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Abstract The palladium-rich cadmium compounds
LagPd5Cd, and Ce¢Pd 3Cd, were synthesized by induc-
tion melting the elements in sealed tantalum ampoules and
subsequent annealing. They were characterized by X-ray
powder and single-crystal diffraction: Na;sBagN type,
Im3m, a = 988.12(9) pm, wR2 = 0.0463, 225 F* values,
and 12 variables for LagPd;3Cd4, and a = 982.1(2) pm,
wR2 = 0.0521, 215 F? values, and 12 variables for
CesPd 5Cd,. The striking structural motifs are palladium-
centred Lag and Ceg octahedra, which are packed in a bcc
fashion. Further palladium and cadmium atoms built up
three-dimensional [Pd;Cd] networks in which the LagPd
and CecPd octahedra are embedded. Chemical bonding
analyses show that the dominant interaction occurs within
the palladium-centred RE¢ octahedra, while weaker bond-
ing exists between them.

Keywords Cadmium compounds - Crystal chemistry -
Electronic structure calculation
Introduction

Ternary intermetallic RE,T,Cd, compounds [RE: rare earth
metal; 7: late transition metal] often show strong crystal
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chemical similarities to RE,T,Mg, compounds [1]. Typical
examples include the equiatomic compounds RETCd [2-5],
the Mo,FeB,-type compounds RE,7,Cd [6, 7, and refer-
ences therein], and the series of rare earth metal-rich
compounds RE,TCd [8-10] and RE,;T,Cd4 [11, 12]. A
common structural motif of all of these compounds are
transition metal-centred trigonal prisms of the rare earth
elements. These prisms show peculiar connectivity patterns
for each structure type. The RE-T distances within the
trigonal prismatic units are close to the sums of the cova-
lent radii, and one observes strong covalent RE-T bonding.

During recent phase-analytical studies of RE-T-Cd
systems, we discovered an exceptional compound,
PrgPd 3Cd,4 [13], which crystallizes with a site occupancy
variant of the structure of the subnitride Na;gBagN [14]. In
contrast to all other RE,T,Cd, compounds, PrePd;3Cd,
shows discrete, palladium-centred PrgPd octahedra which
are arranged in a body-centred cubic packing system. We
have now also observed this structure type for the lantha-
num and the cerium compound. The synthesis, structure
refinements and chemical bonding peculiarities of
LagPd 3Cd, and CegPd 3Cd, are reported herein.

Results and discussion
Structure refinement

Careful analysis of the diffractometer data sets revealed
body-centred cubic lattices and no further extinctions. In
agreement with our previous investigations on PrgPd;3Cd,
[13], the space group Im3m was found to be correct during
the structure refinements. The atomic parameters of
PrgPd 3Cd, [13] were taken as starting values and both
structures were refined using Shelx1-97 [15] (full-matrix
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Table 1 Crystal data and
structure refinement for
LaGPd13Cd4 and CC6Pd13Cd4,
space group Im3m, Z = 2

Empirical formula

Formula weight (g/mol)

Unit cell dimensions (pm)
Cell volume (nm>)
Calculated density (g/cm®)
Crystal size (um®)
Transmission ratio (max/min)
Absorption coefficient (per mm)
F(000)

Detector distance (mm)
Exposure time (min)

o range; increment (°)

Integration parameters A, B, EMS

0 range for data collection (°)
Range in hkl

Total no. of reflections
Independent reflections
Reflections with I > 2a(1)
Data/parameters
Goodness-of-fit on F?

Final R indices [/ > 20(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole (e/A%)

LagPd;3Cd, CegPd,;5Cd,
2,666.26 2,673.52

a = 988.12(9) a = 982.1(2)

V = 0.9648 V = 0.9473
9.18 9.37

10 x 20 x 60 20 x 20 x 40
0.744/0.391 0.576/0.307
29.0 30.4

2,264 2,276

60 70

4 3

0-180, 1.0 0-180, 1.0
13.5, 3.5, 0.012 13.5, 3.5, 0.012
2-34 2-34

+15, £15, £15 +15, £15, £15
7253 6583

225 (Ripe = 0.1366)
157 (Ryigma = 0.0636)
225/12

215 (Riyy = 0.0466)
173 (Ryigma = 0.0217)
215/12

0.843 0.992

Rl = 0.0278 R1 = 0.0238
wR2 = 0.0419 WwR2 = 0.0481
R1 = 0.0636 R1 = 0.0401
WR2 = 0.0463 WR2 = 0.0521
0.00112(6) 0.00070(7)
2.48 and —2.06 373 and —2.11

