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Abstract  

T e m p e r a t u r e  dependences  of the  electr ical  resistivity, magnet ic  susceptibili ty and  specific hea t  of the  te t ragonal  compounds  
CeCuzSb2 and  CeNi2Sb2 have b e e n  s tudied.  T h e  resistivity of  bo th  compounds  displays a sharp max imum followed by a shallow 
m i n i m u m  at h igher  t empera tu re ,  indicat ive of heavy-fermion behavior .  The  possibility of anomalous  low-energy crystalline 
electr ic  field s ta tes  is discussed by compar i son  with o the r  cer ium-based  1-2-2 compounds .  
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1. Introduction 

Anomalies in the temperature dependence of the 
resistivity, p(T), and magnetic susceptibility, x(T), are 
frequently observed in intermetallic compounds of Ce, 
Eu and Yb [1,2]. These anomalies originate from the 
unstable valence of the rare-earth component. In some 
cases a sharp maximum and subsequently a shallow 
minimum in p(T) is observed. The series of tetragonal 
CeT2Xz-compounds (with T a transition metal and X 
a p-element) is particularly suited for a systematic study 
of such behavior [3]. With this contribution we extend 
this Ce-1-2-2 series by adding two new antimonides, 
CeCuzSb 2 and CeNizSb2, and report their anomalous 
resistivity behavior. Our results are compared with those 
on the corresponding stannides C e C u z S n  2 and CeNizSn2, 
and possible trends following from the different p- 
element constituents are discussed. 

2. Metallurgical analysis and crystal structure 

The samples of starting composition CeCuzSb2 and 
CeNizSb2 were prepared by arc melting, using starting 
materials of at least 99.9% purity. After arc melting 
the samples were wrapped in Ta foil and annealed in 
evacuated silica tubes for 4 weeks at 800 °C. X-ray 
diffraction showed that the samples were almost single- 

*Present address: Department of Physics, University of Toronto, 
60 St.George Street, Toronto, Ontario, Canada. 

phase. The X-ray diagram could be indexed according 
to the tetragonal CaBe2Ge2-type crystal structure. Pos- 
sible site-disorder between the T-atom and Sb, however, 
cannot be excluded. The corresponding lattice constants, 
along with their Sn-based counterparts, are listed in 
Table 1. 

Homogeneity and composition were investigated with 
electron probe microanalysis (EPMA). Our CeNi2Sb2 
sample contains a grain-boundary phase (~5  vol.%) 
of approximate composition Ni9Sbs, with the relative 
composition of the grains being Cel.osNi2.ozSbl.95. More 
interesting is the composition of our CeCuzSb2 sample. 
EPMA clearly shows a considerable Cu deficiency, the 
actual composition being CeCul.3Sb2. Such Cu deficiency 
is found in several 1-2-2 compounds with heavier p- 
elements, such as U C u 2 S n  2 [4], and should be contrasted 
with the excess amount of Cu needed to stabilize good 

Table 1 
Lattice constants, effective moments (p.~,), Curie-Weiss temperatures 
(Ocw) and temperature of the resistivity maximum (l,,,,x) for CeTzSn2 
and CeT2Sb2 compounds 

Compound a c ~z~fr Ocw To .... Ref. 
(A) (A) (~/Ce) (K) (K) 

CeCux.3Sb2 4.341 10.256 2.51 3.6 14.1 This 
work 

CeNi2Sb2 4.416 9.967 2.4(/ - 12.4 2.9 This 
work 

CeCu2Sn2 4.433 10.355 2.49 13.7 - [11] 
CeNi2Sn2 4.437 10.126 2.61 12.0 7.5 [15] 
(a-axis) 
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superconducting samples of the heavy-fermion super- 
conductor CeCu2Si2 [3]. The presence of some free Cu 
(approximately 5 vol.%) on the grain boundaries of 
CeCul.3Sb 2 will not influence the magnetic properties 
of the sample. Furthermore, the overall large resistivity 
(see below) of our CeCu2Sb2 sample indicates that no 
free-Cu conduction paths are formed, thus our results 
and the analysis of p(7) are not affected. We will use 
the measured Ce-Cu-Sb composition to refer to this 
sample. 

The electrical resistivity was measured in the range 
0.35-300 K, using two different setups. For T> 1.3 K, 
a standard four-point d.c. technique was employed, 
while in our He-3 cryostat (0.35-4 K) we used an a.c. 
resistance bridge with a current of 0.3 rnA operating 
at 16 Hz. No superconductivity was found down to 0.35 
K. Magnetic measurements were performed using a 
Foner-type vibrating-sample magnetometer in the range 
T= 1.6-300 K. The specific heat in zero magnetic field 
was measured from 1.8 to 40 K using an adiabaticl 
heat-pulse method. 

