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Abstract. The electrical resistivity, thermoelectric power. Hall effect, magnetoresistivity, 
magnetic susceptibility and magnetization of intermetallic ternaq compounds RERuSn, 
(RE = La, Ce. Pr, Nd and Sm), CeRuSn, (2.85 S x S 3 . 1 5 ) .  CeRu(Sn,&), and 
NdRuSnivl have been measured. CeRuSn,was reported to be a heavy fermion compound 
with an enormous coefficient of electronic specific heat y = 1.67 I K-?/mole at 0.6K. In 
order to gain a deeper insight into the heavy fermion state of CeRuSn,, non-stoichiometric 
compounds CeRuSn, (2.85 S x S 3.15) have also been investigated. The low temperature 
resistivity shows a maximum at x = 3.0 as a function o fx .  Sn deficient samples show three 
step phase transitions at 33 K, 4 K and 1.3 ti. PrRuSn, and NdRuSn, do not show any 
magnetic ordering down to 1.8 K. SmRuSn, is a new valence Auctuatingcompound with an 
antiferromagnetic orderingal 6 K. 

1. Introduction 

Rare-earth (RE) intermetallic compounds show a wide variety of magnetic behaviour 
depending on the kind of RE ions. 

In Ce compounds, hybridization of the 4f-electron state with the ligand state plays 
an important role in their magnetic properties. The hybridization causes a Kondo effect 
atCe-ionsites, while theintersiteexchange~KKY interactionbringsaboulsomemagnetic 
order. The groundstate of Cecompounds is basically determined by the relative strength 
of the Kondo effect and the RKKY interaction. Several Ce intermetallics such as CeCu, 
111 or  CeAI, [Z], exhibit no long range magnetic order down to the mK region. At the 
lowest temperatures, 4f electrons in these compounds are delocalised and become band 
electrons which have a large effective mass. This effect arises from a complex many body 
effect which has not been completely solved. 

In Pr compounds, where the Pr3* ion is the non-Kramers type, the ratio of the RKKY 
interaction to the crystal field splitting width between the ground singlet state and the 
excited state determines whether the system has a magnetic transition or not. For 
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example, PrCu, shows no magnetic order due to 4f electrons [3], while PrB, orders 
antiferromagnetically below 7 K [4]. 

Nd compounds usually exhibit a magnetic ordering of localized moments. A number 
of Nd compounds have very complex and interesting magnetic structures. For example, 
NdCu, is a metamagnetic substance with four discontinuous steps in the magnetization 

is not 
so far from the ground state ,HHSj2 and we cannot ignore thermal excitation of 4f electrons 
to the excited state. The paramagneticsusceptibilitydue to Smst ionsdoes not obey the 
Curie-Weiss law. Several Sm compounds exhibit the valence fluctuation phenomenon 
between the trivalent and divalent Sm states. As a result of such a mixing effect, 
anomalous magnetic properties appear. For example, SmSn, [6] is reported to exhibit 
the dense Kondo behaviour. Only a few valence fluctuating Sm compounds have been 
reported. while a large number of Ce compounds exhibiting an anomalousmixingeffect 
have been reported, 

In order to study the anomalous magnetism of RE intermetallic compounds, it is 
fruitful to investigate a series of isostructural RE compounds. 

The existence of intermetallic compounds with the formula RERuSn, (RE = La, 
Ce,Pr,Nd) wasreported by Eisenmann andSchafer[7]. RERuSn,crystallizesin acubic 
structure. RERuSnl and RE3Rh,Sn,, [SI are isomorphous compounds with a cubic 
Pr3Rh,Sn13 structure. Thgdifference between the two structures is in the occupation of 
the 2a position in the Pm3n space group. The 2a position is occupied by the RE ion in 
RERuSn3, while in RE3Rh&,3 it is occupied by the Sn ion. These structures have a 
large RE ion spacing of about 4.9 A. In the course of this study, we have succeeded in 
making SmRuSn, with the same crystal structure. 

