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Dedicated to Professor Reinhard Nesper on the occasion of his 60™ birthday

Abstract. Two modifications of CePdZn have been synthesized and structurally charac-
terized. The high-temperature (HT) B-CePdZn modification forms upon quenching from
the melt. The B-CePdZn structure adopts the orthorhombic TiNiSi type and transforms
to the low-temperature (LT) a-CePdZn modification (ZrNiAl type) upon annealing at
1080 K. Both modifications have been studied by X-ray powder and single crystal data:
P6; 2m, a = 740.4(1), ¢ = 402.18(5) pm, wR2 = 0.0427, 237 F? values and 14 variables
for a-CePdZn and Pnma, a = 707.2(2), b = 441.4(2), ¢ = 806.3(3) pm, wR2 = 0.0827,
469 F* values and 20 variables for f-CePdZn. The palladium and zinc atoms build up
three-dimensional [PdZn] networks in both modifications which leave channels for the
cerium atoms. Both modifications show stable trivalent cerium. f-CePdZn orders anti-
ferromagnetically at 3.2(1) K while no magnetic ordering has been observed for a-
CePdZn down to 2 K. The course of the magnetic data points to stronger Ce(4f)-Pd(4d)

hybridization in a-CePdZn. Electronic structure calculations reveal only small differ-
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ences between o- and B-CePdZn regarding the total energy and the Ce(4f)-Pd(4d) hy-

bridization.
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Introduction

The equiatomic cerium compounds CeTX (T = late transition metal; X = element of
the 3, 4" and 5™ main group, Mg, Zn, Cd) have intensively been studied in the last
thirty years with respect to their crystal chemistry and greatly varying magnetic and elec-
trical properties, i.e. magnetic ordering with high-ordering temperatures, valence fluc-
tuations, heavy-fermion behaviour, Kondo semimetals or semiconductors, non-Fermi
liquid behaviour or quantum phase transitions. An important parameter that governs the
electronic and magnetic ground states is the hybridization between the 4f(Ce) orbitals

and the conduction electrons.

Most of the CeTX structures are superstructures or intergrowth variants which derive
from the aristotypes AlB, and/or Fe,P and their structures are stable over a wide tem-
perature range. Recently, for some CeTX structures, structural transitions driven by tem-
perature, pressure, or the cerium valence have been reported. To give some examples,
under hydrostatic pressure of 8.7 GPa the germanide CeAuGe shows a first order phase

transition from a hexagonal NdPtSb type to an orthorhombic TiNiSi type structure [1].
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CePtSn transforms to a ZrNiAl type high-pressure modification under 9.2 GPa and 1325
K [2] and CePdSn [3] shows similar phase transformation. Dimorphism of CePdAl is
driven by temperature. The ZrNiAl type high-temperature modification [4] transforms to
a low-temperature (LT) modification with a new structure type upon annealing the sam-
ple at 1170 K [5]. One of the most interesting compounds is the Kondo insulator CeR-
hAs [6, 7] which shows three successive temperature driven phase transition associated
with a charge-density-wave and two different modulation vectors. The stannide CeRuSn
[8] is a static intermediate-valent system which shows trivalent intermediate-valent or-
dering at room temperature and a transition to a modulated structure at low temperature.

The latter is associated with a temperature-driven valence change of cerium.

In the corresponding equiatomic systems with zinc, so far only X-ray powder data of
CeTZn (T = Cu, Ag) [9, 10], CeNiZn and CePdZn [11, 12], and single crystal data of
CePtZn [13], CeAuZn [12], CeZnGe [14, 15], CeZnSn [16, 17], and CeRhZn [18] have
been reported. The nickel and palladium compound crystallize with the hexagonal
ZrNiAl type structure while CePtZn adopts the TiNiSi type. For CeCuZn [9, 10] and
CeAgZn [9] the orthorhombic KHg, type, space group Imma, has been reported with a
statistical occupancy of the 84 mercury site. Especially for the copper series it is hard to
detect the Cu—Zn order by X-ray diffraction since both elements differ by one electron
only. CeZnGe and CeZnSn crystallize in the well known YPtAs type structure. CeRhZn
[18] adopts the LaNiAl type. In the course of our systematic studies on the magnetic
properties of Ce7TX intermetallics we have re-examined CePdZn. Crystal growth ex-
periments at different temperatures revealed dimorphism with a TiNiSi type high-
temperature (HT) modification. Herein we report on the single crystal structure refine-

ments and magnetic properties of both modifications.

