"540.46 pm) as an internal standard. The
lattice constants (Table 1) were obtained by least-squares
"ts of the powder data. The indexing of the di!raction lines
was facilitated by intensity calculations (36) using the posi-
tional parameters of the re"ned structures. All subcell re#ec-
tions of our Guinier powder data are in good agreement
with those reported earlier in the literature (Table 1).

Single-crystal intensity data were collected at room tem-
perature by use of a four-circle di!ractometer (Enraf-
Nonius CAD4) with graphite-monochromatized Mo Ka
radiation and a scintillation counter with pulse height dis-
crimination. Empirical absorption corrections were applied
on the basis of psi-scan data. Further details of the data
collections are listed in Table 2.

RESULTS AND DISCUSSION

Lattice Parameters

In all previous investigations, the germanides ¸nPdGe
were characterized only on the basis of X-ray and neutron



TABLE 1
Lattice Constants of the Germanides LnPdGe (Ln 5 La, Ce, Pr, Nd, Sm, Gd, and Tb) and Yb3Pd4Ge4a

Compound Structure type a (pm) b (pm) c (pm) < (nm3) Ref.

LaPdGe CaCuGe 2225.5(2) 451.71(7) 771.67(8) 0.7558(1) This work
KHg

2
451.8(1) 740.9(9) 774.0(4) 0.2591(3) (1)

CePdGe CaCuGe 2190.2(9) 448.4(2) 767.3(3) 0.7535(1) This work
KHg

2
448.73(9) 730.5(1) 767.9(2) 0.25172(9) (1)

KHg
2

448.75(7) 730.0(3) 767.6(3) 0.2515(1) (3)
KHg

2
448.7 730.5 767.9 0.2517 (7)

KHg
2

446.8(2) 725.5(4) 764.4(4) 0.2478(1) (14)
KHg

2
448.0(4) 728.8(5) 767.2(4) 0.2505(1) (16)

PrPdGe CaCuGe 2177.4(6) 447.8(2) 766.4(2) 0.7472(1) This work
KHg

2
447.2(3) 725.6(2) 765.4(3) 0.2484(2) (1)

KHg
2

446.8 725.0 765.7 0.2480 (7)
KHg

2
460.6(1) 722.0(3) 764.1(2) 0.2541(1) (14)

NdPdGe CaCuGe 2160.8(3) 445.6(1) 763.9(1) 0.7356(1) This work
KHg

2
445.4(1) 720.5(2) 763.9(3) 0.2451(1) (1)

KHg
2

445.8 720.5 764.2 0.2455 (7)
SmPdGe CaCuGe 2133.8(3) 442.7(1) 760.2(1) 0.7182(1) This work

KHg
2

442.63(9) 711.0(1) 760.6(2) 0.23937(9) (1)
KHg

2
442.6 711.0 760.6 0.2394 (15)

a-GdPdGe CaCuGe 2112.3(3) 440.5(1) 757.7(1) 0.7051(1) This work
b-GdPdGe YPdSi 440.3(1) 1409.9(2) 757.6(1) 0.4703(1) This work
GdPdGe KHg

2
440.6(1) 705.4(2) 757.7(2) 0.2355(1) (1)

KHg
2

439.8 704.4 757.0 0.2345 (7)
TbPdGe YPdSi 438.9(9) 1398.2(3) 756.4(2) 0.4641(1) This work

KHg
2

438.1(1) 700.0(2) 757.3(2) 0.2322(1) (1)
KHg

2
438.1 700.0 757.3 0.2322 (7)

KHg
2

437.0(4) 696.1(7) 755.2(7) 0.2297(1) (14)
Yb

3
Pd

4
Ge

4
Gd

3
Cu

4
Ge

4
410.7(1) 707.0(1) 1372.2(3) 0.3984(1) This work

a Standard deviations in the positions of the last signi"cant digits are given in parentheses throughout the paper. The settings of the three di!erent
structures of the equiatomic compounds have the following relations: abc (KHg

2
)&3bacN (CaCuGe)&a2bc (YPdSi). The data reported in Ref. (14) were

collected at low temperatures.
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powder di!raction data. These powder patterns were indexed
on the basis of small orthorhombic body-centered cells.