I n  this paper, we report on the transport and magnetic properties of the RERuSn, 
(RE = La. Ce, Pr. Nd andSm). For these compounds, we have reported only brieflyon 
the anomalousmagneticpropertiesof CeRuSn3[9]. Insection2, wedescribe the sample 
preparation and the experimental techniques. In section 3.1. we give first an overview 
of the experimental resultson the RERuSn, system together with brief discussions. The 
experimental results for CeRuSn, (2.85 S x  5 3 .19 ,  CeRu(Sn,-,In,), ( y  = 0.15 and 
0.15) and NdRuSn2~,, are presented in section 3.2. Finally in section 4, the results are 
summarized. 

C U N e  [5].  
I n  the Sm'+ ion, the first excited state of the spin-orbit coupling multiplet 

2. Experiment 

The polycrystalline RERuSn,, CeRuSn,, NdRuSn, and CeRu(Sn, -,,In,), samples were 
prepared by arc-melting appropriate amounts of the high-purity elements (RE 99.9%, 
Ru 99.9895, Sn 99.999%) on a water cooled copper hearth. The ingots were wrapped in 
Ta and Zr foils and were annealed at 950 "C for 3 days in evacuated quartz tubes. In [SI, 
single crystalsofintermetallicstannides with the Pr,Rh$n,,structure had been prepared 
by the molten tin solution method. In the present work, we grew single crystals of a 
suitable size for the transport measurements by the Czochralski pulling method using a 
SELEC tri-arc furnace [lo]. 

Thesamplesobtained wereanalysed by Cu Kax-ray powderdiffraction. No parasitic 
phase was detected in stoichiometric RERuSn, and CeRu(Sn,-,In,), ( y  = 0.05 and 
0.15), while diffraction patterns of CeRuSn, (x  # 3) and NdRuSn, indicate very weak 
additional reflections, We have not yet identified the impurity phase the amount of 
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Flgure 1.0,latticeconstantof RERuSn,together 
with those reponed earlier for: a, RERuSn, [7]: 
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Figure 2. Temperature dependencc of reciprocal 
magnetic susceptibility for RERuSn, (RE = Ce, 
PI and Nd). The inset shows magnetic sus- 
ceptibility below 20 K. 

. .  

which, estimated from the intensity of additional lines, isat most several percent. Lattice 
constants of RERuSn, were determined from the room temperature powder diffraction 
pattern of crushed single crystalline samples, using high purity Si powder as an internal 
standard. 

In order to check the ideal composition further, we grew a crystal of Ce,Ru,Sn,,. 
The x-ray diffraction patterns always showed clear evidence of a considerable amount of 
Ru,Sn, impurity phase, even if heat treated at several different temperatures, suggesting 
that Ce,Ru,Sn,, is not the ideal composition. This fact agrees with the result of the 
chemical analysis in [7] and supports RERuSn, as the more stable composition than 
3 :4: 13 in the case of the Ru compound, though we still have some uncertainty for the 
site occupation. 

Single crystal samples for the transport and magnetic measurements were cut into 
rectangularrods bya spark cutter after being oriented by x-ray h u e  diffraction. Typical 
dimensions of the samples are 1 mm X 1 mm x 5 mm with their longitudinal direction 
parallel to the [loo]. The magnetization and magnetic susceptibility of RERuSn3 were 
measured up to 55 kOe by the Quantum Design SQUID magnetometer between 1.8 K 
and 300 K. The electrical resistivity was measured by the standard four-probe method. 
The thermoelectric power (TEP) was measured by a conventional differential method 
with a thin copper wire as a reference. The Hall coefficient at 10 kOe was measured by 
a conventional DC four-probe method or DC five-probe valence method. The high field 
magnetoresistivity and the Hall resistivity were measured up to 75 kOe. 