Table 2 Atomic coordinates and isotropic displacement parameters
(pmz) for LagPd;3Cd,4 and CesPd;3Cdy. Uq is defined as one-third of
the trace of the orthogonalized Uj; tensor

Atom Wyckoft X y z Ueq
position

LagPd3Cd,
La 12¢ 0.30403(12) 0 0 55(3)
Pdl 2a 0 0 0 81(8)
Pd2 24h 0 0.33904(7) y 72(2)
Cd 8¢ 1/4 1/4 1/4 78(3)

CegPd;5Cdy
Ce 12¢ 0.30338(9) 0 0 68(2)
Pdl1 2a 0 0 0 90(5)
Pd2 24h 0 0.34010(6) y 74(2)
Cd 8¢ 1/4 1/4 1/4 87(3)

least-squares on F2) with anisotropic atomic displacement
parameters for all atoms. To check for the correct com-
position, the occupancy parameters were refined in separate
series of least-squares cycles. All sites were fully occupied
within two standard deviations, and in the final cycles the
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ideal occupancies were assumed again. The final difference
Fourier syntheses were flat (Table 1). The positional
parameters and interatomic distances of the refinements are
listed in Tables 2 and 3. Further information on the
structure refinements is available (see the “Experimental”
section).

Crystal chemistry

New ternary cadmium compounds LagPd;5Cd; and
CesPd 5Cd, crystallize with a site occupancy variant of the
subnitride Na;¢BagN [14], similar to PrgPd;3Cd,4 [13]. The
cubic lattice parameter decreases from the lanthanum to the
praseodymium compound, as expected from the lanthanoid
contraction. A view of the LagPd3Cd, structure approxi-
mately along the ¢ axis is presented in Fig. 1. The striking
structural motifs of the LagPd;3Cd, structure are Pdl-
centred Lag octahedra, which are packed in a bcc
arrangement. These correspond to the BagN octahedra in
the subnitride Na;¢BagN [14]. In both structures the octa-
hedra are well separated from each other. They are
embedded in a matrix of sodium atoms in Na;gBagN and
within an ordered [Pd;Cd] network in LagPd,3Cd, (Fig. 2).
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Table 3 Interatomic distances (pm) for LagPd;3Cd4 and CegPd;5Cd,
(calculated with the powder lattice parameters). All of the distances of
the first coordination spheres are listed

LagPd,;Cdy CegPd,5Cd,

La: 4 P2 2968  Ce: 4 P2 2943
1 Pdl 3004 1 Pdl 2979
6 P2 3368 6 P2 3360
4 cd 353.4 4 cd 3512
1 La 3873 1 Ce 386.2
4 La 424.9 4 Ce 4214

Pdl: 6 La 3004  Pdl: 6  Ce 297.9

Pd2: 2 Cd 2766  Pd2: 2 Cd 275.6
4 P2 2856 4 P2 2840
2 la 296.8 2 Ce 294.3
2 P2 3181 2 P2 3141
2 La 336.8 2 Ce 336.0

Cd: 6 P2 2766  Cd: 6 P2 2756
6 La 3534 6  Ce 3512

Pd1Lag

Fig. 1 The crystal structure of cubic LagPd;3Cd,. Lanthanum,
palladium, and cadmium atoms are drawn as medium grey, black,
and open circles, respectively. The palladium-centred Lag octahedra
are emphasized

The La—Pdl1 distances within the octahedra of 300 pm
are close to the sum of the covalent radii [16] of 297 pm,
and we can assume that substantial La—Pd bonding occurs
in these monomer units. Similar short La—Pd distances
occur in the binary compounds LaPd; (CuszAu type,
12 x 300 pm La-Pd) [17] and LaPds (CaCus type,
6 x 306 pm La-Pd) [18]. Palladium-centred trigonal
prisms and octahedra of rare earth elements are a common
structural motif in various ternary compounds. Table 4

Fig. 2 Projection of the LagPd;3Cd, structure along the threefold
axis. Lanthanum, palladium, and cadmium atoms are drawn as
medium grey, black, and open circles, respectively. The isolated
PdlLag octahedra and the three-dimensional [Pd;Cd] network are
emphasized

