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The gallium-rich intermetallic phases REPdGas (RE =La, Ce, Pr, Nd, Sm, Eu) were obtained by
arc-melting of the elements and subsequent annealing for crystal growth. The samples were studied
by X-ray diffraction on powders and single crystals. The structures of three crystals were refined
from X-ray diffractometer data: StPdGaj type, Cmcm, a = 634.3(1), b =1027.2(1), c =593.5(1) pm,
wR =0.0621, 380 F2 values, 20 variables for CePdO'80<4)Ga3_20(4), a=0635.9(1), b=1027.5(1),
¢=592.0(1) pm, wR=0.1035, 457 F? values, 19 variables for CePdGas, and a=640.7(1),
b=1038.2(1), ¢=593.7(1)pm, wR=0.0854, 489 F2 values, 19 variables for EuPdGas. The
REPdGajz gallides are orthorhombic superstructure variants of the aristotype ThCr,Siy. The palla-
dium and gallium atoms build up polyanionic [PdGa3]%~ networks with Pd—Ga and Ga—Ga distances
of 248254 and 266297 pm, respectively, in EuPdGaz. The rare earth atoms fill cavities within
the polyanionic networks. They are coordinated by five palladium and twelve gallium atoms. Taking
CePdGaj as an illustrative representative, the band structure calculations show largely dispersive itin-
erant s, p bands and little dispersive d (Pd) and f (Ce) bands, the latter crossing the Fermi level at
large magnitude leading to magnetic instability in a spin-degenerate state and a subsequent antiferro-
magnetic ground state with a small moment of £0.36 g on Ce. The bonding characteristics indicate
a prevailing Ce—Ga bonding versus Pd—Ga and Ce—Pd. Temperature-dependent magnetic suscepti-
bility and 1> Eu Méssbauer spectroscopic measurements point to stable trivalent lanthanum, cerium,
praseodymium, and neodymium, but divalent europium. SmPdGajz shows intermediate valence. An-
tiferromagnetic ordering occurs at Ty = 5.1(5), 7.0(5), 6.3(5), 11.9(5), and 23.0(5) for RE =Ce, Pr,
Nd, Sm, and Eu, respectively.

Key words: Gallide, Rare Earth Compounds, SrPdGaz Type, Magnetic Properties, Mossbauer
Spectroscopy

Introduction

Among the many superstructures of the BaAly/
ThCr,Si, family (space group 14 /mmm) [1-3], those
of the CaBe,Ge, (space group P4/nmm) [4] and
BaNiSn; (/4mm) [5] types have by far the most re-
presentatives. These two superstructures allow differ-
ent ordering patterns within the polyanionic networks.
In the CaBe,Ge, type, every other layer of tetrahe-
dra shows inverse occupancy, leading to Be—-Ge bond-
ing between the layers, while it is Al-Al, respectively
Si—Si bonding in the aristotype. The change in com-

position in BaNiSn3 requests a symmetry reduction to
a non-centrosymmetric space group in order to enable
nickel-tin ordering. Both superstructures have several
degrees of freedom in order to react on geometric con-
straints: (i) variation of the crystallographic a and c lat-
tice parameters and (ii) shifts in the z coordinates of
some of the atoms. These tolerances are probably the
main reason for the large number of representatives.

If the geometrical and electronic requirements can-
not be realized, further distortions occur along with
another step of symmetry reduction. Such superstruc-
ture variants often account for a special requirement of
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a given composition, and only few representatives (if at
all) occur. Such a situation has recently been described
for the superstructures of BaNi,Si, and SrPdGas [6]
which show two different patterns of orthorhombic dis-
tortions. So far, BaNi,Si, is the only representative of
this type, while rare earth-based isotypic compounds
have been observed for the SrPdGajs type. Gallium-rich
intermetallics of the solid solutions REPd,Gay_, have
been studied for RE =La, Ce, Pr, Nd, Sm) [7]. The
BaAls-type subcell structure, space group [4/mmm,
has been assigned on the basis of powder X-ray diffrac-
tion data for samples up to x =0.85 for RE = Pr, Nd,
Sm and up to x=1 for RE=La. Herein we report
on samples with x=1 for RE =La, Ce, Pr, Nd, Sm,
and Eu which show full palladium-gallium ordering,
i.e. isotypism with SrPdGasz. Besides single-crystal
X-ray diffraction we characterized these gallium-rich
compounds through magnetic susceptibility measure-
ments and EuPdGa; also by '>'Eu Mdssbauer spec-
troscopy. Lastly we used computations within the well-
established quantum-theoretical DFT (density func-
tional theory) framework [8, 9] to further assess experi-
mental results with the electronic structure and chemi-
cal bonding properties.

Experimental
Synthesis

Starting materials for the synthesis of the REPdGaj
(RE=La, Ce Pr, Nd, Sm, Eu) samples were pieces of the
sublimed rare earth elements (Smart Elements), palladium
sheets (Allgosi) and gallium lumps (Johnson Matthey), all
with stated purities better than 99.9 %. The rare earth ele-
ments were cut into suitable pieces and kept in Schlenk tubes
under argon prior to the reactions. The argon was purified
with a titanium sponge (900 K), molecular sieves and sil-
ica gel. A small laboratory arc furnace was used for reac-
tion of the metals [10]. The elements were weighted in the
ideal atomic ratio of 1 : 1 : 3 and arc-melted under an argon
atmosphere of 800 mbar in a water-cooled copper crucible.

