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Abstract The intermetallic cerium compounds Ces-
Pd;Biy, CePdBi, and CePd,Zn; were synthesized
from the elements in sealed tantalum ampoules in
an induction furnace. The compounds were character-
ized by X-ray powder and single crystal diffraction:
CeCo3B, type (ordered version of CaCus), P6/mmm,
a=>538.4(4), c=427.7(4) pm, wR2 = 0.0540, 115 F*
values, 9 variables for CePd,Zn; and Y3;AusSby type,
[43d, a=1005.2(2) pm, wR2 =0.0402, 264 F* val-
ues, 9 variables for Ce;Pd;Biy, and MgAgAs type,
a=681.8(1) pm for CePdBi. The bismuthide struc-
tures are build up from three-dimensional networks
of corner-sharing PdBi, tetrahedra with Pd-Bi dis-
tances of 281 (CesPd;Bi4) and 296 pm (CePdBi), re-
spectively. The cerium atoms are located in larger
voids of coordination number 12 (CesPd;Bi4) and
10 (CePdBi). In CePd,Znj; the cerium atoms fill larger
channels within the three-dimensional [Pd,Zns] net-
work with 18 (6 Pd+ 12 Zn) nearest neighbors.
The three compounds contain stable trivalent cerium
with experimental magnetic moments of p.i =2.70(2),
2.48(1), and 2.49(1) up/Ce atom for CePd,Zns,
CesPd;Biy, and CePdBi, respectively. Susceptibility
and specific heat data gave no hint for magnetic order-
ing down to 2.1 K.
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Introduction

The equiatomic Ce7X compounds (7 =Ilate transi-
tion metal; X = element of the 3™ or 4™ main group)
have intensively been investigated in recent years
with respect to their hydrogenation behavior (over-
views are given in Refs. [1-4]), since the hydrogena-
tion drastically changes the magnetic ground state of
cerium. To give an example, hydrogen insertion
leads to an interesting transition from an intermedi-
ate valence state in CeNiln to a ferromagnetic be-
haviour in CeNilnH; g [5], or an increase of the Néel
temperature (1.65 K — 3.0 K) in the sequence CePdIn
(Kondo antiferromagnet) — CePdInH, o [6]. We have
recently extended these investigations towards the
CeTX compounds with respect to the group V sys-
tems. Hydrogenation of the Kondo semiconductor
CeRhSb induces antiferromagnetic behaviour in the
new hydride CeRhSbH, [7].

In continuation of these systematic investigations
we were interested in the hydrogenation behavior of
further CeTX systems and we are currently testing
the Ce7Bi and Ce7Zn compounds. In the bismuth
and zinc containing systems, so far the equiatomic
compounds Ce7Bi (T=Rh, Pd, Pt) [8-10] and
CeTZn (T'=Ni, Cu, Rh, Pd, Ag, Pt, Au) [11-16]
have been reported. During our synthetic studies



1144

we obtained a pure sample of CePdBi for physical
property investigations. In the first steps, new com-
pounds Ce;Pd;Bis and CePd,Zn; were obtained as
side products. Herein we report on the phase pure
synthesis, crystal growth, and the magnetic proper-
ties of these intermetallic compounds.

Results and discussion

Structure refinements

Careful analysis of the diffractometer data sets
revealed high Laue symmetry for both crystals.
The data sets were compatible with space groups
P6/mmm for CePd,Zn; and 143d for Ce;Pd;Biy.
The isotypism with the CaCus [17] (CeCosB, [18])
and Y;AusSb, [19] type was already evident from
the powder patterns. The atomic parameters of
CaCus and Y3AusSb, were taken as starting values
and the two structures were refined using SHELXL-
97 [20] (full-matrix least-squares on Fz) with aniso-
tropic atomic displacement parameters for all atoms.
Refinement of the correct absolute structure for
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Ce;Pd;Bis was ensured through calculation of the
Flack parameter [21, 22]. As a check for the cor-
rect composition, the occupancy parameters of all
sites were refined in separate series of least-squares
cycles. All sites were fully occupied (with the col-
oring Co <= Zn and B <= Pd for CePd,Znj3) with-
in two standard deviations and in the final cycles
the ideal occupancy parameters were assumed again.
The final difference Fourier syntheses were flat
(Table 1). The positional parameters and inter-
atomic distances of the two refinements are listed
in Tables 2 and 3. Further details may be obtained
from Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen (Germany), by quoting
the Registry Nos. CSD-419163 (CePd,Zn;) and
CSD-419162 (CezPd;Biy).

