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Abstract

Single crystals of a new compound, Ce,Rh3(Pb,Bi)s, have been grown via a flux-growth technique using molten Pb as a solvent. The
compound has been characterized by single crystal X-ray diffraction and found to be of the orthorhombic Y,Rh;Sns structure type
[Cmc2, (No. 36), Z=4] with lattice parameters a = 4.5980(2), b =27.1000(17) and ¢ = 7.4310(4)A, with ¥ =925.9509)A>.
Ce,Rh;(Pb,Bi)s has a complex crystal structure containing Ce atoms encased in Rh—X (X = Pb/Bi) pentagonal and octagonal channels
in [100], with polyanions similar to those found in Ce,AuszIns and Yb,Pt;Sns. Magnetization measurements find that Ce,Rh;(Pb,Bi)s is a
quasi-two-dimensional system, where the Ce moments are spatially well-localized. Heat capacity measurements show a transition at the
Neéel temperature of 1.5K. Evidence for Fermi surface nesting is found in electrical resistivity measurements, and we argue that

Ce,Rh;3(Pb,Bi)s is very near a metal-insulator transition in zero field.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In many ternary intermetallic systems, RE-T-X (RE-
rare-earth, 7' = transition metal, X = main group element),
the hybridization between the localized f-electrons of rare-
earth elements, and the itinerant conduction d-electrons
supplied by surrounding atoms, leads to extraordinary
physical phenomena. As a result, several ternary rare-earth
intermetallic compounds with the composition RE,T5X;
(T = Mn, Fe, Co, Ni, Ru, Rh, Os, Ir, Pt or Au; X = Al, Si,
Ga, Ge, In, Sn) have been subjected to much investigation
including neutron diffraction [1-5] and thermopower
experiments [6], particularly those containing silicon. These
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compounds are shown to exhibit a variety of appealing
physical property behavior including superconductivity
[7-10], the coexistence of magnetism and superconductivity
[11], along with valence fluctuations [6,12,13], Kondo
behavior [14], and large positive magnetoresistance
[15,16]. In addition, a few of these compounds are reported
to have moderately enhanced values of the linear Som-
merfeld coefficient (y) of the electronic specific heat, which
at low temperatures are on the order 10°mJmol ™' K2 as a
result of strong coupling between the conduction- and
f-electrons [17-19]. Ce,Rh3Sns [10] and Yb,Pt3Sns [20]
are both moderate heavy fermion compounds, with
mixed-valence behavior in the Ilatter. Yb,FesSis is a
Kondo lattice system and also a heavy fermion with
9~500 mJ mol~' K2 [14].

A rather large number of compounds have been
identified with the RE,T5Xs formula. In addition, several
structure types have been reported within this family of
compounds. Each of these layered, parent ‘2-3-5
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structure types is derived from the tetragonal (I4/mmm,
No. 139) BaAly structure type. It is worthwhile to mention
that a number of structural stability studies performed
within these 2-3-5 systems often show a difference in the
structure type adopted for the early and late rare-earth
analogs. Compounds of the Sc,Fe;Sis- [21] or U>,Mn;Sis-
type adopt a tetragonal (P4/mnc, No. 140) structure, while
compounds of the U,Co3Sis- [22] or Sc,Co3Sis-type (Ibam,
No. 72) are orthorhombic. [Note that the RE,CosSis
(RE = Tb, Dy) compounds crystallize with the monoclinic
(C2/¢, No. 15) Lu,CosSis structure [23] which is a
structural deformation variant of the U,Co3Sis structure.]
Isomorphs of Yb,Ir;Ges crystallize in the orthorhombic
space group Pmmn (No. 59) [24]. The indides Ln,Auslns
(Ln = Ce, Pr, Nd, Sm) crystallize with the orthorhombic
Ce,Auslns structure (Pmn2;, No. 31) [25]. The remaining
2-3-5 members crystallize with either of the orthorhombic
Y,>Rh3Sns-type [26] (Cmc2;, No. 36) or Yb,Pt;Sns-type
[27] (Pnma, No. 62) structures. Here, we report, to the best
of our knowledge, the first Pb/Bi-containing member of
this class of structurally related 2-3-5 compounds. In light
of the interesting magnetic and transport behavior which
has been observed in other 2-3-5 intermetallic systems, a
study of the synthesis, crystal structure, magnetization,
specific heat and electrical resistivity data for Ce,Rh3(Pb,
Bi)5 is presented.

