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The different effect of cerium and gadolinium impurities on the pressure dependence 

of the superconducting transition temperature of 1anthanum is due to different e1ectron­
ic structures of the rare-earth impurity. The ionic model exp1ains the properties of 
gadolinium alloys, while the resonant scattering theory explains those of cerium alloys. 

The superconducting transition temperature Tc 
for solid solutions of cerium and gadolinium in 
lanthanum has been recently measured as a func­
tion of pressure. l The plot of Tc versus the im­
purity concentration c at dtlferent pressures 
gives straight lines (at least for small concen­
tration) shown in Fig. 1. Their slope is almost 
independent of the pressure in La:Gd (dTcldc 
= -400 0 K), while it is strongly varying with pres­
sure in La:Ce: dTcldc = -170oK at normal pres­
sure, -240oK at 5 kbar, and -320oK at 10 kbar . 

Moreover, the La:Ce alloys show a resistivity 
minimum at very low temperatures, while the 
La:Gd alloys do not show it.2 

The theoretical explanation of these experi­
ments cornes from the model recently developed 
for rare-earth metals and alloyss and from the 
Schrieffer-Wolff transformation.· If one writes 
the interaction Hamiltonian between the localized 
spins ~ on impurity sites and the spins of conduc­
tion electrons s, 

H = -J'S. S, (1 ) 

there are in fact two mechanisms contributing to 
the value of J: (1) There always exists the nor­
mal exchange-scattering mechanism.5 It gives a 
positive and almost pressure-independent value 
J l for J. l (2) Moreover, when the energy level 
of 4f electrons coming from the rare-earth im­
purity is close enough to the Fermi level, there 
is an important mixing between localized 4f elec­
trons and conduction electrons. The interaction 
(1) is produced by a mechanism of resonant scat­
tering of the conduction electrons by the local­
ized potential of the 4f electrons. Here we calI 
E the distance between the 4f energy level and 
the Fermi level and Vkf the matrix element of 
mixing between localized 4f electrons and con­
ductioq electrons. Schrieffer and Wolffl have 
shown that, in the limit of small Vkf and large 
Coulomb repulsion integral U, the resonant scat­
tering mechanism leads to an interaction given 

by (1) with a value J 2 for J: 

J 2 = -2V
k
/ lE. (2) 

The second-order (in Vkf) formula (2) is valid 
when U is much larger than E and when E is not 
too small compared with Vkf' This expression is 
approximately still valid for cerium impurities, 
because Vkf is of the order of sorne hundredths 
of an eV, U of the order of several eV, and the 
4f levellies sorne hundreths of an eV to fa eV be­
low the Fermi leve1.3 

The expression (1) is very appropriate for the 
study of the superconducting transition tempera­
ture in rare-earth alloys, but causes sorne con­
cern for the study of the Kondo effect. A com­
pIete study of the Kondo effect in rare -earth al-
10ys has been recently do ne by use of the Schrief­
fer-Wolff transformation and will be reported 
elsewhere,6 but this work does not change the 
main physical conclusions of the present paper. 

In general, the two mechanisms described here 
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FIG. 1. Superconducting transiti-on temperature ver­
sus impurity concentration at different pressures (af­
ter T. F. Smith). Dashed curve, La.:Gd alloys; soUd 
curve, La.:Ce alloys . Circ1es, normal pressure; plus 
signs, 5-kbar pressure; squares, lO-kbar pressure . 
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contribute ta the value of J: 

(3) 

The dilference of behavior between La:Gd and 
La:Ce alloys is explained by the following argu­
ment: 

(1) In La:Gd alloys, the gadolinium impurities 
behave as ions and the resonant scattering mech­
anism is negligible. J, equal ta Ju is positive 
and pressure inde pendent. Its positive value is 
checked by the absence of a resistivity minimum 
at low temperatures. 

