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Rbsum6.- On dgcrit ici les propribtgs magngtiques des systsmes de terres rares 
anormales. D'abord, on rappelle les rgsultats des modbles b une impuretb qui sont 
appliques aux alliages ou composgs Kondo et aux systCmes de valence intermgdiaire 
(cerium, SmS ou alliages Lace). Ensuite, on discute les modsles du "rbseau Kondo" 
et du "rsseau dlAnderson"qui sont utilisbs pour expliquer le comportement de basse 
temperature des composbs tels que CeA12, CeAl ou TmSe. 3 

Abstract.- The magnetic properties of anomalous rare-earth systems are described 
here. Pirstly, the main results of the one-impurity models are recalled and applied 
to Kondo alloys or compounds and to intermediate valence systems (cerium, SmS, &gCe 
alloys) . Then, the "Kondo lattice" or "Anderson lattice" models are discussed and 
used to explain the low temperature behaviour of compounds such as CeA12, CeA13 or 
TmSe . 

1 . Introduction .- The rare-earth metals, 
alloys and compounds can be divided in two 

groups : the "normal" rare-earths which 

have an integer number of 4f electrons and 

the "anomalous" rare-earths which may have 

a non-integer number of 4f electrons depen- 

ding on pressure, temperature and composi- 

tion. The anomalous rare-earth systems are 

characterized by the presence of a narrow 

4f level close to the Fermi level, which 

produces a large resonant scattering effect 

and the 4f level is generally increasing 

compared to the Fermi level when pressure 

is applied. 

The normal rare-earth metals have 

been extensively studied and already revie- 

wed in detail /1/, / 2 / .  Thus, the purpose 

of the present paper is to review the main 

features of the anomalous rare-earth sys- 

tems only. The presence of a 4f level close 

to the Fermi level can be responsible for 

two main effects : the Kondo effect and 

the occurrence of an intermediate valence 

/3/,/4/. Firstly, the Kondo effect occurs 

in many alloys containing anomalous rare- 

earth impurities such as Lace, - YCe /5/ or 

&Yb /6/ or also in compounds such as CeA12 

or CeA13 /7 / .  In the preceding examples, the 

valence is close to 3, the ionic model is 

appropriate to describe the 4f ground state 

+ Associb au C .N.R .S . 

multiplet and in particular the combined 

crystalline field and Kondo effects are 

important to account for many of their pro- 

perties /8/. In compounds such as CeA12 and 

CeA13, this one impurity description fails 

at low temperatures when the one-impurity 

Rondo effect competes with the normal 

Rudermann-Kittel type interaction between 

different rare-earth atoms and this problem 

has been theoretically studied within the 

"Kondo lattice'' approach /9,10/. 

On the other hand, since the 4f level 

is close to the Fermi level, we can expect 

an intermediate valence, i .e. a non integer 

number of 4f electrons, and a change of 

valence (which could be accompanied by a 

magnetic--nonmagnetic transition) obtained 

by varyin? either pressure or temperature 

or composition of the matrix in the case of 

alloys with Ce or Yb impurities or even 

stoichiometry in the case of TmSe for 

example. The magnetic - non magnetic transi- 
tion has been observed in E C e  alloys under 

pressure /11/ or in m C e  alloys with 

increasinq thorium concentration /12 ,13/, 

while cerium metal presents an anomalous 

phase diagram with an important change of 

valence between the a and y phases /14/,/15k 

On the other hand, SmS and related compounds 

have been found to present a semiconductor 

to metal transition accompanied by a change 
20 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1980551

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1980551


JOURNAL DE PHYSIQUE 

of valence /16/,/17/. The compounds TmxSe, 

which present an antiferromagnetic-like 

ordering at low temperatures /18/, have a 

residual resistivity increasing rapidly 

when x + 1, which suggests that thestoichio- 

metric compound TmSe might be insulatinc 

at zero temperature /19/. 

From a theoretical point of view, the 

nodels which had been developed up to a 

recent past were essentially one-impurity 

ones. But, the low temperature properties 

of compounds such as CeA12, CeA13 or TmSe 

cannot be described in such a framework. 

Recent progress have been made to treat the 

cooperative effects occurring at low tempe- 

ratures and we would like to describe them 

here. 

~hus, the present paper will be divi- 

ded in two parts : in section 2, we will 

review briefly the 0ne;impurity models 

applied to alloys metals and compounds, 

while in section 3 we will present some 

recetit developments for treating the low 

temperature cooperative effects. 

