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ABSTRACT 

Measurements of the specific heat, magnet'izatlon and transport properties 

(resistivity, thermoelectric power and thermal conductivity) of single 

crystal CeCll6 are reported with special emphads. on the effect of 

magnetic field. The relative field variations of¥the differential sus~ 

ceptibi1ity, the coefficients of the linear temperature term of the 

specific heat and the T2 resistivity term are presented. They are 

directly related to the field curvature of the magnetization, indicating 

the itinerant nature of the f-e1ectrons. The Wilson ratio reaches a 

maximum at H - H*, which may correspond to a crossover from a low field 

phase in which antiferromagnetic correlations dominate, to a highly 

polarized phase in which they are suppressed. Intersite coupling seems 

to play an important role in heavy-fermion compounds. Another interesting 

result is the occurrence of residual positive magnetoresistivity which 

also appears to be a general feature of heavy-fermion compounds. The 

properties of CeCll6 are compared to those of other f-instability compounds 

and to present theories. 



1~ INTRODUCTION 

The study of the normal phase of heavy-fermion compounds (HFC) may 

lead to a better understanding of the problem of interacting particlesc 1 

Because of the low symmetry (less than cubic) of the majority of HFC, 

it is important to perform experiments on single crystals. However, 

metallurgical difficulties have precluded such measurements on the two 

prototype Ce-based HFC, ceA132 and CeCu2Si23. The virtual impos­

sibility of growing a sufficiently large single crystal of CeA13 has 

restricted the analysis to crude theoretical models and has consequently 

limited the information obtained on magnetic correlations. The interest 

in CeCu6 as a HFC was generated by the determination of a large value 

(106 Jmole-1K-2) of the coefficient of the linear temperature term (y) of the 

specific heat. 4 ,5 The possibility of growing large single crystals 

allows more complete and systematic measurements and the correlation of 

macroscopic and microscopic properties. 6 We will describe transport, 

magnetization (M) and specific heat measurements (C) on several pieces of 
( 

the same large single crystal. Special attention was given to the study 

of the action of an applied magnetic field (H) since it was thought that 

a high degree of magnetic polarization would lead to a state in which the 

interactions between particles was dominated by the interaction with H. 

2. EXPERIMENTAL MEASUREMENTS 

2.1. Sample Characterization 

A single crystal of CeCU6 was grown by the Czochralski method using a 

tungsten crucible under a high purity argon atmosphere. Its quality was 

checked by X-ray and neutron diffraction experiments. The residual 

resistivities [p(O)] are far lower than the resistivity maximum (Pmax) 

reached for T' 9K; for example, along the ~ axis, Pa(O) , 15 pOcm, Pmax ' 82 pOcm; 

while along the £ axis, pc(O) , 8 pOcm. 7 These results contrast with those for 

another single crystal of CeCu6' also grown from a tungsten crucible, 
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for which Po reached a value6 of 100 ~Ocme It has been suggested that 

better quality samples can be obtained from a boron nitride crucible8
s but 

it is shown here (as well as for samples recently prepared for 

magnetoresistivity and de Haas-van Alphen experiments for which PO ' 1 vOcm 

along the £ axis9) that the nature of the crucible is not responsible 

for the lower resistivity ratio found in Ref. 8e (CeCU6 has an orthorhombic 

structure at room temperature but exhibits a phase transitionlO near 200K 

to a monoclinic structure with a small.distortion of about 1.5°. Here, 

the orthorhombic notation is retained.) 

Resistivity (p) and thermoelectric power (Q) measurements have 

previously been reported for electric current (I) and temperature gradient 

(aT) applied along the three principal axes. 7 In this work, the 

magnetic field dependences of p, Q and K were measured with I and aT applied 

only along the ~ axis. ll Q measurements were restricted to H I ~, 

while magnetoresistivity data were measured with the field oriented along 

the a, band c axes. The thermal conductivity (K) was measured simultaneously - -", -
with Q over a temperature range 40mK - 4K, and to 60 kOe. Specific heat 

and susceptibility (X) measurements were made on the same single crystal 

sample of approximately cubic shape (3x3x3 mm3 ). The cube and crystal 

axes coincided to better than 1°. At H-o, C was measured down to 50mK, 

but only down to 350mK in fields to 75 kOe. Magnetization measurements 

were- performed in low fields' (H < 2 kOe) from 40inK" to 4.2K, and exte.nded 

to 300K in fields to 50 kOe using a SHE SQUID magnetometer.. High field 

measurements were made to 180 kOe between 1 .. 6 and 4K at the "Service 

National des Champs 1ntenses". 

2.2 .. Magnetization 

Below 5K. remanent components (,0.8 emu/mole) were found in zero 

field after-"cycling to 50 kOe. The detection of a weak remanence is 
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common in HFC. l2 It does not seem to be correlated with long range 

ordering. Its occurrence may be due to a low content of parasitic 

magnetic phases or to the formation of magnetic clusters associated with 

lattice imperfections. For CeAI3, it was clearly shown that the main origin of 

the remanence was the low content of the parasitic phases CeAl2 and 

Ce3AIll, which order magnetically at 3.8K for CeA12 and at 6 and 3.2K for 

Ce3AIll.2 For CeCu6' the adjacent phase (CeCuS) becomes antiferro­

magnetically ordered belowl3 TN ' 3e9K; thus, the detection of a 

very weak remanence below this temperature might be due to lattice defects. 

X was calculated from differences between zero (remanent) and finite 

field signals. 

Figure 1 shows X-I vs T from 2 to 300K for the three principal axes. 