Experimental

Synthesis

Starting materials for the synthesis of LT- and HT-CePdZn were a cerium ingot (John-
son Matthey), palladium powder (Degussa-Hiils, ca. 200 mesh), and zinc granules

(Merck), all with a stated purity better than 99.9 %. Pieces of the cerium ingot were first
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arc-melted [19] into small buttons under purified argon. The argon was purified before
with molecular sieves, silica gel and titanium sponge (900 K). The elements were then
weighed in the ideal 1:1:1 atomic ratio and arc-welded in small tantalum tubes. The tan-
talum ampoules were placed in a water-cooled sample chamber of an induction furnace
(Hiittinger Elektronik, Freiburg, Typ TIG 1.5/300) [20], rapidly heated to 1370 K and
kept at that temperature for 5 min. The temperature was controlled through a Sensor
Therm Metis MS09 pyrometer with an accuracy of +30 K. The sample was then
quenched by switching off the power supply. This annealing sequence was repeated two
times, leading to the TiNiSi type high-temperature modification. The silvery brittle
sample could easily be separated from the tantalum tube. No reaction with the container

material was evident.

For transformation to the low-temperature phase, powder of HT-CePdZn was cold-
pressed to a small pellet (J 6 mm) and placed in a small tantalum crubible in a sealed
silica ampoule. The latter was annealed at 1080 K for two weeks. Alternatively LT-
CePdZn can be prepared directly from the elements in a tantalum tube in the high-
frequency furnace. The sample was first rapidly annealed at 1370 K, followed by an an-
nealing sequence of 6 h at 970 K. The much shorter reaction time of the induction melt-

ing is due to the higher diffusion rates in the oscillating high-frequency field.

X-ray Image Plate Data and Data Collection

All samples were characterized through Guinier powder patterns using CuKa; radiation
and a~quartz (a = 491.30 and ¢ = 540.46 pm) as an internal standard. The Guinier cam-
era was equipped with a Fujifilm / BAS—1800 image plate system. The lattice parame-
ters were refined from the powder data (Table 1). The correct indexing was ensured by
comparison of the experimental patterns with calculated ones [21] taking the atomic po-
sitions obtained from the structure refinement. The experimental patterns are presented
in Figure 1. Our powder lattice parameters for LT-CePdZn are in good agreement with

the data originally reported by landelli (a = 739.9, ¢ =401.4 pm) [11].

Irregularly shaped single crystals were selected from both samples by mechanical
fragmentation. They were investigated by Laue photographs on a Buerger camera (white

molybdenum radiation; imaging plate technique, Fujifilm, BAS-1800) in order to check
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the quality for intensity data collection. Intensity data of a-CePdZn were collected at
room temperature by use of a four-circle diffractometer (CAD4) with graphite mono-
chromatized MoKa (71.073 pm) radiation and a scintillation counter with pulse height
discrimination. Scans were taken in the /20 mode. An empirical absorption correction
was applied on the basis of W-scan data, accompanied by a spherical absorption correc-
tion. Data of 3-CePdZn were collected at room temperature by use of a Stoe IPDS-II
image plate system (graphite monochromatized Mo radiation; A = 71.073 pm) in oscilla-
tion mode and a numerical absorption correction was applied to this data set. All rele-
vant crystallographic data and details of the data collections are listed in Table 1.

The single crystals of o- and B-CePdZn investigated on the diffractometer and the
bulk samples were studied by energy dispersive analyses of X-rays (EDX) using a Leica
4201 scanning electron microscope with CeO;, palladium, and zinc as standards. The
experimentally observed compositions were close to the ideal one and no impurity ele-

ments were observed.

