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CeCo(Sb,  Sn)3 has  been  grown  from  Sn  flux  and  characterized  by single-crystal  X-ray  diffraction.  The
crystal  structure  of CeCo(Sb,  Sn)3 adopts  the  LaPdSb3 structure-type  and  the  structure  is  comprised  of
layers 2

∞[CoX2] octahedra,  where  X  =  Sb  and  Sb,  and  nearly  square  nets  of 2
∞[X]  which  are  separated  by Ce

atoms.  CeCo(Sb,  Sn)3 displays  a metallic  resistivity  and  the  magnetic  susceptibility  data  show  paramag-
netic  behavior  down  to  2.25  K.  Specific  heat  measurements  reveal  a phase  transition  at  approximately  2  K,
which  is  most  likely  magnetic.  A  Sommerfeld  coefficient,  � =  140  mJ/K2 mol-CeCo(Sb,  Sn)3,  was  obtained
rystal growth
-ray diffraction

ntermetallics
ondo effect
rystal field

by  fitting  the  heat  capacity  data  at low  temperatures  for  CeCo(Sb,  Sn)3 and  is  indicative  of enhanced  charge
carrier  mass;  however,  the  low  temperature  resistivity  and  magnetoresistance  data  do  not  support  the
formation  of  an  enhanced  mass  state  for CeCo(Sb,  Sn)3.  Thus,  the  enhanced  Sommerfeld  coefficient  likely
results  from  low  lying  crystal  field  levels  which  give  rise  to  Schottky  contributions  at  low  temperatures
rather  than  the  formation  of  heavy  quasiparticles.  Herein,  we  report  the  crystal  growth,  structure,  and
physical  properties  for  CeCo(Sb,  Sn)3.
. Introduction

Ternary lanthanide–transition metal–antimonide systems dis-
lay unusual geometric networks and bonding patterns [1–3].
dditionally, these systems are known to exhibit a wide variety
f interesting physical properties [4].  For example, the highly cor-
elated skutterudite CeFe4Sb12 exhibits a thermoelectric efficiency
zT) greater than 1.0 in a high temperature region [5–7]. Another
nteresting class of Sb-containing phases is the Ce–Ni–Sb ternary
ntermetallics. �-CeNiSb3 and �-CeNiSb3 both display Kondo lat-
ice behavior around 25 K and order ferromagnetically with Tc ∼ 6 K
8,9]. These properties are interesting because the occurrence of
erromagnetism in Ce-containing compounds, which display fea-
ures of Kondo screening at higher temperatures may  be indicative
f an undercompensated or underscreened Kondo lattice. These
onditions have been predicted and experimentally shown to result
n the formation of a singular Fermi liquid [10]. Additionally, the
erromagnetic transition temperature of �-CeNiSb3 was  found to
ncrease under applied pressures up to 25 kbar, decrease for applied

ressure greater than 25 kbar, and a second ferromagnetic ordered
hase emerged between pressure between 35 kbar and 55 kbar. The
xistence quantum critical point (QCP) at P ∼ 60 kbar was suggested
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due to the nearly complete suppression of the first magnetic phase
and an increase in the T2 coefficient and �0 observed from fits to
electrical resistivity at this pressure [11].

More recently, CeCoSb3, which adopts the LaPdSb3 structure-
type and is isostructural to �-CeNiSb3, was prepared using Sn flux
[12]. Theoretical band-structure calculations performed by Cai et al.
lead the authors to conclude that the magnetic and electrical prop-
erties of CeCoSb3 would be nearly identical to �-CeNiSb3 [9,12].
However, the magnetic, transport, and thermodynamic properties
of CeCoSb3 remain uncharacterized. To further extent the study of
Ce–transition metal–Sb phases and having the desire to target the
interesting physical properties mentioned above, we  have grown
this phase employing a synthetic procedure similar to that previ-
ously described and this will be further elaborated in Section 2 [12].
In this manuscript we  present the synthesis, structural characteri-
zation, and physical properties for CeCo(Sn, Sb)3.