Similar curves were obtained for the samples used in transport measurements. 

The crossing of Xa and Xb occurs at SOK. The minimum of Xb and the deviation 

of Xa from its high temperature Curie-Weiss law, X - ~2eff/3kB[T+e], occur 

at 10K. Below SOK, X disagrees with the data of Ref. 14 but is in good 

agreement with that of Ref. 15. Fits by the Curie-Weiss law at high 

temperature (60-300K) lead to effective moments equal to 2.53, 2.62 and 

2.44 ~B and e equal to 66, 70 and 9K along the ~, k and £ axes, respectively. 

The remarkable feature is that, along the easy magnetization axis, £, X follows 

a Curie-Weiss law from room temperature to 80mK, the lowest experimental 

temperature. It should be noted that T ' 9K is the temperature at which Xa 

and Xb exhibit a change in their temperature dependences. X-I vs T below 

SK is shown in Fig. 2. Extrapolated zero temperature susceptibilities are: 

xa(O) - 0.014, Xb(O) - 0.0096 and Xc(O) - 0.077 emu mole-I. By using the 

Maxwell relation 

(1) 
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and the field dependence of C, the temperature dependence of M can be 

derived after integration. The dashed line in the lower part of Fige 2 

shows the temperature dependence of X deduced from C(H). Excellent 

agreement is found with the susceptibility measurements~ The low field 

dependence of M at low temperature is shown in Fig. 3. The linearity of 

M with H along the £ axis contrasts with the behavior for H along the b axis. 

Low values of M in this direction increase the sensitivity of X-I to 

parasitic paramagnetic impurities as shown in the upper part of Fig. 2. 

High field measurements at 1.6K are plotted in Fig. 4. In contrast to 

HFC like UPt3' CeA13 and CeRu2si2,16 which have positive curvature of 

M vs H, a negative curvature is observed along the £ axis, while M 

is linear with H along the ~ and k axes. Taking into account the rather 

weak temperature dependence of M, we can assume that the zero temperature 

magnetization curve can be approximated by M(1.6K). The differential 

susceptibility, 

is-of interest since its field dependence can be compared to'that of y. 

2.3. Specific Heat 

At H-O the temperature variation of CiT for 50mK < T < 20K shows 

(2) 

three main regimes (see Fig. 5 and also Ref. 17): i) Above 10K, one observes 

the usual decrease with decreasing T. ii) There is a temperature interval (10 -

5K) of weak temperature dependence. iii) Below 4K there is an enormous 

increase of CiT with decreasing T. Experiments performed on sample G2 annealed 

10 days at 680°C with a PO one half that of sample G1, led to similar 

results (insert of Fig. 5)e In the very low temperature regime (T < 700mK) 

CiT can be fitted by the linear relation 

CiT - 1.67- 0.67T Jmole-1K-2
o (3) 

The-absence of a maximum in CiT agrees with the results of Refs. 18 and._ 19 

but not with those of Ref. 5. Such a discrepancy could originate in 
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the quality of the sample& Unfortunately, there is no indication in 

Ref. 5 of other measurements to check the sample qualitYe The weak 

temperature variation of CIT between 5 and 10K can be regarded as 

characteristic of an intermediate regime where the occurrence of the f­

electrons in a renormalized band must be considered (in agreement with 

the observation of the resistivity maximum at 9K), but the large entropy, 

which is still present, leads to a strong decoupling of the electrons 

involved in the interactions. The mean value of CIT in this region, which 

we represent by lB' is 350 mJmole-1K-2 , and is used as the normalizing factor 

when the field and temperature variation of CIT as T+O K are evaluated~ 

The temperature variation of C/XT normalized by the free electron 

ratio, n 2kB
2/3pB2, where X is the average susceptibility, X = (Xa + Xb 

+ xc)/3, is shown in Fig. 6. At TaO, C/XT extrapolates to 0.68, i.e., 

between the free electron value 1 and the Wilson number 0.5. In Fig. 7, 

field dependences of CIT are plotted for H applied along the ~, k and £ 

axes. As mentioned in Ref. 5, large field-induced decreases of CIT are 

observed for H I c. At H - 75 kOe, l - (C/T)T-D ' 500 mJmole-1K-2 and 

approaches lB. The occurrence of a maximum in CIT in high fields 

(H > 50 kOe) can be explained by the effect of the strong polarization 

of a narrow band with Zeeman decoupling between spin-up and spin-down 

bands at large H. This mechanism dominates the interaction between 

particles which, however, may decrease in high fields. The insert in 

Fig. 7 shows that, at 0.4 and lK, CIT has an initial quadratic dependence 

on H even for large changes of CIT relative to (C/T)H-o. For example, 

-. 

at 0.4K, the linearity in H is observed to 45 kOe where (C/T)H/(C/T)H=O a 0.60. 

The coefficients, a, of the H2 law, 

(C/T)H - (C/T)H=O - aH
2

, (4) 

are 0.028 and 0.0107 JK-2mole-1T-2 for T • 0.4 and lK, respectively. In 

the insert of Fig. 7 the similarity between the field dependence of CIT 

at 0.4 and 1K above H ' 45 kOe should be noted. 
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Qualitatively, the anisotropy in ciT reflects that in the suscep-

tibilities Xa' Xb and XCG We will discuss this point in more detail below. 

