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Abstract

A new ternary compound, Ce2PdGa10, has been synthesized using Ga flux and characterized by single-crystal X-ray diffraction.

Ce2PdGa10 adopts a tetragonal structure in the I4/mmm space group and is isostructural to Ce2NiGa10. Lattice parameters are

a ¼ 4:3230ð3Þ (A; c ¼ 26:536ð3Þ (A; V ¼ 495:91ð7Þ (A
3
; and Z ¼ 2: The compound is metallic (dr/dT40), with the resistance

decreasing roughly linearly with temperature from 300 to 175K. The magnetic susceptibility of Ce2PdGa10 is consistent with local-
moment paramagnetism and no long-range magnetic ordering occurs down to 2K. A large positive magnetoresistance over 200% is
observed at 2K for fields of 9 T. In this paper, we present the structure and physical properties of Ce2PdGa10 and compared them to
CePdGa6.
r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Heavy fermion compounds are of particular interest
because of the interplay between the local magnetic
moment and conduction electrons which yields large
effective masses, long-range magnetic order, and in rare
cases even superconductivity [1,2]. Several ternary
Ce–M–X (M=transition metal, X=main group ele-
ment) compounds are of notable interest due to their
interesting structural and physical properties. It has
been recently shown that CenMIn3n+2 (n=1, 2, N;
M=Co, Rh, or Ir) [1,2] are heavy fermion compounds,
where CeCoIn5 exhibits the highest superconducting
transition temperature (TC=2.3K) of any Ce-based
heavy fermion material [1]. Although the origin of
superconductivity in heavy fermion materials remains
an unresolved issue, there is growing evidence that the
superconductivity found in CeCoIn5 may be magneti-
e front matter r 2004 Elsevier Inc. All rights reserved.
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cally mediated [1]. CenRhIn3n+2 (n=1, 2) and CeIn3
(n=N) compounds comprise a homologous series that
display both antiferromagnetic and superconducting
behavior [3–5]. The fact that both antiferromagnetism
and superconductivity occur in the CenRhIn3n+2

(n ¼ 1; 2) and CeIn3 (n=N) compounds has been
correlated with minimal distortions in the CeIn3
cuboctahedra layer. Although distortions have been
found for the M=Co or Ir in the CenMIn3n+2 analogues
[6], they exhibit superconductivity at ambient pressure
[1,2].
Recently, CePdGa6 was found to be a heavy fermion

compound with g�300mJ/molK2 [7]. CePdGa6 exhibits
an antiferromagnetic transition along its c-axis at
TN=5.5K. Its structure consists of a periodic stacking
of CeGa8/4 layers and PdGa8/2 layers along the c-axis. In
our exploration of structurally related Ce compounds,
we have synthesized a new ternary phase, Ce2PdGa10.
The structure and physical properties of Ce2PdGa10 will
be presented and compared with CePdGa6 to determine
how structural features may affect magnetic properties
in these compounds.

www.elsevier.com/locate/jssc
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Table 1

Crystallographic parameters

Crystal data

Formula Ce2PdGa10
a (Å) 4.3230(3)

c (Å) 26.536(3)

V (Å3) 495.91(7)

Z 2

Crystal dimension (mm3) 0.05� 0.025� 0.005

Crystal system Tetragonal

Space group I4/mmm

y range (deg.) 2.55–32.03

m (1/mm) 59.47

Data collection

Measured reflections 1182

Independent reflections 296

Reflections with I42sðIÞ 198

Rint 0.025

h �5-5

k �3-3

l �28-34

Refinement
aR[F242s(F2)] 0.0271
bwR(F2) 0.0629

Reflections 214

Parameters 19

Drmax (e/Å
3) 1.350

Drmin (e/Å
3) �1.370

Extinction coefficient 0.001(17)

aR1 ¼
P

jjFoj � jF cjj=
P

jFoj:
bwR2 ¼

P
½wðF2

o � F 2
c Þ	

�P
½wðF2

oÞ
2
	

� �1=2
:

Table 2

Atomic positions and displacement parameters in Ce2PdGa10

Atom Wyckoff position x y z Ueq
a

Ce 4e 0 0 0.35289(3) 0.01083(34)

Pd 2b 0 0 1
2

0.00972(44)

Ga1 4d 0 1
2

1
4

0.01249(47)

Ga2 8g 1
2

0 0.448564(4) 0.01143(39)

Ga3 4e 0 0 0.106093(7) 0.01657(49)

Ga4 4e 0 0 0.197678(6) 0.01152(46)

aUeq is defined as one-third of the trace of the orthogonalized Uij

tensor.