Motivated by our recent studies on various KHg
2

super-
structures (22}27), we reinvestigated also the powder pat-
TABL
Crystal Data and Results of the Structure Re5nements

Empirical formula CePdGe a-GdPdGe
Pearson symbol oP36 oP36
Molar mass 319.11 336.24
Calculated density (g/cm3) 8.44 9.50
Formula units/cell 12 12
Space group Pnma (No. 62) Pnma (No. 6
Crystal size (lm3) 10]40]40 10]40]40
Transm. ratio (max/min) 1.83 2.29
Limiting 2h 603 603
Range in h,k,l $30, 0}6, $10 0}29, $6, $
Total no. of re#ections 4094 3895
Independent re#. (R

*/5
on I) 1228 (0.058) 1150 (0.049)

Re#. with I'2p(I) 396 372
Variables 56 56
Final residual R(F) 0.019 0.022
Weighted R (F2, all data) 0.042 0.053
Goodness-of-"t on F2 0.934 0.941
Largest di!. peak/hole (e/As 3) 1.97/!2.01 1.67/!2.24
terns of the germanides ¸nPdGe. With the various known
superstructure models it was possible to generate theoretical
powder diagrams (36). This procedure was helpful in assign-
ing the correct structure type on the basis of X-ray powder
E 2
for CePdGe, a-GdPdGe, b-GdPdGe, and Yb3Pd4Ge4

b-GdPdGe Yb
3
Pd

4
Ge

4
oP24 oI22
336.24 1235.08
9.50 10.30
8 2

2) Pmmn (No. 59) Immm (No. 71)
20]20]40 20]30]40
1.73 2.34
603 803

10 0}6, $19, 0}10 0}7, $12, $24
1546 2482
801 (0.032) 739 (0.071)
470 667
40 23
0.019 0.027
0.061 0.078
1.034 1.199
1.53/!1.66 3.93/!4.32



FIG. 2. Calculated powder patterns (Cu Ka
1

radiation) for the KHg
2
-

type subcell and the CaCuGe-type superstructure of CePdGe. The other
two diagrams are simulations for a possible YPdSi- or TiNiSi-type super-
structure for CePdGe. The unequivocal superstructure re#ections for each
superstructure model are marked by arrows.
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data. The Guinier patterns of arc-melted and of annealed
CePdGe showed some weak additional re#ections which
could be attributed to a palladium}germanium ordering as
realized in the CaCuGe-type structure. The four strongest
superstructure re#ections of CePdGe, i.e., 111, 102, 511, and
502 have calculated intensities (in %) of 2.7, 1.2, 3.9, and 1.2
with respect to the strongest subcell re#ection. In Fig. 2 we
present the calculated powder diagrams for the subcell and
the CaCuGe-type superstructure of CePdGe. For compari-
son also the simulated diagrams for a possible TiNiSi and
YPdSi superstructure are shown. It can be seen that these
three di!erent KHg

2
superstructures can clearly be distin-

guished from high quality X-ray powder data.

Structure Rexnements

Single crystals of CePdGe, a-GdPdGe, b-GdPdGe, and
Yb

3
Pd

4
Ge

4
were isolated from the crushed samples and

examined by Buerger precession photographs to establish
both symmetry and suitability for the intensity data collec-
tions. The photographs of CePdGe, a-GdPdGe, and b-
GdPdGe showed pronounced KHg

2
-like orthorhombic

subcells with Laue symmetry mmm and weak superstructure
re#ections which require a trippling of the subcell b axis for
CePdGe and a-GdPdGe and a doubling for b-GdPdGe.
Similar cell enlargements have recently been observed for
the CaCuGe-type silicides a-GdPdSi (26) and YPdSi-type
b-GdPdSi (24), respectively. The extinction conditions were
compatible with space group Pnma for CePdGe and a-
GdPdGe, and Pmmn for b-GdPdGe. The precession "lms of
Yb

3
Pd

4
Ge

4
showed Laue symmetry mmm and the only

systematic extinctions were those of a body-centered lattice
in agreement with space group Immm. All relevant crystallo-
graphic data and experimental details are listed in Table 2.

The atomic parameters of CaCuGe (25) and CePtGe (27)
were taken as starting parameters for the re"nements of the
structures of CePdGe, a-GdPdGe, and b-GdPdGe, while
those for Yb

3
Pd

4
Ge

4
were obtained from direct methods

using the program package Shelx-97 (37). The four struc-
tures were then successfully re"ned using a full-matrix
least-squares program of the same package with anisotropic
displacement parameters for all atoms. As checks for the
correct site assignments and the correct compositions, the
occupancy parameters were varied in separate series of
least-squares cycles. All positions were found to be fully
occupied within "ve standard deviations (Table 3). In the
"nal cycles the ideal occupancies were assumed again. Final
di!erence Fourier syntheses were #at. Atomic coordinates
and interatomic distances are listed in the Tables 3 and 4.
The re"nements converged to low residuals. Listings of the
anisotropic displacement parameters and the observed and
calculated structure factors are available. [Details may be
obtained from Fachinformationszentrum Karlsruhe, D-
76344 Eggenstein-Leopoldshafen, Germany, by quoting the
registry numbers CSD-411184 (CePdGe), CSD-411186
(a-GdPdGe), CSD-411185 (b-GdPdGe), and CSD-411182
(Yb

3
Pd

4
Ge

4
).]

