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The continuous transition of di1ute meta11ic alloys from magnelic to nonmagnetic behaviour has been recently observed 
experimentally in alloys containing Cerium impurities. A brief review ofthese experiments, which inc1ude measurements 
or the resistivity and or the depression or the superconducting temperature under applied pressure. is presented in 
connection with the predictions of a phenomeno10gical model. The parameters needed to fit the existing data are con
sistent with those obtained in pure Ce or in other Ce alloys. 

1 EXPERIMENTAL INTRODUCTION 

It is well-known that cerium, either as a pure metal 
or an impurity dissolved in a non magnetic matrix, 
exhibits peculiar properties related to the proximity 
of the Ce 4f level to the Fermi level EF. 1

•
2 Alloys 

with cerium impurities have been extensively 
studied in previous years2. 3 and their properties 
depend strongly on the relative position of the 
Ce 4f level and EF ; they are non magnetic when the 
4f level is ab ove EF , and magnetic when it is below. 
From experiments by Smith4 on the pressure 
dependence of the superconducting transition 
temperature Tc of LaCe alloys, it has been esti
mated 5 that the Ce 4f levellies a few hundredths of 
an eV below EF at normal pressure and moves 
towards EF by a hundredth of eV under a pressure 
of 10 kbar. Hence, LaCe as weil as YCe have been 
suggested 5 as promising candidates for an experi
mental study of the transition from magnetism to 
nonmagnetism at feasibly higher pressures. 

A minimum in the variation of Tc with pressure 
was first observed in the (LaCehIn system and 
interpreted as signalling the onset of a magnetic-
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nonmagnetic transition.6 10 these alloys, for a given 
concentration c of magnetic cerium impurities, the 
depression of Tc> llTc == Tca - Tc where Tco is the 
transition temperature of the matrix, initially 
increases strongly with pressure and then goes 
through a maximum at higher pressure. Recently, 
Maple et aU have measured the variation of Tc 
with pressure in LaCe alloys to 140 kbar. They 
observed that Tc of pure lanthanum increases 
monotonically to 12°K at 140 kbar, while, for 
example, Tc of a LaO.987CeO.0J3 alloy first decreases 
with pressure and then goes through a minimum 
at 15 kbar. This behaviour is so pronounced in a 
LaO.98CeO.02 alloy, that there is a 'normal gap' 
between 5 and 15 kbar on the pressure axis where 
the sam pIe is not ~uperconducting ab ove the lowest 
temperature (0.35°K) accessible to the experiment. 
Hence, 11 Tc shows a maximum as a function of 
pressure. In figure 1, we have plotted llTc /c for the 
LaO.987CeO.0J3 alloy versus pressure to 140 kbar. 
The depression of Tc at high pressure (;;:: 100 kbar) 
is more than an order of magnitude smaller than at 
the maximum depression at 15 kbar. Moreover, the 
shape of the Tc versus c curve changes with pressure, 
as seen in Figure 2. At low pressures, it is nearly 
Iinear with a small negative curvature, while at high 
pressures the curvature becomes positive and is 
strongest at roughly 30 kbar. From Figure 1, the 
magnitude of the depression of Tc is typical of a 
magnetic impurity (\ike other rare-earth impurities) 
at low pressure (below ~ 30 kbar), while it is typical 
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of a nonmagnetic impurity at very high pressure 
(above ,..., 100 kbar). 
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FIGURE 1 Depression oI the superconducting transition 
temperature "'Tcle ofa LaCe (13- at % Ce) alloy versus pressure 
to 140 kbar (reference 7) compared to the theoretical curves 
(I and II) discussed in the text. 