J.N. Millican et al. / Journal of Solid State Chemistry 177 (2004) 4695–47004696
2. Experimental

2.1. Synthesis

Single crystals of Ce2PdGa10 were synthesized by flux
growth. In synthesizing a wide range of different ternary
inter-metallic compounds by flux growth, the starting
stoichiometric ratios are often quite similar. Interest-
ingly, Ce2PdGa10 has the same starting stoichiometric
ratio and a similar heat treatment as CePdGa6 [7].
However, the cooling rates and final dwell temperatures
are varied, and the final dwell temperature, independent
of the starting stoichiometric ratio, may be key in
determining which phase will be thermodynamically
favored.
The starting materials, Ce ingot (3N, Ames Labora-

tory), Pd powder (5N, Alfa Aesar), and Ga shot (5N,
Alfa Aesar), were placed in a 5-mL alumina crucible in a
1:1:20 ratio. The sample was sealed in an evacuated
silica tube and heated at 1423K for 7 h. Upon slow
cooling to a final dwell temperature of 773K at a rate of
281K/h, the sample tube was then inverted and
centrifuged for 5min to remove excess Ga flux. Silver-
color plate-shaped crystals were found, and typical
crystal size ranged from 1� 2� 2 to 1� 5� 5mm3. The
crystalline samples were not observed to decompose in
air.

2.2. Single-crystal X-ray diffraction

A fragment of a single crystal of size 0.025�
0.05� 0.05mm3 was mounted onto the goniometer of
a Nonius KappaCCD diffractometer equipped with a
MoKa radiation (l=0.71073 Å) X-ray tube. Data were
collected, and the structural model was refined using
SHELXL97 [8]. The atomic positions from the Ce2Ni
Ga10 structure type [9] were used as an initial structural
model in determining the atomic positions for Ce2Pd
Ga10. Crystallographic parameters are presented in
Table 1. Corrections were made for extinction, and the
data were refined with anisotropic displacement para-
meters. Atomic positions and related structural infor-
mation are provided in Table 2. Selected inter-atomic
bond distances and bond angles are given in Table 3. To
ensure sample homogeneity, three separate batches of
Ce2PdGa10 crystals were characterized by single-crystal
X-ray diffraction.

2.3. Physical property measurements

The electrical resistivity and magnetoresistance (MR)
of a single crystal of Ce2PdGa10 were measured by the
standard four-probe AC technique at 27Hz. Pt wires
(0.002 in diameter) were attached to the sample with
Epotech silver epoxy. The sample was vapor cooled in a
Quantum Design cryostat. The bulk magnetic suscept-
ibility and magnetization versus field were also mea-
sured in a PPMS system from Quantum Design in fields
up to 9T.
3. Results and discussion

3.1. Structure

Fig. 1 shows the crystal structures of CePdGa6 and
Ce2PdGa10 for comparison. Ce2PdGa10 crystallizes in
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Table 3

Selected inter-atomic distances (Å) and bond angles (deg.) of

Ce2PdGa10

Ce–Ga3 layer

Ce–Ga3 (� 4) 3.2448(7) (Å)

Angles (1)

Ga3–Ce–Ga3 83.54(2)

PdGa8/4 rectangular prism

PdGa8/4 (� 8) 2.5564(6) (Å)

Angles (1)

Ga2–Pd–Ga2 73.44(2)

115.46(4)

64.54(4)

Ga1–Ga4 tetrahedral slab layers

Ga1–Ga4 (� 4) 2.5690(9) (Å)

Ga4–Ga3 (� 1) 2.430(3) (Å)

Angles (1)

Ga1–Ga4–Ga1 73.02(3)

Ga4–Ga1–Ga4 106.98(3)

114.57(6)

Fig. 1. Crystal structures of (a) CePdGa6 and (b) Ce2PdGa10 are

shown along the c-axis. (a) Face-sharing eight-coordinate Ce

rectangular prisms are blue; edge-sharing Pd rectangular prisms are

orange; and Ga atoms are green circles. (b) Ce atoms of the Ce–Ga3

layers are blue; edge-sharing Pd rectangular prisms are orange; and Ga

atoms are denoted as green circles.
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the tetragonal I4/mmm space group (No. 139) with the
Ce, Pd, Ga1, Ga2, Ga3, and Ga4 atoms occupying the
4e, 2b, 4d, 8g, 4e, and 4e Wyckoff symmetry sites,
respectively. Ce2PdGa10 has lattice parameters of
a=4.3230(3) Å, c=26.536(3) Å, and Z ¼ 2:
Ce2PdGa10 is isostructural to Ce2NiGa10 [9] and

