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Abstract 

Four new ternary intermetallic compounds were prepared: Ce2Pd2In, CezPd2Sn, CezPd2Pb and Ce2Ni2Sn. The first three 
are isotypic, adopting the tetragonal U3Si2 structure. The structure of CezNi2Sn is of the orthorhombic Mo2CoBz type, but 
extensive solid solutions occur between it and Ce2PdzSn. Magnetic susceptibility measurements were performed on each ternary 
and the known C%Ni2In phase. Cerium is tetravalent in C%Ni~In and trivalent in the remaining phases at room temperature. 
Kondo behaviour is present in CezNi2Sn with T~ near 9 K. Ferromagnetic behaviour with T¢ near 4.2 K is seen in both 
C%Pd2In and Ce2Pd2Sn. Anti-ferromagnetic ordering is observed in Ce2PdzPb with a N6el temperature of 6.2 K. An apparently 
second-order transition involving a reduction in the effective cerium moment also occurs in Ce2Pd2Pb at 120 K. 
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1. Introduction 

The presence of the 4f level near the Fermi level 
in cerium intermetallics can give rise to some unusual 
electronic effects. Intermediate valent, heavy fermion, 
Kondo lattice or Kondo insulator behaviour has been 
observed in the Ce-Ni-Sn(In)  and Ce-Pd-Sn(In)  ter- 
nary systems [1-5]. While searching the Ce-Pd-Sn  
system for new materials exhibiting these types of 
behaviour [6], we found the ternary Ce2PdzSn. Since 
complete solid solutions are obtained when Pd is re- 
placed by Ni in both CePdSn and CePd [1,7], we 
at tempted substitution of Ni for Pd and In or Pb for 
Sn. Ferromagnetic CePd becomes mixed-valent CeNi 
on substitution [7]. Anti-ferromagnetism and heavy 
fermion behaviour are observed in CePdSn but, on Ni 
substitution, a Kondo insulator is obtained [1]. Similar 
changes in the interaction between the Ce 4f level and 
conduction states were anticipated here. 

2. Experimental procedure 

Samples were prepared by arc melting of the elements 
in the desired ratio under flowing argon, gettered in 
a titanium purifier (Centorr Furnaces, Model 2B-20) 
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on a tantalum-coated, water-cooled, copper hearth. 
Elements used were at least of 99.9% purity. The 
cerium was first melted under vacuum and allowed to 
drip into a water-cooled copper cup. This was done 
for ease of cutting with heavy-wire cutters and helped 
to reduce ferromagnetic impurities that are often present 
after sawing Ce into pieces. Mass losses after arc melting 
were less than 0.5% for all but the Pb sample. Owing 
to the high vapour pressure of Pb, a small excess (ca. 
1%) was added. The final masses of Pb-containing 
samples were within 0.5% of what would be the stoi- 
chiometric values. Annealing was accomplished by plac- 
ing the samples in sections of tantalum tubing, then 
sealing in quartz under vacuum. Samples were annealed 
for either 3 weeks at 750 °C or 4 weeks at 700 °C. All 
were brittle, with CezPd2In, Ce2Pd2Sn and Ce2Ni/Sn 
showing a tendency to crack macroscopically on cooling 
to room temperature in the arc furnace. 

Powder diffraction data on annealed and unannealed 
material were obtained using a Scintag XDS 2000 
diffractometer and analyzed using the programs TREOR 
[8] and LAT¢ON-Z, a least-squares lattice parameter  
refinement program. Magnetic measurements were per- 
formed by the Faraday technique on coarsely ground, 
loose powder. Platinum was used as a calibration stan- 
dard. Field dependence of the susceptibility of all 
samples was examined from 2.1 to 14.6 kG at room 
temperature to check for ferromagnetic impurities. Vari- 
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ations of 2% or less in susceptibility were observed in 
all cases. Data were collected, typically, using a field 
of 10 kG. Resistance measurements, where reported, 
were performed using standard four-probe techniques. 