2. Experimental
2.1. Synthesis and elemental composition analysis

Single crystals of Ce,Rh3(Pb,Bi)s were grown from a Pb
flux, using equal proportions of high purity Rh and Bi
from Alfa Aesar, and Ce from Ames Laboratory
(>99.99%). The black crystals form with a needle-like
morphology. Due to the similar scattering of Pb and Bi,
X-ray measurements alone cannot distinguish these ele-
ments. Electron microprobe analysis was carried out on
polished single crystals using a Cameca SX100 microprobe
system with elemental standards. The stoichiometry was
found to be uniform over the entire crystal surface, and
also within ~2% over the crystal interior, and confirmed to
be Ceth3Pb4Bi.

2.2. Structure determination by X-ray diffraction

Structure determination was performed by collecting
single crystal intensity data at room temperature on a
Nonius Kappa CCD X-ray diffractometer equipped with
graphite monochromatized MoKo radiation with
4 =0.71073 A. A suitable sized fragment (~0.25 x 0.05 x
0.05mm’) from an irregularly shaped, black crystal of
Ce,Rh;(Pb,Bi)5; was mechanically selected and glued to the
tip of a goniometer glass fiber. Lattice parameters were
obtained from a scan in 15° ¢. Integration of the data was
done using DENZO [28] and the structure was solved and
refined using the SHELXL software package [29]. Crystal-

lographic, data collection and refinement parameters are
given in Table 1.

Since X-ray diffraction measurements do not distinguish
between Ce,Rh;PbyBi and Ce,Rh;3Bis, for simplicity we
have solved the structure of a hypothetical Ce,Rh;3Bis
using direct methods with SIR97 [30], without independent
constraints on the stoichiometry or knowledge of related
structures. Non-centrosymmetric Cmc2; (No. 36), a sub-
group of supergroup Cmcm (No. 63), was chosen as the
likely space group based on intensity statistics. This
resulted in two Ce sites, three Rh sites, and five Bi sites,
all on 4a Wyckoff positions. The initial structural model
for Ce,Rh;3Bis was generated from an automatic inter-
pretation of direct methods. Later, the atomic positions
reported for the isostructural and parent compound
Y,Rh;3Sns [26] were used in subsequent refinement
procedures.

A correction for absorption was made to the experi-
mental intensity data along with the application of a
weighting scheme and the anisotropic refinement of the
atomic displacement parameters. Before an extinction
coefficient could be calculated, a twinning by inversion
was observed. The translationengleiche symmetry reduction
(index 2) from space group Cmcm to the first-order variant
Cmc2; is responsible for this occurrence. Twin refinement
used the matrix (100, 010, 001), and the twin fraction was

Table 1

Crystallographic and refinement data for Ce,Rh;Bis®

Formula Ce>Rh;Bis
Formula weight (gmol™") 1633.869

Orthorhombic
Cmc2; (No. 36)

Crystal system
Spaoce group

a(A) 4.5980(2)

b (A) 27.1000(17)
¢ A) 7.4310(4)
V(A% 925.95(9)
VA 4

Crystal dimensions (mm?®) 0.03 x 0.05 x 0.05
Temperature (K) 298(2)
Crystal density (gem ™) 11.720

0 range (deg.) 2.74-30.06
u (mm~") 109.367
Collected reflections 1348
Unique reflections 733

Rin 0.0611

h —6-6

k —37-38

/ —10->10
Extinction coefficient 0.00073(5)
Data/parameters/restraints 1348/63/1

Tmaxa T, min
R[F%>26(F2)]°, all data
R,(F2), all data

Apmz\x min (CAiB)

S (goodness of fit on F2)

0.1707, 0.0734
0.0386, 0.0427
0.0860, 0.0892
5.486, —3.296
1.066

“Hypothetical structural data. See text for details.
f’R(F) = |lFol - IFc\Iz/ YIFol. 12
Ry (FA)[Sw(Fy — FE 1/ wES]
w = 1/[6*(F2) + (0.0372P)* 4 50.3837P], where P = (F2 +2F2)/3.
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found to be 51.5:48.5. A final full-matrix least squares on
F? cycle was done following the calculation of an extinction
coefficient. No deviation from the ideal formula Ce,Rh;Bis5
was observed, nor was any obvious extra crystallographic
symmetry detected in the presented model. A final
R[F2>20(F?)] of 0.0386 was obtained and the Fourier
difference map revealed residual peaks of 5.486 and
—3.296. The atomic parameters and bond distances for
Ce,Rh;Bis are listed in Tables 2 and 3, respectively.