2. The one-impurity models for anomalous 

rare-earths .- 2.1 . T'h'-"og@-ggq&~~'' and 

the "intermedigtg=yalence-gggime" .- Wewould 
like to distinguish firstly between the dif- 

ferent cases encountered in anomalous rare- 

earth systems. The classical way to do it is 

to start from the Anderson Hamiltonian /15/, 

/B/ : 

We use here the non degenerate 

Anderson Hamiltonian with the usual nota- 

tions and we do not consider the orbital 

degeneracy which is not necessary for our 

discussibn. 

In the classical Hartree-Fock picture, 

the density of states of the 4f electrons 

for each spin direction a is given by : 

and the number of 4f electrons for the spin 

direction o is given by : 

A c o t g  n<n > = E a a - E~ (3) 

with : 

E5 = E + U < n  > 
-5 

and : 

where ps is the density of states for the 

conduction band. 

In anomalous rare-earth systems, U is 

typically of order 1 to several eV, Vkf of 

order 0 -1 eV and A of order 0 -01 eV. The 

self-consistent solutions of (3) are conti- 

nuous as a function of Eo, but however we 

can distinguish 3 different regimes appro- 

priate to the study of anomalous rare-earths: 

i) If Eu - EF is positive and relati- 
vely large compared to A, i.e. Eo - EF (with 
a = f or 4) typically of order 5 to 10 A, 
we are in the "non magnetic intermediate 

valence regime" (non magnetic in the Hartree- 

Fock sense) where the spin fluctuations are 

generally important. a-cerium / 21/,/22/ or 

ThCe alloys /23/ correspond to this case. 

ii) If I E ~  - E+[ is zero or small of 
order A, i.e. one 4f level partially occu- 

pied, we are in the "magnetic intermediate 

valence regime" and anomalous rare-earth 

systems such as TmSe or SmS under pressure 

correspond to this case. In cases (i) and 

(ii), the number of 4f electrons have 

clearly a non integer value. 

iii) If EF - E+ is positive and relati- 
vely large compared to A, i.e. EF - E+ of 
orzer 5 A, the densities of states given by 

(2) are very small at the Fermi level and 

the number of 4f electrons is close.to an 

integer value (<n > = 1, <n+> - 0) . However, + 
it has been shown that, in this limit, the 

Anderson Hamiltonian is equivalent to a s-f 

exchange Hamiltonian /24/ : 

+ -+ 
H = - J s .  

Sf ( 6 )  

with : 
l v k f  l 2  

J=- 
Eo ,- EF 

J is negative yielding the Kondo effect and 



laraer in absolute value than for the normal 

rare-earths. Most of the anomalous rare- 

earths (y-Ce, Lace, s e ,  CeA12, CeAl 3...) 

correspond to this "Kondo regime". The ionic 

description of the 4f electrons and the 

spin Hamiltonians such as (6) are perfectly 

appropriate.for this case, while we need to 

use the Anderson Hamiltonian itself to 

describe the two preceding cases. 

Indeed this well-known division is 

quite artificial and oversimplified, but it 

will give a clearer discussion of the one- 

impurity models in the following. 

2.2. T_h~-Kord~-eff~ctis-_a_12-0~_~~_a_n_d-c~~~ounds 
We start the discussion by the third prece- 

ding case of magnetic alloys presenting a 

Kondo effect. In alloys such as GCe, YCe 

/5/ or G Y b  /6/, the rare-earth atoms are 

magnetic with a magnetic moment correspon- 

ding roughly to the ionic configuration 4f 
1 

of cerium or 4f l3 of ytterbium at sufficien- 

tly high temperatures ; these alloys show 

also a resistivity minimum at low tempera- 

ture due to the Kondo effect. 

The Kondo effect of alloys with Ce or 

Yb impurities has been studied in the frame- 

work of an effective Hamiltonian which des- 

cribes the resonant scattering character a d  

takes into account both combined spin and 

orbit exchange scattering and the crystal- 

line field effect /25/. For a cerium (or 

ytterbium) atom, the large spin-orbit 

coupling leads to a ground state multiplet 

of total angular momentum j = 5/2 (or j = 

7/2), which is then split by the crystalline 

field (CF) . Let M denote a CF eigenstate of 
the ground state multiplet with an energy 

X 
EM(<O) compared to the Fermi level, cM the 

creation operator for a 4f electron in the 
X 

corresponding M substate and ckM the crea- 

tion operator for a conduction electron 

partial wavefunction of wavenumber k, total 

angular momentum j with a magnetic z-compo- 

nent M = <j > .  Performing the Schrieffer- 

Wolff transformation on the Anderson 

Hamiltonian yields an effective Hamiltonian 

appropriate to the 4 f (or 4 f 13) conf igura- 

tion and given by /25/ : 

The exchange integrals Jw,l, are given hy : 

and are indeed negative, yielding thus 3 

Kondo effect. 