3. Results  and discuss ion 

The X-ray powder patterns for Ce2Ni2In [9], Ce2Pd2In, 
Ce2Pd2Sn and Ce2Pd2Pb can be indexed to a tetragonal 
cell with similar lattice parameters (Table 1). Calculated 
intensities based on the atomic positions of UzRh2Sn 
(U3Si2 structure type, space group P4/mbm) [10] using 
t.AZY-eULVERIX [11] were compared with the experi- 
mental patterns and showed satisfactory agreement 
(Table 2). No particular attempt was made to prepare 
powdered X-ray samples with particle sizes under 10 
/,m, so some deviation of the observed intensities from 

Table 1 
Lattice parameters  for Ce2T2M phases  with T =  Ni, Pd and M = In, 
Sn, Pb, with literature values for Ce2Ni2ln from Ref. [9] 

Phase a/]~ b/A c/X Volumc/A 

CezNi2Sn 5.735(2) 8.591(3) 4.391(1) 216.3 
Cc2Ni21n [91 7.499(2) 3.751(2) 210.9 
CezNi2In 7.526( 1 ) 3.722( 1 ) 210.8 
Ce2Pd~ln 7.805(1) 3.913(1) 238.3 
Ce2Pd2Sn 7.774(1) 3.926(1) 237.3 
Ce2Pd2Pb 7.915(1 ) 3.872(2) 242.6 

the calculated is expected [12]. The pattern for Ce2Ni2Sn 
indexed to an orthorhombic cell with lattice parameters 
similar to those for CezNi2Ga and Y2Ni2Ga ( M o z C o B  2 

structure, space group Immm) [13]. Again, a comparison 
between experimental and calculated intensities, based 
on the positions for YzNizGa, shows a reasonable 
agreement. X-ray patterns of unannealed samples, al- 
though not as sharp as those for annealed material, 
strongly resemble them, suggesting that these ternaries 
may be congruently melting or nearly so. 

Both the Pd-In and Pd-Sn phases possess an extensive 
homogeneity range of the form CezPd2+,Snl y, for 
example, which will be discussed elsewhere [6]. On 
substitution of Ni for Pd in the Sn-containing com- 
pounds, there is a change in structure that occurs 
between 25% and 50% Ni. The dependence of cell 
volume on Ni concentration is shown in Fig. 1 for both 
the Sn and In materials. The variation in lattice constants 
is also shown for substitution between the isotypic In- 
containing ternaries. 

Fig. 2 shows the magnetic susceptibility for each of 
the Ce2T2M phases being discussed as a function of 
temperature (heating) between 4.2 and 300 K. Also 
displayed are the inverse susceptibilities, when appro- 
priate, for cooling and heating over the same tem- 
perature range. The results for fitting the heating data 
to the Curie-Weiss law: 
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Fig. 1. Cell volume as a function of nickel content in Ce2Ni,Pd2 ~M 
with M = I n ,  Sn, and lattice constants for M = l n  

are given in Table 3 and will be discussed below. Fitting 
was achieved by selecting a temperature range of the 
lit, fixing 0, then determining C and 3o using standard 
data reduction techniques [14]. A range of 0 values 
was used, and for each a fractional variance, 

1 X i  - Xo  T i - 0 
,7= (2) 

1 X i  

was calculated. The best-fit parameters are those which 
minimized the fractional variance over the largest tem- 
perature range. 

For Ce2Pd2In, Ce2Pd2Sn, Ce2Ni2Sn and, albeit less 
often, CeePdePb, the susceptibilities on cooling exhibited 
discontinuities involving an increase in X, resulting in 
some hysteretic-like behaviour. These jumps are most 
easily seen in X 1. Examples from Ce2Pd2In and 
Ce2Pd2Sn are shown in Fig. 2(e) and 2(g), respectively. 
We believe the discontinuities result from re-orientation 
of the loose powder samples in the magnetic field. 
Crystal field effects and spin-orbit coupling can produce 
anisotropy of the moment in non-cubic materials. Se- 
chovs~ et al. [15] have expressed the possibility of this 
occurring in the related U 2 T 2 M  materials. Anisotropy 
has been observed in CeCoGe3 by the Faraday technique 
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Table 2 

Comparison of calculated and observed peak intensities from X-ray powder diffraction patterns for Ce2(Ni,Pd):(In,Sn,Pb ) phases 