Physical Property Measurements

12.42 and 14.61 mg of the a- and B-CePdZn samples were packed in kapton foil and
attached to the sample holder rod of a VSM for measuring the magnetic properties in a
Quantum Design Physical-Property-Measurement-System in the temperature range 2.1—
305 K with magnetic flux densities up to 80 kOe. For heat capacity (C,) measurements
(2.1-50 K) the samples were glued to the platform of a pre-calibrated heat capacity puck

using Apiezon N grease.

Computational Details

The total energies and atomic structure calculations have been performed with the
Vienna ab initio Simulation Package (VASP) [22], based on density functional theory.
The all electron PAW method was used [23] and the cut-off energy for the plane-wave
expansion was 375 eV. Convergence limits were 1 x 10° eV per formula unit (total en-
ergy) and 5 x 10™* eV A™' (forces). Exchange and correlation were treated by the local
density approximation (LDA) proposed by Perdew and Zunger [24]. In addition the gen-
eralized-gradient approximation (GGA) of Perdew, Burke and Ernzerhof [25] was used.

Integration in the Brillouin zone were done by the tetrahedron method including Blochl
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correction [26] using a 6 x 6 x 10 mesh of 42 k points for a-CePdZn and a 5 x 8§ X 6
mesh of 60 k points for B-CePdZn.

Results and Discussion

Structure Refinements

The isotypy of a-CePdZn with the hexagonal ZrNiAl type [27] and B-CePdZn with
the orthorhombic TiNiSi type [28] was already evident from the Guinier powder data.
Consequently, the diffractometer data sets were in agreement with space groups P6; 2m
(a-CePdZn) and Pnma (B-CePdZn). The atomic positions of NP- and HP-CePdSn [3]
were taken as starting atomic parameters and both structures were refined using
SHELXL-97 [29] (full-matrix least-squares on F2) with anisotropic atomic displacement
parameters for all atoms. The occupancy parameters were refined in separate series of
least-squares cycles in order to check for deviations from the ideal composition. All
sites were fully occupied within two standard uncertainties and in the final cycles the
ideal occupancy parameters were assumed again. Refinement of the correct absolute
structure for a-CePdZn was ensured through calculation of the Flack parameter [30, 31].
Final difference Fourier synthesis revealed no significant residual peaks. The positional
parameters and interatomic distances are listed in Tables 2 and 3. Further details on the

structure refinements are available.*

* Details may be obtained from: Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany), by quoting the Registry No’s. CSD—420208 (o-
CePdZn) and CSD-420207 (3-CePdZn).

Crystal Chemistry

The structures of the low- and high-temperature modification of CePdZn have been
refined from single crystal diffractometer data. So far, only X-ray powder data have
been reported for the hexagonal modification by landelli [11]. The corresponding struc-
ture types ZrNiAl [27] for a-CePdZn and TiNiSi [28] for B-CePdZn have repeatedly

been discussed in literature [32-38]. For further details we refer to these overviews and
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the recent work on dimorphic CePtSn [2] and YbPdSn [39, 40]. Herein we focus only

on the peculiarities for dimorphic CePdZn.

The cerium near neighbour coordination of a- and B-CePdZn is presented in Figure
2. Both cerium sites have five nearest palladium neighbors. This coordination would
have been expected from the course of the electronegativities. In a-CePdZn the average
Ce—Pd distance (301.5 pm) is somewhat smaller than in 3-CePdZn (307.5 pm) and one
can expect stronger Ce(4f)-Pd(4d) hybridization in a-CePdZn, as supported by the
magnetic and specific heat data (vide infra). The Ce—Pd distances are all slightly longer
than the sum of the covalent radii [41] of 293 pm. The Ce—Ce distances in both modifi-

cations are well above the Hill limit [42] for f electron localization of 340 pm.
Quantum chemical calculations

