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The metal-rich compounds R4PdMg (R = Ca, Eu, Tb–Lu), R4AgMg (R = Ca, Yb), R4PtMg (R =
Eu, Tb–Lu), and R4AuMg (R = Ca, Eu, Yb) were synthesized by induction melting of the elements
in sealed tantalum tubes in a water-cooled sample chamber. All samples were characterized by pow-
der X-ray diffraction. The structures of Ca4Ag0.948Mg and Yb4PdMg were refined on the basis of
single-crystal X-ray diffractometer data: Gd4RhIn type, F 4̄3m, a = 1434.6(1) pm, wR2 = 0.0269,
523 F2 values, 18 variables for Yb4PdMg and a = 1485.78(7) pm, wR2 = 0.0188, 617 F2 values,
20 variables for Ca4Ag0.948Mg. For the first time small defects on the 16e transition metal site of a
Gd4RhIn-type compound have been observed, and the first compounds of this structure type with the
divalent rare earth elements europium and ytterbium as well as with calcium are reported. The strik-
ing structural motif of these compounds (exemplary for Ca4Ag0.948Mg) is the clear segregation of
two alkaline earth elements into two different substructures, calcium forming trigonal prisms around
the silver atoms and magnesium forming covalently bonded tetrahedra (Mg–Mg 328 pm). The lat-
ter are embedded in larger cavities of the adamantane-like three-dimensional network of edge- and
corner-sharing AgCa6 trigonal prisms. This is evident from the chemical bonding analysis of the elec-
tronic structure by ab initio calculations. The density of states shows s-like metallic conductivity with
an active role played by the Ag d states within the valence band and for the bonding with calcium.
Temperature-dependent magnetic susceptibility data of Eu4PdMg and Eu4PtMg show Curie-Weiss
behavior above 230 K with experimental magnetic moments of 7.94(1) and 8.00(1) µB per Eu atom
for the palladium and platinum compound, respectively. Ferromagnetic ordering is detected at the
comparatively high Curie temperatures of 150.1(5) (Eu4PdMg) and 139.1(5) (Eu4PtMg) K. Mag-
netization measurements at 3 K show full parallel spin alignment and the typical behavior of soft
ferromagnets.

Key words: Crystal Structure, Alkaline Earth Metals, Magnesium, Ferromagnetic Ordering

Introduction

The cubic Gd4RhIn structure type [1], space group
F 4̄3m, has two striking structural motifs. The rhodium-
centered RhGd6 trigonal prisms with strong covalent
Gd–Rh bonding are condensed via common corners
and edges to a three-dimensional adamantane-related
network in which cavities are filled by In4 tetrahedra, a
rare structural motif in main group chemistry. Besides
the series of RE4T In (RE = rare earth metal; T = Ru,
Rh, Ir) indides [1 – 4], also many aluminides, as well
as magnesium and cadmium compounds have been re-
ported [4 – 6 and refs. therein]. Already 200 represen-
tatives of this structure type are known. The forma-
tion of covalently bonded Mg4 and Cd4 tetrahedra in
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this peculiar structure type is a surprising feature and
strongly underlines that magnesium does not behave
like a typical alkaline earth element [7].

The stability range of such intermetallic structure
types mostly extends over a small range of the va-
lence electron concentration (VEC). The RE4TX (T =
Co, Ni, Ru, Rh, Pd, Ir, Pt; X = Mg, Al, In, Cd) se-
ries allow for small VEC changes through substitu-
tion on the T and X site enabling property modifica-
tions. Some of the RE4TX intermetallics show promis-
ing chemical and physical properties. The 4 f 7 sys-
tem Gd4NiMg [8] shows antiferromagnetic ordering
at 92 K. The compound absorbs up to 11 hydrogen
atoms per formula unit. Hydrogenation destroys the
magnetic coupling, and Gd4NiMgH11 remains para-
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magnetic down to 1.8 K. Two further interesting com-
pounds are the magnetocaloric material Er4NiCd [9]
and the solid solution Gd4NiMg1−xAlx [10] which
shows a switch from magnetic ordering to spin-glass
behavior upon increasing magnesium substitution.