103 

hkl ~ Ce2Pd2In Ce2PdzSn Ce~Pd2Pb hk/a Ce2Ni2Sn 

/talc lcxpt lcalc lexpt /'¢alc I~xpt 1c~1c Icxpt 

001 2 - 2 2 6 5 011 8 
111 4 3 4 2 15 10 101 13 
201 ~ 28 27 28 38 47 69 200 18 
220 J 10 10 18 28 121 I00 
211 I00 100 100 100 100 100 130 34 
310 44 27 44 31 66 73 031 12 
221 0.4 - 0.4 - 3 3 220 12 
320 6 6 5 8 6 9 211 48 
311 5 6 5 6 15 19 002 27 
002 15 10 16 8 19 9 040 10 
321 ~ 3 3 3 7 310 1 
410 S 5 10 5 8 6 10 301 4 
330 6 7 6 3 3 4 202 9 
420 4 5 5 3 9 8 240 1 
411 14 16 14 14 14 11 132 19 
331 6 9 6 5 11 14 150 2 
222 4 4 4 - 7 4 321 14 
312 20 16 20 10 30 12 222 7 
322 3 4 3 3 3 4 051 7 
511 9 14 9 9 16 14 330 12 
440 4 5 4 - 6 4 042 7 
521 13 17 13 6 13 9 400 ~ 6 
530 2 5 2 1 4 - 060 ~ 3 
422 3 - 4 - 7 5 251 25 
441 4 - 4 - 6 12 123 12 
600 4 13 5 4 7 5 213 ~ 7 
531 2 4 2 2 0.4 - 332 S 12 
213 10 7 10 3 9 4 402 7 

8 
14 
20 

100 
25 

9 
11 
41 
13 
8 
4 

~A brace indicates two peaks which were not adequately resolved. 

Table 3 
Summary of magnetic data for Ce2T2M ternaries 

Phase ~,n/~B 0/K T¢, TrJK o" Fit range/K 
(10 --~) 

CezNi21n . . . . .  
CezNi2Sn 2.46(3) 10(2) - 3.0 90-300 
CezPdzln 2.48(3) 18(2) ~4.2 2.3 80-320 
CezPd2Sn 2.62(2) 18(1) ~ 4.2 3.0 75-300 
CezPdzPb 2.70(2) -30(2)  1.7 140-300 
Ce2Pd2Pb 2.37(3) - 1(1) 6.2 2.4 20-110 

[16] using powder oriented in epoxy. If the anisotropy 
is sufficiently large, then small crystalline particles will 
experience a torque, forcing them to re-orient in the 
magnetic field if they are free to move. As the tem- 
perature is lowered, the torque increases, since the 
effective moments also increase, in general. Since the 
samples measured are polycrystalline, possibly with some 
preferred orientation due to directional solidification 
in the arc furnace, complete orientation of all single- 
crystal grains by the magnetic field is not assured. The 
data obtained on heating, however, do not exhibit 
discontinuous jumps, indicating that the orientation of 

the individual particles remained fixed on heating. Since 
we extract moments from these data, they are not 
average moments expected from a randomly oriented 
powder that we obtain, but rather ones closer to the 
maximum oriented moments. We also note that, when 
the temperature is of the order of the crystal field 
splitting, the moment becomes temperature dependent. 
When T>A/kB, where A is the crystal field splitting 
and kB is Boltzmann's constant, the susceptibility for 
a single ion can be fit reasonably well by a Curie-Weiss 
curve where 0 is proportional to A [17]. Consequently, 
the high-temperature Weiss constant in rare earth (RE) 
compounds with close RE-RE distances may have 
contributions both from exchange and crystal field effects 
( i .e .  0 =  0exchang e '~  0crystal field)" 

3.1. Ce2Nifln 

The susceptibility curve for CezNi2In (Fig. 2(a)) does 
not possess Curie behaviour below room temperature. 
A small amount of residual oxygen gas freezing in the 
Faraday system produced the anomaly at 50 K, and 
the small rise below 50 K is presumably due to a 
paramagnetic impurity in the sample. In this material, 
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Fig. 2. Magnetic susceptibilities and inverse susceptibilities for (a) Ce:Nifln, (b) and (c) Ce2Ni2Sn, (d) and (e) Ce2Pd2In, (f) and (g) CezPd2Sn 
and (h) and (i) Ce2Pd2Pb. 

the cerium valence is 4 +  (or, equivalently, the tem- 
perature range for a Kondo interaction, T~, is greater 
than 300 K). 