3. Results and discussion 

3.1. RERuSn3 (RE = La, Ce, Pr, NdandSm) 

Figure 1 shows the lattice constant of RERuSn3 determined by x-ray analysis together 
with those reported earlier for RERuSn, [7] and isostructural compounds RERh,Sn, 
[SI. The lattice constants of our samples grown by the tri-arc Czochralski method are in 
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Figure 3. Temperature dependence of magnetic 
susceptibility for SmRuSn,. The broken curve 
shows the theoreticalsusceptibilityof Van Vleck- 
Frank Sm3'. The solid curve shows calculated 
susceptibility simply assuming x = 
[(l -a)%" + a%"]witha = 0.2.Theinretshows 
an enlarged view of magnetic susceptibility and 
electrical resistivity near the magnetic transition. 

Figure 4. Temperature dependence of electrical 
resistivity for RERuSn, (RE = La, Ce, PI, Nd 
and Sm) 

good agreement with those reportedin [7]. Thelatticeconstantsofthe RERuSn,system 
show an anomalous expansion at SmRuSn,, while those for the RERh,Sn, system 
exhibit smooth lanthanoidcontraction. The expansion for SmRuSn>suggests the valence 
fluctuating character of this element. 

Figure 2shows the temperature dependenceof the reciprocal magneticsusceptibility 
for RERuSn3 (RE = Ce, Pr and Nd) between 1.8 K and 300 K. The susceptibility of all 
the three compounds follows the Curie-Weiss law between 100 K and 300 K .  The 
paramagnetic Curie temperatures are -66 K, -39 K and -31 K and the effective 
moments are 2.4. 3.5 and 3.6.uB/RE atom for RE = Ce, Pr and Nd, respectively. 
The effective moment of each compound is close to the value for the tri-valent ion 
(Ce3+:2.56uB, PSc :3.62pB and Nd3' :3.68pB). The departure from the Curie-Weiss 
law below 100 K in each compound is probably due to the crystal field effect. 

The inset of figure 2 shows the magnetic susceptibility below 20 K. For all the three 
systems, no sign of magnetic ordering was observed down to 1.8 K. The susceptibility 
of CeRuSn, and NdRuSn, continues to increase strongly with decreasing temperature 
down to 1.8K. which suggests some enhancement of magnetic correlation among 4f 
electrons at low temperature. Actually in our recent low temperature AC susceptibility 
measurements [ll], CeRuSn, exhibits some magnetic ordering at 0.6 K. Compared 
to the other two compounds, the increase of the susceptibility of PrRuSn, at low 
temperatures is slightly weaker. This is  possibly due to the gradual freezing out of the 
singlet ground state. 

Figure 3 shows the temperature dependence of the magnetic susceptibility for 
SmRuSn3 between 1.8 K and 300 K. In the figure the broken curve shows the theoretical 
susceptibility of Van Vleck-Frank Sm3 [12]. The observed susceptibility does not follow 
the theoretical model. We calculated a susceptibility in a valence fluctuating state x~ by 
simply assuming 

where ,y3+ and,y2+ are the susceptibilities of Sm3+ and SmZt respectively. The full curve, 
x* = (1 - a) .x3+ +a.xz+ (1) 
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Figure 5. Temperature dependence of the mag- Figure 6. Temperature dependence of the Hall 
netic resistivity for CeRuSn,. The broken curves coefficientforRERuSn,(RE = La,CeandPr)at 
are the best fittedcurves to the Hamman-Fisher ' 10 k0e.Thebrokencurveisbestfittedtoeguation 
law with TK = 20 K and TC = 120 K. (3) 

which representsthecalculatedsusceptibilityfora = 0.2, fits theexperimentaldatanear 
roomtemperature welLThisfact alsosuggeststhat theSmionisinthevalencefluctuating 
state in SmRuSn,. The observed susceptibility deviates from the calculated value below 
150 K and exhibits a broad bump around 100 K. A similar bump was reported for SmBd 
[13] which is a typical valence fluctuating Sm compound. 