The RE4TX compounds synthesized up to now all
contained exclusively the trivalent rare earth elements.
In continuation of our phase analytical work on the rare
earth metal-rich RE-T -Mg systems we could complete
the series of RE4PdMg and RE4PtMg compounds. So
far only RE4PdMg with RE = Y, Sm, Gd and RE4PtMg
with RE = Y, Nd, Sm, Gd had been reported [11]. For
the first time it was now possible to synthesize RE4TX
compounds with the divalent rare earth elements eu-
ropium and ytterbium. Given the comparable radii [12]
of Ca2+ (106 pm) and Yb2+ (113 pm), as well as Sr2+

(127 pm) and Eu2+ (112 pm), we were also success-
ful in the synthesis of isotypic calcium compounds
Ca4T Mg (T = Pd, Ag, Au) which show a distinct seg-
regation of magnesium and calcium into different sub-
structures. The synthesis, crystal and electronic struc-
tures, and some properties of these intermetallics are
reported herein.

Experimental Section
Synthesis

Starting materials for the syntheses of the R4T Mg sam-
ples were distilled calcium granules (Johnson Matthey,
> 99.5 %), ingots of the trivalent rare earth metals (smart
elements, > 99.9 %), sublimed pieces of europium (John-
son Matthey, > 99.9 %), palladium and platinum pow-
der (Degussa-Hüls, > 99.9 %), pieces of a gold bar (Her-
aeus, > 99.9 %), and a magnesium rod (Johnson Matthey,
∅ 16 mm, > 99.5 %; the surface of the rod was first cut on a
turning lathe in order to remove surface impurities). Pieces of
calcium or the rare earth elements, the noble metal powders
or pieces and turnings of the magnesium rod were weighed
in the ideal 4 : 1 : 1 atomic ratios and arc-welded [13] in small
tantalum tubes under an argon pressure of ca. 800 mbar.
The argon was purified over titanium sponge (900 K), sil-
ica gel, and molecular sieves. The sealed ampoules were
placed in a water-cooled sample chamber [14] of a high-
frequency furnace (Hüttinger Elektronik, Freiburg, type TIG
1.5/300) under flowing argon and first annealed at 1400 K for
about 5 min, followed by cooling to 900 K within 50 min.
Finally the samples were annealed for 2 h at that tempera-
ture, followed by quenching. The temperature was controlled
through a Sensor Therm Methis MS09 pyrometer with an ac-
curacy of ±30 K. For the preparation of Ca4AgMg the ele-
ments were also weighed in 4 : 1 : 1 ratio and arc-welded in a
tantalum ampoule. The latter was sealed in a quartz tube for

oxidation protection and then annealed within 5 h to 1223 K
in a muffle furnace. After keeping the temperature for 2 h
it was lowered to 823 K within 24 h, kept at 823 K for
another 10 h followed by radiative heat loss. The samples
were separated mechanically from the ampoules. No reac-
tions with the crucible material were evident. The polycrys-
talline RE4T Mg samples are stable in air, while the calcium-
containing ones are sensitive to moisture and were kept in
Schlenk tubes.

EDX data

Semiquantitative EDX analyses of the single crystals
studied on the diffractometer were carried out in variable
pressure mode with a Zeiss EVO R© MA10 scanning elec-
tron microscope with CaSiO3, YbF3, Ag, Pd, and MgO as
standards. The experimentally observed average composi-
tions were close to the ideal ones. No impurity elements were
detected.

X-Ray diffraction

The powdered polycrystalline Ca4T Mg and RE4T Mg
samples were characterized by Guinier patterns (imaging
plate detector, Fujifilm BAS-1800) with CuKα1 radiation and
α-quartz (a = 491.30, c = 540.46 pm) as an internal standard.
The cubic lattice parameters (Table 1) were obtained from
least-squares refinements. Correct indexing of the patterns
was ensured through intensity calculations [15].

Small singe crystals were selected from the crushed
Ca4AgMg and Yb4PdMg samples, glued to quartz fibers us-
ing a two-component adhesive resin and studied on a Buerger
camera (using white Mo radiation) to check their quality.
Data sets of well-shaped crystals were collected in oscilla-
tion mode on a Stoe IPDS II diffractometer using MoKα ra-
diation. Numerical absorption corrections were applied to the
data sets. Details about the data collections and the crystallo-
graphic parameters are summarized in Table 2.