2. Materials and methods

2.1. Synthesis

Single crystals of CeCo(Sb, Sn)3 were synthesized via the flux-growth method
from excess Sn as previously reported [12]. This phase was prepared by placing Ce
(99.9%), along with Co powder (99.998%), Sb shot (99.9999%), and Sn shot (99.99+%)

into a 2-mL alumina crucible in a 5:5:15 mmolar ratio of Ce:Co:Sb with 3 g of Sn.
The crucible was sealed into an evacuated fused-silica tube and was heated to 913 K
for  1 day and then heated to 1323 K at a rate of 100 K/h for 3 days. After dwelling at
1323 K for 3 days, the ampoules were cooled to room temperature at a rate of 5.3 K/h.
The  excess Sn flux was  etched using dilute hydrochloric acid and thin, shiny, black

dx.doi.org/10.1016/j.jallcom.2012.01.152
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Table 1
Crystallographic parameters for CeCo(Sb, Sn)3.

Formula CeCo(Sb, Sn)3

a (Å) 12.8400(5)
b  (Å) 6.1340(5)
c  (Å) 12.1060(15)
V  (Å3) 953.48(15)
Z  8
Crystal system Orthorhombic
Space group Pbcm
�  range (◦) 2.6–33.1
�  (mm−1) 29.34
Data collection

Crystal size 0.10 mm × 0.13 mm × 0.22 mm
Measured reflections 11,660
Independent reflections 1779
Reflections with I > 2�(I) 1728
Rint 0.037
h  −19 to 19
k −8 to 8
l −18 to 17

Refinement
R1[F2 > 2�(F2)]a 0.048
wR2(F2)b 0.148
Parameters 53
GOOF 1.22
��max (e Å−3) 4.94
��min (e Å−3) −3.96
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Table 3
Selected interatomic distances and angles for CeCo(Sb, Sn)3 where X = Sb and Sn.

Interatomic distances (Å)
Ce1–X1 3.5027(9)
Ce1–X2 (x 2) 3.2245(5)
Ce1–X3 (x 2) 3.3408(7)
Ce1–X3 (x 2) 3.3563(6)
Ce1–X4 (x 2) 3.2448(4)
Ce2–X2 3.2277(9)
Ce2–X2 3.3456(9)
Ce2–X3 (x 2) 3.3092(7)
Ce2–X3 (x 2) 3.3158(7)
Ce2–X4 (x 2) 3.2316(5)
Ce2–X5 3.2832(9)
X3–X3 2.9920(10)
X3–X3 3.0635(10)
X3–X3 3.0674(3)
Co–X1 2.5986(11)
Co–X1 2.7011(11)
Co–X2 2.5993(11)
Co–X4 2.5906(11)
Co–X5 2.6064(11)
Co–X5 2.6168(12)
Co–Co 2.717(2)

Angles (◦)
X3–X3–X3 87.847(19)
X3–X3–X3 90
X3–X3–X3 90
X3–X3–X3 92.126(19)
X5–Co–X1 79.00(3)
X5–Co–X5 80.73(3)
X5–Co–X2 85.61(4)
X5–Co–X4 92.47(7)
X1–Co–X2 95.81(4)
X1–Co–X4 98.16(4)
X2–Co–X4 111.20(4)
a R1 = ||Fo| − ||Fc||/ ||Fo||.
b wR2 =

[∑
[w(F2

o − F2
c )]/

∑
[w(F2

o )
2
]
]1/2

.

late-like crystals were mechanically extracted. The average crystal dimensions for
he  length, width, and height correspond to ∼0.5 mm,  ∼1 mm,  and 3 mm,  respec-
ively. The surfaces of all the crystals were observed to be clean with little evidence
f  flux contamination. No signs of surface oxidation were observed when the crystals
ere exposed to air and moisture over a period of months.