2.4. Magnetoresistivity 

Zero field resistivity data along the three principal axes have been 

reported previously.4,7 Large anisotropies are found in the A~ and 

BT'terms of p as well as in PO.7 A maximum in the scattering does 

not occur when current is applied along the £ axis, but does occur when 

it'is' applied along~: Aa' 122pQcmK-2, Ba ~ 37pQcmK-1• Figures 8, 9 and 

10 show, at different temperatures, the magnetoresistivity curve for 

H I ~, k and £ axes, respectively. The a axis was therefore chosen for 

the current flow. At very low temperatures, an initial positive magneto-

resistivity is observed for the three axes, whereas on warming, the 

usual negative magnetoresistivity, characteristic of local magnetic 

moments, is slowly recovered. Note that: i) At very low temperatures 

positive magnetoresistivity persists for H U ~ and k to the highest 

field, 60 kOe, while for H I £, a maximum in p(H) appears at 15 kOe. 

1i) Negative magnetoresistivity is recovered in high fields for each 

axis, but more rapidly for H I £. 

For H I £, we analyze the low temperature dependence of p for 0, 15 

and 46 kOee As shown in Fig. 11, for these field values, p(H) can be 

fitted by the sum of. a residual resistivity PO(H) plus a T2, term 

p(H) .. PO(H) +-A(H)T2• (5) 

While PO(H) increases initially with H, A(H) decreases continuously in 

agreement with the reported decrease of y(H). Furthermore, the temperature 

range of the validity of the ~ law (T < 1*) increases as A(H) decreases. 

The large anisotropy of PO and its field dependence suggest a contribution 

governed by f-electrons. It- is noteworthy that the field variation of PO(H) 

up to its maximum is of the order 'of A(H)T*2 (1-2pQcm). The decomposition 
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of p(H) into two terms implies a model where one type of carrier is 

scattered by two independent mechanismse In the two-band picture20 ,21 

the itinerant electrons are strongly scattered by heavy particles 

through a Baber mechanism and by defects, which leads to a positive 

magnetoresistivity due to the deflection of the itinerant electrons by 

the applied field. In the first process, the resistivity is related 

to the square of the density of states of the heavy particles, 

Pee'" N2(e: F)(kBT)2, (6) 

i.e., in this crude model to y2. This leads to a proportionality between 

A(H) and y2. In reality, the 4f-electrons and itinerant electrons (for 

example 5d) are hybridized leading to Bloch wave functions with mainly f and d 

character. On cooling, the transfer of heavy electrons to the 

light band becomes less and less probable, while the light electrons are 

strongly scattered. 22 The quasi-proportionality between A(H) and y2 

or B(H) and y have been determined experimentally.23,24 

2.5. Thermal Conductivity 

The thermal conductivity and the resistivity, measured with I and ~T 

applied along~, are plotted in Fig. 12. A maximum in K appears centered 

around 300mK. The insert gives the LILo ratio where L is defined by 

L - Kp/T and La - (n2/3)(kB/e)2 is the free electron value, 

2.45 x 10-8 WOK-2. 

At very low temperatures, L - La indicating a negligible phonon 

contribution, i.e., K is dominated by the electronic contribution (Ke). 

Assuming a relation between p and Ke given by a Wiedemann-Franz like law, 

Kp/T'" L. When p has a dominant quadratic temperature dependence, a 

Ke ... l/T law is expected. 25 ,26 However, below 100mK, the residual 

reistivity is large and Ke has the usual T variation (K ... LOT/PO) observed 

for electronic transport limited by impurities (PO »AT2). The electronic 

contribution, assuming L - LO' is shown as a dashed line in Fig. 12. 
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Above 0.2K (where P deviates from a T2 dependence) L > LO. This reflects 

the appearance of a supplementary contribution to K~ Above IK the 

thermal conductivity is linear in T, as observed in CeAl3
25 , in cecu2Si227 

28 and in polycrystalline CeCu6 e A field sweep of K at 287mK shows a 

continuous and weak increase of K with increasing H (see Fige 13) in 

qualitative agreement with the small negative magnetoresistivity shown in 

Fig~ 8. 

Thermal conductivity measurements have been reported previously28 

for a poly crystalline sample which had a rather large Po '32~ncme A 

value of L/LO of 2.2 at very low temperature led to the conclusion that even 

as T+O K, a phonon contribution (Kph) comparable to the electronic one 

was present. In alloys, where the electronic mean free path becomes 

smaller than the predominant phonon wavelength, a large phonon contribution 

proportional to Po and T has been predicted and observed. 29 Here the 

striking point is the excellent agreement between our K values and the 

previous measurements. 28 K is weakly dependent on PO' and the difference 

in L/LO as T+O K seems to reproduce the difference in PO. It is thus 

not obvious in our experiments that the increase of L/LO from I, observed 

above 200mK, characterizes the phonon contribution. With increasing T, 

the increase of the entropy of the f-electrons may lead to a slow 

decoupling between their translational and magnetic degrees of freedom. 

This can produce a new mechanism for heat transfer.30 

2.6. Thermoelectric Power 

The thermoelectric power (Qa) is always positive (see Fig. 14). If 

CeCu6 is classified as a quasi-integral valent cerium compound like 

CeCu2Si2' CeA13, CeAl2, etc., it does not obey the empirical rule 

that, at low temperature, Q is positive for non-integral valent cerium 

compounds (e.g., CeSn3, CePd3) and negative on approaching the trivalent 
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configurationG 31 ,32 To date the very l0w temperature regime (T < 1*) charac-

teristic of the coherent state has not been achieved. Just as a strong 

magnetic polarization of trivalent HFC induces a positive contribution 

in the thermoelectric power,32 here the persistence of the positive 

sign may be connected with the microscopic nature of the magnetic correla-

tions. Another possibility is that CeCu6 is close to the situation in 

CeSn3 and CePd3, i.e., very near the entrance to the intermediate 

valence (IV) regime. 