The obtained buttons were remelted several times to ensure
homogeneity. For physical property measurements some of
the REPdGasz samples (RE =La, Ce, Sm, Eu) were addi-
tionally annealed to increase their phase purity. Therefor,
the obtained buttons were sealed in evacuated quartz am-
poules. Subsequently the samples of SmPdGasz and EuPdGaz
were heated within 2 h to 700 K. This temperature was kept
for 3d. The annealing process was stopped by quenching
in cold water. The sealed quartz ampoules containing the
LaPdGaz and CePdGasz samples were placed in the water-
cooled sample chamber of a high-frequency furnace (Typ
TIG 5/300, Hiittinger Elektronik, Freiburg, Germany) [11]
and heated slightly below the melting point of the respective
sample. This temperature was kept for 10 min. Subsequently
the power of the furnace was reduced by 30 %. The samples
were kept at this temperature for another two hours and then
cooled to room temperature by switching off the power sup-
ply. All samples showed metallic luster and were stable at air
over weeks.

EDX data

Semiquantitative EDX analyses of the single-crystal frag-
ments which were used for the data collection was carried
out using a Zeiss EVO MA10 scanning electron microscope
with CeO,, EuF3, Pd and GaP as standards. The irregu-
larly shaped crystals contained no impurity elements heavier
than sodium, and the experimentally determined composi-
tions were close to the ideal ones.

X-Ray diffraction

The REPdGajz bulk samples were characterized by pow-
der X-ray diffraction using a Guinier camera equipped with
an image plate system (Fujifilm, BAS-1800) using CuKg
radiation and a-quartz (a =491.30, ¢ =540.46 pm) as an
internal standard. The orthorhombic lattice parameters (Ta-
ble 1) have been derived from least-squares refinements of
the powder data. The experimental patterns were compared
to calculated ones [12] to ensure correct indexing.

Irregularly shaped crystal fragments of CePd(gGas.,,
CePdGa3z and EuPdGas were obtained by mechanical frag-
mentation of the annealed samples. These fragments were

Compound a (pm) b (pm) c (pm) V (nm?) Reference Tabl.e 1. Lattice parameters
LaPdGa, 638.42) 1034.13) 596.8(2) 0.3940 this work  of different REPdGa3 com-
CePdy go4)Gas 20(4)" 634.3(1) 1027.2(1) 593.5(1) 0.3867 thiswork ~ pounds (RE=La, Ce, Pr,
CePdGas 635.9(1) 10275(1)  591.98(9) 0.3868 this work ~ Nd, Sm, Eu).

PrPdGa; 635.0(1) 1024.3(1) 589.0(1) 0.3831 this work

NdPdGa, 632.3(2) 1023.0(2) 587.1(1) 03798 this work

SmPdGas 632.9(1) 1018.0(1) 582.7(1) 0.3754 this work

EuPdGas 640.7(1) 1038.2(2) 593.7(1) 0.3949 this work

SrPdGas 643.7(1) 1044.9(2) 600.4(1) 0.4038 [4]

2 Single-crystal lattice parameters.
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glued to thin quartz fibers using beeswax. The crystal qual-
ity was tested by Laue photographs on a Buerger camera
(white molybdenum radiation, image plate technique, Fu-
jifilm, BAS-1800). Intensity data sets of suitable crystals

were collected at room temperature by use of a Stoe IPDS
IT diffractometer (graphite-monochromatized MoKy radia-
tion; A =71.073 pm; oscillation mode). Numerical absorp-
tion corrections were applied to the data sets. All relevant

Table 2. Crystallographic data and structure refinement for CePdg go(4)Ga3 20(4), CePdGaz and EuPdGas,

space group Cmcm, Z =4.

Empirical formula
Molar mass, g mol !
Lattice parameters
a, pm

b, pm

¢, pm

Cell volume, nm
Density caled., g cm™
Crystal size, um?>
Detector distance, mm
Exposure time, s

Integr. param. A / B / EMS
Transm. ratio (min/max)
Absorption coeff., mm~!
F(000), e

6 range, deg

Range in hkl

No. of reflections
Independent reflections / Rip
Reflections with I > 3c(1)
Data/parameters
Goodness-of-fit

R/ wRforl>30(l)

R / wR for all data

Extinction coefficient

Largest diff. peak/hole, ¢ A~3

3
3

CePdy g0(4)Ga3.20(4)
448.2

634.3(1)
1027.2(1)
593.5(1)

V =0.3867
7.70

10 x 30 x 30
80

720

12.8 /1.9 /0011
0.396 / 0.727
36.9

776

3-32

+9; £15; +8
1199

380 / 0.0663
246

380 / 20

1.09

0.0302 / 0.0576
0.0584 / 0.0621
90(12)

+2.01 / —2.27

CePdGa3
455.7

635.9(1)
1027.5(1)
592.0(1)

V =0.3868
7.82

10 x 20 x 30
60

720

12.8 /23 /0012
0.370 / 0.646
36.5

788

3-35

+£10; £16; £9
3962

457 /0.1296
341

457 /19

233

0.0482 / 0.1014
0.0682 / 0.1035
1600(300)
+4.15 / —2.90

EuPdGaj
467.5

640.7(1)
1038.2(1)
593.7(1)

V =0.3949
7.86

20 % 30 x 40
60

300

12.8 /2.8 /0012
0.249 / 0.605
40.1

808

3-35

£10; £16; +9
1558

489 / 0.0629
375

489 /19

2.09

0.0387 / 0.0846
0.0485 / 0.0854
140(20)
1262/ —2.48

Table 3. Atom positions and anisotropic displacement parameters (pm?) for CePdy g0(4)Ga3 20(4), CePdGasz and EuPdGas.
Ueq is defined as one third of the trace of the orthogonalized Uj; tensor. Coefficients Uj; of the anisotropic displacement factor
tensor of the atoms are defined by: —272[(ha*)*Uy| + ...+ 2hka*b*Uy,]. Uy = Ujz = 0.