Structure refinements

Both diffractometer data sets showed face-centered cu-
bic lattices and no further systematic extinction conditions.
The non-centrosymmetric space group F 4̄3m was found to
be correct in agreement with previous work on RE4T Mg [5]
and RE4T Cd [6] intermetallics. The atomic parameters of
Gd4PtMg [11] were taken as starting values, and both struc-
tures were refined with anisotropic displacement parame-
ters for all atoms with SHELXL-97 (full-matrix least-squares
on Fo

2) [16]. To check for deviations from the ideal com-
positions, the occupancy parameters were refined in sepa-
rate series of least-squares cycles. Most sites were fully oc-
cupied within two standard deviations. The 16e silver site
is only occupied by 94.8(2) %. In the final cycles this oc-
cupancy parameter was refined as a least-squares variable.
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Table 1. Lattice parameters of R4T Mg compounds with cubic
Gd4RhIn-type structure.

Compound a (pm) V (nm3) Reference
Palladium compounds
Ca4PdMg 1454.5(1) 3.0771 this work
Y4PdMg 1382.4(4) 2.6418 [11]
Sm4PdMg 1402.1(1) 2.7564 [11]
Eu4PdMg 1495.68(7) 3.3459 this work
Gd4PdMg 1389.5(3) 2.6827 [11]
Tb4PdMg 1378.6(1) 2.6201 this work
Dy4PdMg 1371.1(2) 2.5776 this work
Ho4PdMg 1366.5(1) 2.5517 this work
Er4PdMg 1363.4(2) 2.5344 this work
Tm4PdMg 1356.5(1) 2.4961 this work
Yb4PdMg 1434.6(1) 2.9525 this work
Lu4PdMg 1345.7(1) 2.4369 this work
Silver compounds
Ca4AgMg 1485.78(7) 3.2780 this work
Yb4AgMg 1470.81(8) 3.1818 this work
Platinum compounds
Y4PtMg 1380.11(8) 2.6287 [11]
Nd4PtMg 1405.6(2) 2.7771 [11]
Sm4PtMg 1396.5(4) 2.7235 [11]
Eu4PtMg 1483.95(9) 3.2678 this work
Gd4PtMg 1391.3(2) 2.6932 [11]
Tb4PtMg 1378.45(9) 2.6192 this work
Dy4PtMg 1373.6(5) 2.5917 this work
Ho4PtMg 1364.94(9) 2.5430 this work
Er4PtMg 1362.46(5) 2.5291 this work
Tm4PtMg 1357.5(1) 2.5016 this work
Yb4PtMg 1424.4(1) 2.8900 this work
Lu4PtMg 1349.0(1) 2.4549 this work
Gold compounds
Ca4AuMg 1466.3(1) 3.1526 this work
Eu4AuMg 1515.6(1) 3.4814 this work
Yb4AuMg 1451.26(9) 3.0566 this work

Refinement of the correct absolute structure was ensured
through calculation of the Flack parameter [17, 18]. The fi-
nal difference Fourier synthesis revealed no residual peaks.
The refined atomic positions, equivalent isotropic displace-
ment parameters, and interatomic distances (exemplary for
Ca4Ag0.948Mg) are given in Tables 3 and 4.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot anforderung.html)
on quoting the deposition number CSD-423920
(Ca4Ag0.948Mg) and CSD-423919 (Yb4PdMg).

Magnetic susceptibility measurements

Magnetic measurements were performed in the tempera-
ture range of 2.5 – 300 K using a Quantum Design Physical-
Property-Measurement-System with magnetic flux densities
up to 80 kOe. All measurements were carried out using the
VSM option by packing the samples in kapton foil and at-

Table 2. Crystal data and structure refinement for Yb4PdMg
and Ca4Ag0.948(2)Mg, space group F 4̄3m, Z = 16.