Crystal Chemistry of the Germanides LnPdGe

The series of equiatomic ¸nPdGe germanides has pre-
viously been reported to crystallize with KHg

2
(CeCu

2
)-

type structure (1}18) where the palladium and germanium
atoms statistically occupy the mercury position of the
KHg

2
-type structure. The present reinvestigations clearly

show that this is only the subcell structure for the com-
pounds with ¸n"La}Nd, Sm, Gd, and Tb. Our Guinier
powder patterns and the X-ray single-crystal investigations
unambiguously prove that LaPdGe, CePdGe, PrPdGe,
NdPdGe, SmPdGe, and a-GdPdGe crystallize with the
centrosymmetric CaCuGe-type (25) structure, space group
Pnma, with a trippled unit cell, which has also been found
for a-YbAuGe (28).

The dimorphism of the gadolinium compound is reported
here for the "rst time. The low-temperature a-modi"cation
of GdPdGe with CaCuGe-type structure was obtained by
annealing at 1070 K. The high-temperature b-modi"cation
forms upon melting and quenching. b-GdPdGe crystallizes
with the orthorhombic YPdSi-type structure (24), space
group Pmmn, with a doubled unit cell. According to our
Guinier powder data, also TbPdGe adopts the YPdSi type.

We have also reinvestigated the ¸nPdGe germanides with
¸n"Dy}Lu as rare earth components. The powder pat-
terns of these germanides also show pronounced KHg

2
-

type subcells and some weak additional re#ections.
However, it was not (yet) possible to determine the



TABLE 3
Atomic Parameters for CePdGe, a-GdPdGe, b-GdPdGe, and Yb3Pd4Ge4a

Atom Occupancy Site x y z ;
%2

CePdGe (Pnma)
Ce1 0.998(5) 4c 0.00195(7) 1/4 0.7141(3) 74(5)
Ce2 1.006(4) 4c 0.1660(1) 1/4 0.7927(2) 73(3)
Ce3 1.008(4) 4c 0.3330(1) 1/4 0.7116(2) 76(3)
Pd1 0.992(6) 4c 0.0939(1) 1/4 0.4199(3) 90(6)
Pd2 0.981(6) 4c 0.2376(1) 1/4 0.4193(3) 76(5)
Pd3 0.996(6) 4c 0.4340(1) 1/4 0.4169(3) 112(6)
Ge1 1.008(8) 4c 0.0709(2) 1/4 0.0901(4) 85(7)
Ge2 0.980(8) 4c 0.2696(2) 1/4 0.0875(4) 83(7)
Ge3 1.04(1) 4c 0.3958(2) 1/4 0.0854(4) 52(7)

a-GdPdGe (Pnma)
Gd1 1.000(6) 4c 0.00100(6) 1/4 0.7137(2) 75(5)
Gd2 0.999(4) 4c 0.1660(1) 1/4 0.7916(2) 69(3)
Gd3 1.006(5) 4c 0.3330(1) 1/4 0.7119(2) 73(3)
Pd1 0.976(8) 4c 0.0938(1) 1/4 0.4205(4) 90(6)
Pd2 1.001(7) 4c 0.2367(1) 1/4 0.4197(3) 70(5)
Pd3 1.002(8) 4c 0.4355(2) 1/4 0.4178(4) 101(6)
Ge1 1.02(1) 4c 0.0723(2) 1/4 0.0894(5) 78(8)
Ge2 1.00(1) 4c 0.2677(2) 1/4 0.0887(4) 75(7)
Ge3 1.00(1) 4c 0.3974(2) 1/4 0.0876(5) 59(7)

b-GdPdGe (Pmmn)
Gd1 1.000(3) 4e 1/4 0.00172(3) 0.78681(6) 71(2)
Gd2 1.013(3) 2b 1/4 3/4 0.71041(9) 70(2)
Gd3 1.011(3) 2a 1/4 1/4 0.70352(9) 67(2)
Pd1 0.994(3) 4e 1/4 0.14167(6) 0.0773(1) 76(2)
Pd2 0.985(3) 4e 1/4 0.59600(6) 0.4182(1) 89(2)
Ge1 0.996(5) 4e 1/4 0.10515(8) 0.4088(1) 76(3)
Ge2 0.996(5) 4e 1/4 0.65386(7) 0.0899(1) 71(3)