2.3. Physical property measurements

The magnetization for a single crystal of Ce,Rh;(Pb,Bi)s
was measured at several temperatures, and with fields both
parallel and perpendicular to the needle axis. These

Table 2
Atomic positions, Wyckoff site symmetry and displacement parameters
for Ce,Rh;3Bis"

Atom  Wyckoff position x y z Ueg”

Cel  4a 0 0.17144(6)  0.7743(2) 0.0130(3)
Ce2  4a 0 0.47465(6)  0.7413(2) 0.0114(3)
Rh1 4a 0 0.05006(9)  0.5262(3) 0.0113(5)
Rh2 4a 0 0.77725(7)  0.7783(3) 0.0116(5)
Rh3  4a 0 0.39533(10) 0.4897(4) 0.0138(5)
Bil 4a 0 0.87844(4)  0.74940(16)  0.0138(3)
Bi2 4a 0 0.71017(4)  0.48847(14) 0.0116(3)
Bi3 4a 0 0.59599(4)  0.61603(14) 0.0108(3)
Bi4 4a 0 0.95275(4)  0.40807(14)  0.0106(3)
BiS 4a 0  0.29557(4)  0.56342(16) 0.0117(2)

“Hypothetical structural data. See text for details.
bUeq is defined as one-third of the trace of the orthogonalized Uj; tensor.

Table 3
Selected interatomic distances for Ce,Rh;Bis"

Distance (A) Distance (10\)

Cel-Rh3 (x 2) 3.335(2) Rh2-Bil 2.751(2)
Cel-Bi2 (x 2) 3.3015(15) Rh2-Bi2 (x 2) 2.8000(15)
Cel-Bi3 (x2) 3.2940(14) Rh2-Bi2 2.818(2)
Cel-Bi5 (x2) 3.2709(16) Rh2-Bi5 (x 2) 2.8430(15)
Rh2-Bi5 2.895(2)
Ce2-Rhl (x2) 3.196(2)
Ce2-Rhl (x 2) 3.467(2) Rh3-Bil (x 2) 3.0361(19)
Ce2-Rh3 2.849(3) Rh3-Bi3 2.787(3)
Ce2-Bil (x2) 3.4765(13) Rh3-Bi4 (x 2) 2.8416(18)
Ce2-Bi3 3.379(2) Rh3-Bi5 2.758(3)
Ce2-Bi3 3.4175(19)
Ce2-Bi4 (x 2) 3.4306(16) Bil-Bi4 3.2386(16)
Bil Bi5 (x 2) 3.4984(12)
Rh1-Bil 2.826(3) Bi2-Bi3 3.2364(14)
Rh1-Bi3 ( x 2) 2.6981(13) Bi2-Bi5 3.1624(15)
Rh1-Bi4 2.780(3) Bi2-Bi5 ( x 2) 3.3093(11)
Rh1-Bi4 2.839(3) Bi3-Bil (x2) 3.6316(13)
Bi3-Bi4 (x 2) 3.4263(11)

“Hypothetical structural data. See text for details.

measurements were carried out using a Quantum Design
Magnetic Property Measurement System in fields as large
as 7T. The heat capacity of a single crystal was measured
using a Quantum Design Physical Property Measurement
system (PPMS) at temperatures between 0.4 and 20 K. The
electrical resistivity was measured in the standard four-
probe configuration for temperatures between 0.4 and 40 K
using the quantum design PPMS.