Atom Wyckoff X y z Uy U Uss U3 Ueq
position

CePdy 0(4)Ga3 20(a)

Ce 4c 0 0.76563(10) 1/4 131(5) 124(5) 111(5) 0 122(3)

M 4c 0 0.09528(13) 1/4 130(9) 143(9) 150(9) 0 143(5)

Gal 4c 0 0.33713(19) 1/4 149(10) 181(10) 107(11) 0 146(6)

Ga2 8e 0.2832(2) 0 0 130(6) 140(6) 125(6) 5(5) 132(4)

CePdGaz

Ce 4c 0 0.76565(13) 1/4 104(5) 106(6) 108(5) 0 106(3)

Pd 4c 0 0.09386(18) 1/4 117(7) 132(8) 151(7) 0 133(4)

Gal 4c 0 0.3344(3) 1/4 129(9) 126(12) 127(10) 0 124(6)

Ga2 8e 0.2834(3) 0 0 112(6) 159(9) 123(7) 765 131(4)

EuPdGaj

Eu 4c 0 0.76595(9) 1/4 126(4) 106(4) 111(4) 0 114(2)

Pd 4c 0 0.09574(13) 1/4 122(5) 122(5) 148(7) 0 131(3)

Gal 4c 0 0.33502(19) 1/4 146(8) 119(8) 134(10) 0 133(5)

Ga2 8e 0.2820(2) 0 0 119(5) 145(6) 129(6) 0(5) 131(3)

2 Occupancy: 80(4) % Pd + 20(4) % Ga.
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crystallographic data and details of the data collections and
evaluations are listed in Table 2.

Structure refinements

Careful analyses of the three data sets revealed C-centered
orthorhombic lattices, and the systematic extinctions were
in accordance with the space group Cmcm. Isotypism of
the REPdGaz phases with the recently reported gallide
SrPdGaj [6] was already evident from the Guinier powder
patterns. The atomic parameters of SrPdGas [6] were taken
as starting values, and the three structures were refined on
F? with anisotropic displacement parameters for all atoms
using the JANA2006 [13] routine. Refinement of the occu-
pancy parameters revealed Pd/Ga mixing for one of the 4c¢
sites of the first cerium-containing crystal. This mixed occu-
pancy was then refined as a least-squares variable in the final
cycles, leading to the composition CePd go(4)Ga3 20(4)- The
slightly different composition has only marginal influence on
the lattice parameters (see Table 1). All other sites were fully
occupied within three standard deviations. The final differ-
ence Fourier synthesis revealed no significant residual peaks.
The final positional parameters and interatomic distances are
listed 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-
karlsruhe.de/request_for_deposited_data.html) on quoting
the deposition number CSD-427868 (CePdy go(4)Ga3.20(4))
CSD-427867 (CePdGa3z) and CSD-427869 (EuPdGa3).

Physical property measurements

The magnetic and heat capacity measurements were car-
ried out on a Quantum Design Physical Property Measure-
ment System (PPMS) using dc-MS and heat capacity op-
tions, respectively. Dc magnetic measurements were per-
formed using the VSM (Vibrating Sample Magnetometer)
option. For these measurements approximately 20 mg of the
powdered samples were packed in a polypropylene capsule
and attached to the sample holder rod. For the heat capacity
measurement a piece of CePdGaz (5.428 mg) was fixed to
a pre-calibrated heat capacity puck using Apiezon N grease.
Magnetic investigations were performed in the temperature
range from 2.5 to 305 K with magnetic flux densities up to
80 kOe (1 kOe =7.96 x 10* Am~). Heat capacity measure-
ments were done in the temperature range from 2.0 to 310 K.

I3 Ey Méssbauer spectroscopy
The 21.53keV transition of >'Eu with an activity of

130 MBq (2% of the total activity of a 1>1Sm : EuF3 source)
was used for the Mossbauer spectroscopic experiment, which

Table 4. Interatomic distances (pm) for CePdy go(4)Ga3 20(4), CePdGaz and EuPdGas. All distances of the first coordination
spheres are listed. Standard deviations are equal or smaller than 0.2 pm.

CePd0.80(4)Ga3.20(4) CePdGa3 EuPdGa3

Ce: 2 Gal 315.0 Ce: 2 Gal 313.3 Eu: 2 Gal 314.8
2 Gal 325.5 2 Gal 325.7 2 Gal 328.3
2 M 329.4 2 Pd 329.3 2 Pd 329.8
4 Ga2 335.0 4 Ga2 335.2 4 Ga2 337.2
1 M 338.6 1 Pd 337.2 1 Pd 342.4
4 Ga2 339.7 4 Ga2 339.7 4 Ga2 3432
2 M 362.2 2 Pd 363.7 2 Pd 365.9

M: 1 Gal 248.4 Pd: 1 Gal 247.2 Pd: 1 Gal 248.4
4 Ga2 252.7 4 Ga2 252.4 4 Ga2 254.1
2 Ce 329.4 2 Ce 329.3 2 Eu 329.8
1 Ce 338.6 1 Ce 337.2 1 Eu 342.4
2 M 355.5 2 Pd 353.3 2 Pd 357.3
2 Ce 362.2 2 Ce 363.7 2 Eu 365.9