Yb3Pd4Ge4 (Immm)
Yb1 0.997(2) 4j 1/2 0 0.37408(3) 55(1)
Yb2 1.008(3) 2a 0 0 0 88(1)
Pd 0.999(3) 8l 0 0.29914(6) 0.32441(4) 66(1)
Ge1 1.014(5) 4i 0 0 0.21976(8) 61(2)
Ge2 1.008(5) 4h 0 0.1811(1) 1/2 61(2)

a The occupancy parameters were obtained in separate series of least-square cycles. In the "nal cycles the ideal occupancy parameters were used.
;

%2
(pm2) is de"ned as one-third of the trace of the orthogonalized ;

ij
tensor.
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palladium}germanium ordering for these compounds. The
observed additional re#ections did not correspond with
those of the known superstructures. For example, single-
crystal "lm and di!ractometer data of YbPdGe show
a doubling of all three subcell axes. Detailed structure ana-
lyses of these ¸nPdGe compounds are now in progress.

The structures of CePdGe, PrPdGe, NdPdGe, GdPdGe,
and TbPdGe have recently also been investigated by neu-
tron powder di!raction (7, 14, 18); however, no indications
for superstructure re#ections were reported. This can most
likely be attributed to too small counting times or to devi-
ations from the ideal composition ¸nPdGe. Small
homogeneity ranges with Pd/Ge substition of the type
¸nPd

1~x
Ge

1`x
or ¸nPd

1`x
Ge

1~x
may possibly prevent

long-range order and then only the KHg
2
-type sub-
cell structure may be observed by X-ray or neutron
di!raction.

The re"nement of the occupancy parameters during our
previous single-crystal investigations of the series of ¸nPtGe
germanides (27) and a-GdPdSi (26) revealed some plati-
num/germanium (palladium/silicon) disorder also in the
superstructures. Such a slight disorder is also indicated by
the occupancy parameters listed in Table 3. The standard
deviations for the individual occupancy parameters are so
large that all occupancy parameters seem to be at the ideal
values within "ve standard deviations. However, when com-
paring the average occupancy parameters for the four struc-
tures (including Yb

3
Pd

4
Ge

4
) we note a pronounced

tendency: the ratio of the occupancy parameters of the
average palladium and the average germanium positions



TABLE 4
Interatomic Distances, Calculated with the Lattice Constants

Taken from the X-Ray Powder Dataa

CePdGe
Ce1:1 Pd1 302.4(4) Ce2:2 Ge3 306.4(3) Ce3:1 Pd2 306.4(3)

2 Pd3 306.9(2) 2 Ge2 308.2(3) 2 Pd2 315.5(2)
2 Ge1 313.6(3) 1 Ge1 309.0(5) 1 Pd3 316.4(4)
1 Pd3 319.8(4) 1 Ge2 320.3(4) 1 Ge3 318.1(4)
2 Pd1 323.8(2) 2 Pd2 322.9(3) 2 Pd1 318.6(3)
1 Ge1 325.7(5) 1 Pd2 326.6(4) 1 Ge2 320.1(4)
1 Ge3 326.9(4) 1 Pd1 326.8(4) 2 Ge1 321.4(3)
2 Ge3 331.9(3) 2 Pd3 327.7(3) 2 Ge2 331.3(3)
1 Ce2 364.4(3) 1 Ce1 364.4(3) 1 Ce2 370.9(5)
1 Ce3 374.5(3) 1 Ce3 370.9(5) 1 Ce1 374.5(3)
2 Ce1 397.8(4) 2 Ce3 391.9(2) 2 Ce2 391.9(2)

Pd1:1 Ge1 258.0(3) Pd2:2 Ge2 259.2(2) Pd3:2 Ge1 260.8(2)
2 Ge3 258.6(2) 1 Ge2 264.1(4) 1 Ge3 267.9(3)
1 Ce1 302.4(4) 1 Ce3 306.4(3) 1 Ge1 299.8(6)
1 Pd2 314.9(3) 1 Pd1 314.9(3) 2 Ce1 306.9(2)
2 Ce3 318.6(3) 2 Ce3 315.5(2) 1 Ce3 316.4(4)
2 Ce1 323.8(2) 2 Ce2 322.9(3) 1 Ce1 319.8(4)
1 Ce2 326.8(4) 1 Ce2 326.6(4) 2 Ce2 327.7(3)