The crystal structures of a-CePdZn and B-CePdZn were optimized by using LDA and
GGA functionals. The optimized lattice parameters are presented in Table 4. The vol-
ume per formula unit calculated for a-CePdZn is slightly smaller than for f-CePdZn in
agreement with the experimental data, thus indeed the low temperature modification
shows a slightly smaller unit cell volume as the high temperature modification. The cal-
culated total energies (Table 5) of the high and low temperature modifications are al-
most the same (= 1 kJ/mol) within the LDA (B-CePdZn more stable) and GGA (o-
CePdZn more stable), and thus allow no identification of one polymorph to be the most
stable. The calculated densities of states (DOS) of a- and B-CePdZn (Figure 6) clearly
reveal hybridization of Ce (4-f) and Pd (4-d) states for both modifications. However, the

difference of this hybridization is rather small and allows no reliable quantification.
Magnetic susceptibility and specific heat

In the literature only the magnetic properties of CePd,Znj3 in the ternary intermetallic
Ce—Pd—Zn system have been described so far. CePd,Zn3; shows paramagnetic behaviour
with stable trivalent cerium and no hint for magnetic ordering was observed down to 2.1

K [43].

The temperature dependence of the magnetic (y = M/H) and the inverse magnetic

susceptibility x'(T) of a-CePdZn and B-CePdZn are displayed in Figure 3, measured
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while warming in a dc field of 10 kOe after zero field cooling each sample to the lowest
available temperature. For both compounds studied here,  increases with decreasing
temperature. Down to 3.1 K, the H = 10 kOe susceptibility data give no hint for mag-
netic ordering in both modifications. Both compounds show Curie-Weiss behavior in
the temperature range 75-300 K. A fit of the susceptibility data in this temperature
range revealed an effective magnetic moment of peg = 2.42(1) pp/Ce atom and a para-
magnetic Curie temperature of 0p = —39.6(1) K for a-CePdZn and pg = 2.54(1) up/Ce
atom and 0p = 3.3(1) K for B-CePdZn. These L values are close to the free ion value of
2.54 pg for Ce™, thus indicating purely trivalent cerium in both modifications. The 6p
values indicate that the magnetic interaction is of a ferromagnetic type in f-CePdZn and
of an antiferromagnetic type in a-CePdZn. B-CePdZn follows almost a Curie law. The
deviation of 1/ vs T in a-CePdZn at low temperatures may be influenced by crystal
electric field splitting of the J = 5/2 ground state of Ce** and a thermally induced change
of the 4f electron level occupancy and/or the beginning of short-range magnetic fluctua-
tions, as frequently observed in related cerium intermetallics, e.g. CeTPb (T = Cu, Pd,
Ag, Au) [44] and CePtZn [13]. It is important to note that the susceptibility ¥, (meas-
ured at 10 kOe) of B-CePdZn at 3 K is almost four times larger than that determined for
a-CePdZn. In other words, the magnetic correlations in -CePdZn are enhanced. An
anomaly at around 3.4(1) K is clearly visible for the high temperature modification in
the x(T) curve measured at a low field of 100 Oe (inset of Figure 3). Both the ZFC and
the FC data show an antiferromagnetic transition at Ty = 3.4(1) K, they do not bifurcate
and are the same within the experimental errors. For a-CePdZn we could not observed a

magnetic transition down to 2.1 K measured at a low field of 100 Oe.

Due to the abased susceptibility in a-CePdZn, the smaller value of p.s in a-CePdZn,
the observed antiferromagnetic ordering at 3.4(1) K in B-CePdZn and no ordering in a-
CePdZn, we can establish an increase of the Jf interaction from the high temperature
modification to the low temperature modification, enabling stronger Ce (4f )-Pd (4d )

hybridization. This is in line with the crystal chemical data (vide ultra).