Table 4 RE-Pd distances (pm) in the trigonal prismatic (tp) and
octahedral (0) RET units in selected ternary intermetallic compounds

Compound Motif Distances Reference
Gd,PdCd tp 287, 288 [10]
Gd PdMg tp 287, 289 [21]
Ce,Pd,Mg tp 293-309 [22]
Nd,Pd,Cd tp 291-305 [19]
Er 4Pd;In; tp 276-287 [20]
LagPd;53Cdy o 300 This work
CegPd 3Cdy 0 298 This work
PrePd;3Cdy o 296 [13]

summarizes the single-crystal data for the palladium-based
compounds that have such data available for them.
Within the [Pd;Cd] network embedding the PdlLag
octahedra, the Pd2-Cd distances of 277 pm are only
slightly longer than the sum of the covalent radii of 269 pm
[16]. The Pd2-Pd2 distances of 286 pm are comparable to
fec palladium (275 pm) [23]. Bonding of the PdlLag
octahedra to the [Pd;Cd] network proceeds via four short
La—Pd2 contacts at 297 pm. The shortest La—Cd distance
of 353 pm is significantly longer than the sum of the
covalent radii of 310 pm [16]. A more quantitative view of
the bonding peculiarities is given in the following section.

Chemical bonding analyses
At self-consistent convergence, little charge transfer was

observed between the atoms for both intermetallic com-
pounds. It can be argued that the quantum mixing between
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Fig. 3 Site projected densities of states (PDOS) of LagPd;3Cdy (top)
and CegPd 3Cdy (bottom)

the different valence states of the constituents is the
underlying mechanism of bonding, as will be shown first
from the site projected density of states (PDOS), and then
from an analysis of the chemical bonding based on overlap
populations (COOP).

Figure 3 shows the PDOS for LagPd;3Cd; and
CegPd;3Cd,. The multiplicity of the atoms is accounted for
by separating the Pd into 1 Pdl and 12 Pd2. The Fermi
level (Ef) is taken as zero energy. This is also done in the
following plots describing the chemical bonding. Both
plots show a similar valence band (VB) with low-lying Cd
44" states at —9 eV and Pd 4d states in the energy window
—6, —1 eV. Despite the 1/12 intensity ratio, it can be seen
that Pd1 states show strong localization around —3 eV with
itinerant RE PDOS present below the peak. This will be
shown to have an effect on the strength of the chemical
bonding. Ef crosses low-intensity itinerant-like DOS with
empty La 4f states found above, as expected. In the cerium
compound, the Fermi level crosses the lower part of the Ce
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Fig. 4 Chemical bonding (COOP) within LagPd;3Cds (fop) and
CCGPd13Cd4 (bottom)

4f states (one more electron vs. La) with a rather high
intensity, which could indicate a possible magnetic insta-
bility leading to the onset of finite magnetic polarization.
Our calculations resulted in a magnetic moment of 0.76 ug
per cerium atom (spin only value). Unfortunately, all of
our CeqPd;3Cd, samples contained approximately 10%
(estimated based on the Guinier data) CePds;. This
CusAu-type compound [24] exhibits intermediate-valent
cerium [25]. Due to the CePd; by-product, an experimental
study of the magnetic data was not reasonable.

Figure 4 details the atom-to-atom (one-to-one) inter-
action within both intermetallic compounds. The major
part of the VB is found to exhibit a bonding character
(positive y-magnitudes) for the different interactions,
which are all of low magnitude, except for Pd1-RE,
which is found to prevail. In the lower part of the VB,
no bonding arising from Cd 4d states is seen, which are
thus inactive. The large COOP peak at —3 eV follows
the observation above of the PDOS peak at this energy
(i.e. it involves itinerant states of the rare earth atoms
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and Pdl). The antibonding counterpart (negative y-mag-
nitude) is found above Ef, at 2 eV. In the Ce compound
there is a bonding contribution from 4f4d of Ce and
Pdl.