The preceding variation of ATe (or -d~ 'de). 
characteristic of the pressure induced magnetic
nonmagnetic transition in LaCe alloys, cao also be 
obtained in a temary alloy by varying the composi
tion of the matrix.s This is shown in Figure 3. To 
the right we have plotted (-dTe/dc)e=o vs pressure 
for TbCe alloys9, 10 which decreases with pressure 
in much the same manner as for LaCe alloys at very 
high pressure; to the left we have plotted the same 
quantity as a function of the relative composition 
of the matrix, i.e., the yttrium concentration x in 
ternary (Th1 -xYx)1 - cCec alloys.s The variation of 
(-dTcldc)c=o with x is similar to that which occurs 
with decreasing pressure in nonmagnetic LaCe 
alloys. 

The e1ectrical resistivity is another quantity 
which is expected to show a remarkable variation in 
the vicinity of the magnetic- nonmagnetic transition. 
Figure 4 shows the slope of the Kondo resistivity 
IdRm/d ln TI (normalized to the value at zero 
pressure) in the temperature range where Rm is 
linear in ln T, and the temperàture of the resistivity 
minimum T min (also normalized to the zero pressure 
value) vs pressure to 18 kbar for a LaO.9SCeO.02 
alloy,u In the same figure ATe, determined from 
resistive transitions on the same sample when the 
alloy is superconducting or extrapolated when it is 
no longer superconducting, is shown for compari
son. Experimentally, IdRm/d ln TI and ATc have a 
maximum at nearly the same pressure, while Tmin 
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Cerium concentration (010) 
FIGURE 2 Isobaric concentration dependence of the super
conducting transition temperature Tc in the LaCe system 
(reference 7). 
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FIGURE 3 Initial de pression of the superconducting transi
tion temperature (dTc/de)c =o versus pressure in the Thl -cCec 
system, and matrix composition x in the (Thl-xYx)l -cCec and 
(Th 1 - x3CX)1 -cCec systems (reference 8). 
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FIGURE 4 IdRm/d ln T I, ~T, and Tm;" for a LaCe (2 al. % Ce) 
alloy (normalized to their respective values at normal pressure) 
to 18 kbar (reference 11). 

increases slowly with pressure. Shown in Figure 5 
is the resistivity vs temperature curve of an 
y O.99CeO.O l alloy at different pressures. 12 The 
resistivity minimum, present at low pressure, 
disappears completely at high pressure. 

II THE THEORETICAL MODEL 

It is weil recognized that in the dilute alloy limit 
no sharp transition is expected, either as a function 
of temperature or pressure. The meaning of mag
netic or nonmagnetic impurity states is then relative 
and qualitative. Keeping this in mind, we can 
grosso modo characterize three typical regions (on 
a T,p plane for example): 

(i) a high temperature T > Tk (Tk = Kondo 
tempe rature) magnetic region; 

(ii) a low tempe rature T < Tk nonmagnetic (or 
condensed magnetic) region ; and 

(iii) a normal nonmagnetic region. 
Hence we see that a magnetic- nonmagnetic transi
tion can occur in ' two typical ways : (i) --+ (ii) and 
(i) --+ (iii). 

In the first case, it will be convenient to use 
throughout a Kondo Hamiltonian with sorne 
assumed or adjusted dependence of Tk on the 
pressure. 

In this paper, we explore the second case. The 
resistivity experiments on LaCe up to 18 kbar 
indicate that Tk remains very small in this pressure 
range and that the ex change integral ex hi bits a 
maximum near 15 kbar instead of a monotonically 
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FIGURE 5 Resistivity versus tempera ture ofYCe (l al. % Ce) 
at various pressure up to 79 kbar (reference 12). 

increasing variation as a function of pressure. In 
the absence of susceptibility and specific heat 
measurements, we have to rel y on these indications 
from the resistivity to discriminate between cases 
1 and 2 because the variation of Tc will be quali
tatively similar in both instances. 