Gal: 1 M 248.4 Gal: 1 Pd 247.2 Gal: 1 Pd 248.4
4 Ga2 262.5 4 Ga2 264.2 4 Ga2 266.2
2 Ce 315.0 2 Ce 3133 2 Eu 314.8
2 Ce 325.5 2 Ce 325.7 2 Eu 328.3

Ga2: 2 M 252.7 Ga2: 2 Pd 252.4 Ga2: 2 Pd 254.1
2 Gal 262.5 2 Gal 264.2 2 Gal 266.2
1 Ga2 275.0 1 Ga2 275.5 1 Ga2 279.3
2 Ga2 296.7 2 Ga2 296.0 2 Ga2 296.8
2 Ce 335.0 2 Ce 335.2 2 Eu 337.2
2 Ce 339.7 2 Ce 339.7 2 Eu 343.2
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was conducted in the usual transmission geometry. The mea-
surement was performed with a commercial nitrogen-bath
cryostat at 78 K and with a helium-flow cryostat at 5 K. The
sample was enclosed in a small PMMA container at a thick-
ness corresponding to about 10 mg Eucm~2. Fitting of the
spectrum was performed with the NORMOS-90 program sys-
tem [14].

Computational details

All-electron calculations based on DFT with a gradient
exchange-correlation function GGA [15] were carried out
with the experimental crystal parameters of CePdGajs for
a full description of the electronic and magnetic structures
and the chemical bonding properties. They were performed
using the full potential augmented spherical wave (ASW)
method [16, 17] in a scalar relativistic implementation [18].
In the ASW method, the wave function is expanded in atom-
centered augmented spherical waves, which are Hankel func-
tions and numerical solutions of Schrédinger’s equation, re-
spectively, outside and inside the so-called augmentation
spheres. In the minimal ASW basis set, we chose the outer-
most shells to represent the valence states, and the matrix ele-
ments were constructed using partial waves up to Imax +1 =4
for Ce, Imax + 1 = 3 for Pd and /iy« + 2 for Ga. Low-energy
Ga(3d'9) states were considered as core states. In order to
optimize the basis set, additional augmented spherical waves
were placed at carefully selected interstitial sites (IS). Self-
consistency was achieved when charge transfer and energy
changes between two successive cycles were AQ < 1078 and
AE < 107 %eV, respectively. The Brillouin zone (BZ) inte-
grations were performed using the linear tetrahedron method
within the irreducible wedge [19]. The calculations were car-
ried out firstly as spin-degenerate, non spin-polarized (NSP),

followed by spin-polarized (SP) magnetic calculations for
both ferromagnetic (SP-F) and antiferromagnetic (SP-AF)
long-range ordering for the identification of the ground-state
magnetic structure of CePdGas. A qualitative description of
the chemical bonding was obtained based on the overlap po-
pulation analysis, Sjj, with i and j being two chemical species.
The crystal orbital overlap population (COOP) criterion was
used [20]. In the plots positive, negative and zero COOP val-
ues indicate bonding, anti-bonding and non-bonding interac-
tions, respectively. Exemplarily we examined CePdGaz with
NSP, SP-F and SP-AF states.

Discussion
Crystal chemistry

The crystal structure of SrPdGas; along with the
group-subgroup relation in going from the aristotype
BaAly /ThCr,Si; have been discussed in detail in pre-
vious work [6]. Herein we focus only on the crystal
chemistry of the new gallide EuPdGas and the series
of REPd,Gas_, phases with the heavier rare earth ele-
ments.

The REPdGaj gallides are the ordered x =1 mem-
bers of the solid solutions REPd,Gas_,. The Guinier
powder patterns (the one of CePdGaz is shown ex-
emplarily in Fig. 1) clearly show the characteristic re-
flections deriving from the superstructure formation.
Especially the 200 and 002 reflections show drasti-
cally different d spacings. They originate from the 110
subcell reflection due to the strong orthorhombic dis-
tortion. Another important point concerns the widths

—_ CePdGag experimental
3
s
£
2
11}
1= = g o -
= = 3
l_n Jm“ U Ane AN AN MMM

=]
s CePdGag (SrPdGag-type)
=
w
c
2 ‘
=

. i . |.| Il l. '."'H. Illl.lll.‘ln l:l‘l". N

10 20 30 40 50 60 70 80

2 theta (deg)

Fig. 1 (color online). Experimental (top) and calculated (bottom) powder patterns for CePdGas. hkl indices for relevant re-

flections are marked in red. For details see text.
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of the reflections. Comparison of the six REPdGas
powder patterns shows enhanced half widths for all
cerium samples. This is indicative of a distribution of
CePd;+,Gas+, domains with slightly different compo-
sition and/or Pd/Ga disorder in the bulk sample, as is
also evident from the CePd, g(4)Gas 29(4) crystal. We
draw back to this point when discussing the magnetic
properties (vide infra).

A view of the EuPdGa;z structure approximately
along the [101] direction is presented in Fig. 2. The
lattice parameters of EuPdGa; are slightly smaller
than those of the strontium compound (a =643.7(1),
b=1044.9(2), ¢=600.4(1)pm) [6]. This is in line
with the course of the ionic radii [21] of 112 and
109 pm for Sr>* and Eu?*, respectively.