The inset of figure 3 shows an enlarged view of the magnetic susceptibility and the 
electrical resistivity near the magnetic transition. The susceptibility shows a broad 
maximum around 9 K and a drastic decrease at 6 K reflecting the transition into the 
antiferromagnetic state. The resistivity increase below 6 K implies the formation of an 
antiferromagnetic gap, which is consistent with the susceptibility results. 

Figure 4 shows the temperature dependence of the electrical resistivity for single 
crystal RERuSn, between 1.3 K and 300 K. The superconducting transition at 1.5 K for 
LaRuSn, has been already reported in [8]. The resistivity at 300 K of RERuSn, (RE = 
La, Ce, Pr, Nd and Sm) is 320 5 30,490 & 50,410 * 40,480 2 50 and 400 & 40 pQ cm, 
respectively. Except for SmRuSn,, the resistivity of single crystal RERuSn, increases 
with decreasing temperature near room temperature. Only the resistivity of SmRuSn3 
decreases smoothly with decreasing temperature. The resistivity of LaRuSn, and 
PrRuSn, reaches a broad mzyimum and then decreases slightly at lower temperatures, 
while the resistivity of CeRuSn, and NdRuSn, continues to increase down to 1.3 K. 
RecentlyVodop'yanovetal[14] reportedasimilar temperaturedependenceof resistivity 
for LuRhI2Sn, which is related to the localization effect due to random occupation of 
crystal sites by different type of atoms. 

Figure 5 shows the magnetic resistivity pm ( p ,  = pCfRuSn, - p LaRuSn,) of CeRuSn,. 
It would seem that coherence effects are totally lacking in this material leaving a pure 
single ion Kondo dependence due to the large magnitude of the resistivity. We cannot 
exclude the possibility that the random site occupationcontributes to, or evenproduces, 
the destruction of coherence. In the figure, we observed two well defined successive 
logarithmic regimes. This temperature dependence of resistivity is very similar to those 
for Ce diluted in La compounds such as Lal-,CexCu, [l] or Lal-,Ce,InCu2 [U]. This 
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behaviour is attributable to  the fact that the upper crystal field split levels also contribute 
to the Kondo effect at high temperature; the Kondo temperature depends on the 
degeneracy of the f-orbital ( N , ) .  The resistivity in each logarithmic regime is expected 
to fit the resistivity of a dilute Kondo system as a function of TL and TK respectively, 
where Tk is the Kondo temperature at higher temperatures (Nf = 6) and TK is that at 
lower temperatures ( N t  = 2). The resistivity of a dilute Kondo system is generally well 
described by the Hamman-Fisher law [ 161 

pm = A  + B/2[1 - In(T/T*)/[ln2(T/T*) t d S ( S  + l)]'!'] (2) 
where T* is the Kondo temperature. A = p. sinz 6 and 5 = p. cos2 6 where p. is the 
unitarity limit resistivity and 6 is the phase shift. In the figure, two solid curves were 
calculated with TK = 20 K and T ;  = 120 K for a single valuep, = 310 $2 cm and S =t.  
The calculated value of pm fits the experimental data in each temperature range. 
However. these results are only a rough estimation for lack of information about the 
crystal field split levels. 

Figure 6 shows the temperature dependence of the Hall coefficient for LaRuSn,, 
CeRuSn, and PrRuSn,. The Hall cocfficient of LaRuSnl is2 x 10-4cm3/C at 300 K and 
is weakly temperature dependent. The estimated carrier density based on a single 
carrier model is 3 x l0l6 electrons cnC3 at 300 K. The Hall coefficient of PrRuSnp is 
2 x 10-4cm3/C at 300 K and gradually increases with decreasing temperature. The 
increase is attributable to the anomalous Hall effect proportional to the magnetic 
susceptibility. The Hall coefficient of CeRuSn, (5  x IOe4 c d / C  at 300 K) increases 
monotonically with decreasing temperature to be 6.8 x IO-? cm3/C at 4 K. This value is 
extremely large compared to ordinary heavy fermion compounds. The Hall coefficient 
of the impurity Kondo system calculated by Fert et d [17] on the basis of the skew 
scattering by Ce impurities is given as 

R H  = RO + YPmX (3) 
whereR,isanormalHallcoefficient, y = -(15/7)gpBk6' cos6sin b,p,isthemagnetic 
resistivity and is the normalized susceptibility. In the figure, the broken curve was 
calculated from equation (3). In  order to estimate the parameters R, and y, we have 
plotted R,againstp,~forCeRuSn~asshownin theinsetoffigure 13.TheHallcoefficient 
can be fitted well by the calculated curve down to 3 K, which suggests the dominance of 
dilute Kondo scattering consistent with the resistivity analysis. 