We assume that the effect of pressure is to shi ft 
linearly the energy E4f of the 4f level upwards with 
respect to the Fermi level EF . In the absence of a 
good solution of the Anderson Hamiltonian 
throughout the region where the impurity level 
crosses the Fermi level, we attack this region from 
the left (low pressures, E4f < EF ) and from the 
right (high pressures, E4f > EF ). The aim is to see 
how far we can go from each side and to see how the 
parameters needed to fit the data compare with 
those obtained in pure Ce or in other Ce afloys. The 
results obtained show a rather good degree of self
consistency; further experiments on these alloys 
will tell if the mode1 en compasses the essential 
features. 
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In the magnetic domain below Pc (~ 30 kbar), the Coulomb repulsion is very much larger than E 
the 4f level is below EF and the Anderson Hamil- and LI in rare-earth metals. The total 4f density of 
tonian can be reduced to an exchange Hamiltonian states for the two spin directions is: 

Jt'= -rs's (1) 

describing the interaction between the conduction 
electron spin density s at the impurity site and the 
localized electron spin s. The interaction constant, 
as previously described, 3,5 is the sum of the two 
terms: 

(2) 

ri cornes from the normal exchange scattering 
mechanism and is small, positive and nearly 
pressure independent. We make here the reasonable 
approximation that ri is constant in the rare-earth 
series and take the value deduced for gadolinium 
impurities for which r 2 is nearly zero. r 2 arises 
from the resonant scattering mechanism, is nega
tive, and can he obtained from the Schrieffer- Wolff 
transformation 13 

o 2V~f r ~ - --
2 - lei (3) 

Vkf is the matrix e1ement of mixing and e(e < 0) is 
the energy separating the 4f level and EF . Formula 
(3) is no longer val id when lei becomes very small, 
i.e. lei smaller than LI . As e approaches zero, the 
the phase-shift bv of the occupied 4f level varies 
rapidly with e. Thus in the region of very small e, 
we have to take into account the direct scattering 
Hamiltonian which gives the e dependent phase
shift bv •14• 15 One effect of the direct scattering term 
is to renormalize ~ into an effective r 2 approxi
mately given by 

2V~f lei 
e2 + Ll2 

(4) 

r2 has a maximum when e = - LI and is zero when 
e = O. We apply tbis ionic model until e = 0 
although, obviously, the nearer we approach the 
transition, the less valid the ionic model and, in 
turn, the less valid formulas (2) and (4). 

In the nonmagnetic domain above Pc' the 4flevel 
is above EF at a distance E and we use the nonmag
netic resonant states theory within the Hartree
Fock approximation. E is much larger than the 
half-width LI in the nonmagnetic domain because 

ç (LI)2 
nAEF ) = nl1 E, (5) 

and the total number of 4f e1ectrons N is given by 

çLl 
N= -- = 

nE 
(6) 

n 

ç is the degeneracy of the nonmagnetic 4f state 
which is equal to 14 if we do not take into account 
spin- or bit coupling. On the other hand, if the 
spin-orbit coupling is large relative to LI, as is 
usually the case in rare-earths, the 4f level is split in 
aj = 5/2andaj = 7/2state.Forcerium,theground 
state is j = 5/2 and we can consider it the only 
occupied state, so that ç is equal to 6. 

III RESULTS 

(1 °) Depression of the superconducting transition 
temperature. 

We calculate -dTc/dc in the magnetic domain 
(T -> Tk ). At low concentration -dTc/dc is given 
by the Abrikosov- Gor'kov formula: 16 

(
dTc) n2 2 - Tc c=o =""4 ns(EF) S(S + l)r (7) 

with r given by (2) and (4): 

Lie 
r=r 1 +2r02 2 

e + LI (8) 

where 

2 
r 0 = ---:=-:-

nns(EF) 
(9) 

We take the value ns(EF) = 4.4 ~tates/eV atom for 
the densi ty of states of the sd band of pure lanthan um 
(for two spin directions) deduced from specific heat 
measurements. Thus, ri = 0.028 eV is deduced 
from experiments on LaGd5 where r2 ~ 0, ro = 
+0.145 eV and we assume, as usuaV LI = 0.02 eV. 