Within the three-dimensional [PdGaj] network each
palladium atom has five gallium neighbors in dis-
torted square-pyramidal coordination at Pd-Ga dis-
tances ranging from 248 to 254 pm, close to the sum
of the covalent radii for palladium and gallium of
253 pm [21]. The palladium atoms are well separated
from each other within this network. The shortest Pd—
Pd distance of 357 pm is certainly not contributing to
the bonding. The gallium atoms have between 4 and 5
gallium neighbors at Ga—Ga distances of 266 —297 pm.
A similar range of Ga—Ga distances occurs in elemen-
tal gallium with the typical coordination of 1 x 244 and
6 x 270 pm [22].

The europium atoms fill larger cages left by the
three-dimensional [PdGasz] network. Each europium
atom has 17 nearest neighbors, 12 gallium and 5 pal-

Fig. 2 (color online). The crystal structure of EuPdGajz. Eu-
ropium, palladium and gallium atoms are drawn as medium-
grey, blue and magenta circles, respectively. The three-
dimensional [PdGa3z] polyanionic network is emphasized.

ladium atoms. Due to the strong distortion the Eu-
Ga and Eu-Pd distances cover the relatively broad
range from 315 to 366 pm. Primary bonding proceeds
through the shorter Eu—Ga contacts.

Inspection of the Pearson data base [23] for space
group Cmem and the Wykoff sequence ec? reveals that
SrPdGaj [6] and REPdGajs (RE = La, Ce, Pr, Nd, Sm,
Eu) are isopointal with PbSbO,Cl [24 —26] and the re-
cently reported zinc-rich compound LaZny [27]. Espe-
cially the Sb(III) compound with a strong lone-pair ef-
fect shows drastic shifts in the lattice as well as in the
positional parameters. This causes severe differences

6 \__'//_/
4 CePdGas NSP J [ @
M}
2 > ]
20
2 <] =
W 9 N
a — —
uam—— Sy
6 [Gal >€______, E
Gad e : 7—‘ --\\“—
-3 Ce 4
..-'.: |
=il
_10 A i i A i i i X I _\‘\-—/ .
4 12 10 8 6 4 2 ., p 7 zZ T s Y r
DOS (1/eV)

Fig. 3 (color online). Electronic structure of CePdGas, non magnetic (NSP) calculations: Site projected density of states

(DOS) and mirroring band structure along the major direction

of the corresponding BZ.
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in chemical bonding, and these phases are rather iso-
pointal [28, 29] than isotypic. In the case of intermetal-
lic zinc compounds it will be interesting to test for
ordered substitution variants with palladium or other
transition metals.

Our phase-analytical work indicated that the
REPdGaj3 phases with StPdGaj structure exist only up
to europium. With the heavier rare earth elements or-
thorhombic LazAl;;-type phases are formed [30].

The main focus of the present manuscript now con-
cerns the magnetic properties of the REPdGasz phases
as well as a ' Eu Mossbauer spectroscopic character-
ization of the europium phase.

Electronic structure and chemical bonding

The calculations were first carried out consider-
ing a spin-degenerate configuration (NSP), translat-
ing a non-magnetic state, i. e. not a paramagnetic one
whose modeling would require a large supercell with
random spin orientation over the magnetic sites. At
self-consistent energy and charge convergence there
is charge redistribution among the valence states of
the constituents with a trend to negatively charged
Pd and small charge residues (~0.2¢) to the inter-
stitial spheres (IS). The band structure spanning the
main directions of the base-centered orthorhombic
Brillouin zone is shown in Fig. 3 together with site-
projected densities of states (PDOS). Along the y axis
the energy is with respect to the Fermi level. Within
the valence band (VB) below Eg, the relative dis-
persion of the bands signals the nature of the states
involved, thus contrasting lower-energy, largely dis-
persed s, p-like bands with highly localized f bands
around Eg. The intermediate dispersion of the bands
at ~—4¢eV corresponds to the d states. The conduc-
tion band (CB) with empty states also shows disper-
sion as in the VB. The quantum mixing between the
valence states is mainly through the itinerant elec-
trons found in the dispersed bands, i. e. in contrast to
strongly localized states such as Pd (4d) at ~—4 eV
and Ce (4f) at Er. The large intensity of the lat-
ter signals a magnetic instability towards spin polar-
ization, i. e. a finite magnetization should develop on
cerium in SP calculations [31]. This actually occurs
when two spin channels (T and |) are allowed first in
an implicit SP-F configuration, i. e. without account-
ing for two magnetic subcells as shown below. The
result of the self-consistent calculations is the actual

onset of a small magnetic moment of 0.37 ug (spin-
only) concomitant with a trivalent character of cerium.
The small magnetic exchange leading to the small
moment is illustrated by the site- and spin-projected
DOS in Fig. 4 where the energy shift between T and |
spins is small and is shown mainly for Ce, whereas
the two DOS sub-panels nearly mirror each other.
The energy stabilization with respect to former NSP
calculations is then small: AE(SP-NSP)= —0.03 eV
per cell. Considering two magnetic subcells by split-
ting the Ce, Pd, Gal, and Ga2 sites into SPIN UP
and SPIN DOWN subcells where UP and DOWN
spin populations are imposed, leading to AF order-
ing between the planes, a further energy stabilization
occurs with AE(SP-AF-SP-F)= —0.01eV per cell.