Empirical formula Yb4PdMg Ca4Ag0.948Mg
Formula weight, g mol−1 822.87 286.84
Unit cell dimension (Guinier powder data):
a, pm 1434.6(1) 1485.78(7)
Cell volume V , nm3 2.9525 3.2799
Calculated density, g cm−3 7.41 2.32
Crystal size, µm3 5×25×45 60×160×220
Transmission ratio (min / max) 0.249 / 0.700 0.494 / 0.834
Absorption coefficient, mm−1 52.5 4.80
F(000), e 5408 2185
Detector distance, mm 70 80
Exposure time, min 5 6
ω range; increment, deg 0 – 180; 1 0 – 180; 1
Integration params A; B; EMS 12.8; 2.8; 0.012 13.2; 3.0; 0.013
θ range for data collection, deg 2 – 31 2 – 32
Range in hkl ±22, ±22, ±22 ±22, ±22, ±22
Total no. of reflections 8930 9739
Independent reflections / Rint 523 / 0.0643 617 / 0.0201
Reflections with I ≥ 2σ(I) / Rσ 467 / 0.0433 607 / 0.0093
Data / parameters 523 / 18 617 / 20
R1 / wR2 for I ≥ 2σ(I) 0.0397 / 0.0259 0.0097 / 0.0186
R1 / wR2 for all data 0.0484 / 0.0269 0.0106 / 0.0188
Goodness-of-fit on F2 0.999 1.105
Extinction coefficient – 0.00024(2)
Flack parameter 0.01(3) 0.05(3)
Largest diff. peak /hole, e Å−3 3.62 / −2.85 0.25 / −0.26

Table 3. Atomic coordinates and anisotropic displacement
parameters (pm2) for Ca4Ag0.948(2)Mg and Yb4PdMg. Ueq
is defined as one third of the trace of the orthogonalized Uij
tensor.
Atom Site x y z Ueq
Ca4Ag0.948(2)Mg
Ca1 24g 0.43879(3) 3/4 3/4 242(1)
Ca2 24 f 0.80626(3) 0 0 228(1)
Ca3 16e 0.64939(2) x x 238(1)
Aga 16e 0.85784(1) x x 262(1)
Mg 16e 0.42186(3) x x 222(2)

Yb4PdMg
Yb1 24g 0.44271(8) 3/4 3/4 212(2)
Yb2 24 f 0.80789(7) 0 0 172(1)
Yb3 16e 0.65469(5) x x 153(2)
Pd 16e 0.85984(7) x x 207(2)
Mg 16e 0.4222(3) x x 161(19)
a The silver site is occupied by 94.8(2) %.

taching them to a brass sample holder. For these measure-
ments 15.891 mg of Eu4PdMg and 7.662 mg of Eu4PtMg
were used.

Electronic structure calculations

The most appropriate theoretical framework for exam-
ining the electronic structure and related properties such
as the chemical bonding is the density functional the-
ory (DFT) [19, 20]. Within DFT we use the full potential
scalar-relativistic augmented spherical wave (ASW) method
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Table 4. Interatomic distances (pm), for Ca4Ag0.948(2)Mg
calculated with the powder lattice parameters. Standard devi-
ations are equal or smaller than 0.1 pm. All distances of the
first coordination spheres are listed.
Ca1: 2 Mg 362.0 Ca3: 3 Ag 310.1

2 Ca3 377.6 3 Mg 369.7
2 Ag 377.7 3 Ca1 377.6
4 Ca2 391.4 3 Ca2 391.0
4 Ca1 396.7 3 Ca3 422.8

Ca2: 2 Ag 308.4 Ag: 3 Ca2 308.4
2 Mg 376.6 3 Ca3 310.1
2 Ca3 391.0 3 Ca1 377.7
4 Ca1 391.4 Mg: 3 Mg 328.4
4 Ca2 407.1 3 Ca1 362.0