Ge1:1 Pd1 258.0(3) Ge2:2 Pd2 259.2(2) Ge3:2 Pd1 258.6(2)
2 Pd3 260.8(2) 1 Pd2 264.1(4) 1 Pd3 267.9(3)
1 Pd3 299.8(6) 1 Ge3 276.5(4) 1 Ge2 276.5(4)
1 Ce2 309.0(5) 2 Ce2 308.2(3) 2 Ce2 306.4(3)
2 Ce1 313.6(3) 1 Ce3 320.1(4) 1 Ce3 318.1(4)
2 Ce3 321.4(3) 1 Ce2 320.3(4) 1 Ce1 326.9(4)
1 Ce1 325.7(5) 2 Ce3 331.3(3) 2 Ce1 331.9(3)

a-GdPdGe
Gd1:1 Pd1 296.3(3) Gd2:1 Ge1 300.2(5) Gd3:1 Pd2 300.7(3)

2 Pd3 300.7(2) 2 Ge3 300.6(3) 2 Pd2 308.2(2)
2 Ge1 307.8(3) 2 Ge2 303.0(3) 1 Pd3 310.7(4)
1 Pd3 311.6(4) 1 Ge2 311.1(4) 2 Ge1 311.7(3)
2 Pd1 314.6(2) 2 Pd2 316.4(3) 2 Pd1 312.0(3)
1 Ge3 316.3(4) 1 Pd2 318.9(3) 1 Ge3 315.5(4)
1 Ge1 322.0(4) 1 Pd1 319.9(3) 1 Ge2 317.1(4)
2 Ge3 322.0(3) 2 Pd3 322.0(3) 2 Ge2 320.1(3)
1 Gd2 353.5(2) 1 Gd1 353.5(2) 1 Gd2 357.9(5)
1 Gd3 359.3(3) 1 Gd3 357.9(5) 1 Gd1 359.3(3)
2 Gd1 391.6(3) 2 Gd3 387.2(2) 2 Gd2 387.2(2)

Pd1:2 Ge3 254.8(3) Pd2:2 Ge2 255.0(2) Pd3:2 Ge1 256.3(3)
1 Ge1 255.0(3) 1 Ge2 259.2(5) 1 Ge3 262.8(4)
1 Gd1 296.3(3) 1 Gd3 300.7(3) 1 Ge1 288.9(6)
1 Pd2 301.8(3) 1 Pd1 301.8(3) 2 Gd1 300.7(2)
2 Gd3 312.0(2) 2 Gd3 308.2(2) 1 Gd3 310.7(4)
2 Gd1 314.6(2) 2 Gd2 316.4(3) 1 Gd1 311.6(4)
1 Gd2 319.9(3) 1 Gd2 318.9(3) 2 Gd2 322.0(3)

Ge1:1 Pd1 255.0(3) Ge2:2 Pd2 255.0(2) Ge3:2 Pd1 254.8(3)
2 Pd3 256.3(3) 1 Pd2 259.2(5) 1 Pd3 262.8(4)
1 Pd3 288.9(6) 1 Ge3 274.1(4) 1 Ge2 274.1(4)
1 Gd2 300.2(5) 2 Gd2 303.0(3) 2 Gd2 300.6(3)
2 Gd1 307.8(3) 1 Gd2 311.1(4) 1 Gd3 315.5(4)
2 Gd3 311.7(3) 1 Gd3 317.1(4) 1 Gd1 316.3(4)
1 Gd1 322.0(4) 2 Gd3 320.1(3) 2 Gd1 322.0(3)

b-GdPdGe
Gd1:1 Pd1 295.6(1) Gd2:2 Pd2 310.1(1) Gd3:4 Ge2 302.2(1)

