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Abstract

The ternary rare-earth cadmium antimonides RECd;_,Sb, (RE = La, Ce, Pr, Nd, Sm) were prepared by reaction of the elements at
1000 °C. The presence of Cd defects, previously found for LaCdg 790(s)Sb> and CeCdO 660(4)Sb2, has been confirmed by single- crystal
X-ray dlffrdctlon studies for the isotypic compounds PerO 665(3)9D2 (a = 4. 3592(3) A, c=10. 8619(7) A) NdCdg 6s93)Sba (a = 4.3456(4) A,
¢ =10.8372(9) A), and SmCd, 643(3)9D2 (a = 4. 3185(4)A ¢ = 10.7843(1 I)A) These compounds adopt the HfCuSi,-type structure (Pearson
symbol ¢P8, space group P4/nmm, Z = 2). The electrical and magnetic properties of samples with nominal composition RECd, ;Sb, were
investigated. All exhibit metallic behaviour, but CeCd, ;Sb, undergoes an abrupt drop in its electrical resistivity below 3 K. LaCd,;Sb,
exhibits temperature-independent Pauli paramagnetism and SmCd, ;Sb, displays van Vleck paramagnetism. The remaining compounds
obey the modified Curie—Weiss law at high temperatures. CeCd, 7Sb, undergoes ferromagnetic ordering below 3 K, reaching a saturation

magnetization of ~1.0 ug, whereas PrCd, ;Sb, and NdCd, ;Sb, remain paramagnetic down to 2 K.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Among the growing number of ternary rare-carth (RE)
transition-metal antimonides, an especially prevalent series
with the composition REM,_,Sb, is formed for many late
transition metals (M = Mn, Fe, Co, Ni, Pd, Cu, Ag, Au,
Zn, Cd) [1-12]. They adopt the tetragonal HfCuSi,-type
structure (Pearson symbol #P8), but in most cases, this has
been determined only by powder X-ray diffraction data.
Although a few of these compounds are fully stoichio-
metric, such as REAgSb, [5,6], most are expected to exhibit
some degree of partial occupancy of the transition-metal
site. The definitive composition is best established by
single-crystal X-ray diffraction studies. For those cases
where M is assumed to be dipositive, the nonstoichiometry
can be rationalized through arguments based on simple
electron counting [8], in which charge balance can only be
maintained through the presence of vacancies, resulting in
the ideal formulation (RE>")(M>"*)o.s(Sb1)!~(Sb2)’~. For
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example, the formula for LaZngs,Sb, appears to be
correctly explained by this model [2]. More frequently,
however, the compositions deviate significantly from this
model, such as in LaMny ¢5_9.76Sb> [8] or YNig 57Sb, [12],
but the reasons are unclear.

These REM,_.Sb, compounds have elicited particular
interest for their magnetic and transport properties, which
have been measured for some of these members (M = Mn,
Ni, Pd, Cu, Ag, Au), most generally displaying some sort
of antiferromagnetic ordering [4,6,7,12-20]. Because of the
layered nature of their structure, high anisotropy of these
properties is expected, as has been demonstrated for
REAgSb, [16] and CeMSb, (M = Cu, Au, Ni) [19,20].
Recently, large positive magnetoresistance (>100%) has
been observed in some RENi;_,Sb, compounds [12].

In analogy to LaZngsSb,, it may be expected that
substitution of M with Cd should lead to compounds with
the composition “RECd sSb,”, which would be isoelec-
tronic with REAgSb, and allow for a comparison for how
the presence of defects influences the physical properties. In
the RECd,_,Sb, series (RE = La, Ce, Pr, Nd, Sm), single-
crystal X-ray diffraction studies have established that the
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first two members actually have the compositions
LaCd0,700(5)Sb2 [8] and CeCd0,660(4)Sb2 [21] Ol’lly cell
parameters refined from powder X-ray diffraction data
are available for the remaining members [7,8], so it is not
obvious if the limiting composition “RECd, sSb,” can be
reached through a change in RE. To clarify the composi-
tions of these compounds and to investigate the influence
of defects, we provide here complete crystallographic
studies for the remaining members, and for the first time,
we present the electrical and magnetic properties for all
compounds in this series.

