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AbstraeL Measurements of resistivity, susceptibility and magnetization b r  polycrystalline 
samples of the alloys CeSi, (1.6 6 z 6 2.W) in the temperature range Q-UX) K show that 
samples with t < 1.85 order fetromagnetically while t hox  with 1: > 1.90 do not. This 
correlates well with previous studies of these samples. However, samples with z = 1.70 
and 1.75 show the presence of an anomalous second peak at a slightly higher temperature 
than the ferromagnetic ordering temperature. CeSi, with z = 1.90 show interesting 
resistive behaviour with characteristics of both magnetic and non-magnetic samples It 
exhibits a broad low lemperature peak, a Kondo minimum at higher temperatures and 
the onset of Feimi liquid behaviour below the maximum. The magnitude of the r w m  
temperature resistivity is substantially larger than that of the other members of the series, 
indirating that this sample is very close lo .the critical conanlration for the magnetic- 
non-magnetic transition in this series. High temperature anomalies are seen in the 
resistivities of samples with 2: > 1.90: nonetheless, no magnetic correlation is observed. 
Negative magnetoresistance is obsewed for samples CeSil,ro and CeSil.go over all fields 
and temperatures investigated. 

1. Introduction 

&Si, is known to crystallize in the tetragonal a-ThSi, Structure. For alloys of the 
series CeSiz (1.00 \< I 6 2.00) a decrease in Si concentration results first in Si 
vacancies within this structure, then, for I 6 1.75, in a crystallographic distortion, 
and the alloys have the orthorhombic GdSi,-type structure ( h e  et a1 19S7). Alloys 
with I < 1.60 are multiphase (Pierre et a1 1990). Qriations in Si concentration 
also affect the electrical and magnetic properties of these alloys. Alloys of the series 
CeSi, with I 6 1.85 are found to order magnetically, while those of I >, 1.90 do 
not (Gschneidner et a1 19S9). Lee et a1 (1987) found that for 1.65 6 I < 1.80 Tc, 
the ferromagnetic ordering temperature remains constant at 13 K, while for higher 
concentrations of Si, T, decreases rapidly with increasing I. 

Magnetization measurements by Yashima el nl (19S2) have shown that the mag- 
netic moment per Ce atom in the ordered state is greatly reduced and speciIic heat 
measurements show reduced magnetic entropy below T,. These experimental results 
led them to propose that the magnetically ordered state may be understood in terms 
of a ferromagnetic dense Kondo system, where a regular sublattice of Ce ions orders 
magnetically via the RKKY interaction, while the Kondo effect reduces the magnetic 
moment per ion. 
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The series of compounds CeSi, is interesting and important because it is one 
of the few Kondo lattice compounds that orders ferromagnetically. A transition 
from a non-ordered magnetic state to a ferromagnetically ordered state is observed 
as silicon content is decreased, in contrast to the more familiar method of adding 
a nonmagnetic third element which would complicate the analyses of experimental 
results. The nature of the transition from a well ordered ferromagnetic state to a state 
showing lack of magnetic ordering with variation in silicon content prompted us to 
undertake magnetic and electrical measurements on this series of compounds. In this 
communication we wouId like to present the results of resistivity, DC magnetization, 
AC susceptibility and magnetoresistance studies of polycrystalline samples of CeSi, 
for 1.60 < 2 < 200. 

2. Experimental details 

-Si, samples for 1.60 < x < 2.00 in increments of 0.05 were prepared by mixing 
appropriate amounts of Ce (99.9%) and Si (99.999%) and arc melting them several 
times in an Ar atmosphere to ensure homogeneity. Samples were then annealed 
at  950 "C for seven days under to ?brr pressure. Sample weight was 
monitored at each stage of preparation. However, due to silicon loss during arc 
melting it is likely that true silicon concentrations are up to several percent lower 
than reported here. Analysis of x-ray diffraction data for samples with 2 = 1.90 and 
x = 1.70 showed that both of these samples are single phase. 

Resistivity was measured in the temperature range 4.2 to 290 K by the standard 
four-probe method using a constant DC current of 10 m k  AC susceptibility was mea- 
sured using the mutual induction method in a field of approximately 1.3 Oe at 80 Hz 
over the same temperature range. Magnetization measurements were made using 
a SQUID magnetometer. Magnetoresistance at various temperatures was measured 
by the four-probe method both longitudinally and transversely to the magnetic field. 
Resistance was measured at each temperature in fields from 0 to 55 kG and back. 
Samples were warmed to above 20 K (above T,) be&ween field scans. Low field 
magnetoresistance below 4 K was measured in the SQUID magnetometer. 