3 Ca3 369.7
3 Ca2 376.6

[21, 22] which has shown its reliability in treating the elec-
tronic structure and bonding properties of intermetallic com-
pounds [23, and refs. therein]. Exchange and correlation ef-
fects are accounted for with the generalized gradient ap-
proximation GGA following the scheme of Perdew, Burke
and Ernzerhof [24]. In the ASW method, the wave function
is expanded in atom-centered augmented spherical waves,
which are Hankel functions and numerical solutions of the
Schrödinger equation, respectively, outside and inside the
so-called augmentation spheres. In the minimal ASW basis
set, we chose the outermost shells to represent the valence
states, and the matrix elements were constructed using par-
tial waves up to lmax + 1 = 3 for all atomic constituents (l:
secondary quantum number). Self-consistency was achieved
when charge transfers and energy changes between two suc-
cessive cycles were such as: ∆Q < 10−8 and ∆E < 10−6 eV,
respectively. The Brillouin zone integrations were performed
using the linear tetrahedron method within the irreducible
wedge following Blöchl [25]. The calculations are carried out
assuming spin degenerate configuration and neutral atoms
with their multiplicities (Table 3). Besides the site projected
density of states (PDOS), we discuss qualitatively the pair
interactions based on the covalent bond energy (ECOV) cri-
terion which uses both the overlap and the Hamiltonian pop-
ulations [26]. In the plots negative, positive and zero ECOV
magnitudes indicate bonding, anti-bonding, and non-bonding
interactions, respectively.

Discussion

Crystal chemistry

The series of rare earth element-rich compounds
RE4PdMg and RE4PtMg have been completed. The
palladium-based series starts from the samarium com-
pound on, while Nd4PtMg is the representative with
the largest rare earth element for the platinum se-
ries. The yttrium compounds of both series fit in be-

Fig. 1. Course of the lattice parameters of the cubic com-
pounds RE4PdMg and RE4PtMg.

tween the gadolinium and terbium compounds. The
cell volumes decrease with increasing atomic num-
ber of the rare earth element (lanthanide contraction;
Fig. 1) with the exception of the europium and ytter-
bium compounds. Here, for the first time, it was pos-
sible to synthesize Gd4RhIn-type compounds with a
divalent rare earth element. The strong positive devia-
tions of these compounds from the smooth Iandelli plot
are indicative of stable 4 f 7 and 4 f 14 configurations.
The divalent character of europium has experimentally
been proven by magnetic susceptibility measurements
(vide infra). Motivated by these results we tested other
element combinations and obtained also the ternary
phases Yb4AgMg, Eu4AuMg, and Yb4AuMg, as well
as the calcium compounds Ca4T Mg (T = Pd, Ag, Au).
In total we obtained 20 new representatives of the
Gd4RhIn type.

Since a high-quality data set was refined for
Ca4Ag0.948Mg, the following discussion relies on this
compound. The crystal chemistry and chemical bond-
ing of Gd4RhIn-type compounds has repeatedly been
discussed [5, 6 and refs. therein]. Herein we focus on
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Fig. 2. Cutout of the cubic Ca4AgMg structure. The charac-
teristic building units of AgCa6 trigonal prisms, empty Ca6
octahedra and Mg4 tetrahedra are emphasized.

the new features. Ca4Ag0.948Mg is the first alkaline
earth metal compound with this structure type, and we
observe a clear segregation of the magnesium and cal-
cium atoms into two different substructures. As is em-
phasized in the cut-out of Fig. 2, the calcium atoms
take part in two structural motifs, i. e. silver-centered
trigonal prisms AgCa6 and empty Ca6 octahedra. The
AgCa6 prisms are condensed via common corners and
edges to a three-dimensional adamantane-related net-
work. The cavities generated by this network are filled
by the Ca6 octahedra and the Mg4 tetrahedra.

The crystal chemical behavior of calcium and mag-
nesium in Ca4Ag0.948Mg nicely underlines the differ-
ent chemical potentials. Calcium occupies the posi-
tions typical for an electropositive element, while mag-
nesium takes the position of the p element, forming the
covalently bonded tetrahedra, similar to aluminum [4]
and indium [1, 2, 4]. Such segregation has already
been observed for In4 tetrahedra in alkaline earth ni-
tride matrices of (A19N7)[In4]2 (A = Ca, Sr) [27]
and A6In4(InxLiy)N3−z (A = Sr, Ba) [28]. For mag-
nesium such tetrahedra had first been reported as ag-
gregates in noble gas matrices [29, 30]. The predicted
distance of 301 pm for tetramagnesium [30], how-
ever, is much shorter than the one of 328 pm ob-
served for Ca4Ag0.948Mg and the other RE4T Mg in-
termetallics [5].

The Ca–Ag distances in the prismatic network
of 308 and 310 pm compare well with the sum of the
covalent radii [12] of 308 pm, underlining the strong
covalent Ca–Ag bonding. Within the Ca6 octahedra as
well as between the AgCa6 prisms and the Ca6 octa-
hedra we observe a broad range of Ca–Ca distances,
i. e. 378 – 423 pm. The shorter ones are shorter than in
fcc calcium 395 pm [31].