2. Experimental

Starting materials were powders of the rare-earth metals
La, Ce, Pr, Nd, or Sm (99.9%, Alfa-Aesar or Cerac), Cd
(99.999%, Cerac), and Sb (99.999%, Alfa-Aesar). The
crystals used for structure determination were initially
obtained from a reaction of RE, Cd, and Sb in a 1:1:2 molar
ratio. The mixture of the elements was placed in an evacuated
fused-silica tube, which was heated at 600 °C for 2d, 1000 °C
for 2d, and then cooled to room temperature over 6 d. After
the compositions of these compounds were established to be
RECd.(-Sb,, samples for property measurements were
prepared by reaction of RE, Cd, and Sb in a 1:0.7:2 molar
ratio at 1000 °C for 3 d followed by cooling to 600 °C over 4d
and further annealing for 12d. Powder X-ray diffraction
patterns of these samples, obtained on an Inel powder
diffractometer equipped with a CPS 120 detector, were in

Table 1
Crystallographic data for RECd;_,Sb, (RE = Pr, Nd, Sm)

good agreement with those calculated from the single-crystal
data and confirmed that the samples were phase-pure.

Single-crystal intensity data for RECd;_,Sb, (RE = Pr,
Nd, Sm) were collected on a Bruker Platform/SMART
1000 CCD diffractometer at 22 °C using o scans. Crystal
data and further details of the data collection are given in
Table 1. Calculations were carried out with use of the
SHELXTL (version 6.12) package [22]. Face-indexed
numerical absorption corrections were applied. The cen-
trosymmetric space group P4/nmm was chosen and initial
atomic positions were found by direct methods, confirming
the expected HfCuSi»-type structure. Partial occupancy of
the Cd site (2b) was signalled by its significantly elevated
displacement parameters compared to the other sites,
which were well-behaved. Successive refinements were
performed in which the occupancy of each site was allowed
to vary independently. These refinements proceeded in a
straightforward manner, and confirmed that partial occu-
pancy was found only in the Cd site. Final values of
the positional and displacement parameters are given in
Table 2. Interatomic distances are listed in Table 3. Further
data, in the form of a CIF, have been sent to Fachinfor-
mationszentrum Karlsruhe, Abt. PROKA, 76344 Eggen-
stein-Leopoldshafen, Germany, as supplementary material
No. CSD-416248, 416249, 416250 and can be obtained by
contacting FIZ (quoting the article details and the
corresponding CSD numbers).

Silver plate-shaped crystals were selected for electrical
resistivity measurements and confirmed to be the desired

Formula

Per().665(3)Sb2

NdCdy659(3)Sb2

SmCdU.648(3)Sb2

Formula mass (amu)
Space group

a(A)

cA)

V(A%

z

Pcaled (g cm 3)

Crystal dimensions (mm)
Radiation

w(MoKo) (cm™)
Transmission factors

20 limits

Data collected

No. of data collected
No. of unique data, including
F2<0

No. of unique data, with
F2>20(F?)

No. of variables

R(F) for F2>26(F2)*
R(Fo)°

Goodness of fit .
(Ap)maxz (Ap)min (C Ai})

458.59

P4/nmm (No. 129)

4.3592(3)

10.8619(7)

206.40(2)

2

7.379

0.17 x 0.15 x 0.04

Graphite monochromated MoKa,
2 =0.71073A

276.73

0.047-0.353
3.74°<20(MoKo) < 65.88°
—6<h<6, —6<k<6, —16<I<16
2672

275

274

13

0.016
0.037

1.178

1.38, —1.99

461.92

P4/nmm (No. 129)

4.3456(4)

10.8372(9)

204.65(3)

2

7.496

0.11 x 0.08 x 0.03

Graphite monochromated MoK,
2 =0.71073A

286.91

0.089-0.445

3.76° < 26(MoKa) < 66.14°
—6<h<6, —6<k<6, —16<I<16
2705

276

273

13

0.016
0.037

1.163

1.11, —1.81

466.91

P4/nmm (No. 129)

4.3185(4)

10.7843(11)

201.12(3)

2

7.710

0.08 x 0.07 x 0.03

Graphite monochromated MoK,

7 =0.71073A
308.34
0.116-0.428

3.78°<20(MoKa) < 66.24°
—6<h<6, —6<k<6, —16</<16
2661

271

269

13

0.019

0.043

1.110

1.32, —2.05

“R(F) =3 |IFol — |Fell/ 32 |Fol.