3. Experimental results 

Samples of &Si, for 1.60 < x < 1.85 were found to order ferromagnetically at low 
temperatures, while those with x 1.90 do not (figure 1). In figure 1 it can also be 
seen that the magnetic moment of the Ce ion increases with Si concentration until x 
= 1.80, then is reduced greatly for x = 1.85 (p, = 0 . 1 ~ ~  per Ce). Magnetization 
measurements show that for samples with x = 1.60 and 2 = 1.65 T, remains constant 
at 10.6 K, increases to 121 K at x = 1.80, then decreases rapidly with increasing x 
(figure 2). 

A second magnetic transition, occurring at a temperature slightly higher than the 
ferromagnetic transition temperature, shows up clearly for x = 1.70 (figure 3) and 
1.75 of our polycrystalline samples; it is not observed in any of the other members of 
the series. This second transition has only been observed previously in single crystals 
of Si concentration x = 1.70 (Sato et a1 19%) and 1.71 (Pierre el a[ 1990). AC 
susceptibility measurements clearly show the ferromagnetic transition for samples of 
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Figurt 1. Magnetization (M) as a function of temperature from 4 to 24 K for &Si, 
(1.70 < 1: < 1.90) in a magnetic field of 100 Oe. CUNS correspond lo z = 1.70 (A), 
z = 1.75 (U), z = 1.80 (V), z = 1.85 (0) and z = 1.90 (see inset). 
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Flgure 2. Ferromagnetic ordering temperature as a function of concentralion for &Si, 
(1.M) < 2: 6 1.85), as determined from resisliviry measuremenk (A), and magnetization 
(SQUID) measurements (0). (Lines are a guide to the eye.) Samples with z 1.90 show 
no magnetic transition. 

Si concentration I < 1.85 and also confirm the second transition at slightly higher 
temperatures for 2 = 1.70 (figure 3(b)) and 1.75. 

Results for resistivity measurements are presented in figure 4. For samples with 
x 4 1.85 the data show a low temperature peak which corresponds to q. Samples 
with x = 1.70 and 1.75 show evidence of the second transition at a temperature 
slightly higher than T, (see inset to figure 3(b)) which correlates well with the mag- 
netization data. Above Tc, resistivity decreases slowly to a broad minimum at 200 
to 250 K, then rises again as room temperature is approached. Below T, resistivity 
drops sharply. Alloys with I 2 1.95 show a continuously increasing resistivity from 4.2 
to 290 K High temperature anomalies similar to those observed by Gschneidner et 
a1 (1989) for polycrystalline samples and by Pierre el a1 (1990) for single crystals with 
x = 1.71 and 1.86 are seen in our samples at 240 K for CeSil,,, and at 210 K for 
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Figure 3. (a) AC susceptibility ( X A C ) .  normalized to peak value, for CeSi1.m showing 
the presence of the ferromagnetic transition and an anomalous semnd transition a1 a 
slightly higher temperature. Our sample with z = 1.75 shows similar behaviour. (b) 
Magnetization (M) as  a function of temperature for CeSix.m showing the presence of 
a -nd magnetic transition at a temperature slightly higher that T,. lnsel shows the 
behaviour of the resistivity over Ihe same temperature range. Our sample with z = 1.75 
shows similar behaviour 

t 
- 

200 
01 
0 100 

T IK1 
10 

Eiiure A Electrical resistivity normalized to the value a t  mom temperature ( p l p z s o )  as 
a function of temperature for alloys in the system CeSi,: (1) I = 1.65; ('2) 2' = 1.70; 
(3) z = 1.75; (4) z = 1.80; (5) z = 1.85; (6) z = 1.90, (7) z = 1.95; (8) z = ZM). 

CeSi,,,,. No magnetic correlation is observed for these anomalies and their nature 
is not well understood at present. 

Our sample with Si concentration z = 1.90 shows interesting resistive behaviour 
(figure 4) with characteristics intermediate to those of the magnetic and nonmagnetic 
samples. Resistance rises to a broad peak at 13 K then decreases to a broad mini- 
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mum centred near 150 K. Resistivity then rises as temperature is increased. A high 
temperature anomaly is seen at 228 K and there is a large increase in resistivity near 
280 K. Except for the appearance of the high temperature anomaly and abrupt in- 
crease in resistivity near 260 K, the resistivity curve of CeSi,,,, is qualitatively similar 
to those of the typical Kondo lattice systems CeAI, (Edelstein er a2 1977) and CeCu, 
(Sumiyama et a1 1986). 