Figure 7 shows the temperature dependence Of TEP for RERuSn, (Re = La, Ce, Pr, 
Nd and Sm). The TEP of LaRuSn, at 300 K is positive and decreases monotonically with 
decreasing temperature without change of sign down to T,. The TEP of NdRuSn, is very 
close to that for LaRuSnJ except for a broad shoulder around 15 K. The TEP of CeRuSn, 
has a negativc sharp minimum around 6 K and a positive broad maximum around 80 K. 
In dilute Kondo systems, we generally observe a maximum or a minimum around T K ,  
so that we can expect that the temperature gives a rough estimation of the Kondo 
temperature of this system. The temperature 6 K is not so far from 20 K estimated from 
the temperature dependence of resistivity. The TEP of PrRuSn, at 300 K is positive 
and decreases with decreasing temperature. At lower temperatures the TEP has some 
structures below 20K, where no appreciable structures have been observed in the 
resistivity and the magnetic susceptibility. A possible explanation only for the lower 
temperature EP structure is the conduction electron scattering accompanying crystal 
field excitation [NI, since we cannot expect to observe the phonon drag effect in such 
a large residual resistivity sample. The TEP of SmRuSn, shows a large positive maximum 
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Fwre 7. Temperature dependence of the ther- 
moelectric power (TEP) for RERuSn, (RE = La, 
Ce, Pr, Nd and Sm). 

9 70 

X Y 

Figures. Latticeconstant oftheseriesof the non- 
stoichiometric compounds CeRuSn, (2.85 s 
x S 3.15) and NdRuSn, ( x  = 2.91 and 3.0) and 
InalloyCeRu(Sn,.~n,),(y = 0.15 and0.05). 

of 2OpV K-' near 150 K. No change of sign is observed down to 1.5 K. This behaviour 
is similar to the TEP of valence fluctuating compounds such as CeSn3 1191. The TEP has a 
small kink corresponding to a magnetic phase transition at 6 K. 

3.2. CeRuSn, (2.85 < x S 3.15) 

As shown in section 3.1, CeRuSn, does not show any coherence effect. In order to 
investigate the reasons, we have prepared intentionally off-stoichiometric samples of 
CeRuSn, (2.85 s x  S 3.15). 

Figure8showsthelatticeconstantsofCeRuSnX(2.85 s x S 3.15), CeRu(Sn,-,In,), 
( y  = 0.05 and 0.15) and NdRuSn, (x = 3.0 and 2.91) determined from x-ray powder 
diffraction measurement, The lattice constant of CeRuSn, (2.91 S x  G3.15) is in- 
dependent of x within experimental error, while the lattice constants of CeRuSn,,,5 
and NdRuSn,,,, show some expansion. The lattice constant of CeRu(Sn,_,In,), ( y  = 
0.05 and 0.5) is also independent of y within experimental error. 

Figure 9 shows the temperature dependence of the electrical resistivity for CeRuSn, 
(2.85 S x S 3.15). In the Sn excessive case, the resistivity becomes smaller with increas- 
ing x .  The temperature dependence of the resistivity for x = 3.03 and 3.09 is not much 
different from the stoichiometric sample, while the excess of 5 at.% of Sn (x  = 3.15) 
leads to drastic decrease of the resistivity at low, temperature. In this sample, the 
extraction of pure Sn was confirmed by x-ray diffraction measurement and the gradual 
decrease of the resistivity below 3.7 K is due to the superconducting transition of the 
extracted Sn. The temperature dependence of the resistivity for the Sn deficient samples 
shows three step anomalies, The absolute value of the resistivity decreases with decreas- 
ingx. For CeRuSn2,ql, we observe drastic decreases of resistivity at 33 K, 4 K and 1.3 K. 
According toTakayanagi [ZO], the low temperature specific heat of CeRuSn,.ql shows a 
clear lambda-type anomaly around 1.3 K, indicating some kind of phase transition at 
this temperature. 