.2. Single-crystal X-ray diffraction

Plate-shaped single crystals of CeCo(Sb, Sn)3 were mounted onto glass fiber tip
f  a goniometer with epoxy and placed on a Nonius Kappa CCD X-ray diffractometer
Mo  K� radiation, � = 0.71073 Å). A data collection was  performed at room temper-
ture and the crystallographic parameters for CeCo(Sb, Sn)3 are listed in Table 1.
he orthorhombic Laue symmetry mmm and the systematic absences observed led
o  the initial space group selection of Pbma, which transformed to the standard set-
ing  of Pbcm (No. 57). Direct methods were used to generate the initial structural

odel using SIR97 and further refinement was  conducted using SHELX97 [13,14].
fter the refinement of all the atomic positions, the collected data were corrected for
bsorption and the displacement parameters were refined as anisotropic. Weighting
chemes and extinction corrections were applied during the final stages of refine-
ent. The atomic coordinates and anisotropic displacements are provided in Table 2.

elected interatomic distances and angles for CeCo(Sb, Sn)3 are provided in Table 3. It
hould be noted that attempts to refine the occupancies of both Sn and Sb for a given

yckoff site simultaneously were unsuccessful, as the X-ray scattering amplitudes
or Sn and Sb are very similar. Therefore all positions were refined as pure Sb.
.3. Elemental analysis

Since X-ray diffraction cannot reliably resolve Sb from Sn, the chemical compo-
ition of a clean single crystal of CeCo(Sb, Sn)3 was determined by energy dispersive

able 2
tomic positions and anisotropic displacement parameters for CeCo(Sb, Sn)3 where

 = Sb and Sn.

Atom x y z Ueq (Å2)a

Ce1 0.70043(5) 1/4 0 0.01009(19)
Ce2 0.30495(5) 0.26645(10) 3/4 0.00990(18)
Co1  0.10242(8) 0.03361(17) 0.86220(8) 0.0110(2)
X1  0.97323(6) 1/4 0 0.0119(2)
X2  0.78703(6) 0.25615(10) 3/4 0.0107(2)
X3 0.50181(3) 0.50911(8) 0.87653(5) 0.01127(19)
X4  0.21706(6) 1/4 0 0.0107(2)
X5 0.94442(5) 0.88482(11) 3/4 0.0117(2)

a Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor.
X2–Co–X5 113.16(4)
X1–Co–X5 142.98(4)
X5–Co–X4 163.18(5)

spectroscopy (EDS) using a Hitachi S-3600N scanning electron microscope (SEM).
A  total of seven scans were performed using an accelerating voltage of 15 keV with
a  beam to sample distance of 20 mm.  The composition obtained by normalizing
all elements to the Ce composition was  found to be CeCo0.95(3)Sn0.57(5)Sb2.6(1). The
incorporation of Sn for Sb was observed in the structures of LnNi(Sn, Sb)3 (Ln = Pr,
Nd, Sm,  Gd, and Tb), which were synthesized using a similar strategy as described
above [15].

2.4. Physical properties

Magnetic data for CeCo(Sb, Sn)3 were collected using a Quantum Design
Magnetic Property Measurement System (MPMS). The temperature-dependent
magnetic susceptibility data were measured under zero field cooled (ZFC) condi-
tions between 2.25 K and 300 K under an applied magnetic field of 100 Oe. Field
dependent magnetization data were measured between 5 K and 200 K with mag-
netic fields up to 5 T. The electrical resistivity and specific heat capacity data were
collected using a Quantum Design Physical Property Measurement System (PPMS).
The magnetic fields and the electrical currents were both applied parallel to the
height (long direction) of these thin plates.