Experimental
Synthesis

Starting materials for the preparation of the LagPd;3Cd,
and CegPd,5Cd, samples were sublimed ingots of lantha-
num and cerium (Johnson Matthey and Smart Elements),
palladium powder (Heraeus, ca. 200 mesh) and a cadmium
rod (Johnson Matthey), all with stated purities of better
than 99.9%. Small pieces of the lanthanum and cerium
ingots (~300 mg) were first arc-melted [26] to small
buttons under an argon atmosphere of ca. 800 mbar. Argon
was purified with a titanium sponge (900 K), silica gel, and
molecular sieves. The rare earth buttons, palladium pow-
der, and pieces of the cadmium rod were then mixed in an
atomic ratio of 6:13:4 under flowing argon and arc-welded
[26] in tantalum ampoules under an argon pressure of about
700 mbar.

The tubes were then placed in a water-cooled sample
chamber [27] of an induction furnace and heated twice at
ca. 1,470 K for a period of 5 min followed by quenching.
The samples were then broken off the tubes (no reaction
with the container material was observed) and the powder
patterns showed mainly LaPd; and CePd; with CuzAu-type
structure. The crushed products were then finely ground to
powders in an agate mortar, cold-pressed into small pellets
(J 6 mm), sealed in evacuated silica ampoules, and
annealed at 920 K in a muffle furnace for 4 weeks. We
then obtained the RE¢Pd;3Cd,; compounds in high yield
along with small amounts of the by-products LaPd; and
CePd;. The resulting samples were quite brittle. They are
stable in air. Single crystals exhibit a metallic lustre, while
powders are dark grey.

Scanning electron microscopy

Semiquantitative EDX analyses of the bulk samples and
the single crystals measured on the diffractometer were
carried out using a Leica 420i scanning electron micro-
scope with LaF;, CeO,, palladium, and cadmium
employed as standards. The crystals, mounted on quartz
fibres, were first coated with a thin carbon film to ensure
conductivity. No impurity elements heavier than sodium
(detection limit of the instrument) were detected. The
experimentally determined compositions were close to the
ideal ones.

X-ray data collection

The polycrystalline LagPd;3Cd, and CegPd3Cd, samples
were studied by obtaining their Guinier powder patterns
(imaging plate technique, Fujifilm BAS-1800) using
CuKoy radiation and o-quartz (a = 491.30 and ¢ =
540.46 pm) as an internal standard. The cubic lattice
parameters (Table 1) were obtained from least-squares fits
of the powder data. To ensure correct indexing, the
experimental patterns were compared to calculated ones
[28], with the atomic positions taken from the structure
refinements (Table 1). The powder and single-crystal lat-
tice parameters agreed well.

Well-shaped single crystals of LagPd3Cds; and
CegPd;5Cd, were selected from the annealed samples and
investigated via Laue photographs 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
were collected on a Stoe IPDS II diffractometer (graphite
monochromatized MoKa radiation; oscillation mode), and
numerical absorption corrections were applied to the
data sets. All relevant details concerning the data col-
lections and evaluations are listed in Table 1. Further
information on the structure refinements may be ob-
tained from Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen (Germany), by quoting the
Registry Nos. CSD-421178 (LagPd;5Cd,) and CSD—421179
(CCGPd] 3Cd4).

Computational details

Electronic structure calculations were performed for both
intermetallic compounds using the scalar relativistic full-
potential augmented spherical wave (ASW) method [29,
30] built within the density functional theory (DFT)
framework [31, 32]. All valence states including Cd 44"'°
and RE 4f were treated as band states. In the minimal ASW
basis set, the outermost shells were chosen to represent the
valence states using partial waves up to .« + 1 = 4 for
La and Ce, and [, + 1 = 3 for Pd and Cd. The com-
pleteness of the valence basis set was checked for charge
convergence (i.e. less than 0.1 electrons for /;,,x + 1). The
self-consistent field calculations were run to a convergence
level of 107® for the charge density, and the accuracy
of the method is in the range of about 10~® Ryd
(1 Ryd = 13.6 eV) regarding energy differences. The
effects of exchange and correlation were treated based on
the local density approximation LDA [33]. Spin-degener-
ate, nonmagnetic (NM) calculations were carried out for
the analysis of PDOS and the chemical bonding based on
the COOP scheme introduced by Hoffmann [34] in
extended Hiickel-type calculations. In shorthand notation,
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avoiding extended equations, the COOP can be considered
the DOS weighted by the overlap integral S;; between
two chemical species i and j. This has the same units as
the DOS of inverse energy (1/eV). In the plots, positive,
negative, and zero magnitudes of COOP are indicative
of bonding, antibonding, and nonbonding interactions,
respectively.
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