The temperature variation of Q defines a low temperature regime (T < 

2S0mK) with a very large linear slope (aQ/aT ... SOllV/K2) followed by a 

weaker linear regime at higher temperatures (T < 800mK, aQ/aT ' 41lV/K2j. 

A sweep of H applied along a at 287mK shows a strong decrease of Q above '15 

kOe (see Fig. 15). This large variation contrasts with the weak dependence 

of CIT observed for H I a. 

3. DISCUSSION 

3.1. Zero-Field Properties 

As already reported30 ,33 for CeAI3' measurements of transport and 

thermodynamic properties of CeCll6 show a very low temperature regime (T < T*) 

above which thermal excitations between the different bands lead to a 

recovery of the properties of individual f-centers (Kondo effect). In 

CeCU6, depending on the measurements chosen to define 1*, different 

values can be found. In thermoelectric power and Hall effect measure­

ments,17,34,35 a change 'of regime is observed near 300mK; in specific heat 

experiments a linear dependence of CIT on T is observed below 700mK; 

in dynamic measurements, like NMR36 or inelastic neutron spectroscopy,36 

a simple behavior seems to occur, respectively, near 200mK and well 

below 700mK. If the temperature limit of the validity of the t2 resistivity 

law is used, T* ' 120mK is found. 7 Whatever criterion is used to determine 

1*, the values are lower than the estimates of the Kondo temperature 
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(TK ' 3.9K) made by attempts to fit the specific heat data5, or the 

resistivity behavior by comparison38 ,39 with dilute (Ce,La)Cu6 alloys. 

The occurrence of two characteristic temperatures has been determined 

experimentally.31,33,36 It might be argued that T* is a redundant 

parameter as it is well known that a simple regime is achieved for a Fermi-

liquid, of Fermi-temperature TF, only below TF/I0. However, the low 

temperature regime cannot be extrapolated from the behavior observed 

near TKe It has been observed recently in neutron experiments37 

that paramagnetic scattering is strongly· modified below 0.7K. The recorded 

spectra show a broadening of the quasi-elastic peak a 0.7 and 7K, well 

explained by a Lorentzian shape with a linewidth characteristic of some 

Kondo temperature. However, at O.lK, the spectra are clearly inelastic. 37 

To reconcile the NMR data with the observation of a Korringa law36 

(typical of a Fermi-liquid. excitation) a narrow' quasi-el.astic line must 

persist at T .. O. These microscopic probes demonstrate the occurrence 

of two different regimes. 

In CeAl3, much attention has been given to the· maximum. in CIT at a· 

temperature T* ' 350mK since it corresponds to anomalies in thermal 

expansion2 , thermoelectric power and resistivity30. This has led to 

a model with a minimum in the density of states at the Fermi-level. 40 

Such a representation is purely phenomenological, and it does not give 

any microscopic information on the nature of the coupling. The absence 

of a maximum in CiT for CeCu6 shows that such a feature is not common to 

HFC; its occurrence may depend on the interactions between particles and 

particularly on the dependence of the static susceptibility on the 

wavevector q. Neutron experiments37 ,41 show that in CeCu6 the coupling 

between two sublattices is antiferromagnetic within the crystallographic 

cell .. 

For~thetwo prototype non-magnetic heavy-fermion compounds CeAl3 and 
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CeCu6, a linear dependence of ciT on T, CiT = Y + aT, has been found with 

-1 -2 positive a for CeAl3 (CiT = 1.20 + 1.96T Jmole K ) and negative 6 for 

CeCu6 (CiT = 1.67 - 0.67T Jmole-1K-2). (For non-HFC, it is interesting to 

note that a similar dependence of ciT on T has been observed46 below the 

spin glass temperature of ~n.) This linear T dependence of CiT is not 

predicted by theories as T + 0 K. 42 ,45 It has been suggested47 that such a 

dependence may indicate a crossover regime, and that very low temperatures 

must be achieved in order to observe theoretical predictions, iee., tZlnT 

(characteristic for RPA-like bosons mediating the interactions44 ) or T2 

(Sommerfeld development) terms. This is supported by the rather low value 

of the characteristic temperatures, T* " 350mK and 200ml{ for CeA13 and 

CeCu6, respectively, and by the empirical rule that simple laws are 

generally found only below T*/I0, i.e., roughly below 30mK. It is, 

therefore, of interest to extend the specific heat experiments to lower 

temperatures. 

As for nearly ferromagnetic systems or nearly antiferromagnetic 

systems42 ,43, the aT term in CIT does not contribute to the 

electrical resistivity. The observation of a T2 resistivity law and the 

observation of A(H) ~ y2, with y " 7*-1 when C ~ yT, leads to a 

proportionality between C and T*(3p/3T) as observed for an antiferromagnetic 

phase transition.48 It would be worthwhile measuring the thermal 

conductivity on a sample of lower PO to establish the contributions of 

the AT2 term of p and the yT + aT2 terms of C on the temperature dependence 

of the thermal conductivity. Recently, the thermal conductivity and the 

Lorentz number of heavy electrons in Ce compounds has been investigated 

with the use of the Anderson lattice model in the framework of the single 

site approximation. 49 These studies seem to reproduce rather well 

the situation for CeAl3 (gap structure in ciT above the Fermi-level) but 
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do not describe as well the case for CeCU6 (no observation of a gap 

structure in C/T)o An interesting result is that Lorentz numbers greater 

than 10 are obtained on the basis of a purely electronic origin. 