3. Results and discussion

3.1. Structure

CeCo(Sb, Sn)3 adopts the LaPdSb3 structure-type with lattice
parameters a ∼ 12 Å, b ∼ 6 Å, and c ∼ 12 Å [16]. Detailed descrip-
tions of compounds adopting the LaPdSb3 have been provided
elsewhere [9,12,15–17]. Therefore, only a brief structural descrip-
tion of CeCo(Sb, Sn)3 is provided below. The LaPdSb3 structure-type
is similar to the CeCrSb3 and �-CeNiSb3 structure types [8,18]. As
shown in Fig. 1, CeCo(Sb, Sn)3 can be viewed as being built up

by inserting Ce atoms between a layer of Co-centered octahedra,
2∞[CoX2] where X = Sb and Sn, and a distorted square net composed
of X atoms, 2∞[X]. A host of X–X interactions within the 2∞[CoX2]
layers have been omitted for clarity.
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Fig. 2. Temperature dependent magnetic susceptibility, 	 = M/H, of CeCo(Sb, Sn)3

under an applied field of 100 Oe is shown on the left axis, and the inverse magnetic
susceptibility, 1/	  − 	0, as a function of temperature is shown on the right axis. The
Fig. 1. Crystal structure of CeCo(Sb, Sb)3 where X = Sb and Sn.

CeCo(Sb, Sn)3 contains two crystallographically inequivalent Ce
ites with slightly different coordination environments. The Ce1
toms are surrounded by 8 X atoms, adopting a square antipris-
atic geometry, where 4 atoms of the 2∞[X] layer form a square

ase, and 4 X atoms from the 2∞[CoX2] layer form a square directly
bove, but twisted 45◦ with respect to the square of the 2∞[X] layer.
he Ce2 atoms are surrounded by 9 X atoms and adopt a mono-
apped square antiprismatic geometry with an additional X5 atom
apping the second square formed by the 2∞[XSb2] layer. The X1
tom in the capping position of Ce1 is considered too far from
he Ce1 atom for any considerable bonding interactions. The main
tructural distinction between CeCrSb3, �-CeNiSb3, and CeCo(Sb,
n)3 lies in the packing of the 2∞[TSb2] octahedral layer along the
0 0 1] direction [8,18].  The 2∞[CoX2] octahedra in CeCo(Sb, Sn)3 are
dge-sharing in [0 1 0], whereas they are face-sharing, with every
ther octahedron sharing edges in [0 0 1]. The angles between the
o and X atoms diverge considerably from the ideal 90◦. Further-
ore, Co–Co interactions are present at the adjourning octahedral

aces with a distance of 2.717(2) Å.

.2. Physical properties

The temperature-dependent magnetic susceptibility of CeCo(Sb,
n)3 in a field of 100 Oe is shown in Fig. 2. The modified Curie–Weiss
orm, 	(T) = 	0 + C/(T − �W), where C is the Curie constant, �W repre-
ents the Weiss temperature, and 	0 accounts for the temperature
ndependent contributions to the magnetic susceptibility due to
auli paramagnetism and Larmor diamagnetism, was used to fit
he magnetic susceptibility data for 30–300 K. The values and
rrors for the parameters obtained from the fit of the modified
urie–Weiss form to the data are displayed in the inset table of
ig. 2. The value of 	0 thus obtained was subtracted from 	, and
he inverse of 	 − 	0 is plotted on the right axis of Fig. 2. A linear
t to these data from 30 K to 300 K was performed to attempt to
xtract more accurate values for C and �W. The effective moment
btained from C, 2.28 �B/mol-Ce, was compared to the calculated

alue using �eff = gJ[J(J + 1)]1/2 �B or 2.54 �B/mol-Ce for a free Ce3+

on. Similar to what was observed for isostructural ˇ-CeNiSb3 the
ffective moment in CeCo(Sb, Sn)3 is somewhat smaller than the
xpected value for a Ce3+ ion indicating that there is likely no
	0, C, and �W parameters which were obtained from a modified Curie–Weiss fit to
the magnetic susceptibility can be viewed in the inset table of this figure.

magnetic moment associated with the transition metal site (Co)
[9]. In addition, a small negative Weiss temperature of −2.2 K was
obtained from fits to the magnetic susceptibility using the modified
Curie–Weiss equation, while a small positive Weiss temperature of
2.9 K was  obtained from linear fits to the inverse 	 − 	0 data. These
data indicate a small Weiss temperature, however, the variation in
the values obtained indicate that there may  be systematic error of
order a few Kelvin in our method for determining �W.