The sharp drop in resistivity below T, for the magnetically ordered samples, and 
helow the broad low temperature maximum in CeSi,,,,, may be associated with co- 
herent scattering from the Ce ions and the onset of Fermi liquid behaviour at low 
temperature. Fermi liquid theory predicts a T 2  dependence of resistivity at low tem- 
peratures. Our samples with I 4 1.85 show a nearly linear temperature dependence 
from the ferromagnetic transition temperature down to 5 K. Further measuremen& 
down to 1.8 K on the magnetically ordered sample CeSi,,8, (figure S(a)) show a 
TZ temperature dependence between 1.8 and 4.2 K, with the coefficient A = 1.481 
pa cm K-2. For members of the series that do not order magnetically, resistivity at 
low temperatures shows a positive curvature. Even measurements on CeSi,,,, down 
to 1.8 K (figure 5(6)) show this positive curvature. 

a.  .- b. 
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Figure 7. (a) Longitudinal and (b) transveme magnetoresistance as a function of field 
for CeSil,so at sweral temperatures. 
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the other members of the series. Despite the discrepancies in the magnitude of the 
room temperature resistivity, all resistivity measuremenu on CeSil,,, have several 
characteristics in common; all three samples cut from our z = 1.90 ingot show a 
broad rounded peak at low temperatures, the maximum occurring at temperatures 
of 13, 39 and 37 K; below these temperatures the resistance drops rapidly; all three 
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samples show a broad Kondo minimum at about 150, 175 and 200 K, respectively; 
finally, all three samples show small anomalies near U0 K and a rapid increase 
in resistivity near 280 K The broad peak at low temperature together with the 
Kondo minimum at higher temperatures and the onset of coherence below the peak 
show that this sample is remarkably similar to the Kondo lattice compounds CeAJ, 
and CeCu,. The similarity in the resistive behaviours of the three Kondo lattice 
compounds CeAI,, CeCu, and CeSi,,,, motivated us to undertake low temperature, 
low field magnetoresistance measurements on the latter. 

I " '  ' '  
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. Figure 8. Longitudinal low temperature low field magnetoresislance of CeSil.so. 

?tansverse and longitudinal magnetoresistance measurements on samples with 
I = 1.70 and 1.90 at various temperatures and for increasing field are shown in 
figures 6 and 7. CeSi,,,, (figure 6(u),(b)) shows a negative magnetoresistance for 
all temperatures measured, both above and below the ordering temperature. The 
magnetoresistance shows no tendency to saturate in fields of up to 55 kG. The largest 
magnitude of the magnetoresistance is observed at 11.7 IC, very close to T, for this 
sample. 

The transverse and longitudinal magnetoresistance for our sample CeSi,,,, (which 
shows no evidence of magnetic ordering down to 4.2 K) also shows negative magne- 
toresistance for all temperatures measured. The behaviour of this sample is similar 
to the low field transverse c-axis magnetoresistance data on single crystal CeSi,,,, 
measured by Laborde et a1 (1990). Additional longitudinal magnetoresistance mea- 
surements below 4.2 K on this sample are presented in figure 8. The largest magnitude 
of the magnetoresistance for this sample occurs for T = 3.5 K 

4. Discussion 

Magnetic and electrical measurements on members of the series CeSi, support the 
Kondo lattice description of these compounds. The resistivity minimum seen in the 
magnetically ordered members of the system and in CeSi,,,, can be explained in 
terms of the Kondo effect. Plots of resistivity versus h(T) (not shown here) for the 
magnetic samples are consistent with the findings of Yashima et a1 (1982) which show 
that the Kondo temperature, TK, increases with increasing silicon content. Recent 
neutron scattering experiments (Galera et a1 1989, and references therein) have found 
TK for CeSi,,,, and CeSi,,, to be 20 K and 41 K, respectively. 
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Our sample with z = 1.90 does not order magnetically, but exhibits behaviours, 
such as the large value of room temperature resistivity, that indicate that it is very 
close in composition to the critical magnetic-non-magnetic crossover point. Resistivity 
measurements by Gschneidner et a1 (1989) show room temperature resistivities to rise 
sharply in the immediate vicinity of the magnetic-non-magnetic crossover point of the 
series. They note a sharp increase of nearly an order of magnitude extending over a 
very small concentration range, roughly 0.2 atomic percent, vely close to the critical 
concentration of I = 1.855. The peak in resistivity versus Si concentration (x = 1.90, 
for our samples) corresponds to the concentration for T, = 0 K, the composition at 
which the material goes from a non-magnetic spin Ructuator ground state (delocalized 
4f electrons), to a ferromagnetic ground state (localized 4f electrons). They suggest 
that this large resistivity near the critical concentration is due to the Ce ion being 
driven from the delocalized low-volume state to the localized large-volume state upon 
warming. Upon warming the Ce ion tends to expand and the rigid Si network relieves 
the stress by forming cracks. 