3. Results and discussion
3.1. Structure

Ce,Rh;(Pb,Bi)s is a new representative of the orthor-
hombic Y,Rh;3Sns structure type [26]. Thus far, other
members are limited to the RE,Rh3;Sns (RE =Y, Ce—Nd,
Sm, Gd-Tm) family [10,26]. The La-analogue, however,
forms with the orthorhombic U,Co3Sis (Ibam) structure
[10]. Due to the similar covalent radii of Pb and Bi, atomic
distances cannot be used to distinguish Pb from Bi. As
shown in Fig. 1, Ce;,Rh3(Pb,Bi)s possesses a rather complex
quasi-two-dimensional structure, being built up of two-
dimensional Rh-X (X = Pb/Bi) rings, which when stacked
in the a-direction encapsulate Ce atoms in three-dimen-
sional channels. This structure may be viewed alternatively
as containing intergrown slabs of simpler structures (i.e.,
ternary ordering variants of BaAl,), with structural motifs
similar to the Yb,Pt3Sns (Pnma) [27] and Ce,Auslns
(Pmn2y) [25] structures. The differences in these three
structures have been described as resulting from the
ordering of the TX (7 = Rh, Pt, Au; X = In, Sn) atoms
within the polyanionic networks [25]. The Cel, Ce2, Rhl,
Rh2, Rh3, X1, X2, X3, X4 and X5 atoms of

Fig. 1. Crystal structure of Ce,Rh;(Pb,Bi)s (Ce: medium isolated blue
spheres, Rh: small green spheres, Pb/Bi: large red spheres) with unit cell
outlined as a solid blue line. Bonds to the Ce atoms have been omitted for
clarity.
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Fig. 2. Ce environments in Ce,Rh3(Pb,Bi)s. Black lines depict the bonds to the Ce atoms. From electron microprobe analysis data, atoms labeled X are
randomly occupied 80% by Pb and 20% by Bi atoms, yielding the composition Ce,Rh;Pb,Bi.

Ce,Rh3X5(X = Pb/Bi) all reside on inequivalent 4a crystal-
lographic symmetry sites.

The Ce atoms have two different coordinations (see
Table 3) which are illustrated in Fig. 2. Cel is 9-coordinate
and bonds to two Rh3, two X2, two X3 and two X5 intra-
planar atoms, and one X4 inter-planar atom. Ce2 is
13-coordinate with intra-planar bonds to four Rhl, four
X4, and two X2 atoms, and inter-planar bonds to one Rh3,
and two X3 atoms. In Ce,Rh3(Pb,Bi)s, the Ce atoms reside
in distorted pentagonal ([100] direction) and hexagonal
([001] direction) channels created by the Rh and Pb/Bi
atoms. The shortest Ce---Ce distance in Ce,Rh;(Pb,Bi)s is
3.961 A in [001], which is considerably longer than the
3.65 A Ce—Ce bonds in fee Ce [31], and above the Hill limit
[32] of 3.40 A for f-electron coupling.

The Rh and X (X = Pb/Bi) atoms form a complex three-
dimensional [Rh3Xs] polyanion. This geometry may be
viewed alternatively as stacked pentagonal and octagonal
rings in the (200) plane. In the hypothetical Ce,Rh3Bis
structure (see Table 3), the Rh-Bi distances range from
2.6891(13) to 3.0361(19) A. The average Rh—Bi distances
are 2.786 A (Rh1-Bi), 2.856 A (Rh2-Bi) and 2.821 A
(Rh3-Bi), which are only slightly longer than the sum of
the covalent radii of Rh and Bi of 2.77 A [31]. The local
coordination environments for the Rh atoms can be
described as distorted monocapped trigonal prisms. For
the Rhl atom, the trigonal prism is made up of two Ce2,
two X3 and two X4 atoms with a X1 capping atom. For
Rh2, this geometry is formed by one X1 capping atom and
three X2 and three X5 atoms. Rh3 atoms are bonded to
two X1, one X3, two X4 and one X5 atoms with Ce2 as the
capping atom. Bi-Bi distances (using bonding data from
the solved Ce,Rh;Bis structure) range from 3.1624(15) to
3.6316(13)A with the shortest Bi—Bi distances between the
Bi2 and Bi5 pairs in the octagonal rings. These distances
are in agreement with those found in other intermetallic
bismuthides [33].
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Fig. 3. The temperature dependence of the magnetic susceptibility (@)
and the inverse magnetic susceptibility (O) for the magnetic field: (a)
parallel (y;) and (b) perpendicular (y,) to the needle axis of Ce,Rh3(Pb,
Bi)s crystals. Solid lines indicate the best fit of the Curie-Weiss law (see
text for details). (c) The temperature dependence of the ratio between y
and y,.