We further assume a linear variation of e with 
pressure of 0.02 eV per 15 kbar and choose Pc equal 
to 32 kbar. Thus e = -(32/15)LI = -0.0427 eV at 
normal pressure. Using these values and equations 
(7), (8) and (9) we plot the theoretical curve (labeled 
(1)) in Figure 1. Hence, by assuming a reasonable 
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value of e at normal pressure, we can lit the experi
mental curve quite weil, in particular the position 
of the maximum, between 0 and 27 kbar, where 
27 kbar corresponds to e = - LI / 3. However, 
between e = -Ll;3 and e = 0 (near the magnetic
nonmagnetic transition) the theoretical curve de
parts from the experimental curve. The occurrence 
of the maximum in the depression of Tc can be 
explained by expression (4), whereas it cannot be 
explained by the Schrieffer- Wolff formula (3). 

In the nonmagnetic domain, we use the Ratto
Blandin theory 17 which does not take into account 
spin fluctuations. The Ratto--Blandin expression 
(in the previous notation) is given by 

In~ = _ccxnf(EF) (1 + ex nf(EF)Uerr) (10) 
Tco ns(EF) ç 

where Tco is the superconducting transition tem
perature of pure lanthanum (which varies with 
pressure), and ex is a parameter given by 

1.14 W D ex = ln for E ~ LI , W D (11) 
Tc 

In the limiting case of small concentration and 
E ~ LI , we obtain: 

(
d 7;,) ( exçTco ) 

- dc c=O = nLlns(EF) 

(~J (1 + 2:~) (12) 

Curve (II) plotted in Figure 1 has been obtained 
using expression (12) with the following two sets of 
parameters : 

- either ç = 6, i.e. the large spin- orbit coupling 
limit, by taking a linear variation of E versus 
pressure with E = 6L1 at P = 125 kbar and E = 
3·675 LI at Pc = 32 kbar. This corresponds to a 
change of E by LI = 0.02 eV for a pressure of 40 kbar. 
The total number of 4f electrons, N , varies from 
0.32 at 125 kbar to 0.52 at Pc = 32 kbar. 

- or ç = 14, i.e. the zero spin- orbit coupling 
limit, by ta king a linear variation of E versus pres
sure with E = 9L1 at P = 125 kbar and E = 5.28L1 
at Pc = 32 kbar. This implies a change of E by 
LI = 0.02 eV for a pressure of 25 kbar. N varies 
from 0.5 at 125 kbar to 0.85 at Pc The relevant case 
is probably the large spin- orbit coupling limit 
which, incidentally, corresponds to the smallest 
valuesofN. 

Above 50-60 kbar, the agreement between 
ex periment and the theoretical curve (II) is very 

good, without taking into account spin fluctuations. 
However, when we approach Pc from high pressures, 
the theoretical curve (II) deviates markedly from 
experiment. An expression which takes into account 
correctly the spin fluctuations will certainly im
prove the agreement between ex periment and 
theory in the pressure range Pc to 50-60 kbar, 
although even without such an expression, the 
Ratto-Blandin formula gives a reasonable qualita
tive explanation demonstrating unambiguously 
the nonmagnetic character of cerium impurities 
abovepc· 

Around Pc' we are unable to describe the 
magnetic- nonmagnetic transition, nor can we link 
the variables e and E to each other. Thus, although 
we can accurately describe the pressure depend
dence of the depression of 7;, at pressures sufli
ciently far from Pc> our description of the magnetic 
transition in the vicinity of Pc is rather crude. 