PRu(F2) = [ IW(F2 — F2y1) S wF'% wo! = [0X(F2) + (4p)* + Bp] where p = [max(F2,0) + 2F2/]/3.
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Table 2

Atomic coordinates and equivalent isotropic displacement parameters for RECd;_,Sb, (RE = Pr, Nd, Sm)

Atom Wyckoff position x y z Uyq (A?
PrCdye653)Sb>

Pr 2¢ 1/4 1/4 0.22691(4) 0.00887(12)
Cd 2b 3/4 1/4 1/2 0.0263(3)
Sbl 2a 3/4 1/4 0 0.00922(13)
Sb2 2¢ 1/4 1/4 0.67629(5) 0.01102(13)
NdCdy.s59(3)Sh>

Nd 2¢ 1/4 1/4 0.22624(3) 0.00824(12)
Cd 2b 3/4 1/4 1/2 0.0253(3)
Sbl 2a 3/4 1/4 0 0.00839(12)
Sb2 2¢ 1/4 1/4 0.67746(5) 0.01021(13)
SI?’ZCCI’()A648(3)SZ72

Sm 2¢ 1/4 1/4 0.22510(4) 0.00902(14)
Cd 2b 3/4 1/4 1/2 0.0251(4)
Sbl 2a 3/4 1/4 0 0.00867(15)
Sb2 2¢ 1/4 1/4 0.67968(6) 0.01054(15)

#Ugq is defined as one-third of the trace of the orthogonalized Uj; tensor.

Table 3

Selected interatomic distances (A) for RECd,_,Sb, (RE = La, Ce, Pr, Nd, Sm)

LaCd0.700(5)Sb2 CCCd0,660(4)Sb2 Per0,665(3)sz NdCd0,659(3)Sb2 SmCdo.e48(3)Sb2
RE-Sb2 (x 4) 3.299(2) 3.2752(3) 3.2568(3) 3.2452(3) 3.2216(4)
RE-Sbl (x 4) 3.339(2) 3.3095(4) 3.2902(3) 3.2760(3) 3.2489(4)
RE-Cd (x4) 3.710(2) 3.6908(4) 3.6809(4) 3.6774(4) 3.6676(4)
Cd-Sb2 (x 4) 2.898(2) 2.9013(4) 2.9013(4) 2.9017(4) 2.9013(5)
Cd-Cd (x 4) 3.111(2) 3.0963(2) 3.0824(2) 3.0728(3) 3.0536(3)
Sb1-Sbl (x 4) 3.111(2) 3.0963(2) 3.0824(2) 3.0728(3) 3.0536(3)
Reference [8] [21] This work This work This work

ternary compounds by energy-dispersive X-ray (EDX)
analysis with use of a Hitachi S-2700 scanning electron
microscope. The electrical resistivity within the ab plane
(pap) was measured by standard four-probe techniques on a
Quantum Design PPMS system equipped with an ac
transport controller (Model 7100). For LaCd;_,Sb, and
CeCd;_,Sb,, we were also able to measure the c-axis
resistivity (p.), but the values obtained should only be
considered as estimates. The current was 100 pA and the
frequency was 16Hz. Magnetic susceptibility measure-
ments were made on ground samples (~100mg) on a
Quantum Design 9T-PPMS dc magnetometer/ac suscept-
ometer. The susceptibility was corrected for contributions
for the holder diamagnetism and the underlying sample
diamagnetism.

3. Results and discussion

As shown in Fig. 1, the RECd;_,Sb, (RE = La, Ce, Pr,
Nd, Sm) compounds adopt the HfFCuSi,-type structure, one
of the most prevalent structure types among intermetallics.
The structure consists of layers of condensed CdSby

tetrahedra separated from square Sb nets by the RE atoms.
The square antiprismatic coordination of the RE atoms by
the surrounding Sb atoms generally causes most of the
other distances to decrease on progressing from
LaCdojoo(S)sz to SmCd0'64g(3)Sb2, as expected from the
lanthanide contraction. However, thg Cd-Sb distances
remain essentially invariant at ~2.90 A, while the CdSby
tetrahedra become increasingly distorted, with the
Sb—Cd-Sb angles changing from 115.1° ( x4) and 98.7°
( X 2) in LaCd0_700(5)Sb2 to 116.5° (X 4) and 96.2° (X 2) in
SmCdy 645(3)Sb>.