3.2. Physical properties

The magnetic susceptibility () is shown in Fig. 3 for a
Ce,Rh3(Pb,Bi)s single crystal measured in a field of 1T
both parallel (Fig. 3(a)) and perpendicular (Fig. 3(b)) to the
needle axis. In both cases, the susceptibility increases
monotonically with reduced temperature, and is well
described by a Curie—Weiss law, at least at sufficiently
high temperatures. Above 50K in the parallel field
configuration, the magnetic susceptibility is well described
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by a Curie—Weiss law y = C/(T—0), where the Curie
constant C yields an effective moment of 2.7 pug/Ce, very
close to the Hund’s rule value of 2.54 ug/Ce. Here, the
Weiss temperature § = —96 K, signaling mean field inter-
actions among these moments, which are antiferromagnetic
and consistent with the enhancement of above the
Curie—Weiss limit as the temperature drops below ~50 K.
The situation is rather different when the field is applied
perpendicular to the needle axis. Here, Curie-Weiss
behavior is only observed above ~100K, with a much
smaller moment of 1.86up/Ce and a net ferromagnetic
Weiss field of 30K, consistent with the suppression of x
below the Curie—Weiss law at the lowest temperatures. The
ratio of y, /¢, reaches values as large as 6 at 2 K (Fig. 3(c)),
suggestive of substantial magneto-crystalline anisotropy.
Such anisotropy is not unexpected, given the relatively low
symmetry of the Ce sites, which is presumed to substan-
tially lower the degeneracy of the Ce®" quartet.
Measurements of the field dependence of the magnetiza-
tion M shown in Fig. 4 find that M is increasingly
nonlinear in fields perpendicular to the needle axis as the
temperature is reduced (Fig. 4(b)). We interpret this as the
normal paramagnetic behavior of individual Ce ions, where
M is described by a Brillouin function, but do not rule out
the possibility that part of the nonlinearity arises from
fluctuations associated with incipient magnetic order. In
contrast, the magnetization, M, in the parallel field
direction (Fig. 4(a)) is markedly less nonlinear with field
for the same range of temperatures, while being substan-
tially smaller than M,. We conclude that the hard
magnetic axis is along the needle axis. Taken together,

04

a B || needle o]

M" (ny/ Ce)

M, (n,/Ce)

Fig. 4. The magnetic field dependence of the magnetization for the
magnetic fields (a) parallel and (b) perpendicular to the needle axis for a
Ce,Rh3(Pb,Bi)s crystal at 7= 1.8, 3, 4, 5, and 6 K.

our measurements of the magnetization find that
Ce,Rh3(Pb,Bi)s is a system with highly localized Ce
moments, where the magneto-crystalline anisotropy largely
confines the moments to be along the needle axis. Further,
the interactions among these moments, which we will show
ultimately lead to magnetic order, are antiferromagnetic
along the needle axis, but ferromagnetic in the transverse
direction.

The heat capacity results are shown in Fig. 5. The
magnetic part of the total heat capacity was estimated by
fitting the data above 7K to the Debye model, yielding a
Debye temperature 6p = 177 K. As shown in Fig. 5(a), the
low temperature magnetic and electronic heat capacity is
dominated by a sharp lambda-like anomaly, indicating the
onset of magnetic order ~1.5K. It is remarkable that the
magnetic ordering temperature is almost two orders of
magnitude smaller than the in-plane exchange interaction
deduced from the Weiss temperature. This observation is
consistent with a quasi-two-dimensional magnetic order-
ing, where magnetic order is driven by residual and weak
interactions between planes of moments which are strongly
coupled. The associated entropy is presented in Fig. 5(a);
we see that the entropy difference between the ordered and
paramagnetic state is very close to RIn2, as expected for
Ce’" ions. There is no evidence from the heat capacity for
high-temperature Schottky anomalies, and indeed none are
expected if the magnetic order involves a magnetic doublet
ground state. Finally, C/T is presented in Fig. 5(a) to
demonstrate that the magnetic order emerges from a
Fermi-liquid-like state. For temperatures between 7 and
20K, C/T~y~30mJ Ce-mol~' K2 indicating (Fig. 5(a)
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Fig. 5. (a) The temperature dependence of the specific heat (C) divided by
temperature. The inset presents fitting results of data between 7 and 16 K
to C/T=y+pT>. (b) The temperature dependence of the magnetic
specific heat C-C,;, (@) and the entropy S (—).
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inset) that the quasi-particles participating in this Fermi-
liquid are only modestly enhanced by magnetic correla-
tions. The heat capacity data are consistent with the
ordering of well-localized Ce moments, and there is no
indication of appreciable moment compensation via the
Kondo effect.