In Figure 4 we present the magnetization data for a-CePdZn and B-CePdZn measured

in ZFC state at 5, 10 and 15 K. The magnetizations for a-CePdZn and f-CePdZn vary

Wiley-VCH
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almost in a linear fashion at 10 and 15 K as expected for a paramagnetic material. At 5
K the curvature becomes more pronounced for both samples, but stronger for the high-
temperature modification. B-CePdZn shows a tendency for saturation at high fields. M
(T =5 K) varies linearly with initial application of the field and reveals a curvature
above 20 kOe, clearly indicating the antiferromagnetic nature of magnetic ordering in 3-
CePdZn. It may be noted here that, for both modifications, the maxium moment ob-
served at 80 kOe and 5 K does not reach the expected moment value of 2.14 pg / Ce
atom (according to g x J). The values for a-CePdZn and B-CePdZn are 0.4 and 1.2
up/Ce atom, respectively. The decrease in the saturation moment can be attributed to
crystal field effects (see also the deviation of ¢ '(T) from the Curie-Weiss fit, espessially
in a-CePdZn), and has been observed for many other cerium intermetallics [45, 46, and
refs. therein]. The smaller value of the observed moment in a-CePdZn is in line with a
stronger Ce (4f )-Pd (4d ) hybridization, in agreement with the structural data (vide ul-

tra).

The specific heat (Cp) data are plotted in Fig. 5. The magnetic ordering temperature
(Néel temperature) of B-CePdZn is characterized by a A-like anomaly. The ordering
temperature is 3.2(1) K, in good agreement with the magnetic data. a-CePdZn does not

order magnetically above 2.1 K.

We thank Dipl.-Ing. U. Ch. Rodewald for the intensity data collections. This work was finan-
cially supported by the Deutsche Forschungsgemeinschaft. R.M. is indebted to the Alexander-
von-Humboldt Foundation for a research stipend. The PhD thesis of W.H. is supported by the
Fonds der Chemischen Industrie.
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Table 1. Crystal data and structure refinement for o— and f—CePdZn.

Empirical formula

Molar mass

Space group; Z
Structure type
Pearson symbol

Unit cell dimensions
(Guinier powder data)

Calculated density
Crystal size

Transm. ratio (max/min)
Absorption coefficient
F(000)

6 Range

Range in hkl

Total no. reflections
Independent reflections
Reflections with 1> 2o6([)
Data / parameters
Goodness-of-fit on F
Final R indices [/ > 26(])]

R indices (all data)
Extinction coefficient

Flack parameter
Largest diff. peak and hole

o-CePdZn
low-temperature phase
311.89 g/mol

P6; 2m; 3

ZrNiAl

hP9

a="7T40.4(1) pm
b=a
c=402.18(5) pm
V=0.1909 nm’
8.14 g/em’

30 x 40 x 50 um’
1.20

33.5mm’’

402

3to 30°

+10; +10; 0-5
1259

237 (Riy = 0.1081)
205 (Ryigma = 0.0552)
2371/ 14

1.092

R1=0.0315

wR2 = 0.0400
R1=0.0442

wR2 = 0.0427
0.0039(5)

0.11(7)

1.62 /-1.58 /A’

B-CePdZn
high-temperature phase
311.89 g/mol
Pnma; 4

TiNiSi

oP12

a="707.2(2) pm

b =441.4(2) pm

¢ =806.3(3) pm
V=0.2517 nm’
8.23 g/cm’

20 x 30 x 60 um’
5.76

33.9mm’’

536

3to32°

+10; +6; 11

5816

469 (Rin = 0.1259)
400 (Rgigma = 0.0448)
469 /20

1.063

R1=0.0332

wR2 =0.0816
R1=0.0382

wR2 = 0.0827
0.009(1)

2.59/-3.84 ¢/A°
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Table 2. Atomic coordinates and anisotropic displacement parameters (pm?) for a- and B-CePdZn. Uy is
defined as one third of the trace of the orthogonalized Uj; tensor. The anisotropic displacement factor exponent
takes the form —2n*[(ha U, +...4+2kha b U,,]. Uy = 0.