3.15). 
The TEP of CeRuSn, are very sensitive to the Sn content. The excess of Sn leads to 

Figure 10 shows the temperature dependence OfTEP for CeRuSn, (2.85 S x 
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Figure 10. Temperature dependence of the 
thermoelectric power (ZP) for CeRuSn, 
(2.85sxs3.15). 

Figure 9. Temperature dependence of the elec- 
trical resistivity for CeRuSn, (2.85 S x S 3.15). 
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Figure 11. Temperalure dependence of the mag- 
netic susceptibility for CeRuSn, (x = 2.85, 2.91 
and 3.0). The inset shows the magnetization as a 
function of the magnetic field at I .8 K. 

increase of TEP and gradual disappearance of a negative peak around 8 K. The deficiency 
of Sn leads to drastic increase of TEP at high temperatures. At lower temperatures 
(e50 K), TEP of the Sn deficient sample has a negative peak around 8 K and a positive 
peak around 28 K which gradually grow with decreasing x .  These TEP peaks correlate 
with the drastic decreases of the resistivity. The sign of TEP at 1.6 K changes from 
negative to positive with decreasingsncootent. TheTEPofthestoichiometriccompound 
approaches zero with decreasing temperature after passing through the negative peak. 
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Figure 12. Field dependence of the longitudinal magnetoresistivities (Lm) for CeRuSn, 
(x = 2.85,2.91 and 3.0) at 4.2 K and 1.5 K. 

Forx = 2.91 and x = 2.85, TEP changes sign from negative to positive near 3 K, below 
which we expect a positive peak, possibly related to the magnetic transition at 1.3 K. 
As tox dependence of the low temperature resistivity, a maximum was observed at 

x = 0. In the same way, the high temperature TEP have a minimum at x = 0. These facts 
suggest that the absence of the coherence effect in CeRuSn, is not due to deviation from 
stoichiometry. 

In order to know the magnetic properties of Sn deficient Ce compounds, magnetic 
susceptibility, magnetization, Hall coefficient and high field Hall resistivity and mag- 
netoresistivity have been investigated on CeRuSn, (x  = 2.91 and 2.85). 

Figure 11 shows the temperature dependence of the magnetic susceptibility for 
CeRuSn, ( x  = 3.0, 2.91 and 2.85). The susceptibility follows the Curie-Weiss law 
between 100 K and 300 K with the paramagnetic Curie temperatures of -66 K, -38 K 
and -34 K for x = 3.0,2.91 and 2.85. The susceptibility of the Sn deficient samples is 
gradually enhanced below 50 K. There is no anomaly near 30 K corresponding to those 
observed in the resistivity and TEP. The susceptibility of CeRuSnz,91 increases smoothly 
down to 1.8 K, while the susceptibility for CeRuSn2,,, shows a small bump around 4 K. 
At the present stage, it is not clear whether this bump is intrinsic or not. 

The inset of figure 11 shows the field dependence of magnetization at 1.8K. The 
magnetization of the Sn deficient samples is enhanced compared to the stoichiometric 
sample. The magnetization of the Sn deficient samples at 55 kOe reaches 0.7pB/Ce 
atom which is close to the full moment of a r,-doublet 0 . 7 1 ~ ~ .  The magnetization of 
CeRuSn,,, shows metamagnetic-like behaviour around 6 kOe below 4 K. This meta- 
magnetic transition is related to the bump of susceptibility at 4 K. 