15

10 f

DOS (1/eV)

_15 1 1 1 1 1
-10 -8 6 -4 -2 0 2 4 6 8

E - Ep) (V)

30 T T

SPIN "UP"

AN
W/

SPIN "DOWN"

DOS (1/eV)
=

-10 -8 -6 -4 -2 0 2 4 6
(E-Ep) (V)
Fig. 4 (color online). DOS of spin-polarized (SP) calculations

of CePdGaj: (top) ferromagnetic (SP-F) configuration; (bot-
tom) antiferromagnetic (SP-AF) ground state.
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Fig.5 (color online). Chemical bonding for pair interactions
in NSP-CePdGas within the COOP criterion.

The moment on Ce changes little with +0.36 ug and

null total magnetization with perfectly mirroring the

SPIN UP and SPIN DOWN panels in the lower part of

Fig. 4.

Finally we analyzed the chemical bonding with the
COQOP criterion for pair interactions based on NSP cal-
culations because to a major extent spin polarization
results in an almost rigid band shift of the DOS. The
COOQOPs are shown for Ce—Ga, Pd-Ga and Ce—Pd pair
interactions, regrouping both Gal and Ga2 sites. The
COORP plots shown in Fig. 5 exhibit four characteristic
features:

1. The smallest bonding contributions are observed for
Ce—Pd; this is not only due to the relatively large
Ce—Pd spacing of 364 pm but also to the involve-
ment of the Ce and Pd valence states with those of
Ga.

2. The top of the VB is dominated by Ce—Ga inter-
actions which are of bonding nature and of much
larger magnitude and extension than Pd-Ga. The
shortest interatomic distance (Table 4) is actually
observed for Ce—Ga although there is a large dis-
persion of distances.

3. The Pd-Ga interactions are of bonding nature
around —4 eV with Pd d states but show large anti-
bonding COOPs below Eg. This can be explained
by the large filling of the Pd d states so that extra
electrons from neighboring Ga atoms will go into
anti-bonding states. The opposite is observed for Ce
whose d and f valence states are only little occu-
pied.

4. The cohesion of CePdGaj is mainly due to the Ce—
Ga bonding.

Magnetic properties

Magnetic investigations could be performed for all
six compounds (REPdGas, RE =La—Eu) and are rep-
resented in Figs. 6—12. Table 5 lists the determined
properties of all samples with localized moments. Ex-
cept for LaPdGasz and SmPdGaz all compounds ex-
hibit Curie-Weiss behavior above certain tempera-
tures. LaPdGas is a Pauli paramagnet, while SmPdGaj
shows the typical van Vleck paramagnetism. Fitting
the reciprocal susceptibility data leads to effective
magnetic moments L that fit very well to the theo-
retical values of the respective free RET ions. Only
the value of EuPdGas is slightly reduced which is
most likely due to a minor impurity phase. The small
effective magnetic moment of SmPdGas can be ex-
plained by the van Vleck paramagnetism and will be
discussed below in detail. The obtained Weiss con-
stants exhibit negative values except for PrPdGas indi-
cating dominant antiferromagnetic interactions in the
paramagnetic range. This is in accordance with the
observed antiferromagnetic transitions for all com-
pounds. No magnetic frustration is expected, though
the values of the Weiss constants of PrPdGas and
NdPdGajz are smaller than the obtained ordering tem-
peratures.

The magnetic susceptibility of LaPdGas is nearly
temperature-independent above 150K (see Fig. 6).
The absolute value in this range is 0.7(1) x 10~* emu

¥*10-3 (emu/mol)

0 50 100 150 200 250 300
T(K)

Fig. 6. Temperature dependence of the magnetic susceptibil-
ity (x data) of LaPdGaz measured at 10 kOe.
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mol~!. Especially below 50 K an upturn of the mag-
netic susceptibility (Curie tail) can be observed which
can be attributed to minor paramagnetic impurities.
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Fig. 7 (color online). Magnetic properties of CePdGas: (top)
temperature dependence of the magnetic susceptibility (y
and x‘l data) measured at 10 kOe; (middle) magnetic sus-
ceptibility in zero-field-cooled/field-cooled (ZFC /FC) mode
at 100, 500 and 1000 Oe in the low-temperature range. The
inset presents the ZFC/FC measurement at 10 Oe; (bottom)
magnetization isotherms at 3, 10 and 50 K. The inset displays
magnetization isotherms at 4.5, 5.5 and 7.5 K.

Consequently, LaPdGas can be described as a Pauli
paramagnet. We observed no transition to a super-
conducting state for this centrosymmetric compound.
This is in contrast to several non-centrosymmetric
BaNiSn3-type superconductors, e.g. CeRhSiz [32],
BaPtSi3 [33] or SrAuSi3 [34].

The top panel of Fig. 7 displays the temperature de-
pendence of the magnetic and inverse magnetic sus-
ceptibility (¥ and x’l data) of CePdGasz measured at
10kOe. A fit of the y ' data above 20 K using the
Curie-Weiss law, revealed an effective magnetic mo-
ment of g =2.50(1) up per Ce atom and a Weiss con-
stant of 6, = —6.0(1) K. The negative value of the
Weiss constant points towards weak antiferromagnetic
interactions in the paramagnetic range. The effective
magnetic moment fits very well to the theoretical value
of 2.54 ug for a free Ce>* ion and is significantly higher
than the observed moment reported by Kwon [35, 36].
This might be a consequence of impurity phases. Fur-
thermore the susceptibility data exhibit an antiferro-
magnetic ordering around 5 K and a distinct shoulder
above this temperature.