7; as a function of Ce concentration for the n6n
magnetic TbCe system has recently been measured 
between 0 and 18 kbar. 9 ,lo Although it has been 
shown 1 0 that the 7; versus c curves may be quanti
tative/y described by a recent extension of the 
Ratto- Blandin theory due to Kaiser,18 we con
sider here only the low concentration limit where 
the depression of 7; is linear in c for which the 
Ratto- Blandin theory is adequate. Using equation 
(10) or (12), we obtain the theoretical curve for 
-(d7;/dc)c=o versus pressure in Figure 3 which 
agrees well with the experimental data using 
again the following two sets of parameters : 

- either ç = 6, by taking a linear variation of 
E versus pressure with E = 4.3L1 at 0 kbar and 
E = 5L1 at 18 kbar. This corresponds to a change 
of E by L1 = 0.02 eV for a pressure of 26 kbar. N 
varies from 0.44 at 0 kbar to 0.38 at 18 kbar ; 

- or ç = 14, by taking a linear variation of E 
versus pressure with E = 6·2L1 at 0 kba r and 
E = 7.lL1 at 18 kbar. This implies a change of 
E by L1 = 0.02 eV for a pressure of 20 kbar. N 
varies from 0.72 at 0 kbar to 0.63 at 18 kbar. 

The variation of - (d 7;/dc)c= 0 versus pressure 
in ThCe alloys is explained by the same argument 
as for LaCe alloys with a change of E with pressure 
of the same order. By comparison with the LaCe 
system, zero pressure for TbCe alloys corresponds 
roughly to 50 kbar for LaCe alloys. Noting that 
Ce impurities are magnetic in y, the ternary alloy 
system (Th 1 x y JI -eCee should exhibit the same 
variation of -(d7;;dc)c=o with increasing x as with 
decreasing pressure in LaCe alloys. This has been 
observed recently by Huber and Maple8 as shown 
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in Figure 3. -(dT.:/dc)c=o increases with x and has 
the same value for x = 0.35 as for LaCe at 35 kbar. 
By again increasing x to 0.70 (where the Th1 - xYx 
alloys are no longer superconducting), on~ should 
be able to generate a curve similar to that of 
Figure 1 to roughly the maximum. 

Another example is the ternary alloy system 
(Tht-xScx)t-cCec where -(dT.:/dc)c=o is roughly 
independent of x to x = 0.35.8 This indicates that 
E does not change with matrix composition in 
this concentration range. It is interesting to note 
that ScCe alloys are nonmagnetic as shown by 
recent magnetic susceptibility experiments. 19 

Finally, the extreme sensitivity of - d T.:/dc to 
the relative position of the 4jlevel and EF makes it 
a very good tool for studying magnetic- nonmag
netic transitions in dilute alloys. 

(2°) Resistivity 
The second result concerns the occurrence of the 
Kondo effect and the variation of the slope of the 
Kondo resistivity in the magnetic domain. In the 
nonmagnetic domain, far from the transition, there 
is obviously no resistivity minimum and the slope 
dR"jd ln T is positive. 

In the magnetic region, above the Kondo 
temperature, the magnetic resistivity is given (in 
the usual notation) by : 15 

Rm = ;o~1i (2 sin2bv + 2n2p2r2 cos 2bvS(S + 1) 
nz e p \ 

+ 8n2r3p 3S(S + 1) cos 2bJn k~T) 
Since rand bv vary with pressure, while p and S 

are assumed to he constant, the slope of the resis
tivity is conveniently written as : 

dRm 3 

d In(kBTID) = rxcr cos 2bv (14) 

where rx is independent of pressure and given by: 

8monS(S + 1) 
rx = -.::..,-~:-----.:. 

zNe2lip 
(15) 

Expression (14) becomes: 

dRm 3 

dln(kBTID) = rxcr1 z (16) 

with: 

(17) 

as a function of x = el A; while (dT.:/dc)c=o is given 
by 

(18) 

with 

( 
2ro x )2 

y = - 1 + rI 1 + x2 (19) 

The two parameters y and z are plotted in 
Figure 6 as function of x for rI = 0.028 eV and 
r 0 = 0.145 eV. z and y are negative and increase 
in absolute value when x increases by negative 
values, z has a minimum around x ~ - 1.5 and a 
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FIGURE 6 Tbe functions y, z, zt and v versus tbe parameter 
x = elA for 2rolrt = 1004. 

maximum around x ~ - 0.6, while y has only a 
minimum at x = - 1. Y is al ways negative and 
has two zero values at Xl = - (2r olr 1) and 
X 2 = ( - r d2r 0); z has three zero values at Xl' 

x 2 and -1. Thus z is negative in the present case 

• 



• 

MAGNETIC- NONMAGNETIC TRANSITIONS IN ALLOYS WITH CERIUM IMPURITIES 339 

from X 1 ~ - 10.4 to X = - 1; z is positive from 
x = -1 to x 2 ~ - 0.1, and the Kondo effect has 
in principle disappeared in this region. 