Ce2NiAl6�xGe4�y [10]. Both compounds have similar
lattice parameters (�4� 26 Å) and cell volumes of
approximately 500 Å3. The overall structure of Ce2M
Ga10 (M=Ni or Pd) can be viewed as a periodic
stacking of alternating staggered rare-earth bilayers and
Ga3/Ga2/M/Ga2/Ga3 layers, forming a ‘‘sandwich’’
structure along the c-axis. Ga1–Ga4 tetrahedral slabs
separate each Ce bilayer along the c-axis.
At a glance, the crystal structure of Ce2PdGa10 closely

resembles that of CePdGa6 [7]. The structure of
CePdGa6 can be viewed as layers of face-sharing eight-
coordinate CeGa8/4 rectangular prisms, alternating with
layers of PdGa8/2 rectangular prisms along the c-axis.
However, in Ce2PdGa10, the Ga2 atoms of the edge-
sharing PdGa8/2 rectangular prisms are capped by Ga3
atoms above and below to form Ga3/Ga2/Pd/Ga2/Ga3
slabs. These Ga3/Ga2/Pd/Ga2/Ga3 slabs are between
staggered bilayers of Ce atoms along the c-axis. With a
bonding cutoff of 3.25 Å, these Ce atoms are coordi-
nated to four Ga3 atoms with an inter-atomic distance
of 3.2448(7) Å. However, the Ce?Ga1 and Ce?Ga4
inter-atomic distances of 3.4823(7) Å and 3.3384(8) Å,
respectively, are too long to be considered bonding when
compared to the expected inter-atomic distance of
3.17 Å, projected by the sum of the Ce (1.82 Å) and
Ga (1.35 Å) covalent radii [11]. Thus, the Ce?Ga1 and
Ce?Ga4 may represent weak bonding interactions. The
Ga3?Ga3 inter-atomic distance of 4.323(1) Å found
within these Ce layers is also too long to be considered
bonding when compared to the sum of covalent radii of
Ga (1.35 Å) [11]. However, the Ce–Ga3 inter-atomic
distances are 3.2448(7) Å and within the 3.111–3.299 Å
range found in the binary compounds CeGa6 [12],
CeGa2 [13], and Ce5Ga3 [13]. These distances are slightly
larger than the expected Ce–Ga inter-atomic distance of
3.17 Å, projected by the sum of the Ce (1.82 Å) and Ga
(1.35 Å) covalent radii [11].
Pd atoms are located at the center of the rectangular

prisms and are coordinated to Ga2 atoms at the vertices.
The Pd–Ga2 inter-atomic distance is 2.5564(6) Å, which
is consistent with other known Pd–Ga inter-atomic
distances. In Pd2Ga and CePdGa6, for example, the Pd
and Ga atoms are separated by 2.558 Å [14] and
2.5609(4) Å [7], respectively. The Pd–Ga2 inter-atomic
distances of 2.5564(6) Å in Ce2PdGa10 are also within
the expected inter-atomic distance of 2.72 Å based on
the summation of the covalent radii of Pd (1.37 Å) and
Ga (1.35 Å) [11]. In the PdGa8/4 rectangular
prisms of Ce2PdGa10, the Ga2–Ga2 distance along the
c-axis is 2.730(2) Å, which is consistent with the
expected Ga–Ga inter-atomic distance of 2.70 Å,
the sum of the covalent radii of Ga (1.35 Å) [11] and
consistent with the Ga–Ga bond of 2.7039(15) and
2.46(2)–2.792(11) Å in CePdGa6 and elemental Ga,
respectively [15].
In contrast to CePdGa6, however, each Ce bilayer

in Ce2PdGa10 is separated by Ga1–Ga4 tetrahedral
slabs along the c-axis, where each Ga atom is in a
tetrahedral environment. The Ga1–Ga4 inter-atomic
distance of 2.569(9) Å within these slabs is consis-
tent with the expected Ga–Ga inter-atomic distance of
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2.70 Å [11]. Ga4–Ga1–Ga4 bond angles in the Ga1–Ga4
tetrahedron are 106.98(3)1 and 114.57(6)1, respectively,
which are slightly distorted. Each layer of the Ga1–Ga4
tetrahedra is linked to the Ga3 atom of the adjacent
Ce–Ga3 layer by a Ga4–Ga3 inter-atomic distance of
2.430(3) Å along the c-axis. This linkage forms a
cage-like structure, where each ‘‘cage’’ encapsulates
one Ce atom, similar to the structure of the ThCr2Si2
type [16].