Atom  Wyckoff X y z Uy Up Us; Up U Ueq
position

0—CePdZn (low-temperature phase)

Ce 3f 0.4113(2) 0 0 108(4) 97(6) 97(5) 48(3) O 102(3)
Pd1 la 0 0 0 151(8) Uy, 128(15) 76(4) O 144(6)
Pd2 2d 2/3 1/3 172 133(6) Uy, 106(11) 673) O 124(4)
Zn 3g 0.7616(3) 0 172 133(11) 125(12) 138(13) 62(6) O 133(6)
p—CePdZn (high-temperature phase)

Ce 4c 0.03202(7) 1/4 0.69327(7) 150(3) 138(3) 145(3) 0 -8(2) 1442
Pd 4c 0.26896(10) 1/4 0.39212(10) 166(3) 130(3) 164(4) 0 13(2) 153(2)
Zn 4c 0.65160(16) 1/4 0.43125(16) 199(5) 133(5) 137(6) 0 -12(4) 156(3)

Table 3. Interatomic distances (pm), calculated with
the powder lattice parameters of o- and B-CePdZn.
Standard deviations are all equal or less than 0.2 pm.
All distances of the first coordination sphere are listed.

0-CePdZn p-CePdZn
Ce: 4 Pd2 300.7 Ce: 1 Pd 295.0
1 Pdl 304.5 2 Pd 307.0
2 Zn 3282 2 Pd 3143
4 Zn 3325 1 Zn 3143
4 Ce 3873 2 Zn 3200
2 Ce 4022 2 Zn 3299
1 Zn 342.1
2 Ce 3653
1 Pd 3826
2 Ce 3846
Pdl: 6 Zn 267.6 Pd: 2 Zn  268.6
3 Ce 3045 1 Zn 2724
Pd2: 3 Zn 2884 1 Zn 2736
6 Ce 300.7 I Ce 2950
2 Ce 307.0
2 Ce 3143
1 Ce 3826
Zn: 2 Pdl 267.6 Zn: 2 Pd  268.6
2 Pd2 2884 1 Pd 2724
2 Zn 3058 1 Pd 2736
2 Ce 3282 1 Ce 3143
4 Ce 3325 2 Ce 3200
2 Zn 327.1
2 Ce 3299
1 Ce 342.1

Table 4. Experimental and theoretical lattice parameters of o— and f—CePdZn.

a-CePdZn p-CePdZn
Experiment LDA GGA Experiment LDA GGA
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volume (nm®) 0.1909 0.1726  0.1895  0.2517 0.2278 0.2503
a (pm) 740.4(1) 701.95 73542  707.2(2) 666.86 699.06
b (pm) b=a b=a b=a 441.4(2) 437.19 442.96
¢ (pm) 402.18(5) 404.59 404.61 806.3(3) 781.37 808.45

Table 5. Total energies per formula unit of o— and f—CePdZn.

LDA GGA
a-CePdZn (kJ/mol) -1639.03  -1393.50
B-CePdZn (kJ/mol) 1640.02  -1392.33
A E (kJ/mol) 0.99 117

Wiley-VCH
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Figure Captions
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35 Fig. 1 Guinier powder patterns (CuKa, radiation) of a-CePdZn (LT) and (-
36 CePdZn (HT). The hkl indices are indicated.
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Fig. 2 Coordination polyhedra of the cerium atoms in o~ and 3-CePdZn. The cerium, pal-
59 ladium, and zinc atoms are drawn as medium grey, filled, and open circles, respectively.
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Fig. 3 Temperature dependence of the magnetic (y) (top panel) and the inverse
magnetic susceptibility (x') (bottom panel) of a-CePdZn and p-CePdZn meas-
ured at an external flux density of 10 kOe. The inset shows x(T) for B-CePdZn
measured at H = 100 Oe after zero field cooling (ZFC) and field cooling (FC) the
sample.
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36 Fig. 4 Magnetization vs external magnetic flux density of a-CePdZn and (-
CePdZn at 5, 10, and 15 K.
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Fig. 5 Temperature dependence of the specific heat of a-CePdZn and B-CePdZn

measured in zero magnetic field.
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Fig. 6 Density of States for a-CePdZn and -CePdZn (GGA).
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