Finally we turn back to the VEC and the stabil-
ity range of RE4TX intermetallics. The highest VEC
of 25 per f. u. (f. u. = formula unit) has been observed
for Ce4RuIn [4] which contains intermediate-valent
cerium with an average formal oxidation state of +3.5.
The synthesis of Ca4PdMg reported herein led to the
4-1-1 compound with the so far lowest VEC of 20. Fur-
ther variation of the T and X components will lead to
new RE4TX compounds. Systematic phase analytical
work is in progress.

Electronic structure and chemical bonding

The site projected density of states (PDOS) of
Ca4AgMg is shown in Fig. 3. For the sake of com-
parison we also exhibit the PDOS for Ca4PdMg. Site
multiplicities (Table 3) are accounted for in the plots.
In both panels the energy reference along the x axis is

Fig. 3 (color online). Site projected density of states (PDOS)
for Ca4AgMg (top) and Ca4PdMg (bottom).
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Fig. 4 (color online). Chemical bonding properties from
ECOV (covalent bond energy criterion) in Ca4AgMg. The
lower panel shows other interactions of low intensity involv-
ing all sites multiplicities.

with respect to the Fermi level (EF) which crosses a fi-
nite broad PDOS of all constituents, with the largest

contribution arising from calcium, namely Ca1 and
Ca2 due to their higher Wyckoff multiplicity in the
structure (Table 3). Both compounds are metallic with
s-like conductivity. The PDOS of all constituents have
similar shapes, indicating quantum mixing between the
valence states. Contrary to the s-like dispersive states
(broad) crossing EF, the largely filled 4d states, con-
sidered in the valence basis set for both Ag and Pd in
the calculations, exhibit localized and large peak in-
tensities within the valence band (VB) with a lower ly-
ing Ag(4d) PDOS at ∼ −5 eV as compared to Pd(4d)
at ∼ −2 eV due to the surplus electron, i. e. Ag (Z =
47) vs. Pd (Z = 46). Despite the high filling of the
d states, there are significant contributions under the
d PDOS arising mainly from calcium. This result sig-
nals quantum mixing between them as discussed be-
low. The empty conduction band (CB) is dominated by
calcium states (Ca1, Ca2, Ca3) and less so by states
of Mg and Ag (Pd). In spite of the large number of
Ca atoms and their site multiplicities which result in
larger intensity PDOS, it can be assumed that there
is charge transfer from calcium towards Mg and Ag
(Pd). This may follow from the trends of the Pauling
electronegativities [12]: χ(Ca) = 1.00; χ(Mg) = 1.31;
χ(Ag) = 1.93 and χ(Pd) = 2.20 whereby calcium is the
most electropositive element. Nevertheless bonding in
the compounds is described as covalent.

Focussing on Ca4AgMg, Fig. 4 shows the plot of
the ECOV (unitless) accounting for one atomic species
of each kind. There are two main bonding regions:
{−5.5,5 eV} for the Ca–Ag interactions and {−2,EF}
for the other interactions. The bonding between Ag
and Ca in the lower energy part involves Ag (4d) with
mainly Ca2 and Ca3. This is in agreement with the
course of the distances (Table 4) and with the dominat-
ing AgCa6 prisms formed by Ca2 and Ca3. The Ca1
atoms at the much longer Ca1–Ag distance of 378 pm
show a much weaker ECOV contribution. The other
region of bonding ranging from below EF involves the
bonding of Ca with similar intensity ratios, i. e., little
contribution from Ca1 as compared to Ca2 and Ca3.
Ca–Mg bonding is also present with similar intensity.
The Ca3–Mg interaction is weakly antibonding, but
compensated by a bonding Ca3–Ag contribution in the
same energy range.