Partial occupancy of the M site is a common occurrence
in REM, . Sb, compounds, and since it has been implicated
from analysis on both powder and single-crystal samples, it
appears to be an intrinsic phenomenon. The refined
composition of the RECd;_,Sb, compounds corresponds
to a relatively constant (independent of RE) partial
occupancy of the Cd site, at 0.65-0.66 for all members
except for LaCdg 700(5)Sb2, which was annealed at a slightly
different temperature (800 °C) [8]. As seen in the Cd-Sb
distances, discussed above, size effects are likely not
an important factor for controlling the degree of
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non-stoichiometry. It seems clear that the formula
RECd..(;Sb, represents an upper limit for the Cd
occupancy, since, as in most other syntheses of REM_,Sb,
compounds reported in the literature, all these structure
determinations were performed on crystals prepared from a
1:1:2molar ratio of RE:Cd:Sb, that is, in the presence of an
excess of Cd. The lower limit has not been determined, but
this would be worthwhile investigating in a future study.
Where homogeneity ranges have been determined, these
have been fairly narrow, as in LaMnggs 76Sb, or
LaCuggy 087Sb, [2], and a similar case may be expected
for RECd,_,Sb,.

Conventionally, the bonding in these compounds has
been rationalized by assuming that each Sbl atom within
the square net participates in four one-electron Sb—Sb

e 4 W N —— (o ———
e - __,,‘.—‘\'-Af !.

—— — \‘-'»;- - =
[, e —— A\ ‘y::g-_

Fig. 1. Structure of RECd,_,Sb,, viewed approximately down the a-axis.

Table 4
Physical properties of RECd;_,Sb, (RE = La, Ce, Pr, Nd, Sm)

bonds, yielding a formal charge of Sb'~, whereas each
isolated Sb2 atom has a formal charge of Sb*~ [23]. The
partial occupancy can thus be understood through the
formulation (RE®¥)(Cd**)ys(Sbl1)'(Sb2)*~. The ob-
served Cd occupancy is closer to 0.65, but this is readily
reconciled if the Sbl atoms are considered to be reduced
slightly further, to give (RE>)(Cd*")g¢5(Sb1)!*7(Sb2)*~.
As discussed elsewhere, the charge of the Sbl atoms in the
square net need not be integral, corresponding to a
fractional filling of bands that are non-bonding or only
weakly Sb—Sb antibonding in character such that no
significant distortion of the Sb—Sb bonds takes place [23].
With the availability of more sophisticated treatments of
electronic structure, it may be feasible to verify the electron
count in RECd,_,Sb, and related compounds through,
for example, examination of the electron localization
function [24].

Table 4 summarizes the electrical and magnetic properties
of RECd,;Sb, (RE = La, Ce, Pr, Nd, Sm), on samples that
are assumed to have the maximum Cd content. Plots of the
electrical resistivity within the ab plane (p,,) are shown in
Fig. 2. Except for the Ce phase, all RECd;Sb, compounds
appear to behave as normal metals, with a general trend
towards decreasing resistivity on progressing from the La to
the Sm phase. The residual resistivity ratios (RRR), which
are a measure of the degree of perfection in a crystal, are
substantially lower in the nonstoichiometric RECd,;Sb,
compounds compared to the corresponding fully stoichio-
metric REAgSb, compounds [16], consistent with the
enhanced scattering arising from defects. For LaCd,-Sb,
and CeCd, ;Sb,, it was possible to measure not only the in-
plane (p,5), but also the c-axis (p,) resistivity, shown in Figs.
2a and b, respectively. In both cases, p. exceeds p,;, by one to
two orders of magnitude, and the RRR values are lower in
the ¢ direction than in the ab plane, confirming the high
anisotropy expected for these layered compounds. A TB-
LMTO electronic structure calculation performed on
LaAgSb, revealed that the Fermi level is crossed by two
relatively wide bands between I' and X (within the ab plane)
but by a very narrow band (~0.3 eV in dispersion) between I’
and Z (along c¢) [17]. This feature explains the high
anisotropy observed in LaCdg;Sb,, assuming that it has a
similar electronic structure as for LaAgSb, (with a band
filling greater by only 0.4e™ per formula unit). However, the
role of defects, which are not easily modeled in a band
structure calculation, must also be important.