To obtain more precise information about these
anomalies, low-field measurements with external field
strength of 10, 100, 500, and 1000 Oe were performed
in a zero-field- and field-cooled (ZFC/FC) mode,
which are shown in the middle of Fig. 7. The inset
presents the 10 Oe measurement and shows a huge bi-
furcation between the ZFC and the FC curves, indicat-

125

751 0 008

C (J/ mol K)

50

C (dimal K)
=

251

10 15
T(K)

0 ” L 1 1 1 1
0 50 100 150 200 250 300
T(K)

Fig. 8 (color online). Heat capacity of CePdGas measured in
the temperature range of 2.0-300 K without an applied field.
The inset shows the magnified low-temperature area to high-
light two singularities in comparison to the ZFC measure-
ment at 10 kOe.
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ing the presence of ferromagnetic interactions. In com-
parison to the 10 kOe measurement it is conspicuous
that only one ordering at 6.0(5) K (determined by the
derivative of the FC curve) can be observed which is
in between the two anomalies described above. Taken
into account the further ZFC/FC curves it is evident
that the bifurication is getting weaker with higher field
strength and is not anymore existent at 500 Oe. Ad-
ditionally, a second anomaly appears, and the kink at
around 5 K is getting more pronounced indicating an
antiferromagnetic ordering.

The bottom panel in Fig. 7 displays the magneti-
zation isotherms of CePdGas; measured at 3, 10 and
50 K. The isotherms above the ordering temperature
(10 and 50 K) both display a linear field dependency
of the magnetization as expected for a paramagnetic
material. Only a very weak curvature due to saturation

0.12
200

0.09
— 150 2
5 5
E =
= [=}
E 0.06 £
& 100 =
-l IH

0.03 50

0.00

0 50 100 150 200 250 300

T(K)

M (ug/f.u.)

H (kOe)

Fig.9. Magnetic properties of PrPdGasz: (top) temperature
dependence of the magnetic susceptibility (y and y~! data)
measured at 10 kOe. The inset displays the magnetic suscep-
tibility in ZFC/FC mode at 100 Oe; (bottom) magnetization
isotherms at 3, 10 and 50 K.

effects can be observed for the 10 K isotherm. At 3K
the magnetization increases linearly at first, followed
by a steep increase at field strength of around 34(3)
kOe. This sharp increase can be attributed to a reorien-
tation of the spins, which confirms the antiferromag-
netic ground state. A weak hysteresis around this re-
orientation indicates again the existence of weak ferro-
magnetic interactions. At higher fields almost no ten-
dency for saturation can be observed, and the magnetic
moment at 3 K and 80 kOe (0.94(5) ug per Ce atom)
is much lower than the expected saturation magnetiza-
tion of 2.14 up according to gy x J. Such reduced mag-
netization values often occur in cerium compounds
and can be attributed to crystal field splitting of the
J =5/2 magnetic ground state of Ce>*. Examples are
CeAuGe (1.09 up) [37], CeAgMg (0.66 ug) [38], or
Ce3RhySn;3 (0.78 ,UB) [39].

0.15 200

0.12
150
5 H
2 0.09 ko]
£ $
g 100 £
~—0.06 'T‘{
50
0.03
0.00 L 1 L L L 0
50 100 150 200 250 300
T(K)

3K

10K

M (ug/f.u.)

=50 K

] 20 40 60 80
H (kOe)

Fig. 10. Magnetic properties of NdPdGas: (top) temperature
dependence of the magnetic susceptibility (y and y ! data)
measured at 10 kOe. The inset displays the magnetic suscep-
tibility in ZFC/FC mode at 500 Oe; (bottom) magnetization
isotherms at 3, 10 and 50 K.
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Further isotherms at 4.5, 5.5 and 7 K are shown in
the inset. These confirm the antiferromagnetic charac-
ter of the observed anomaly at 5 K because the reorien-
tation is not anymore existent for the 5.5 K isotherm. In
accordance to the theoretical calculations (vide supra)
the magnetic investigations clearly establish CePdGa;
as antiferromagnet below 5.1(1) K.

4
‘) 1000
£ g 4750 5
E o
2 = E
T 2 : T
T, 500
1
2
0 300
T(K)
0.06
3K
/ 10 K|
0.04
3
E 50 K
=002
0.00

H (kOe)

Fig. 11 (color online). Magnetic properties of SmPdGas:
(top) temperature dependence of the magnetic susceptibil-
ity (x and y~! data) measured at 10kOe. A fit of the re-
ciprocal susceptibility is presented by the red line (for details
see text). The inset displays the magnetic susceptibility in
ZFC/FC mode at 100 Oe; (bottom) magnetization isotherms
at 3, 10 and 50 K.

A heat capacity measurement of CePdGas, depicted
in Fig. 8, confirms the existence of two anomalies at
5.1(1) and 7.2(1)K. In the inset it is nicely shown
that the two anomalies of the 10 kOe ZFC measure-
ment fit very well to the heat capacity data. The sec-
ond anomaly was also found by Kwon, though their
measurement shows a much broader signal [35, 36].
However, we do not believe that the second anomaly is
caused by CePdGaj because all other rare earth com-
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Fig. 12. Magnetic properties of EuPdGaj: (top) temperature
dependence of the magnetic susceptibility (3 and ¥~ data)
measured at 10 kOe. The inset displays the magnetic suscep-
tibility in ZFC/FC mode at 100 Oe; (bottom) magnetization
isotherms at 3, 30 and 100 K.