Crystal chemistry

New intermetallic compounds CePd,Zn; and Ces-
Pd;Bi4 have been synthesized and structurally char-
acterized on the basis of single crystal diffractometer
data. Similar to a large variety of rare earth metal

Table 1 Crystal data and structure refinement for Ce;Pd;Bi4 and CePd,Znj3

Empirical formula Ce;sPd;Biy CePd,Zn;
Molar mass,/g mol~! 1575.48 549.03
Space group; Z 143d; 4 P6/mmm; 1
Structure type Y;Au;Sby CaCus
Pearson symbol cl40 hP6

Unit cell dimensions/pm a=1005.2(2) a=1538.4(4)
(Guinier powder data) c=427.7(4)
Unit cell volume/nm~3 V=1.0157 V=0.1074
Calculated density/gcm™ 10.30 8.49

Crystal size/um? 30x40x70 20 x40 x 60
Transm. ratio (max/min) 7.09 1.39
Absorption coefficient/mm™! 87.3 34.8

F(000) 2576 240

0 Range/° 4-31 4-40

Range in hkl +13; —13/14; +14 -7/8; =9/7; £6
Total no. reflections 4645 1345

Independent reflections
Reflections with 1> 20(I)

Data/parameters
Goodness-of-fit on F>

Final R indices [/>20(])]

R indices (all data)

Extinction coefficient
Flack parameter

Largest diff. peak and hole/e A3

264 (Rip = 0.1366)
210 (R, =0.0825)

115 (Ripe = 0.0429)
106 (R, =0.0157)

264/9 115/9

0.726 1.286
R1=0.0232 R1=0.0209
wR2=0.0381 wR2 =0.0530
R1=0.0415 R1=0.0232
WR2 = 0.0402 WR2 = 0.0540
0.00182(8) 0.036(5)
—0.04(2) -

1.89/—1.81 1.54/-2.36
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Table 2 Atomic coordinates and anisotropic displacement parameters (pmz) for CesPd;Bis and CePd,Znj3. U.q is defined as one
third of the trace of the orthogonalized U; tensor. The anisotropic displacement factor exponent takes the form

=27 (ha* U, + ...+ 2kha*b* U,,)

Atom  Wyckoff position x y Z Ui Uss Usz Ui3="Us Ups Ueq
C03Pd3Bl4

Ce 12b 5/8 0 3/4  81(7) 634  Un 0 0 713)
Pd 12a 1/8 0 3/4 7509) 100(6) U, 0 0 92(4)
Bi 16¢ 0.91607(5) X X 74(2) U Un 14(2) Ui T4(2)
CePdZan

Ce la 0 0 0 6712) Uy, 874) 0 34(1)  74Q2)
Pd 2c 1/3 2/3 0 108(2) Uiy 70(4) 0 54(1) 95(2)
Zn 3g 1/2 0 12 1324) 754 T4 0 37)  101(3)

Table 3 Interatomic distances pm, calculated with the pow-
der lattice parameters in Ce;Pd;Bi4 and CePd,Zn;. Standard
deviations are all equal or less than 0.2 pm. All distances of the
first coordination spheres are listed

Ce3Pd3Bi4 CePd2Zn3

Ce 4 Pd 3078 Ce 6 Pd 3108
4  Bi 3473 12 Zn 34338
4 Bi 3486  pg 6 Zn 2644

Pd 4 Bi 2812 3 Pd 3109
4  Ce 3078 3 Ce 3109

Bi 3 Pd 2812 Zn 4 Pd 2644
3 Ce 3473 4 Zn 2692
3 Ce 3486 4  Ce 3438
3 Bi 3741

Fig. 1 View of the CePd,Znj; structure approximately along
the ¢ axis. Cerium, palladium, and zinc atoms are drawn
as medium grey, black filled, and open circles. The three-
dimensional [Pd,;Zn;] network is emphasized

based compounds [23, 24], CePd,Zn; (Fig. 1) crys-
tallizes with an ordered version of the well known
hexagonal CaCus type structure [17], similar to