The magnetic properties of this system were further probed by
measuring the field-dependent magnetization for fields of up to
5 T at temperatures between 5 and 200 K (Fig. 3a). The magneti-
zation data above 5 K is linear and shows no sign of saturation,
whereas the data at 5 K show a tendency towards saturation at high
fields as expected for a paramagnet. Fig. 3b–d display the field-
dependent magnetization curves vs. H/T − � for � = 0 K, +2 K, and
−2 K to explore the sign and magnitude of the magnetic exchange
interaction between Ce magnetic moments. As can be seen in
Fig. 3b, the data scale best when plotted against H/T suggestive of
weak correlations on the order of magnitude of 1 K. The quality of
the scaling is visibly reduced when we  include a small ferromag-
netic coupling, as shown in Fig. 3d, so that we  conclude that our
magnetization data does not support ferromagnetic correlations
between the magnetic ions.

The electrical resistivity as a function of temperature for
CeCo(Sb, Sn)3 is displayed in Fig. 4. The resistivity is nearly
temperature independent below room temperature with a value
above 200 �
 cm indicating disordered metallic transport as
would perhaps be expected for a material with partial Sn occu-
pation of the X site. Below 10 K a decreasing � with T is
observed. Because we suspect Kondo lattice behavior for this
Ce compound, we  plot � as a function of ln T in the inset of
Fig. 4 where linearity is apparent, although the T-range is lim-
ited. Our identification of the upturn in the resistivity at low
temperatures as a Kondo feature is further supported by the neg-
ative magnetoresistance, �(H) − �(H = 0)/�(H = 0), that we observe

at T = 1.5 K and T = 6 K as shown in Fig. 5. A negative magnetoresis-
tance that increases in magnitude with decreasing temperature is
expected in the incoherent magnetic scattering regime [19]. Addi-
tionally, the inset of Fig. 5 shows that the isothermal curves scale
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F  K, 20 K, 50 K, 100 K, 150 K, and 200 K. (b) Magnetization vs. field divided by temperature
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ig. 3. (a) Magnetization (M) of CeCo(Sb, Sn)3 as a function of applied field (H) at 5
H/T).  (c) Magnetization vs. H/T + 2 K. (d) Magnetization vs. H/T − 2 K. The circles, s
sotherms at T = 5 K, 20 K, 50 K, 100 K, 150 K, and 200 K, respectively.
ell when the magnetic field values are normalized by (T + T*)
here T* = 2 K. The overlap between the two isothermal magne-

oresistance curves shown in the inset of Fig. 5 by a 2 K scaling
actor is suggestive of a low Kondo temperature for CeCo(Sb, Sn)3.

ig. 4. Temperature-dependent electrical resistivity (�) for CeCo(Sb, Sn)3. The inset
hows a linear fit of � vs. ln T for CeCo(Sb, Sn)3 from 3 K to 10 K.
Fig. 5. Magnetoresistance, [�(H) − �(H = 0)/�(H = 0)] × 100%, as a function of applied
field at T = 1.5 K (circles) and T = 6 K (squares). The inset shows magnetoresistances
at T = 1.5 K (circles) and T = 6 K (squares) as a function of H(T)/(T − T*).
Perhaps more informative is the specific heat capacity (Cp) dis-
played as a function of temperature for CeCo(Sb, Sn)3 in Fig. 6. We
observe a phase transition at T ∼ 2 K which is more apparent in
the inset of Fig. 6 where the low temperature data is presented
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ig. 6. Specific heat capacity (Cp) for CeCo(Sb, Sn)3 as a function of temperature. The
nset serves to highlight the thermodynamic phase transition.