3.2. Low-Field Properties 

In agreement with the Maxwell relation Eq. (1), the weak negative 

curvature of X corresponds to a decrease of y with H. The finite 

value of C/XT' 0.68 at T - 0 K shows clearly that the compound 1s 

far from a ferromagnetic instability (C/XT+O) as observed for 

nearly-ferromagnetic systems.42 For comparison, Table I lists the 

average susceptibility X(O) (averaged over the different orientations)~ y, 

the ratio y/X(O), and the Gruneisen parameter [0 = -(olnTO/olnV)] 

for the characteristic temperature TO at zero pressure for non-

magnetic HFC (CeCu6, CeCu2Si2 and CeRu2Si2), for cubic long-range 

magnetically ordered heavy-fermion compounds (CeA12, CeIn3 and CePb3) and 

for intermediate valence compounds. (IVC) (CeBe13, CeSn3 and CePd3). (References 

can be found in Refso 50, 51, 52, 53 and 54.) For non-magnetic HFC, TO is 

taken as 1*, while for magnetically ordered HFC, TO is taken as TN (the 

ordering temperature). Very large Gruneisen parameters indicate the 

proximity of electronic and magnetic instabilites. All non-magnetic HFC 

have very large GT*; by contrast, IVC have a small positive Gruneisen 

parameter. Magnetically ordered Kondo lattices like CeA12 and CeIn3 

have, at P-O, a rather small Gruneisen parameter,50 i.e., the. appearance 

of, the magnetic to non-magnetic transition is at much higher pressure 

51 ( ~30 kbar for CeIn3 ). CePb3 seems closer" to a magnetic instability 

than CeA12 and CeIn3.52 

Non-magnet1c compounds (HFC or IVC) have rather similar values of y/X(O). 

However, there are difficulties in assigning a bare magnetic moment (mo) 

to the particles (its magnitude may differ significantly from the 1 ~a attributed 

to free electrons) and in taking into account the effects of the 2J+1 level 

degeneracy and of the anisotropy in the susceptibility, which preclude a detailed 
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discussion of y/X(O)G In Ref. 2, an attempt was made to determine 

a Landau-like exchange parameter (FOa) through the relation 

y/X(O) = (n2k2B/m20)[J/(J+l)] (l + FO
a ). (7) 

For CeSn3 a prototype IVC, FO
a , -0.05, while for CeAl3 FO

a , -o.7e This 

difference is in good agreement with a decrease of FOa with the increase 

of the degeneracy of the crystal field ground state. 1 However, the 

determination of FOa suffers from the uncertainties (anisotropy and 

evaluation of rna) already mentioned. 

Concerning the magnetic/non-magnetic duality in HFC, it is worth noting 

the case of CeA12 for which the ratio y/X(O) is far lower than the Wilson or 

free electron ratio, and that of CePb3 for which X(O), y and y/X(O) have 

values typical of non-magnetic HFC. In CeA12, the main contribution 

to X is from magnetically ordered 4f moments with a small contribution 

from itinerant 4f-electrons. 50 The localized character of the magnetism 

leads to a large decrease of X below TN as usually found for rare earth 

compounds. On the other hand, for CePb3, the itinerant character of 

the f-electrons has drastically increased,52 with X showing only a small 

maximum at TN. The similarity in the low temperature parameters of a 

magnetically ordered HFC like CePbJ and non-magnetic HFC shows that, at 

low temperatures, there is no marked difference between non-magnetic and 

magnetic HFC. Similar remarks have been made concerning the values of 

the high temperature parameters for CeA12 and CeAl3•2 ,21 In both 

cases the RKKY interactions may compete equally with the Kondo coupling,55 

but the symmetry of the lattice seems to play a dominant role in preventing 

magnetic ordering.2 The single site approximation, with vanishing coupling, 

seems appropriate only for IVC. 56,58 

3.3. High-Field Properties 

In the field dependences of the transport and thermodynamic properties 

of CeCu6, two characteristic regimes (below ,15 kOe and below ,45 kOe) 

-13-



appearG For example, the magnetoresistivity at 40mK for H U £ (see Fig. 10) 

has a maximum at 15 kOe and a minimum at 40 kOe, and features appear 

in Hall effect measurements35 at similar field values. A weak field 

dependence of Q occurs for H < 15 kOe along ~G Specific heat measurements 

are linear in H2 to 45 kOe for H U £ with no maximum in CiT. There is 

apparently no indication of changes in magnetic properties-at these 

characteristic fields. However, for H = 45 kOe along £, a large magnetic 

polarization is-achieved [M(45 kOe) ... 0.5 lJB]. 

Figure 15 shows the field dependence of y(H), X(H) and A(H)1/2 normalized 

to the zero field value yeO). Qualitatively y(H), X(H) and A(H)1/2 have 

similar field variations but quantitative differences appear which may 

reflect the nature of the interactions. It is well established for nearly 

ferromagnetic systems that the paramagnon.contributins to X, C and pdepend 

differently on the Stoner factor. 42 ,43 Here, the· difficulty' is' in 

taking into account the role of the strong anisotropy. However;. another 

indication of-a "magnetic crossover" from low field to high field.phas~s 

is given by the occurrence of a minimum in the ratio of y(H)/x(H) , 0.48 

for H* ... 45 kOe. This characteristic field coincides with a change in 

the temperature dependence of CiT: the absence of a maximum below 45 kOe 

and the existence of a maximum above 45 kOe, which moves to higher temperatures 

as. the field is increased. In agreement with the presence of these two 

domains, y(H) cannot be described by a unique formula. The dependence 

is less than that predicted by a Lorentzian variation 

(8 ) 

which may describe the field shift of a narrow band of Lorentzian density 

of states centered at the Fermi-level. However, it is larger than that 

proposed previously,41 

(9) 

-14-



where no shift is assumed with respect to the Fermi-level, but only a 

continuous broadening. 5 Applying a magnetic field results in a 

cancellation of the antiferromagnetic interactions between two next-

nearest-neighbor atoms. A crossover field will separate a low field 

regime where the heavy particles strongly interact from a high field 

regime where the particles may be heavy by renormalization effects but 

their mutual interactions have collapsed. 