If we compare the dependence of dR"jd ln kB T 
on pressure given theoretically by expression (16) 
with ex periment (Figure 4), we see that quantitative 
agreement is relatively poor. Qualitatively, we 
observe a maximum in IdRm/dlnTI for LaO.9SCcO.02 
at roughly 13 kbar, a Iittle lower in pressure than 
the maximum of LIT" for the same alloy. The 
occurrence of a maximum in IdR"jd ln TI is a very 
good qualitative check of formulas (8) and (16), 
although the maximum does not appear at precisely 
the right position, i.e., the maximum in 1 dRm/d ln TI 
occurs at Il = - 1.5L1, whereas the maximum of 
-(dT,,/dc)c=o occurs at Il = - LI. Moreover, 
IdRmld ln TI is not zero when -(dT,,/dc)c =o is a 
maximum as predicted by the theory, but it is 
suggestive that, at the 18 kbar Iimit of present 
experiments, IdR"jd ln TI begins to decrease more 
rapidly than LIT". Further experiments at higher 
pressure on Rm(T) would be interesting to c1arify 
this point in relation to the theoretical curves of 
Figure 6. The curves of resistivity versus tempera
ture in the YO.99CeO.Ol alloy (Figure 5) are obviously 
in qualitative agreement with the theoretical 
results ; the Kondo effect disappears at high pres
sure when the 4f level goes above E F• The non
magnetic nature of Ce impurities in YCe alloys at 
high pressures is also consistent with the rather 
small depression of T" (_OSK/at. % Ce) above 
100kbarY 

The total temperature dependent contribution 
to the resistivity is given by 

R = f3T" + Rm (20) 

so that the temperature of the resistivity minimum 
is 

( )

1/" 
- ~ r3 Tmin - nk 1 

1'/1-' B 7. 1/ n 

(21) 

wheren ~ 3 for La20 and ~ 4fory.21 

The function zt is plotted in Figure 6 and is 
obviously significant only when z is posItIve. 
Again, there is good qualitative agreement between 
theoretical calculations and ex periment on 
LaO.9SCeO,02 for which Tmin increases very slowly 
with pressure. For an YO.99CeO.Ol alloy, Figure 5 
shows that Tmin is roughly constant between 0 and 
25 kbar, in qualitative agreement with formula 
(21). 

(3°) Low temperature resistivity 
We have argued above that the present ex peri
mental results are probably in the regime T > ~. 
Our model predicts that the low tempe rature 
(T < ~) resistivity plateau should decrease with 
pressure (p < Pc) according to the formula 15 

2moc 2 ~ 2moc x 2 

R = cos u = -- (22) 
m nzN e2hp v nzN e2hp 1 + x 2 

2 

the function v = ~ is plotted in Figure 6. 
l+ x 

For P > Pc, in the nonmagnetic domain, the 
residual resistivity should decrease according to 
the Friedel formula 

2nc . 2 2nc Ll2 
Rm = zk

F 
ç sm Of = zk

F 
ç E2 + Ll 2 (23) 

Resistivity experiments conducted at low tem
peratures would therefore provide a good check 
on this model which predicts a decrease of Rm 
with increasing pressure and a typical transition 
pressure in the 30 kbar range. 

Another very desirable experimental quantity 
would be the susceptibility with a change from a 
Curie-·Weiss law in the magnetic domain to an 
exchange enhanced Pauli behavior in the non
magnetic domain. 