CeCo3B, [21]. The palladium and zinc atoms occu-
py the Wyckoff sites 2¢ and 3g in an ordered manner.
Together, the palladium and zinc atoms build up a
three-dimensional [Pd,Zn3] network (Fig. 1), which
leaves larger hexagonal channels for the cerium
atoms. Within the [Pd,Zn;] network, each palladium
atom has six nearest zinc neighbors at 264 pm in
trigonal prismatic coordination. Similar coordination
occurs for the Pdl atoms in «a-CePdZn (268 pm)
[25]. These Pd—Zn distances are only slightly longer
than the sum of the covalent radii of 253 pm [26].
The cerium atoms bind to the [Pd,Zns;] network
through Ce-Pd contacts at a Ce—Pd distance of
311 pm. The Zn-Zn distances of 269 pm (triangular
edges of the trigonal prisms) are close to the shorter
distances in hcp zinc (6 x 266 and 6 x 291 pm) [27].
We can therefore expect substantial Pd—Zn and Zn—
Zn bonding in the [Pd,Zn;] network.

Also the binary boarder phases CePds (a =537.2,
c=417.8pm) [28] and CeZns (a =541.63(5), c=
426.47(5) pm) [29] with CaCus type structure have
been reported. The ordered compound CePd,Zn; fits
in between these data. Similar transition metal order-
ing has recently been observed for CaNi,Zn; [30],
however, due to differences in size, an isomorphic
symmetry reduction of index 3 (i3) leads to super-
structure formation and thus small distortions in the
structure. No hints for a cell enlargement have been
observed for CePd,Zn; reported herein. For further
crystal chemical details on the family of CaCus re-
lated intermetallics we refer to the TYPIX compila-
tion [24, and references therein].

Y;AusSb, type [19] Ces;Pd;Biy is a new com-
pound in the Ce—Pd-Bi system [10]. So far only
CePdBi [8] (vide ultra) and CegPd,4Bi [31] have
been reported. The cubic Ces;Pd3Biy structure con-
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Fig. 2 The crystal structure of Ce;Pd;Biy. Cerium, palladi-
um, and bismuth atoms are drawn as medium grey, black
filled, and open circles, respectively. The PdBi, tetrahedra
and the CN12 coordination polyhedra of the cerium atoms
are emphasized. For details see text

tains two striking structural motifs, i.e. slightly
distorted, corner-sharing PdBi, tetrahedra and co-
ordination number (CN) 12 polyhedra (4Pd + 8Bi)
around the cerium atoms. The Pd-Bi distances of
281 pm match with the sum of the covalent radii of
280 pm [26] and these are most likely the strongest
bonding interactions in CezPd;Biy. The cerium
atoms are embedded within the network of con-
densed tetrahedra (Fig. 2). As emphasized in the
upper part of that figure, the CN12 polyhedra of
the cerium atoms are condensed via common square
faces, leading to a dense packing. These CN12 poly-
hedra share common edges with the PdBi, tetra-
hedra. Similar to CePd,Zns, also in CezPd;Bi4 the
cerium atoms have four palladium atoms as closest
neighbours. This would have been expected from the
course of the electronegativities.

Equiatomic CePdBi [8] has only been obtained
in polycrystalline form. Since all atoms in this
MgAgAs type [32] compound are on special posi-
tions, the interatomic distances can readily be calcu-
lated from the lattice parameter (681.8(1) pm). The
cerium and bismuth atoms build up a rocksalt like
substructure in which half of the tetrahedral voids
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Fig. 3 The crystal structure of CePdBi. Cerium, palladium,
and bismuth atoms are drawn as medium grey, black filled,
and open circles. The corner-sharing PdBi, tetrahedra are
emphasized