2 Pd2 300.4(1) 4 Pd1 312.5(1) 2 Ge1 302.6(1)

TABLE 4=Continued

2 Ge1 305.2(1) 4 Ge1 313.6(1) 2 Pd1 321.7(1)
1 Pd2 311.4(1) 2 Ge2 317.9(1) 4 Pd2 322.7(1)
2 Pd1 316.1(1) 2 Gd1 359.6(1) 2 Gd1 355.7(1)
1 Ge2 317.6(1) 2 Gd3 383.2(1) 2 Gd2 383.2(1)
2 Ge2 321.2(1)
1 Ge1 321.4(1) Pd1:2 Ge2 254.6(1) Pd2:2 Ge1 256.5(1)
1 Gd3 355.7(1) 1 Ge1 256.4(1) 1 Ge2 261.7(1)
1 Gd2 359.6(1) 1 Gd1 295.6(1) 1 Ge1 283.7(1)
2 Gd1 391.0(1) 1 Pd1 305.5(2) 2 Gd1 300.4(1)

2 Gd2 312.5(1) 1 Gd2 310.1(1)
2 Gd1 316.1(1) 1 Gd1 311.4(1)
1 Gd3 321.7(1) 2 Gd3 322.7(1)

Ge1:1 Pd1 256.4(1) Ge2:2 Pd1 254.6(1)
2 Pd2 256.5(1) 1 Pd2 261.7(1)
1 Pd2 283.7(1) 1 Ge2 271.1(2)
1 Gd3 302.6(1) 2 Gd3 302.2(1)
2 Gd1 305.2(1) 1 Gd1 317.6(1)
2 Gd2 313.6(1) 1 Gd2 317.9(1)
1 Gd1 321.4(1) 2 Gd1 321.3(1)

Yb3Pd4Ge4

Yb1:2 Ge1 295.0(1) Yb2:2 Ge1 301.6(1) Ge1:2 Pd 255.6(1)
4 Ge2 297.4(1) 4 Ge2 305.0(1) 4 Pd 256.9(1)
4 Pd 302.6(1) 8 Pd 347.0(1) 2 Yb1 295.0(1)
2 Pd 307.2(1) 4 Yb1 393.5(1) 1 Yb2 301.6(1)
1 Yb1 345.6(1) 2 Yb2 410.7(1) 2 Yb1 376.2(1)
2 Ge1 376.2(1)
2 Yb2 393.5(1) Pd:1 Ge2 255.0(1) Ge2:2 Pd 255.0(1)
2 Yb1 410.7(1) 1 Ge1 255.6(1) 1 Ge2 256.1(1)

2 Ge1 256.9(1) 4 Yb1 297.4(1)
1 Pd 284.0(1) 2 Yb2 305.0(1)
2 Pd 297.8(1)
2 Yb1 302.6(1)
1 Yb1 307.2(1)
2 Yb2 347.0(1)

a All distances shorter than 440 pm (coordinations of the ¸n atoms),
370 pm (Pd), and 380 pm (Ge) are listed.
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Pd/Ge is always smaller than one, i.e., 0.990/1.009 for
CePdGe, 0.993/1.007 for a-GdPdGe, 0.990/0.996 for b-
GdPdGe, and 0.999/1.011 for Yb

3
Pd

4
Ge

4
. Various ration-

alizations for this tendency have been discussed earlier (27).
Most likely this tendency can be rationalized by assuming
a small percentage of palladium positions to be occupied by
germanium atoms and vice versa, a small percentage of
palladium atoms on germanium positions. The correspond-
ing deviations from the ideal occupancy values were found
to be larger in the platinum germanides ¸nPtGe (27) and
this correlates with the fact that the di!erence in the scatter-
ing power is greater between platinum and germanium
(atomic numbers 78 and 32) than between palladium and
germanium (46 and 32).

The structural relationships of the various KHg
2

super-
structures have been discussed in detail in several earlier
papers (22}27). Here we only brie#y consider the crystal
chemistry of a-GdPdGe and b-GdPdGe. The near-neighbor
coordination of the gadolinium atoms in both modi"cations



FIG. 3. Near-neighbor environments of the gadolinium atoms in a-
and b-GdPdGe. Numbers correspond to the atom designations in Table 3.
The counter-tilted hexagonal networks of the palladium and germanium
atoms are emphasized. The shaded triangles correspond to the trigonal
prisms accentuated in Fig. 4. The drawings show one translation length a of
a-GdPdGe and one translation length b of b-GdPdGe.