As previously mentioned, two temperature regimes may appear in zero 

field. The non-interacting one (T ) 5K) corresponding to a narrow band 

of independent particles, and the interacting one corresponding to the large 

increase of Y from YB, where the significant enhancement is Y/YB'" 4 

not Y /Y F'" 200 (y F being the term associated with free electrons in 

a CeCu6 lattice). In this picture, to emphasize that when Y+YB the 

interaction has decreased, the field variation of Y has been parametrized 

by an interaction term Eint(H)/EO through the relation 

(10) 

where EO is a constant critical energy parameter. 

Taking into account the crudeness of the analysis, the change in 

slope of Eint(H)/EO for H ... 50 kOe (see Fig. 16) can be correlated with the 

minimum in y(H)/X(H) at H ... 45 kOe (see Fig. 15). For ceRu2si216 

or UPt359, which have metamagnetic-like transitions at H* 

equal to 80 and 210 kOe, respectively, enormous decreases of y(H*)/X(H*) 

have been observed. These marked effects in comparison to the small 

variations in CeCu6 may reflect the nature of the antiferromagnetic 

coupling. The polarized paramagnetic phase above H* may be achieved 

through a metamagnetic-like transition (in CeRu2Si2 and UPt3) or a 

spin-flop like tansition in CeCu6_ By analogy to the H-T phase 

diagram for antiferromagnetic transitions, H* and T* define the limits of 

low- and high-field phases. Such a hypothesis should be tested in the 

future by neutron experiments. 
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3.4. Anisotropy 

Qualitatively, the anisotropy in y(H) reflects that of the 

susceptibilities Xa , Xb and XCc However, for a quantitative calculation it is 

not obvious how to evaluate the necessary parameters. For example, the 

Zeeman energy of the particles, which can be used in the Lorentzian~ Eq .. 

(2), can be evaluated if we assume that the difference between (C/T)a' (C/T)b 

and (C/T)c at constant field are due to the anisotropy of the g-factors. 

lfthe different values of Xa(O), Xb(O) and Xc(O) correspond to different 

values of g, the Zeeman energy would be proportional to X(0)1/2. Using 

YL(H)=y, H D 75 kOe along ~ would correspond to H = 31 kOe along £. The 

observed effect is far greater along £ than along ~ using such a scaling 

formula. Another simple assumption is that the predominant variable is 

the magnetization of the lattice, i.e~, M a X(O)H at T=O. With this 

hypothesis, the axial correspondence is better than before, but the 

deviation between the experimental data and this scaling is reversed 

compared to that found previously. For example, for 0.35K with 75 kOe 

along~, the relative decrease of CiT is 7.2%, but only 3.9% for the 

same polarization along £ at 15 kOe. The large anisotropy of the resistivity 

may indicate mainly single ion anisotropic scattering as suggested by 

theory .. 60,61 If the crystal field ground state is one of the highly 

anisotropic doublets, Jz - ±3/2 or ±5/2, no resistivity will occur 

along-the £ axis for infinite-crystal field splitting. 

3.5. Residual Magnetoresistivity 

We have emphasized that the field dependence of the A(H) term of the 

resistivity is connected to that of X(H) and y(H). When M(H) has an 

initial positive curvature with H, as for CeAl 60 CeRu Si 16 and UPt 59 3' 2 2 3 

y(H) and A(H) increase initially with H and their maxima coincide with 

that of X(H) at H*. When M(H) has-a continuous-negative curvature 
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with H as for CeCu6, y(H) and A(H) decrease continuously with H. The field 

dependence of PO(H) is less triviale An initial positive PO(H) appears 

to be a common feature of HFC since it is observed in CeAl3, CeRu2Si2, 

UPt3 and CeCu6 whatever the sign of the curvature of M(H). UBe13 is the 

only example where negative residual magnetoresistivity has been found. 63 

However, the reported negative PO(H) may be illusory since the appearance of 

superconductivity at Tc > T* (before the Fermi-liquid region is reached) 

rules out the observation of its low field behaviour in the normal phase 

below T*. For CeA13
62 , CeRu2Si216 and UPt359, the field maximum 

of PO(H) coincides with that of X(H). For CeCu6 the maximum 

of PO(H), observed with I along ~ and H along ~ at 15 kOe, does 

not coincide with a corresponding maximum for X(H). Published data on 

a single crystal of comparable PO, with the same field direction, but a 

current flow along~, shows a similar PO(H) with a maximum at 20 kOe and 

a minimum at 50 kOe. 38 ,39 Furthermore, our results suggest that the 

temperature (Tx)' where at constant H the transverse magnetoresistivity 

changes its sign, is almost field independent below 15 kOe. This phenomenon, 

first reported for CeA13
64 , was studied recently38,39 in CeCu6. 