From Fig. 1, the volume change on Ni substitution 
in Ce2PdzIn is greater than that for the Pd-Sn compound. 
The dependence of cell volume on the amount of Ni 
included deviates from linearity near 50% Ni. Extrap- 
olating the two most Pd-rich points yields a hypothetical 
volume of 219.7 A 3 for Ce (3 +)2N%In, versus the observed 
210.8/~3. This additional decrease in volume is largely 
due to the change in the c-axis length. In the uranium 
compounds of composition U2TzM [18], it was observed 
that the a lattice spacing correlates with the size of 
the transition element. The almost linear dependence 

of a on the amount of Ni supports that observation. 
The c parameter was suggested to be affected by changes 
in the electronic structure• That, and the lack of an 
observable moment below 300 K, suggest that the Fermi 
level has dropped below the 4f I energy level, resulting 
in the loss of a local Ce moment and a reduction in 
the effective size of the Ce atoms. Given that both 
CeNi and CeNiIn are mixed valent materials, one would 
expect the 4f ° level in Ce2Ni2In to lie just above @. 
This could explain the unusual decrease in its suscep- 
tibility with decreasing temperature. 

If one interprets the susceptibility to be due to Pauli 
paramagnetism, then, per mole of CeNiIno 5, one obtains 
a value of approximately 1 x 10 -3 emu mol-x.  Owing 
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to a high density of states near eF, palladium metal 
has a large molar Pauli susceptibility of about 0.5 × 10 -3 
emu mol -I at 300 K, and reaches a maximum of ca. 
0.8 X 10 -3 emu mol-1 at a lower temperature [19]. This 
suggests that a very high density of states exists in 
Ce2Ni2In, possibly due to mixing of the 4f orbitals with 
conduction states, or to a large Van Vleck susceptibility 
due to the presence of the 4f ° level near but above 
the Fermi level or, finally, to a strong Stoner enhance- 
ment of the Pauli susceptibility due to e - - e -  inter- 
actions [20,21]. 

3.2. Ce2Ni2Sn 

For Ce2Ni2Sn, Curie-Weiss behaviour is observed 
(Fig. 2(b) and (c)) from room temperature down to 
approximately 90 K with a slightly reduced moment of 
2.46/ZB when compared with the theoretical C e  3 + value 
of 2.54 /zB. Attempts to broaden the range of fit to 
include data from lower temperatures resulted in an 
increased fractional variance, indicating behaviour more 
complex than a simple Curie-Weiss model describes 
(e.g. due to crystal field splitting of the 2F5/2 free ion 
state). Weak ferromagnetic exchange (0 = 10 K) is sug- 
gested by fitting the susceptibility between 90 and 300 
K. In this case, the broad peak at 9 K is unlikely to 
be due to anti-ferromagnetic ordering. A visual com- 
parison of the peak shapes shown in the insets to Fig. 
2(b) and (h), which shows anti-ferromagnetic ordering 
in Ce2Pd2Pb, supports this conclusion. 

Further examination of this feature by resistance 
measurements was attempted. By repeated thermal 
cycling of a roughly 10 mm×2 mm×2 mm bar, re- 
producible resistance data were obtained. Cracks pres- 
ent in the arc-cast samples apparently continue to grow 
on cooling below room temperature but, on thermal 
cycling, most stress in the sample was relieved and 
consistent heating and cooling data could be obtained. 
Fig. 3 shows the last two cycles, which overlap, plotted 
on a logarithmic temperature scale up to 50 K. Since 
the sample contains cracks, an absolute resistivity cannot 
be calculated. A maximum is observed at approximately 
the same temperature as the peak in the susceptibility. 
At temperatures just above this peak, the resistance 
shows some linear dependence on log T, consistent 
with a Kondo interaction. Both the peak in the sus- 
ceptibility and that in the resistance may be due to 
the Kondo effect. This would suggest Ce2Ni2Sn is a 
dense Kondo system. 