are filled with palladium (Fig. 3). This way the pal-
ladium atoms have a tetrahedral bismuth coordina-
tion at Pd—Bi distances of 296 pm, somehow longer
than in Ces;Pd;Bi4s. On the other hand, the Ce—Pd
distance of 296 is by 12pm shorter than in
Ce;Pd;Biy. The crystal chemistry of MgAgAs type
intermetallic compounds has repeatedly been dis-
cussed in literature. For further details we refer to
the TYPIX compilation [24, and references therein]
and a recent work on equiatomic RETBi (RE =rare
earth element) bismuthides [33].
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Fig. 4 Temperature dependence of the magnetic dc suscep-
tibility (x and x~!) of CePd,Zn3, Ce3Pd;Biy, and CePdBi
measured at a magnetic flux density of 1 T
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Magnetic properties

The temperature dependences of the magnetic
(x =M/H) and the inverse magnetic susceptibility
of CePd,Zn3, Ce;Pd;Biy, and CePdBi are displayed
in Fig. 4, measured while warming in a dc field of
10 kOe after zero field cooling each sample to lowest
temperature. For all samples studied here, y in-
creases with decreasing temperature. Down to
3.1K, the magnetic data give no hint for magnetic
ordering in all three samples.

The three samples show Curie-Weiss behavior
(Fig. 4). Fitting of the experimental data in the tem-
perature region 100-300 K revealed an effective mag-
netic moment of peg=2.70(2) pug/Ce atom and a
paramagnetic Curie temperature fp=—19.02) K
for CePdyZn3, pier=2.48(1) pp/Ce atom, and p=
—32.7(2) K for CesPd;Biy and pier=2.49(1) pup/Ce
atom and 6p = —5.8(2) K for CePdBi. These values
are close to the free ion value of 2.54 yup for Ce’™,
thus indicating purely trivalent cerium in all sam-
ples. The negative sign of fp indicates that the mag-
netic interaction is of an antiferromagnetic type in
these compounds. The deviations of 1/x vs. T at low
temperatures are most likely due to splitting of the
J=5/2 ground state of Ce** and the beginning of
short-range magnetic fluctuations, as frequently ob-
served in related cerium intermetallics, e.g. CeAuGe
[34] and CeRhSn, [35].

In Fig. 5 we present the magnetization data for
CePd,Zn; and CesPd;Biy measured at 5, 10, and
15 K. CePd,Zn; shows at SK a tendency for satura-
tion in high fields. At 10 and 15 K CePd,Zn3 shows
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Fig. 5 The M(H) curves for CePd,Zn; and Ce;Pd;Bi, mea-
sured at 5, 10, and 15K
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Fig. 6 The specific heat (Cp) data for CePd,Zn; and Ce;Pd;.
Biy measured in zero field

almost linear M(H) behavior in agreement with the
paramagnetic state of the sample. The magnetization
curves for Ces;Pd;Bi, are almost linear for all mea-
sured temperatures as expected for a paramagnetic
material. It may be noted here that, for both com-
pounds, the maximum moment observed at 80 kOe
and 5K does not reach the expected moment value
of 2.14 ug/Ce atom (according to g x J). The values
for CePd,Zn; and CesPd;Bi, are 1.00(2) and 0.38(2)
up/Ce atom, respectively. The decrease in saturation
moment can be attributed to crystal field effects (see
also the deviation of x(7) from the Curie-Weiss fit),
and has been observed for many other cerium inter-
metallics [36, 37, and references therein]. The mag-
netic and specific heat data (Fig. 6) give no hint for
magnetic ordering down to 2.1 K.