3.2. Physical properties

Fig. 2 shows the electrical resistivity as a function of
temperature for a single crystal of Ce2PdGa10. The data
are shown for current being applied in the ab-plane. The
sample is metallic (dr/dT40), with the resistance
decreasing roughly linearly with temperature from 300
to 175K. Below 50K the slope of the resistivity begins
to increase, and the value of the resistivity drops by a
factor of 4 at low temperature. This behavior is typical
of Kondo compounds, where the drop in the
resistivity indicates the onset of Kondo coherence.
The electrical resistivity of single crystals of CePdGa6
in the ab-plane also has a similar behavior [17].
We attempted to measure the resistivity with
current applied along the c-axis; however, the samples
were too small to do this accurately in conjunction with
the usual difficulties in performing a four-probe
measurement on a thin flat sample perpendicular to
the plane.
Fig. 3 shows the in-plane MR (MR(%)=[(r(H)�

r(0))/r(0)]� 100) of a single crystal of Ce2PdGa10 as a
function of field at 2K [18]. The MR is positive and
large at 2K, increasing by over 200% at 9T, which is
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Fig. 2. Normalized electrical resistivity of a single crystal of

Ce2PdGa10 as a function of temperature. The data are taken for the

current parallel to the ab-plane.
quite unusual for most inter-metallic compounds at low
temperatures. Other inter-metallics that exhibit positive
MR are on the order of MR%o120% up to fields of 9T
[18–20]. For example, SmPd2Ga2 has a positive MR at
2K, but the MR%o120% at 9T [19]. Although the
magnitude of the MR for Ce2PdGa10 is unusual, a
classical effect is observed as the MR saturates up to
fields of 9T. The MR tends to follow the curve of a
paramagnet induced with field as suggested by the
magnetization data in Fig. 5. The large MR may be
attributed to increasing spin disorder scattering which is
not uncommon in the paramagnetic systems, where
electrons are scattered on entirely disordered magnetic
moments [21].
In the main panel of Fig. 4, the magnetic susceptibility

of a single crystal of Ce2PdGa10 is shown as a function
of temperature for the field perpendicular to the ab-
plane. The sample was zero field cooled (ZFC) and then
warmed in a constant field of 0.1 T. The data are well fit
by the solid line in the main panel of Fig. 4, which
represents a modified Curie law of the form w=M/

H=wo+C/T, where wo is the some temperature-
independent background susceptibility. From the fit,
wo=7.67� 10�4 mB/mol, and the Curie constant, C, has
a value of 1.39� 10�4 mBK/mol. This results in an
effective magnetic moment of 2.5 mB/mol Ce. This value
is consistent with what one would expect for the full
Hund’s rule moment of 2.54 mB for Ce in its 3+ state.
The magnetic susceptibility of Ce2PdGa10 is consistent
with local-moment paramagnetism, and no long-range
magnetic order occurs down to 2K. The inset of Fig. 4
shows inverse susceptibility (1/w) as a function of field at
2K. The data follow Curie–Weiss behavior from 0 to
170K.
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Fig. 3. MR of a single crystal of Ce2PdGa10 as a function of field at

2K. The data are taken for the field parallel to the ab-plane.
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Fig. 4. Magnetic susceptibility of a single crystal of Ce2PdGa10 as a

function of temperature for field perpendicular to the ab-plane. The

sample was ZFC and then warmed in a constant field of 0.1T. The

inset shows inverse susceptibility with Curie–Weiss behavior as a

function of temperature from 0 to 170K. The solid lines in the figures

are a fit to the data as described in the text.
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Plotted in Fig. 5 is the magnetization of a single
crystal of Ce2PdGa10 at 2K as a function of applied
magnetic field. The open circles represent data for the
field applied perpendicular to the ab-plane, and the solid
circles are for the field parallel to the ab-plane. There is a
small amount of magnetic anisotropy between the two
field orientations at low field, with the magnetization
being slightly larger for the parallel field, and essentially
no anisotropy at higher fields. The data are again
consistent with local-moment paramagnetism, and no
hysteresis was observed in any field orientation. The
magnetization in both field directions has not saturated
even to 9T.
4. Conclusion

Because Ce2PdGa10 has similar structural units as
CePdGa6, a correlation may exist between anomalies in
their structures and physical properties. Previous work
has shown that the antiferromagnetic behavior of
CePdGa6 can be attributed to competition between the
Kondo effect and RKKY-like mechanisms [7]. The lack
of magnetic ordering in Ce2PdGa10 may be due to the
reduced Ce–Ce interactions due to the Ga1–Ga4
tetrahedral slab layers in the structure. Fewer Ce–Ga
contacts are found in Ce2PdGa10; Ce is coordinated to
only four Ga atoms, whereas Ce is coordinated to
eight Ga atoms in CePdGa6. This reduced hybridization
may be responsible for reduced RKKY interactions,
and consequently, paramagnetic behavior. In addition,
these Ga1–Ga4 tetrahedral slab layers separate the Ce
layers, possibly inhibiting the magnetic exchange in
RKKY-like interactions even further. As a result, the Ce
moments may become more localized, and the
Kondo effect to be more pronounced than RKKY
interactions. Evidence of the Kondo coherence is
observed in resistivity data. Further calculations of the
band structure will provide more insight into the Ce
interactions.
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