FIG. 4. Projection of the crystal structures of a- and b-GdPdGe along
the short axes. All atoms lie on mirror planes which are separated by half
a translation period of the projection directions, indicated by thin and thick
lines, respectively. The germanium-centered trigonal prisms are outlined.
The orientations of the prisms are labeled#if they point in the #z
direction and!if they point in the opposite direction.
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is presented in Fig. 3. As emphasized recently (25, 39), the
orthorhombically distorted KHg

2
superstructures derive

from the aristotype AlB
2
. Consequently, each gadolinium

atom in a- and b-GdPdGe has a coordination of two slight-
ly puckered and tilted hexagons (Fig. 3). Within the Pd

3
Ge

3
hexagons, the Pd}Ge distances range from 255 to 263 pm,
only slightly larger than the sum of Pauling's single bond
radii (40) of 251 pm for palladium and germanium, indicat-
ing strong Pd}Ge interactions. In the third dimension the
Pd

3
Ge

3
hexagons are linked via longer Pd}Ge

(284}289 pm), Pd}Pd (302}306 pm), and Ge}Ge
(271}274 pm) bonds. In view of the Pd}Pd and Ge}Ge
distances of 275 pm in fcc palladium and 245 pm in germa-
nium (41), these interlayer interactions are very weak.

The gadolinium atoms have some palladium and germa-
nium neighbors at the relatively short Gd}Pd and Gd}Ge
distances of 296 and 300 pm, respectively. Regarding the
sums of Pauling's single bond radii of 289 pm (Gd#Pd)
and 283 pm (Gd#Ge), these contacts may also be con-
sidered as bonding interactions. In addition, each gadolin-
ium atom has four nearest gadolinium neighbors at Gd}Gd
distances ranging from 354 to 392 pm. The two shorter
contacts of each gadolinium atom correspond to the
Gd}Gd zigzag chains presented in Fig. 3 and the shaded
triangles correspond to the basal planes of the trigonal
prisms shown in Fig. 4.
Projections of the a- and b-GdPdGe structures are pre-
sented in Fig. 4. From a geometrical point of view, the
gadolinium and palladium atoms build chains of slightly
distorted trigonal prisms which are centered by the germa-
nium atoms. Adjacent chains are shifted by half a transla-
tion period of the projection direction. For each KHg

2
-type

superstructure, the chains of trigonal prisms have distinct
ordering sequences. The orientations of the trigonal prisms
are labeled#if the palladium edges point in the #z direc-
tion and the label!is assigned if they point in the opposite
direction. Thus, a-GdPdGe has the ordering sequence
###!!! with six prisms in the corresponding transla-
tion period, while the sequence of b-GdPdGe is
##!!with four prisms per translation period. Both the
palladium and the germanium atoms occupy the mercury
positions of the KHg

2
-type subcell. Hence, the palladium

atoms are situated in trigonal prisms formed by the gadolin-
ium and germanium atoms with the analogous sequence as
the germanium atoms in the trigonal prisms formed by the
gadolinium and palladium atoms. From a topological point
of view these two description are equivalent (26). The order-
ing scheme, designating the orientation of the trigonal



FIG. 5. Cell volumes per formula unit of the four series of silicides and
germanides ¸n¹M (¹"Pd, Pt; M"Si, Ge).

FIG. 6. Crystal structure of Yb
3
Pd

4
Ge

4
and coordination polyhedra of

the ytterbium atoms. Atom designations are given in arabic numbers. All
atoms lie on mirror planes at x"0 and x"1/2, indicated by thin and
thick lines, respectively. The three-dimensional [Pd

4
Ge

4
] polyanion is

emphasized. The cagelike environments of the two crystallographically
di!erent ytterbium positions are outlined in the right-hand part of the
"gure.
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prisms with#and!signs was initially developed in Ref.
(23) in order to distinguish di!erent superstructures of the
KHg

2
family.

In Fig. 5 we represent all equiatomic compounds of the
four series ¸n¹M (¹"Pd, Pt; M"Si, Ge) by their cell
volumes per formula unit. The ¸nPdGe germanides with
¸n"La}Nd, Sm, and Gd adopt the CaCuGe type, while
b-GdPdGe and TbPdGe crystallize with YPdSi-type struc-
ture. Also the corresponding series of platinum germanides
¸nPtGe (27) and palladium silicides ¸nPdSi (26) show such
changes in the structure types. Very similar to a- and b-
GdPdGe also a-GdPdSi (CaCuGe type) and b-GdPdSi
(YPdSi type) as well as a-SmPtGe (YPdSi type) and b-
SmPtGe (TiNiSi type) show dimorphism. These are the
compounds where one series of isotypic structures meets the
other.