Compound Pab, 300 (HQ Cm) Xo (emu/mOI) 9p (K) Heff, meas (,uB) Heff, theor (MB)
LaCd,,Sb, 48 4.7 % 10 (TIP)

CeCd, ,Sb, 200 1.0x 1073 -3.0 1.85 2.54

PrCd, ,Sb, 14 12x107° -5.0 3.38 3.58

NdCd, ,Sb, 10 1.6 x 1073 —15.0 3.41 3.62

SmCd, ,Sb, 7.4 14x1073
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Fig. 2. Electrical resistivity of single crystals of RECd;_,Sb, measured
within the ab plane and parallel to ¢ for (a) RE = La and (b) RE = Ce,
and measured within the ab plane for (¢) RE = Pr, Nd, Sm. The inset in
(b) shows the low-temperature behaviour in p,, for RE = Ce.

With decreasing temperature, the in-plane resistivity (o)
of CeCd,;Sb, decreases and reaches a shallow minimum
near 10 K, before undergoing an abrupt drop below ~3 K, as
shown more clearly in the inset of Fig. 2b. The profile of this
resistivity curve resembles that of other Ce-containing
antimonides such as CeNiSb; [25,26] or CeSng;Sb, [27],
where Kondo-like behaviour has been suggested. Corre-

2.0
o 300
s 3 200
3 1.5 %
£ £
2 %, 100
o
= 1
£ 10 0
2o ° 0 50 100 150
o T(K)
[0]
@
>
@ 0.5 CeCd, ,Sb,
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e
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0 50 100 150
(a) Temperature, T (K)
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__.___.—0
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Lol 24
£ o8-
=2 /
s i
_5 0.6
T
N
©
5 04
©
=
0.2 CeCd, ,Sb,
T=2K
00 T T T T T T
0 20000 40000 60000 80000
(b) Field, Hy; (Oe)

Fig. 3. CeCd(;Sb,. (a) Magnetic susceptibility and its inverse (inset).
(b) Isothermal magnetization at 2K.

spondingly, the temperature dependence of the dc magnetic
susceptibility for CeCd, ;Sb,, shown in Fig. 3a, undergoes an
abrupt increase at low temperatures. A T¢ of 2.8 K was
located from transitions observed in the real and imaginary
components of the ac magnetic susceptibility curves (not
shown). A fit of the inverse magnetic susceptibility to the
modified Curie-Weiss law above 20K leads to a slightly
negative value of —3.0K for 0, implying dominant
antiferromagnetic coupling interactions between the Ce
atoms, and an effective moment of 1.85 ug, which is smaller
than the free-ion value for Ce*". The isothermal magnetiza-
tion at 2K, shown in Fig. 3b, exhibits saturation behaviour
with little hysteresis. These observations are consistent with
ferromagnetic ordering, but detailed understanding of the
magnetic structure will require further study. In particular, it
will be interesting to study the magnetization as a function of
orientation, when larger single crystals become available.
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Fig. 4. Magnetic suspectibility for (a) LaCdg;Sb,, (b) PrCdg;Sb,, (c) NdCd,+Sb,, and (d) SmCd,;Sb,. The insets in (b) and (c) show the inverse

susceptibility and fits to the modified Curie—Weiss law.

None of the remaining compounds displays any obvious
magnetic ordering (Fig. 4). LaCd,;Sb, exhibits tempera-
ture-independent Pauli paramagnetism with a weak Curie
tail at low temperatures arising from paramagnetic
impurities (Fig. 4a). For PrCdy,Sb, and NdCd,;Sb,
(Figs. 4b and c), fits of the inverse magnetic susceptibility
to the modified Curie—Weiss law above 10K lead to the
parameters given in Table 4. The values of 0, are negative,
consistent with antiferromagnetic coupling, and the values
of the temperature-independent term, y,, are relatively
large, consistent with the metallic conductivity of these
compounds. The effective moments in both cases are
slightly smaller than the free-ion values for RE*". Typical
of other Sm-containing intermetallics, SmCd,-Sb, does
not follow Curie—Weiss behaviour (Fig. 4d) but displays
van Vleck paramagnetism instead.
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