3.6. Comparison with Theory 

The occurrence of two temperature regimes (TK,T*) in non-magnetic HFC have 

been emphasized theoretically.65,66,68 A new study of the Anderson 

lattice, by making a loop correction due to spin-fluctuations to the f­

electron self-energy, has found a sharp peak in the spectral density 

corresponding to heavy quasi-fermions, and a broad peak similar to the Kondo 

resonance in a Kondo impurity.68 As the temperature increases, the 

quasi-fermion peak diminishes and changes into the resonance peak as 

found previously.65,67 This scheme is qualitatively in good agreement 

with reported NMR and inelastic neutron experiments. No q-dependence of 

the static susceptibility is given. 
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A T2 resistivity law in ordinary metals can be explained by different 

mechanisms,69 which may also be used for HFCe We have previously 

referred to the two-band model20 ,21 developed around 1936. In this 

picture, the hybridization between the two bands is neglected, and the 

Coulomb interaction between light and heavy particles leads to the T2 

variation of p via the Baber mechanisme 2l (However. it has been argued 

that. a two-band model is an incorrect picture at very low temperaturese 70 ) 

The first calculation for a Kondo lattice was made by assuming a 

wavevector dispersion for the f-electron band in order to avoid a gap 

opening~ It was emphasized that p '(T/TK)2~ However, the proportionality 

constant is not universal but depends on the band structuree This model 

was recently extended on the basis of the coherent potential approximation, 

and applied to heavy electrons in alloys.72 Calculations for a Kondo 

lattice, assuming a linear T variation of the mean square of the fluctuating 

potential, have shown a linear T/TK resistivity term with y inversely' 

proportional to the Kondo temperaturee 73 Recently the fluctuation 

corrections to mean field theory applied' to the1 (T/TK)2 resistivity 

law have been studied by lIN expansion methods. 74 ,75,4?,46 The pro­

portionality of A and y2 has been strongly emphasized. 46 Fermi-liquid 

theory, on the basis of a periodic Anderson Hamiltonian, leads also to a 

linear T term for C and a T2 term for p, with A proportional to y2 if the 

momentum conservation of the vertex part between antiparallel spins is 

ignored. 76 In agreement with electron-electron interactions for a 

spherical Fermi-surface, the coefficient A vanishes if there is no 

crystal lattice. 

Calculations of the ratio Y/X for a lattice have been givene 46 ,75,76,70 

The theory based on a lIN expansion46 ,75 predicts that the Landau 

parameter FO a ... -lIN is identical to the one impurity Anderson model to 

leading order in lIN. This result seems to be in good agreement'with the-
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values of FOa calculated by Eqe (3), but it is not obvious that the 

theoretical expression75 has the same prefactor for the derivation 

of FOa. The ratio y/X has been calculated recently70 on the basis 

of a band model within the Korringa-Kohn-Rostoker schemee Taking 

into account the fact that the magnetic moments of the heavy fermions 

are strongly reduced, since only one specific linear combination of 

the 2J+l f-states can hybridize with a conduction band, it was predicted 

that the enhancement, (I+FO
a)-I, of the susceptibility over y may always 

occuro This leads to the general idea that local spin-fluctuations are 

enhanced relative to the non-interacting Fermi-liquid. 

will be equal to -0.5. This model corresponds to the fully degenerate 

J - 5/2 case, i.e., mostly to !VC. The absence of a theory taking into 

account crystal field splitting and band structure does not allow us to 

assign with confidence the variations in ferromagnetic or antiferromagnetic 

intersite couplings to the differences in the y/X values of Table I. 

However, it should be noted that CeCU6 and CeCu2Si2 have a rather similar 

ratioe The relatively large y/X of CeCu2Si2 has been interpreted as 

indirect evidence of antiferromagnetic correlationse 19 

The quasi-proportionality of A and y2, and the weak deviation of y/X 

from free-electron or Wilson values, are characteristic of a smooth dependence 

of the static susceptibility [X(q)] and of the moment relaxation rate [r(q)] 

on the wavevector q.42 The local character of the fluctuations is predominant. 

For nearly ferromagnetic systems, the different dependences of A, y and X on the 

Stoner factor are a consequence of the strong q dependence of X and r. For 

example, r(q) ~ q for nearly ferromagnetic systems,42 while a weak dependence 

of r(q) on q has been reported41 for CeC~. Experimental data23 ,24 

show that the band structure and the crystal symmetry does not modify 

drastically the proportionality constant between A and y2. 
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Concerning the specific heat, few attempts have been made to obtain 

the supplementary BT2 term, only the yT contribution, in the T .... O limit .. 

An interpretation of the maximum in CiT observed in CeA13 has been given 

in terms of fluctuations of the spin density waves 77 It has also been 

stressed that the T3lnT term of the specific heat must be observed 

as. a general property44,45 of HFC, not as evidence of a ferromagnetic 

instability.45,46 

The action of'a magnetic field on HFC has not been studied extensively. 