The electrical resistivity (p) was measured with the
current flowing along the needle axis, and with the
magnetic field perpendicular to the current as shown in
Fig. 6(a) for fields which range from 0 to 9 T. In all cases,
the electrical resistivity is virtually temperature-indepen-
dent between 2 and 40K, although the resistivity is
enhanced from its zero field value of 2.3mQcm by the
application of magnetic fields. A sharp drop is observed
near 1.5 K, indicating the loss of spin disorder scattering at
the magnetic ordering transition. An expanded view of the
resistivity, measured in different magnetic fields, is
presented in Fig. 6(b). It is clear that there is a sudden
increase in the resistivity between 0 and 1.1 T. At higher
fields, a distinct peak is observed in the resistance just
above the magnetic ordering temperature, while the size of
this peak and its temperature are shifted to higher
temperatures with increased field. Finally, a substantial
increase is observed at the lowest temperatures when fields
larger than 3.2T are applied.

a
r T r I r T T
3.0 1|| needle, B L needle 7]
_ 20 CeRha(Pb,Bi)s —e— 00T i
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Fig. 6. (a) The temperature dependence of the resistivity p at temperatures
below 40 K at various magnetic fields. The inset shows the plot of p vs. T
below 5K at 0T. (b) Enlarged plot of p vs. T at magnetic fields below
12K.

The temperature independence of the resistivity is
remarkable, and would normally be explained as the
signature of a dominant impurity scattering mechanism.
The observations that the resistivity is halved with the
onset of magnetic order, compounded with the extreme
sharpness of the ordering transition in the heat capacity
rules this explanation out, suggesting instead an unconven-
tional electronic scattering mechanism such as those found
in the so-called ““bad metals™, i.e., strongly correlated and
magnetic systems such as SrRuO; [34] located near
metal-insulator transitions. The development of the
resistivity peak just above the ordering temperature is
consistent with the superzone formation associated with
antiferromagnetic order, and the accompanying elimina-
tion of parts of the Fermi surface. At least in low fields,
much of the Fermi surface appears to survive, and the
resistivity in the magnetically ordered state remains
metallic. The data presented in Fig. 6(b) are consistent
with the progressive elimination of the Fermi surface with
magnetic ordering. We note that for a field intermediate
between 2.3 and 3.2T, the resistivity becomes purely
insulating, i.e., increasing with decreasing temperature as
T—0. The success which magnetic fields have in decimat-
ing the Fermi surface is suggestive that there is also strong
electronic anisotropy in this system, and that this near-
nesting stabilizes, if not enables, antiferromagnetic order.
For all these reasons, the electrical resistivity data for
Ce,Rh3(Pb,Bi)s are consistent with an antiferromagneti-
cally ordered ground state.

4. Conclusions

Single crystals of non-centrosymmetric Ce,Rh3(Pb,Bi)s
have been studied by means of single crystal X-ray
diffraction, magnetic susceptibility, electrical resistivity
and heat capacity measurements. The picture which
emerges from the crystal structure and magnetic measure-
ments is that of a quasi-two-dimensional system, having
planes of well localized Ce moments with strong ferro-
magnetic coupling. Large magnetic anisotropy of the
exchange couplings arises from the layered nature of the
Ce,Rh3(Pb,Bi);5 structure, where the Ce moments are more
closely spaced within the planes and interact through the
Rh-(Pb/Bi) channels. The moments themselves are largely
perpendicular to the planes, contributing perhaps to inter-
planar coupling, which ultimately results in the antiferro-
magnetic order observed at 1.5K. The electronic excita-
tions also appear to be quasi-two-dimensional—a fact also
supported by crystallographic evidence—perhaps leading
to the nesting revealed by the temperature dependence of
the resistivity. In zero field, the large magnitude of the
resistivity and its near-temperature independence reveal
that the carriers are almost localized in their quasi-two-
dimensional environment. The destruction of the last
vestiges of the Fermi surface is achieved using only modest
magnetic fields, and yields a weakly localized yet still
insulating ground state.
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