n a finer scale. This sharp peak found at a low temperature is
ikely a magnetic phase transition which is not inconsistent with
he small �W values obtained from the susceptibility and our scal-
ng of the magnetization data (Fig. 3). Fits of the standard metallic
orm, Cp/T = � + ˇT2, to our Cp/T vs. T2 data from 100 K2 to 400 K2 for
eCo(Sb, Sn)3 were performed to extract the  ̌ and � coefficients as
hown in Fig. 7. The best fit values for  ̌ and � obtained from this
rocedure were 0.85 mJ/mol-K4 and 140 mJ/mol-K2, respectively.
he value of � indicated by our fitting procedure is considerable
arger than that found in simple metals such as Cu (� ∼ 1 mJ/mol-
2), and would imply the formation of a heavy Fermion metallic

tate [20–23].  To further assess this possibility we estimated the
agnetic heat capacity (Cmag) by subtracting ˇT3 from the specific

eat capacity (Cp). The magnetic heat capacity divided by tem-
erature (Cmag/T) and the magnetic entropy (Smag) determined by

ig. 7. A plot of Cp/T vs. T2 for CeCo(Sb, Sn)3. The inset serves to highlight the
hermodynamic phase transition.
Fig. 8. Magnetic heat capacity divided by temperature (Cmag/T) and magnetic
entropy (Smag) as a function of temperature. Rln2 is indicated by the line.

integrating Cmag/T are shown on the left and right axes of Fig. 8,
respectively. Here, we observe that the entropy increases sharply
from our lowest temperatures up to 5 K while it continues to
increase with T at a smaller rate above 5 K. The entropy expected
for a S = 1/2, magnetic moment is exceeded above 10 K confirming
that the phase transition observed at 2 K is likely magnetic in origin.

4. Conclusion

Single crystals of CeCo(Sb, Sn)3 where grown via the flux-growth
method using excess Sn. These crystals were characterized by sin-
gle crystal X-ray diffraction and a more accurate composition of
these crystals was  determined by EDS. We  have shown that the
magnetic susceptibility of CeCo(Sb, Sn)3 is paramagnetic down to
the lowest temperature measured. The Curie–Weiss analysis and
magnetization scaling suggest weak magnetic correlations become
relevant on the order of magnitude 1 K. This is further supported
by our analysis of the heat capacity data which indicate a magnetic
transition near 2 K. Additionally, the low temperature resistivity
and MR%  behavior of CeCo(Sb, Sn)3 are consistent with incoher-
ent Kondo scattering of the conducting electrons [19]. A standard
analysis of the heat capacity data indicates that CeCo(Sb, Sn)3 has
enhanced charge carries mass, � = 140 mJ/mol-K2. However, this is
inconsistent with a low Kondo temperature and the absence of a
coherence observed in the resistivity. Furthermore, the negative
magnetoresistance values at low temperatures for CeCo(Sb, Sn)3
are also not consistent with a coherent heavy Fermion metallic
state where a positive magnetoresistance has been observed in a
number heavy-fermion compounds [19,24].  Gschneidner et al. [25]
have proposed that large, nearly linear, contributions to the specific
heat occur as a result of low lying crystal field levels. In this case a
large � is confused with the tail of a higher temperature Schottky
peak which results from the crystal field splitting of the Ce f-levels.
Low lying crystal field levels have been observed in CeCd11 (3 dou-
blets – 0 K, 17.5 K, and 80 K) and CeGa2 (3 doublets – 0 K, 62.5 K
and 310 K) which give rise to erroneously large Sommerfeld coef-
ficients (�) [25–27].  That our magnetic entropy for CeCo(Sb, Sn)3
displays a continuously increase beyond Rln2 may  be indicative of

contributions from low lying crystal field levels similar to what has
been observed in CeMg3 [28]. In view of both our resistivity and
magnetoresistance data which indicate an absence of a coherent
heavy Fermion state, we  conclude that the enhanced Sommerfeld
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