With the previously mentioned hypothesis of a gap structure of the Kondo 

resonance a little above the Fermi-leve178 , positive magnetoresistivity 

has been calculated in the single site approximation5 A similar result 

was derived in a molecular field treatment of the Kondo lattice.73 

The problem of residual resistivities has been ignored. It was pointed out 

recently79 that in zero magnetic field only a small randomness exists 

in renormalized f-levels, even though a large randomness occurs in the 

hybridization between electrons near bare 4f-levels. The renormalized 

4f-levels (host and impurities) are pinned at the chemical potential so 

long as the 4f occupancy numbers of spin-up and spin-down are equal to 

1/2e The huge positive magnetoresistance is due to the strong increase 

of the randomness of the renormalized f-levels with H, which are no 

longer fixed at the Fermi-level. A magnetic field is a probe of the 

deviations of the· Kondo temperature and local susceptibility apart from 

the lattice parameters. This origin of residual positive magnetoresistivity 

is quite different from that of usual metals, where it is due to the 

deflection of the itinerant electrons by a magnetic field5 That leads to 

the Koehler rule, i.ee, Ap(H)/PO • f(H/PO). Further experiments on 

different samples are needed to clarify in HFC the relation between Ap(H) 

and PO. 
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4s CONCLUSION 

As observed for CeA13, very low temperatures must be achieved to 

observe the properties of the ground state of CeCll6. Common features 

occur between normal phases of HFC but the occurrence of a maximum in the 

temperature variation of CIT or X(T) may depend on the microscopic nature 

of the interactions between particles and particularly on their magnetic 

couplings. Similar remarks apply to the field dependence of y or M. In 

CeCu6, y and X seem to show a monotonous decrease with H, however, the 

ratio of y/X presents a well defined minimum for H ~ H* ~ 45 kOe. It 

was emphasized that the low and high field phases may differ on both sides 

of H*. These two regimes appear clearly in the temperature dependence 

of CIT. The similarity of HFC, whenever a long range magnetic order 

exists, as well as the role of the axial symmetry of the lattice in 

preventing magnetic ordering, were clearly demonstrated. 

The strong scattering of the quasi-particles by impurities is clear 

in magnetoresistivity experiments. Residual positive magnetoresistivity 

seems a common feature in non-magnetic HFC. Further measurements on other 

examples with lower residual resistivity must be made in order to obtain 

the maximum amount of information available from experiments. This is 

particularly true for thermal conductivity experiments. Although, for 

example, there is no doubt that the change in the regime of the thermoelectric 

power is associated with the entrance to the low temperature heavy-fermion 

state, the determination of the intrinsic part is needed as well as the 

role of the impurities. The observation in non-magnetic HFC (CeCll6, CeAl3, 

CeRu2Si2 and UPt3), that the field variation of y and A is governed 

by the field curvature of M, demonstrates that the renormalized f-Ievels 

are at the Fermi-level. 
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TABLE 1 

Comparison of Parameters Characterizing HFC and IVC .. 

x(O) 
10-4 emu/mole 

y 
mJmole-1K-2 

Y/X(O) nTo 

Non-Magnetic HFC 

CeCll6 340 1670 0 .. 68 81 

CeAl3 360 1200 0.46 -200 

CeCu2Si2 180 1000 0.,76 "'80 

CeRu2Si2 100 350 0,,48 120 

Magnetic HFC 

CeA12 400 140 0 .. 048 -10 

CeIn3 110 140 0~170 -5 

CePb3 310 1200 0 .. 533 -27 

Non-Magnetic IVC 

CeBe13 22 67 0.42 10 

CeSn3 17 42 0.34 10 

CePd3 15 35 0.32 10 
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FIGURE CAPTIONS 

Figure 1 .. 

Figure 2. 

Figure" 3. 

Figure 4. 

Figure 5 .. 

Figure 6. 

Figure 7 .. 

Figure 8. 

Figure-9,. 

-1 X vs T for CeCu6 for the three principal axese 

Low temperature variation of X-I for CeCu6 for the 

three principal axes. The dashed curve shows the 

variation of X deduced at low temperature from specific 

heat measurements in magnetic fields, and the measured 

X shown as a,solid curve. 

Field variation. of the magnetization of CeCUG for the 

three principal axes"at-1.1, 0.33 and 0.09K. 

High field magnetization of CeCUG for the three principal 

axes at 1.6K. The insert shows the variation of M for 

the [001] easy magnetization axis at 1.6 and 4.2K. 

CiT vs T at zero field. The lower insert shows a comparison 

of the data obtained before (sample G1) and after (sample G2) 

annealing. The upper insert shows the linear variation of CiT 

vs T at" low temperatures. 

Temperature variation of the low- fiel"d ratio C/xT VB T 

normalized to the free electron value .. 

Field dependence of CiT for H applied along the [100], 

[010] and [001] axes. The insert shows the variation of 

CiT with H2 at constant T. 

Magnetoresistivity of CeCUG at different temperatures 

wi th the current and field both along [100] e 

Magnetoresistivity of CeCUG at different temperatures 

with the current along the [100) and the field along the [010]. 

Figure 10. Magnetoresistivity of CeCu6 at different temperatures 

with the current along the [100] and the field along the [001]. 
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FIGURE CAPTIONS (continued) 

Figure 11. Temperature dependence. of the resistivity at 1, 15 and 46 

kOe as as function of T2. The insert shows the field variation 

of the A coefficient of the quadratic T2 dependence. The 

current is along the [100] and the field is along the [001]. 

Figure 12. Thermal conductivity and resistivity of CeCll6 vs T. The 

insert shows the Lorentz number normalized to the free 

electron number. 

Figure 13. Field dependence of the thermal conductivity at 287mK. 

The thermal gradient and the applied field are both along the 

[100] • 

Figure 14. Temperature variation of the thermoeletric power of CeCll6. 

The insert shows the field dependence of Q at 287mK. The 

thermal gradient and magnetic field are both along the [100] 

axis. 

Figure 15. Field variation of YH :: y(H), XH and AH1/2 :: A(H)1/2 as a 

function of H. The insert is the field variation of the 

ratio YH/XH. At H - 0, A(H)1/2 and XH have been normalized 

to the value of Y ~(C/T)T=O at H=O. 

Figure 16. Phenomenological dependence of Eint/EO vs H. 
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