3. Results 

The resistivity of C e C u l . 3 S b  2 is displayed in Fig. 1. 
Note that p(T) is large over the entire temperature 
range. With decreasing T, the resistivity first decreases 
linearly down to Tmi, = 113 K, before increasing strongly 
(suggesting the presence of a Kondo anomaly). A 
maximum is reached at Tin,, = 14.1 K. At the lowest 
temperatures p(T) decreases monotonously extrapo- 
lating to po = 108 ~ cm. The inset of Fig. 1 shows 
the temperature derivative of the resistivity, dp(T)/dT, 
which displays a distinct maximum at 3.5 K. 

The results of the magnetic measurements for both 
samples are shown in Figs. 2 (solid line) and 3. Con- 
sidering the CeCul.3Sb2 compound first, Curie-Weiss 
behavior is observed for the susceptibility defined as 
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Fig. 1. Resistivity of CeCul.3Sb 2. The inset shows the temperature 
derivative below 10 K, which reaches a maximum at 3.5 K (indicated 
by the arrow). 

4O 

E 
-6 3 0  
E 

2 0  
r -  

)< 10  

T -  

O 

2 4 6 8 10 ~ - "  

0 1 O0 2 0 0  3 0 0  

T (14) 

Fig. 2. Reciprocal susceptibility, 1/x(T), of CeCul.3Sb 2 ( - - )  and 
CeNi2Sb2 ( - - - ) .  The inset shows X(T) of CeCul.3Sb2 below 10 K. 
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Fig. 3. Magnetization vs. field isotherms. (a) CeCul.aSb2 ( - - ,  T=4.1 
K, O, T= 1.6 K). (b) CeNi2Sb2 at T=4.3 K. 

the magnetization M divided by the magnetic field H, 
(X =M/H, measured in a field/zoH= 1.0 T) over almost 
the entire temperature range, deviating only below 50 
K. The effective moment and Curie-Weiss temperature 
derived from the high-temperature data equal/zeef = 2.51 
/xB/Ce atom and Ocw = - 3 . 6  K, respectively. The low- 
T susceptibility, x(T), (measured in /xoH=0.1 T) of 
CeCul.3Sb2 is displayed in the inset of Fig. 2. x(T) 
reaches a maximum at T=7.7 K, with considerable 
thermal hysteresis, indicative of complex magnetic order. 
Separate measurements of the magnetic isotherms at 
different temperatures suggest that a second type of 
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ordering does occur below approximately 4 K, related 
to the observed maximum in dp(T)/dT at 3.5 K. As 
can be seen from the upper part of Fig. 3 (CeCua.3Sb2), 
the magnetization is zero in zero applied field. A small 
metamagnetic-like transition is found in the 4.1 K 
isotherm, exhibiting a tiny hysteresis. This hysteresis is 
much more pronounced in the 1.6 K isotherm. 

The specific heat of CeCul.3Sbz is shown in Fig. 4 
(open circles). Again, the complexity of the magnetism 
is illustrated by two successive anomalies in c/T around 
7.5 K (corresponding to the susceptibility maximum) 
and 4.4 K, respectively. We stress that no magnetic 
impurity phases or detectable amounts of cerium oxides 
are present in our sample, which implies that the 
observed anomalies are intrinsic properties of this com- 
pound. The inherent randomness of Cu-atom distri- 
bution over the available lattice sites can account for 
the smearing of the transitions, yielding the observed 
kinks in c/T (in accord with the values found for resistivity 
and susceptibility). 

Our resistivity results on CeNi2Sb2 are shown in Fig. 
5. While the overall behavior of p(T) of this compound 
is similar to that of CeCua.3Sb2, the characteristic tem- 
peratures are substantially lower than those of 
CeCu~.3Sb2. Here the minimum of p(T) is located at 
Tmin = 17.4 K, while the maximum occurs at Tmax=2.9 
K. The T-dependence of the reciprocal susceptibility 
(measured in a field ~0H--0.2 T) is shown in Fig. 2 
as the dashed line. The trend of 1/X is linear down to 
about 50 K, where a slight change of slope occurs. 
Above 50 K, the data obey the Curie-Weiss law with 
/,e~=2.40 /xB/Ce atom and Ocw = -12.4  K. The mag- 
netic isotherm at T= 4.3 K, displayed in the lower part 
of Fig. 3, has the general appearance of a paramagnet. 