Fig. 4 (middle) shows the ECOV for pair interac-
tions in species of the same kind, detailing the three
Ca–Ca bonds. These are found dominant as compared
to all other bonds such as Ag–Ag and Mg–Mg. This
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Fig. 5. Temperature dependence of the susceptibility and inverse susceptibility (χ and χ−1 data) measured at an applied field
of 10 kOe of a) Eu4PdMg and b) Eu4PtMg; c) and d) temperature dependence of the magnetic susceptibility measured in
zero-field-cooled/field-cooled mode with an applied field of 100 Oe of Eu4PdMg and Eu4PtMg respectively, insets depict the
first derivative of χ with respect to T plotted vs. T ; e) and f) magnetization isotherms measured at 3, 50, 150 and 250 K of
Eu4PdMg and Eu4PtMg.

is further shown in the lower panel of Fig. 4 with
an account of site multiplicities (all four atoms). The
Mg–Mg interaction is mainly of bonding character

(negative ECOV) and gives a signature of the Mg4
tetrahedra. On the contrary, Ag–Ag and Ag–Mg are
found antibonding throughout the VB (positive ECOV
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intensities). While the half bonding/half antibonding
Ag d–d interaction does not influence the stability of
the compound, the weak antibonding chemical interac-
tions involving Ag within Ca4AgMg are destabilizing
and might be the reason for the small silver defects in
the Ca4Ag0.948Mg structure.

Magnetic properties of Eu4PdMg and Eu4PtMg

The temperature dependence of the susceptibili-
ties and inverse susceptibilities (χ and χ−1 data) of
Eu4PdMg and Eu4PtMg, measured at an applied field
of 10 kOe, is displayed in Figs. 5 a) and b), respec-
tively. Both compounds show drastic increases of the
susceptibilities below 200 K indicating the beginning
of their magnetic ordering.

In the case of Eu4PdMg we were able to fit the in-
verse susceptibility data with the Curie-Weiss law in
the temperature range of 230 – 300 K yielding an effec-
tive magnetic moment of µeff = 7.94(1) µB per Eu atom
and a paramagnetic Curie constant of θP = 167(1) K,
the first being consistent with the spin-only, free-ion
value for Eu2+ ions and the latter indicating ferromag-
netic interactions in the paramagnetic region. In case
of Eu4PtMg it was possible to fit the inverse suscepti-
bility data with the Curie-Weiss law in the temperature
range of 200 – 300 K resulting in µeff = 8.00(1) µB per
Eu atom and θP = 148(1) K.

In order to determine the correct ordering temper-
atures, measurements in zero-field-cooled/field-cooled
mode were carried out at an applied field of 100 Oe.
The temperature dependence of the susceptibilities of
these measurements is displayed in Figs. 5 c) and d) for

Eu4PdMg and Eu4PtMg, respectively. The ferromag-
netic ordering takes place at TC = 150.1(5) K for the
Pd and at TC = 139.1(5) K for the Pt compound. These
temperatures were obtained by plotting dχ /dT vs. T
[insets Figs. 5 c) and d)]. In the case of Eu4PtMg it
is clearly visible that the ZFC curve deviates from the
FC curve below the ferromagnetic ordering tempera-
ture, and that the ZFC curve exhibits a minor anomaly
(Fig. 5d). This anomaly is found to be at approxi-
mately 77 K, close to the ferromagnetic ordering tem-
perature of EuO.

Figs. 5 e) and f) show the magnetization isotherms
measured at 3, 50, 150, and 250 K. In both cases the
magnetization isotherm at 250 K exhibits a linear in-
crease with the applied field as expected for paramag-
netic materials.

The magnetization isotherms observed below the
magnetic ordering temperature follow the course ex-
pected for ferromagnetic materials. The isotherms
show a drastic increase of the magnetization at small
fields and approach saturation magnetization asymp-
totically above an applied field of 10 kOe. The
3 K isotherms of Eu4PdMg and Eu4PtMg exhibit
saturation magnetizations (sm) of µexp(sm) = 7.13(1)
and 6.93(1) µB per Eu atom, respectively, in good
agreement with the theoretical value according to gJ ×
J = 7 µB per Eu2+ ion. There was also no apparent
hysteresis, so the compounds appear to be soft ferro-
magnets.
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R. Pöttgen, Monatsh. Chem. 2007, 138, 523.

[2] R. Zaremba, U. Ch. Rodewald, R.-D. Hoffmann,
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[13] R. Pöttgen, Th. Gulden, A. Simon, GIT Labor-
Fachzeitschrift 1999, 43, 133.
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