The New Germanide Yb3Pd4Ge4

The phase relationships at 870 K in the ternary system
ytterbium}palladium}germanium have recently been inves-
tigated by Seropegin et al. (9). On the basis of phase analyti-
cal studies, these authors reported 10 ternary germanides in
this system. Besides equiatomic YbPdGe (8, 9, 17) and
YbPd

2
Ge

2
with ThCr

2
Si

2
-type structure, they character-
ized Yb
2
PdGe

6
with Ce

2
CuGe

6
-type, YbPdGe

2
with

YIrGe
2
-type, and Yb

2
PdGe

3
with disordered AlB

2
-type

structures, and "ve other phases with as yet unknown struc-
tures. The approximate compositions of these phases, how-
ever, gave no indication for the existence of Yb

3
Pd

4
Ge

4
reported herein. This might be ascribed to the relatively
high annealing temperature of 1100 K used by us for the
preparation of Yb

3
Pd

4
Ge

4
.

Yb
3
Pd

4
Ge

4
crystallizes with Gd

3
Cu

4
Ge

4
-type structure.

A projection of this structure along the x axis is shown in
Fig. 6. Both ytterbium sites of Yb

3
Pd

4
Ge

4
have high coor-

dination numbers (CN) as is usual for such intermetallic
compounds: CN 19 for Yb1 with 8 Ge#6 Pd#5 Yb and
CN 20 for Yb2 with 6 Ge#8 Pd#6 Yb. The six nearest
germanium neighbors of both ytterbium sites have Yb}Ge
distances ranging from 295 to 305 pm. These contacts are
most likely bonding. Although the coordination numbers of
both ytterbium sites are similar, there occur signi"cant
di!erences for the interatomic distances and thus the size of
the coordination polyhedra. As outlined in the right-hand
part of Fig. 6, the Yb1 atoms (Wycko! site 4i) are located in
a smaller cage when compared with the Yb2 atoms
(Wycko! site 2a). If we neglect the rather large Yb1}Ge1
distances of 376 pm and consider for both the Yb1 and Yb2
positions only the six nearest Yb}Ge distances we obtain
average Yb}Ge, Yb}Pd, and Yb}Yb distances of 297 pm,
304 pm, and 391 pm for Yb1 which are all smaller than the
corresponding distances for Yb2 with 304 pm, 347 pm, and
399 pm, respectively. The most signi"cant di!erence be-
tween both ytterbium sites is the average Yb}Pd distance.
A quite similar situation occurs in the structure of mixed-
valent Yb

2
Pt

3
Sn

5
(35) as well as in a- and b-YbPdSn (42).

Considering the possibility of mixed-valent behavior of the
ytterbium atoms, one might speculate (since no magnetic
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data are available) whether or not the Yb1 site is occupied
with smaller YbIII and the Yb2 site with larger YbII atoms as
is the case for Yb

2
Pt

3
Sn

5
(35). In this context, the short

Yb1}Yb1 distance of 346 pm is especially remarkable. The
latter is signi"cantly shorter than the Yb}Yb distance of
388 pm in fcc ytterbium (41) and also shorter than those in
YbPdSn (42) and Yb

2
Pt

3
Sn

5
(35). A bonding Yb1}Yb1

interaction can only be assumed if the Yb1 atoms have
retained some electrons. This supports a lower (at least
partial) valence state than III for the Yb1 atoms.

The palladium atoms, all on one crystallographic site,
have CN 12 with four germanium, three palladium, and "ve
ytterbium neighbors. Di!erent coordination numbers occur
for the germanium atoms: CN 11 with 6 Pd#5 Yb for Ge1
and CN 9 with 2 Pd#1 Ge#6 Yb for Ge2. The latter
coordination polyhedron is a nearly regular tricapped trig-
onal prism as is frequently observed for such intermetallic
compounds. The shortest interatomic distances in
Yb

3
Pd

4
Ge

4
occur between the palladium and germanium

atoms. The average Pd}Ge distance of 256 pm is only slight-
ly larger than the sum of Pauling's single bond radii (40) of
251 pm for palladium and germanium, indicating strong
Pd}Ge interactions. These Pd}Ge distances are essentially
identical with those in the equiatomic germanides discussed
above. In addition, we observe weak Pd}Pd (284 pm) and
Ge}Ge (256 pm) contacts in the Yb

3
Pd

4
Ge

4
structure.

Again, these distances are only slightly longer than those in
fcc palladium (275 pm) and elemental germanium (245 pm)
(41). Chemical bonding in Yb

3
Pd

4
Ge

4
is thus governed by

strong, essentially covalent, Pd}Ge and weak Pd}Pd and
Ge}Ge bonding interactions.
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