(2) In La:Ce alloys, a 4f level is close ta the 
Fermi level and the resonant scattering mecha­
nism is more important than the normal exchange­
scattering mechanism. The total J value is nega­
tive, which ls checked by the presence of a re­
sistivity minimum at low temperatures. More­
over, the Fermi level decreases and the 4f ener­
gy level does not change, when the pressure is 
applied .s E decreases and 1 JI increases with the 
pressure. 

The variation of the superconducting tempera­
ture with the concentration e of magnetic impurl­
ties is given by7 

dT 7T2 n(E
F

) 
~= -- --SeS + 1)J2 

de 8 k
B 

' 
(4) 

where n(EF) is the density of states at the Fermi 
level of the conduction band for one spin direc­
tion. 

The value of the density of states of the conduc­
tion band for pure lanthanum, deduced from spe­
cifie heat data,8 is n(EF) =2.4 states/eV atom. In 
fact, the conduction band is composed of both a 
6s band and a narrow 5d band. Band calculations 
on yttrium,9 which is similar ta lanthanum, have 
shawn that the d electrons contribute greatly ta 
the total density of states. Furthermore, bath 
6s and 5d electrons participate ta the supercon­
ductivity mechanism, but with different densities 
of states and dilferent effective masses. One can 
surmise that the density of states coming into 
the formula (4) is certainly lowered from the 2.4 
states/eV atom value. However, it is not possi­
ble ta compute it exactly, in the absence of bath 
a two-band calculation for superconductivity and 
also precise data on the band structure of lan­
thanum. Sa here we take two limiting cases: 
The first value is the total density of states 
n(EF) =2.4 states/eV atom, which gives a lower 
limit for IJI. The second value is a typical free­
electron density of states n(EF) = 0.5 states/eV 
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atom, which gives an upper limit for 1 JI· 
Here, we have made the reasonable assump­

tian of keeping n(EF) constant with pressure. In 
fact, the relative variation of n(EF), as well as 
the relative variation of the value JGd of J for 
La:Gd alloys, is negligible compared with the 
relative variation of the value JCe of J for La:Ce 
alloys. Sa, the approximation of taking n(EF) 
constant with pressure is consistent with the pre­
ceding theoretical analysis. A study of the pres­
sure dependence of the normal and superconduct­
ing properties of pure lanthanum is actually in 
progress and will be reported elsewhere. io 

The calculation, by use of the expression (4), 
gives the following results: (1) For La:Gd al­
loys, JGd is constant with pressure, as expect­
ed, and of the arder of 1/20 eV, in good agree­
ment with previous calculations.5 (2) For La:Ce 
alloys, JCe is negative and of the arder of 0.1-
0.2 eV. This anomalously large value J for ceri­
um impurities is in good agreement with all the 
preceding calculations on rare-earth alloys.2,1l 
In arder ta determine the position E of the 4f lev­
el in La:Ce alloys and its variation dE between 
the normal pressure and 10 kbar, we take Ji 
equal ta the constant value JGd and we express E 
as a function of the Hartree-Fock half-width 6. of 
the virtual bound state3 : 

(5) 

Thus, the position of the 4f level is 

E 2 
:î= n(EF)IJ21· 

(6) 

Table 1 gives the different values of J, E, and 
dE, taking the half-width 6. =0.02 eV .3 The val­
ues found for E,_ of the arder of 0.05-0.1 eV, and 
dE, of the arder of some 0.01 eV, are of just the 
same arder of magnitude as previously obtained 
values for cerium.3 

Thus, the simple argument developed here 
gives a fairly good explanation of the difference 
of behavior between La:Ce and La:Gd alloys. It 
is not possible ta extrapolate the calculation ta 
higher pressures, because the second-arder cal­
culation in Vkf of the Schrieffer-Wolff transfor­
mation is no ronger vaUd, when E becomes very 
smalI. 

However, we can suggest that these experi­
ments should be continued at higher pressures in 
La:Ce alloys, in arder ta observe the disappear­
ance of magnetism and the Kondo effect and also 
a completely different behavior of Te. Another 