Figure 12 shows the field dependence of the longitudinal magnetoresistivity (LMR) 
for CeRuSn, (x = 3.0,2.91 and 2.85) at 4.2 K and 1.5 K. The LMR of CeRuSn, is very 
small and shows an anomalous positive contribution at low fields. This behaviour is 
possibly explained by the competition between a negative contribution from the Kondo 
effect and a positive one from the localization effect. The LMR of the Sn deficient samples 
shows large negative values. In particular, the LMR of CeRuSnz.91 at 1.5 K amounts to 
about -200 pC2 cm comparable with the temperature dependent resistivity decrease 
below the magnetic ordering temperature 1.3 K (figure 9). The applied magnetic field 
assists the ordering of magnetic moments just above the transition temperature. 



8926 T Fukuhara et a1 

Figure 13.Temperaturedependenceof theHallcoefficient for CcRuSn, (x  = 2.85.2.91 and 
3.0). The inset shows the Hall coefficient as a function of p.. ,f where p. is the magnetic 
resistivity and ,f is thc normalized susceptibility. 

Figurell  Field dependence of the Hall resistivity 
for CeRu&, at 4.2 K and 1.5 K. The broken 
CurVFshows the best fitted curve to equation (5) 
at 4.2 K .  

~~~ ~~~ ~ - ~ ~~~ ~~ 

Figure 13 shows the temperature dependence of the Hall coefficient for CeRuSn, 
(x  =3.0,2.91 and2.85).TheHallcoefficientoftheSndeficientsamplesshowsmonotonic 
increase down to2 K with decreasingtemperature. These isno anomaly near30 K where 
the resistivity shows drastic decrease and the TEP shows a maximum. No Hall coefficient 
maximum, which is characteristic of the coherent state of heavy fermion compounds, 
has been observed at least down to 2 K. This means that the resistivity decrease of the 
Sn deficient samples near 30 K is not due to the coherence effect. As shown in figure 6, 
the Hall coefficient of the stoichiometric sample can be fitted well to the expression due 
to skew scattering by independent Ce impurities. From equation (3), we can estimate 
Rousing a p d  against R,  plot. The inset of figure 13 shows p d  versus RH plots for the 
three compounds. R, of the stoichiometric sample shows clear linear pa dependence. 
RH of the Sn deficient samples depends linearly on p d  above 100 K. We estimated Ro 
for these compounds using least square fitting to equation (3). The estimatedRo are -2, 
-0.3 and 2 ( ~ l O - ~ c m ~ / C )  for x = 3.0, 2.91 and 2.85, respectively. This successive 
increase of Ro with decreasing x suggests that the Sn deficiency induces a change in 
carrier concentration. 

Figure 14 shows the field dependence of the Hall resistivity pH for CeRuSn,,9t up to 
75 kOe at both 4.2 K and 1.5 K. The anomalous part of the Hall coefficient becomes 
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Figure 15. Temperature dependence of electrical resistivity and magnetic susceptibility for 
CeRu(Sn,.,In,), ( y  = 0.15 and 0.05). 

larger with decreasing temperature. In the figure, the broken curve shows the best fit 
curve at 4.2 K to a conventional expression for the Hall resistivity in magnetic materials 

PH = RoH f RAM (4) 

where RA is the anomalous Hall coefficient and M is the magnetization. In equation (4), 
we first assumed that RA is not dependent on the field. Ro was adjusted to get the best fit 
to equation (4). We obtained Ro = -7 X IO-' (cm3/C) from this fitting. The normal Hall 
resistivity thus estimated is less than 10% at 10 kOe of the measured Hall resistivity, 
suggesting the dominance of the anomalous Hall part. Ro values thus determined one 
more than an order of magnitude smaller compared to the high temperature limit value 
-0.3 X (cm3/C) determined from the plot in figure 13. We cannot, however, rule 
out the possibility of the field dependence of R A .  

In order to clarify the effect of carrier concentration change in CeRuSn,, we have 