3.3. Ce2Pd2In 

This material shows (Fig. 2(d) and (e)) simple Curie- 
Weiss behaviour down to 80 K with a moment of 2.48 
/zB and Weiss constant of 18 K. A very small deviation 
from the Curie-Weiss law (apparent by sighting along 
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the X-a vs. T curve in Fig. 2(e)) below 80 K is, again, 
presumably due to interactions not described by a simple 
Curie-Weiss model, and is probably due to crystal field 
effects. A measurement of field dependence at 4.2 K 
is shown in Fig. 4. Linear dependence on the inverse 
of the applied field is evident at higher fields, indicating 
ferromagnetism. From X-1, we can only estimate a Tc 
near 4.2 K. Although the high-temperature moment 
appears slightly reduced in Ce2Pd2In, ) exhibits no 
unusual behaviour, apart from the ferromagnetism. The 
Ce atoms are essentially in a trivalent state. 
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Fig. 5. Resistance ratio for Ce2PdzPb from 4.2 to 281 K. No obvious 
anomaly is observed near 120 K. 

3.4. Ce2PdeSn 

From the data shown in Fig. 2(f) and 2(g), a moment 
of 2.62 /~B and ferromagnetic exchange (0~-18 K) can 
be determined, indicating that this material resembles 
ferromagnetic CePd more than the heavy fermion anti- 
ferromagnet, CePdSn. As for Ce2Pd2In , the field de- 
pendence of X measured at 4.2 K (Fig. 4) for Ce2Pd2Sn 
exhibits a linear dependence on inverse magnetic field 
for high fields. Again, the ordering temperature can 
only be estimated as T~=4.2 K. 

in a second sample taken from the same arc-cast ingot 
as the bar used for resistance measurements. At 
this point, we do not understand the nature of this 
"transition", 

4. Conclusions 

We have prepared four new ternaries, Ce2Ni2Sn and 
Ce2Pd2M with M = In, Sn, Pb and we have studied the 
magnetic properties of these materials and the known 
ternary Ce2NizIn. Cerium appears tetravalent in 
CezNi2In, although the Pauli susceptibility is large and 
does exhibit some weak temperature dependence. An 
unusual peak in the susceptibility and Kondo-like be- 
haviour in the resistance of CezNizSn suggest Ce2NizSn 
is a dense Kondo system. The three Pd phases possess 
trivalent cerium at room temperature. The Pd-In and 
Pd-Sn compounds exhibit ferromagnetic behaviour with 
Tc near 4.2 K, whereas the Pd-Pb phase shows anti- 
ferromagnetic ordering at 6.2 K and a transition at 120 
K whose nature is at present unclear. Further attempts 
at electronic characterization are under way. 
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3.5. Ce2Pd2Pb 

Above 120 K, Ce2Pd2Pb behaves in Curie-Weiss 
fashion (Fig. 2(h)) with a moment of 2.70/xb and anti- 
ferromagnetic exchange (0= -30  K). Below 120 K, the 
behaviour is, again, Curie-Weiss, but with reduced 
moment, 2.36 /XB, and, apparently, with negligible ex- 
change ( 0 = - 1  K). At lower temperature (<20 K), 
this compound undergoes anti-ferromagnetic ordering 
with a Neel temperature of 6.2 K. 

By examining the inverse susceptibility (Fig. 2(i)) as 
a function of temperature, the nature of the transition 
at 120 K appears to be second order, based on the 
discontinuous change in slope. Resistance data (Fig. 
5) obtained from a roughly 1 mm×2 m m x 6  mm 
polycrystalline bar exhibit an anomaly at 6 K and a 
slow change in curvature above 20 K. Qualitatively, 
this behaviour resembles that for the anti-ferromagnet 
CePdSn [22]. The behaviour above 20 K can be under- 
stood in terms of some weak crystal field interactions. 
The anomaly near 6 K can be attributed to the anti- 
ferromagnetic ordering. No feature near 120 K was 
observed. The effect in susceptibility was reproduced 
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Note added in proof 

Two of the phases discussed here, CezPd2In and 
Ce2NizSn have appeared in the Journal of Alloys and 
Compounds, Hulliger et al., 215 (1994) 267 and Fourgeot 
et al., 218 (1995) 90 respectively, since our work was 
submitted. Our results are consistent with those reported 
for these two compounds. 