IV. CONCLU DING REMARKS 

Sorne interesting aspects of this problem remain to 
be discussed. The fust concerns the shape of the 
variation of T" versus impurity concentration. In 
Figure 2, the isobaric curves of T" versus c are 
plotted for different pressures. At low pressures 
(below 15 kbar), the curvature is slightly negative 
as predicted by the Abrikosov- Gor'kov theory. 
At 23 kbar, the curvature is slightly positive wrule 
at higher pressures, the positive curvature becomes 
quite pronounced. At very high pressure (105 kbar), 
the curvature although still positive, is less apparent 
due to the decrease of the initial slope -(dT,,/dc)c=o 
with pressure. The same type of curvature is 
exhibited by TbCe, (Th l- xSCx)l - cCec and 
(Th1- x Yx)l-cCec alloys (Figure 7) as weil as ThU22 

and AIMn23 alloys. Ali these alloys are non
magnetic or only weakly magnetic.24 

Another remark concerns Hamiltonian (1). For 
the case of magnetic cerium impurities, a new 
Hamiltonian25 has been recently derived for the 



340 B. COQBLIN, M. B. MAPLE AND G. TOULOUSE 

resonant scattering term r 2 but not for the normal 
sca ttering term r l' For this reason we have relied 
on Hamiltonian (1). Nonetheless, the main results 
of the present paper are basicaIIy conserved with 
the new Hamiltonian, particularly the variation of 
z, y and v with x (or pressure) given by formulas 
(17), (19) and (22). 

0.02 0.04 0.06 

FIGURE 7 T,/ T,. versus Ce concentration c in (Th, _. Y.),_, 
Ce, and in (Th, _.Sc.), _,Ce, alloys (reference 8). 

. In the nonmagnetic domain, we have presented 
both zero and large spin-orbit coupling limits. 
Large spin-orbit coupling is probably appropriate, 
although without direct measurements, we have 
preferred to consider both limits. 

A drawback of the theory for the nonmagnetic 
domain is the absence of a formula for 1'" taking into 
account correctly the spin fluctuations. The effect 
of spin fluctuations is probably not very important 
far away from the magnetic- nonmagnetic transi
tion, i.e., above 50-60 kbar, but close to the transi
tion, a better theory of ex change enhancement 
would certainly improve agreement between 
experiment and theory. 

In summary, we have developed a mode! for the 
first observation of the smooth and continuous 
transition of a dilute metallic alloy from magnetic 
to nonmagnetic behavior. 
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DIFFERENT EFFECT OF CERIUM 
AND GADOLINIUM IMPURITIES ON THE PRESSURE DEPENDENCE 

OF THE SUPERCONDUCTING TRANSITION TEMPERATURE OF LANTHANUM* 

B. Coqblin and C. F. Rattot 
Laboratoire de Physique /!'ê"s SôlidêS', Faculté des Sciences, Orsay, France 

(Received 1 Ju1y 1968) . 
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 

o 0.5 c ("/0) 

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 
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Table 1. Values (in eV) of the exchange integral J for La:Ce and La:Gd alloys, of the position E of the 4/level, 
and its variation dE under a 10 kbar pressure in La:Ce alloys. Calculations are done with two densities of states, 
n(EF)=2.4 and 0.5 states / eV atom, and with a half-width ~ = 0.02 eV. (Between brackets the pressures pare ex
pressed in kbar.) 

JGd=J1 JCe(P = 0) 
(eV) (eV) 

n(EF) = 2.4 states / eV atom 0.03 -0.08 
n(EF)=0.5 states/ eV atom 0.06 -0.18 

similar system, the Y:Ce aUoys,l1 which are not 
superconductors, would also be very interesting 
to study at very high pressures. Both La:Ce and 
Y:Ce aUoys show a Kondo effect and are good 
candidates to study experimentaUy the transition 
from magnetism to nonmagnetism at very high 
pressures when E becomes zero. This study 
would relate directly to aU the recent theoretical 
developments on the Kondo effect. 
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