The specific heat of CeNi2Sb2 is displayed in Fig. 4 
(closed circles). As the data above 20 K are equal to 
those of CeCul.3Sb2, the phonon contribution to c(T) 
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Fig. 4. Specific heat of CeCul.3Sb2 (O) and CeNi2Sbz (O), plotted 
as c/T vs. temperature. The rapid increase of c/T towards the lowest 
temperatures for CeNi2Sb2 is ascribed to a small CEF splitting of 
AI =4.3 K. The value of c/T of CeClaL3Sb 2 displays two anomalies 
at T=4.4 and 7.5 K (see text). 
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Fig. 5. Resistivity of CeNi2Sb2 down to 0.35 K. Inset shows the low- 
temperature maximum around T,,,,,= 2.9 K. 

will be approximately the same for both compounds. 
Here, c/T increases rapidly below 7 K. 

4. Discussion 

We have prepared two novel Ce-based "1-2-2" com- 
pounds crystallizing in the tetragonal CaBezGez struc- 
ture and studied their low-Tproperties. Both compounds 
show similar resistivity behavior, where the low-tem- 
perature maximum does not signal the onset of long- 
range magnetic order. For CeCul.3Sb2 however, two 
successive magnetic transitions occur below 7.5 K and 
4.4 K respectively, as evidenced by the susceptibility 
maximum, the kinks in the specific heat, the hysteretic 
magnetization and the distinct maximum in the tem- 
perature derivative of the resistivity. The magnetic- 
ordering temperature in these "1-2-2" compounds is 
mainly governed by the hybridization of the 4f-3d 
electrons of the cerium and transition metal ions [3,5]. 
As this hybridization strength becomes larger with 
decreasing Ce-T interatomic distance, the smaller c- 
axis value of CeNi2Sb 2 and the larger T-atom content 
compared with CeCul.3Sbz will result in a decrease of 
the magnetic ordering temperature [6], in accord with 
the observed absence of magnetic ordering down to 
0.35 K for CeNizSbz. 

The resistivity, susceptibility and specific heat of these 
compounds all characterize CeCul.3Sb2 and CeNizSbz 
as heavy-fermion systems. In this class of materials, 
p(T) is strongly determined by the presence of a narrow 
4f band close to the Fermi energy, the 4f states being 
strongly hybridized with 5d states and the 3d states of 
the transition metal ligands. The resistivity anomalies 
observed here may arise as a consequence of a strongly 
temperature-dependent quasiparticle lifetime of the 4f 
electrons [7,8], and the delicate balance between Kondo 
(TK) and crystal-field (A1, the splitting between the two 
lowest doublets of the Ce 3 + ion in tetragonal symmetry) 
energy scales [9,10]. The electronic specific-heat coef- 
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ficient 3' for both CeCul.3Sbz and CeNi2Sbz is estimated 
to be approximately 100 mJ mo1-1 K -z. A definitive 
value will be determined by comparing with the non- 
magnetic La-based homologs. 

We suggest that the ratio TK/AI > 1 in cerium-based 
1-2-2 compounds with heavy p-elements or large c-axis 
values, i.e. for the CeTzSnz-series [11], CeCuAI3 and 
CeCuGa3 [12] and the CeTzSb2 compounds presented 
here. This ratio should be contrasted with the TK/Aa < 1 
for most of the classical heavy-fermion compounds 
[13,14], where the crystalline electric field (CEF) split- 
ting is of the order A1 = 200 K, and the Kondo screening 
affects the ground-state doublet only. In the compounds 
investigated here, the Kondo effect acts on two low- 
lying doublets, which will be broadened and demag- 
netized. The CEF splitting has decreased considerably 
(evidenced by the absence of resistivity or susceptibility 
anomalies at around 100-200 K), and could become 
smaller than 20 K [15]. The depopulation of these 
levels with decreasing temperature may explain the 
(small) increase and subsequent decrease of p(T), the 
deviations in 1/X, and the specific heat anomalies at 
low temperatures (giving large c/T values). A rough 
estimate of the CEF splittings from our specific heat 
data yields A1 = 4.3 K for CeNizSb2 (accounting for the 
low-T upturn in c/T), consistent with the small decrease 
in the resistivity found below Tmax- An estimate of A1 
for CeCul.3Sb 2 could not be made, owing to the magnetic 
ordering. Obviously, this approach is oversimplified, as 
all relevant contributions (Kondo effect, CEF splitting 
and magnetic interactions) have comparable energy 
scales and are therefore not separable. 

A final remark concerns atomic site-order. Most 
noteworthy, a distribution of the transition metal and 
p-atoms over the sites available in the CaBe2Ge2 struc- 
ture will randomize the magnetic interactions between 
the Ce-moments to some extent, as these interactions 
are mediated by the conduction electrons of the ligands. 
This atomic disorder could thus obscure possible long- 
range magnetic order, p(T) being most sensitive (as 

evidenced for CeCuzSn2 [11]). In some cases, the de- 
finitive proof of long-range (anti-)ferromagnetism might 
only be established by neutron scattering. Such ex- 
periments and a more quantitative analysis of the 
resistivity data are planned in the near future. 
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