Table 5. Magnetic properties of ternary germanides REPdGa3: Uexp, €xperimental magnetic moment; Liefr, effective magnetic
moment; 6p, paramagnetic Curie temperature; [sm, experimental saturation magnetization; Usm(calc)» calculated saturation

magnetization; 7y, Néel temperature.

Compound Ichp (,uB /RE) Hetf (.uB /RE) eP (K) Hsm (/-LB /fu) Hsm(calc) (IJB /fu) TN (K)
CePdGaj 2.50(1) 2.54 —6.0(1) 0.9(1) 2.14 5.1(5)
PrPdGaz 3.52(1) 3.58 1.5(1) 1.4(1) 32 7.005)
NdPdGaz 3.63(1) 3.62 —2.3(1) 1.6(1) 3.27 6.3(5)
SmPdGaj 0.70(1) 0.85 —6.4(1) 0.05(1) 0.71 11.9(5)
EuPdGaj 7.77(1) 7.94 —23.1(1) 2.1(1) 7 23.0(5)
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pounds exhibits only one antiferromagnetic orienta-
tion, and low-field measurements do not show a sec-
ond singularity. Like described above, the powder pat-
tern of CePdGas exhibits broadened reflections indi-
cating a distribution of domains with compositions
CePd;_,Gaz, with a range of small x values. Conse-
quently, we believe that the second anomaly is caused
by a slightly different composition.

Like mentioned above further rare earth compounds
reveal one antiferromagnetic ordering (Table 5). Ex-
cept for SmPdGas all samples accomplish a field-
induced spin-reorientation at 35(3) (Pr), 34(3) (Nd)
and 24(3) (Eu) kOe.

One particularity is the typical van Vleck para-
magnetism exposed by SmPdGaz due to the proximity
of the excited J =7/2 multiplet to the ground J =5/2
multiplet of the Sm>* ions. The energy difference be-
tween these states is only about 1550K, while the
other angular momentum levels are correspondingly
higher. A very small paramagnetic moment of 0.845
up caused by an antiparallel coupling of the L=35,
S§=35/2 Russel-Saunders states is observed. Stewart
developed a theory for intermetallic samarium com-
pounds which takes account of polarization effects, in-
terionic Heisenberg exchange couplings and the popu-
lation of the J =7/2 and the J = 5/2 ground state. The
unexpected simple form x(T) = yo+D/(T — 0) was
found [40]. Hamaker et al. proved that y(T) for poly-
crystalline SmRhyB4 can be described by the equation

_ Na U +li]%
ks |3(T—8y) &)

where [l is the effective magnetic moment, 6;, is the
Weiss constant, up is the Bohr magneton, N4 is the
Avogadro number and kg is the Boltzmann constant.
0 is an energy scale, which is defined as 6 = 7AE/20.
The first term represents the Curie-Weiss susceptibil-
ity of the J =15/2 ground state, while the second part
represents the van Vleck susceptibility due to the small
energy difference to the J =7/2 multiplet [41]. Using
the coefficients for the free ion values mentioned in the
literature, this equation can be obtained from a more
general one, that was published by Stewart [42, and
refs. cited therein]. It should be mentioned that both
equations neglect crystal-field splittings of each J level
and the mixture of one with another.

By applying the Hamaker equation the data could
be described very well with the fit parameters of
Uetr = 0.70(1) ug, 6, = —6.4(5)K and 6 =471(5)K

xm(T)

(see Fig. 11). The effective magnetic moment is less
than the 0.845 pg of the free ion for the J = 5/2 Hund"s
rule ground state of Sm3t, and § =471(1)K corre-
sponds to AE = 1346 K. This is somewhat lower than
the 1550 K predicted by Stewart, but higher than the
1080 K found by Hamaker ef al. for SmRhyB4 [41].

I3 Ey Méssbauer spectroscopy

The 'Eu Mossbauer spectra of EuPdGas at 78
and 5 K are presented in Fig. 13 together with trans-
mission integral fits. The corresponding fitting pa-
rameters are summarized in Table 6. At 78 K, well
above the magnetic ordering temperature, the spec-
trum could be fitted with a single signal at an iso-
mer shift of —10.24(3)mms~!, indicative of purely

78K
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Fig. 13 (color online). Experimental (data points) and sim-
ulated (continuous lines) 'Eu Mossbauer spectra of
EuPdGas at 78 and 5 K.

Table 6. Fitting parameters of 'Y'Eu Mossbauer spectro-
scopic measurements of EuPdGaj at 78 and 5 K. § =isomer
shift, AEg = electric quadrupole splitting, I" = experimental
line width, By = magnetic hyperfine field.

T(K) &§(mms™') AEqg(mms™') I'(mms™!) By (T)
78 —10.24(3) 3.73) 3.3(2) -
5 —10.19(1) 2.05(9) 2.48(3) 28.7(1)
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divalent europium, in agreement with the susceptibil-
ity measurements. A value of 3.7(3)mms~! for the
electric quadrupole splitting is due to the asymme-
tric 12 45 coordination of the europium atoms ar-
ranged in the cages of the [GaPd3] polyanionic net-
work. The experimental line width (3.3(2) mms™') is
slightly increased with respect to the typical value of
2.3 mms~! observed for intermetallic compounds. At
5K, in the magnetically ordered regime, a magnetic
hyperfine field splitting could be observed. The spec-
trum could be well reproduced by a signal showing

a magnetic hyperfine field of 28.7(1) T, typically ob-
served for europium intermetallics [2, 38, 43].
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