Experimental

Synthesis

Starting materials for the preparation of CePdBi, Ce;Pd;Biy,
and CePd,Zn; were ingots of cerium (Johnson Matthey or
Kelpin), palladium powder (Degussa-Hiils, 200 mesh), zinc
granules (Merck), and bismuth granules (Chempur) all with
stated purities better than 99.9%. The cerium ingots were cut
into smaller pieces and arc-melted [38] into small buttons
under an argon atmosphere. The argon was purified before with
molecular sieves, silica gel, and titanium sponge (900K).
Subsequently, the cerium buttons, the palladium powder, and
pieces of the zinc granules or bismuth (1:2:3, 1:1:1, or 3:3:4
atomic ratio) were sealed in tantalum tubes under an argon
pressure of ca. 700 mbar. The tube was placed in a water-
cooled sample chamber of an induction furnace (Hiittinger
Elektronik, Freiburg, and type TIG 1.5/300) under flowing
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argon [39] and was annealed at 1400K for about 5 min fol-
lowed by slow cooling to 970K for CePd,Zn; and to 870K
for Ce;Pd;Bi,. Finally the samples were kept at that tempera-
ture for another 4h, followed by quenching. In the case of
CePdBi, the tube was annealed for about 3 h at 870 K followed
by fast heating to 1400K and kept at that temperature for
Smin. The power supply was then switched off and the
sample was annealed again for another two times at 1400 K
(5min for each annealing sequence). Finally the sample was
annealed at 870K for 3h and cooled to room temperature
within 5min. The temperature was controlled through a
Sensor Therm Methis MS09 pyrometer with an accuracy
of £30K. The samples could easily be separated from
the crucibles. No reactions with the container material (tanta-
lum) were observed. CePd,Zn; is stable in air over weeks,
while Ce;Pd;Bi; and CePdBi were kept in argon-filled
Schlenk tubes because they are slightly sensitive to moist
air. Single crystals exhibit metallic lustre while ground pow-
ders are grey.

Scanning electron microscopy

Semiquantitative EDX analyses on all bulk samples and
single crystals were carried out by use of a Leica 420i scan-
ning electron microscope with CeO,, palladium, bismuth,
and zinc as standards. The crystals mounted on a quartz fibre
were first coated with a thin carbon film to ensure conduc-
tivity. The polycrystalline samples were embedded in a
methyl metacrylate matrix and polished with different dia-
mond and SiO, emulsions. No impurity elements heavier
than sodium (detection limit of the instrument) were de-
tected. The experimentally determined compositions were
very close to the ideal ones. The EDX analyses gave no hints
of homogeneity ranges.

X-Ray data collection

The polycrystalline samples were studied through Guinier
powder patterns (imaging plate technique, Fujifilm BAS-
1800) using CuKq; radiation and «a-quartz (a =491.30 and
¢ =540.46 pm) as an internal standard. The lattice parameters
(Table 1) were obtained from least-squares fits of the powder
data. To ensure proper indexing, the experimental patterns
were compared to calculated ones [19] taking the atomic posi-
tions from the structure refinements (Table 2). The powder and
single crystal lattice parameters agreed well.

Small single crystals of Ce;Pd;Biy and CePd,Zn; (CePdBi
was obtained only in polycrystalline form) were selected from
the annealed samples and first investigated via Laue photo-
graphs on a Buerger camera (white Mo radiation), equipped
with the same Fujifilm, BAS-1800 imaging plate technique,
in order to check the quality for intensity data collection.
Intensity data of the CePd,Zn;3 crystal were collected at room
temperature by use of a four-circle diffractometer (CAD4)
with graphite monochromatized Mo K« radiation and a scin-
tillation counter with pulse height discrimination. The scans
were taken in the w/26 mode and an empirical absorption
correction was applied on the basis of psi-scan data, accom-
panied by a spherical absorption correction. The Ce;Pd;Biy
crystal was measured on a Stoe IPDS II diffractometer (graph-
ite monochromatized Mo Ka radiation; oscillation mode;
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90 mm crystal-detector distance; 0—180° phi range; 1° phi in-
crement; 5 min irradiation time) and a numerical absorption
correction was applied to this data set. All relevant details
concerning the data collections and evaluations are listed in
Table 1.

Physical property measurements

CePd,Zn;, CePdBi, and Ce;Pd;Biy were packed in kapton
foil and attached to the sample holder rod of a VSM for mea-
suring the magnetic properties in a Quantum Design Physical-
Property-Measurement-System in the temperature range
3.1-305 K with magnetic flux densities up to 80 kOe. For heat
capacity (Cp) measurements (2.1-100K) the samples were
glued to the platform of a pre-calibrated heat capacity puck
using Apiezion N grease.
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