prepared CeRu(Sn,In,_,),(y = 0.05and0.15). Figure 15shows the temperaturedepen- 
dence of electrical resistivity and magnetic susceptibility for CeRu(Sn,In, - y ) 3  (y = 0, 
0.05 and 0.15). The resistivity shows successive decrease with increasing y .  As to the 
effect on the camer concentration, we expect that the 15 at.% substitution of In for Sn 
gives the same contribution as5 at.% Sn deficiency. The room temperature resistivities 
for CeRuSn2,= and CeRu(Sno.,Ino,,5), have the same value 360 3- 40pQ cm within 
the experimental error as expected. The temperature dependence of the resistivity of 
CeRu(Sn,In, -J3 ( y  = 0.05 and 0.15) is monotonic, however, and any anomalies which 
were observed in the Sn deficient samples have not been observed. In contrast with the 
enhanced susceptibility of the Sn deficient samples, the magnetic susceptibility of the In 
alloy is reduced compared to the stoichiometric sample. These facts imply that some 
additional effects other than carrier concentration change play a very important role in 
the Sn deficient samples. 

In order to know the effect of the Sn deficiency on a non-Kondo system, we have 
prepared NdRuSn,.9,. Figure 16 shows the temperature dependence of the magnetic 
susceptibility and the electrical resistivity for NdRuSn, (x = 3.0 and 2.91). The sus- 
ceptibility of NdRuSn2,9, obeys the Curie-Weiss law between 30 K and 300 K with an 
effective moment of 3.6pB/Nd and a paramagnetic Curie temperature of -13 K. An 
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Figure 16. Temperature dependence of electrical resistivity and magnetic susceptibility for 
NdRuSn, (x  = 2.91 and 3.0). Theinset shews anenlargedviewof theeleclrical rcsistivityof 
NdRuSn2 near T, = 6 K. 

obvious cusp-like peak of susceptibility was observed at 3K, suggesting an anti- 
ferromagnetic transition. Both inCeRuSn3 and NdRuSn,systems, Sn deficiency induces 
magnetic transitions and simultaneously leads to the resistivity decrease. These facts 
suggest that the low magnetic phase transition temperature (possibly the absence of a 
magnetic transition) has some correlation with the large residual resistivities in these 
compounds. 

4. Summary 

The experimental results on RERuSn, (Re = La, Ce, Pr, Nd and Sm) and CeRuSn, 
(2.85 < x  e 3.15) are summarized as follows. 

(1) The susceptibility of RERuSn, (RE = Ce, Pr and Nd) indicates no sign of 
magnetic ordering down to 1.8 K. For CeRuSn,, we have not observed the Kondo 
coherence effect. The electrical resistivity and the Hall coefficient follow the dilute 
Kondo theorem between 2 K and 300 K. 

(2) The lattice constant and the magnetic susceptibility measurements indicate that 
SmRuSn, is a new valence Buctuating compound. The valency of Sm ions which is 
estimated from the susceptibility measurement is about 2.8. SmRuSn, shows an anti- 
ferromagnetic transition at 6 K. The temperature dependence of the resistivity also 
suggests the formation of an antiferromagnetic gap below 6 K. 

(3)Theelectrical resistivityresultsandTEPforCeRuSn,(2.85 S x S 3.15) implythat 
the absence of coherency in CeRuSn, is not due to deviation from stoichiometry. 

(4) The Sn deficiency in CeRuSn, ( x  e 3) induces some phase transitions at 33 K, 
4 K and 1.3 K. In these transitions, 1.3 K is the magnetic ordering temperature. The Sn 
deficiency induces magnetic ordering also in the localized magnetic moment system 
NdRuSn,.,,. The Hall coefficient measurement on CeRuSn, ( x  = 2.85, 2.91 and 3) 
reveals that the Sn deficiency induces the change of the carrier concentration. The 
appearance of the phase transitions in the Sn deficient samples cannot, however, be 
attributed only to the change in the carrier concentration, since the In alloysdo not show 
any phase transition. 
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