Even though the resistivity of CeSi,.,, does not show a T 2  dependence at low 
temperatures, as predicted by Fermi liquid theory, this low temperature resistivity 
behaviour for a Kondo lattice compound may be reconciled with the fact that in 
many cases, for example CeAl,, CeCu,Si,, CeB, and CeCu,, the T2 dependence for 
Fermi liquid systems is seen only below 1.0 K (Sumiyama er a1 1986, and references 
therein). Also, in some cases there appears to be a linear approach to coherence 
(Sumiyama a a1 1986). 

CeAl, and CeCu, are two Kondo lattice compounds with nonmagnetic ground 
states which appear to be close to some sort of magnetic instability, as is CeSi,,,,. 
All three show remarkably similar behaviour in the$ resistivity as a function of tem- 
perature. All three show evidence of Kondo scattering at high temperatures followed 
by a broad low temperature peak below which resistivity d r o p  rapidly, indicating 
the onset of coherence and Fermi liquid behaviour. A major difference, however, 
between CeSi,,,, and the other two compounds is that CeSi,,,, has a significantly 
higher Kondo temperature than either CeAI, (TK = 5 K) or CeCu, (TK = 3 IC) 

Another feature in the resistivity behaviour of both CeAl, and CeCu,, and thought 
to be a general feature of Kondo lattice compounds, is the appearance of a positive 
peak in magnetoresistance for low fields at sufficiently low temperatures. According 
to Kawakami and Okiji (1986) the onset of positive magnetoresistance scales with 
the Kondo temperature and may be attributed to the gap structure of the Kondo 
resonance slightly above the Fermi level. CeA13 has a Kondo temperature of 5 K 
and shows the onset of positive magnetoresistance at Iow fields (peak at approxi- 
mately 20 kG) for T < 1.0 K (Remenyi el a1 1983). Similarly, CeCu,, with a Kondo 
temperature of 3 K, shows the onset of positive low field magnetoresistance (peak 
at approximately 20 kG) for T m 0.55 IC Since both CeAI, and CeCu, show the 
onset of positive magnetoresistance at TITK zz 0.2 it is quite pIausible that CeSi,,,, 
should show the same effect for T/T,  s 0.2. With the estimated Kondo temperature 
for 20 K this gives a value of T = 4.0 K, thus a positive low field magnetoresis- 
tance might be expected for temperatures at and below 4.0 K, However, no positive 
magnetoresistance is observed for this sample even at temperatures as low as 2.0 K. 

CeCu, and CeAl, show a negative maximum in magnetoresistance for temper- 
atures of 1.3 K (Sumiyama ef a1 1985) and about 1.2 K (Remenyi el a1 1983) as 
a precursor to the onset of positive low field magnetoresistance. CeSi,,,, shows a 
negative maximum near 3.5 K, thus CeSi,.,, may yet show positive low field magne- 
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toresistance at sufficiently low temperatures. 

5. Summary 

In summary, samples of &Sis with 1.6- < I < 1.85 order magnetically at low 
temperatures. Samples with 2 > 1.90 show no magnetic order. Our polycrystalline 
samples with I = 1.70 and 1.75 clearly show the presence of a second transition at 
a temperature slightly higher than Tc, which has previously been observed only in 
single crystals of I = 1.70 and 1.71. There is no evidence of this second transition 
for other members of the series, thus it does not appear to be a characteristic of all 
the magnetic samples, but just those within a limited concentration range having the 
orthorhombic structure near the orthorhombic-tetragonal transition The nature of 
this second transition is not understood at present. 

Our sample with I = 1.90 has a room temperature resistivity much larger than 
the other members of the series, indicating that it is very close to the magnetic-non- 
magnetic crossover point for the series. It shows no magnetic transition but does 
have a broad peak in resistivity at low temperatures (between 13 K and 39 K for 
different samples) and a Kondo minimum at higher temperatures. There is also a 
sharp decrease in resistivity below the resistivity maximum indicating the onset of 
Fermi liquid behaviour at low temperature. The resistive behaviour of this sample is 
qualitatively similar to that of the Kondo lattice compounds CeCu, and &AI,. How- 
ever, the positive low temperature magnetoresistance observed in CeCu, and CeAI, 
is not observed in our sample for temperatures down to 2 K The magnetoresistance 
of CeSi,,,, and CeSi,,,, is negative for all fields and temperatures investigated. 
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