The electrical resistivity /8/, the 

thermoelectric power /26/ and the reuxa- 

tion rate of the doublet ground state in 

cubic alloys such as &Yb /27/ have been 

computed in the framework of the Hamiltonian 

(8) within the third-order perturbation 

theory. In particular, it is found /27/ that 

the theoretical relaxation rate of the 

doublet ground state divided by temperature 

behaves logarithmically at low temperatures, 

i .e . for kT below roughly A/15, then goes 
through a minimum and rises finally very 

quickly for a temperature larger than A/io, 

if A is the distance between the ground 

state and the first excited state. An excel- 

lent agreement is observed with the measu- 

red relaxation rate of the ground state r 
7 

of g b  alloys as deduced by M6ssbauer 

experiments, down to the lowest reached 

temperature of 0.6 K; a similar agreement 

is found for relaxation effects of Yb impu- 

rities in gold in magnetic fields up to 

55 kG /28/,/29/. 

The theoretical calculations of the 

third-order.perturbation resistivity /8/ 

and thermopower /26/ have been applied to 

the case of magnetic cerium compounds such 

as CeA1 and CeA13. Figures 1 and 2 give 

the plot of the magnetic resistivity, i.e. 

the difference between the resistivities of 

the Ce compound and of the corresponding 

La compound, for respectively CeA12 /30/ 

and CeAl /31/ versus temperature in loga- 3 
rithmic scale at different pressures up to 

16 kbar. The main results can be summarized 

as follows : 

i) Very good fits are obtained at 

sufficiently high temperatures with reaso- 

nable values of the different parameters 
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(the values of the parameters are given in rity Kondo effect and the interaction 

rei./30/ and /31/). The temperature of the between magnetic moments on neighbouring 

resistivity peak corresponds approximately atoms, which becomes important at low tempe- 

to the overall crystalline field splitting ratures, will be described in section 3. 

of Ce atoms, while the Log T law observed 

above that temperature is characteristic 

of the Kondo effect. - E. I 

-1 A ; 1 ~ 1 1 , 1 , 1  ,,,- , , , ,  . 2 j ;  . ,  ; , , , , ,  * . . ,. .' 
20 

1 2  3 4 5 8 7 8 9 1 0  20 304050 100 200300 1.2 2.5 4.2 10 20 
Temperature ( K )  1,0,OMP,2,OIITuRE ( K) 

- 

Fig.1 : Plot of the magnetic resistivity of 
CeAl versus temperature at normal pressure 
(*) , 28 kbar (A) and 16 kbar ( 0 )  . The full 
lines are theoretical curves described in 
ref ./30/. 

ii) The mean distance between the dif- 

ferent CF sublevels and the Fermi level 

decreases with increasing pressure, as gene- 

rally expected in cerium systems. 

iii) The theoretical curves based on 

a one-impurity model cannot account at all 

for the resistivity below 10 K in CeA12/30/ 

and 20 K in CeA13 /31/. 

iv) The low temperature behaviour of 

cerium compounds is quite different from 

that of dilute alloys with cerium impuri- 

ties : the g C e  alloys are characterized by 

a Kondo temperature Tk = 25 K above 20 K 

and by another one Tk = 0.1 K below 1 Kt in 

good agreement with the model on the influ- 

ence of the crystalline field on the Kondo 

effect /8/ ; on the opposite, the "normal" 

one-impurity Kondo effect is not observed 

at low temperatures in CeAJ2 and CeA13. 

The competition between the one-impu- 

E 
X 

C 
a 7 0  - - 
a - - =. - - " 
D .- : so- 
a 
U - .- - 
E 

8 50- 
I 

Fig.2 : Plot of the magnetic resistivity of 
CeA13 versus temperature at normal pressure 
(0) and 16 .6 kbar (m) . The full lines are 
theoretical curves described in ref./31/. 

2-3. The-vaLeec_e-c_hcnqes-&n-anomaLous-rare= 
earths .- 2 - 3  -1 . ;h_e-phase diaqggm-off c_ez&';fm ------ 
me&a&.- Cerium metal is the first studied 
case of an intermediate valence system pre- 

senting a drastic change of valence under 

pressure. 

Cerium is known to have an anomalous 

phase diagram, shown on figure 3, with five 

solid phases : two f .c .c . a and y phases, 

one d .h .c .p . B phase, one high temperature 
b .c .c . 6 phase and the a' phase above 50 
kbar /14,15/.The y phase has a Curie-Weiss 

paramagnetism with a 2.5 l ~ g  magnetic moment 

corresponding to the 4 f con£ iguration, 

while the a phase has a roughly constant 

and large Pauli paramagnetism.The a' phase 

is superconducting below 1.7 K. The transi- 

tion between the a and 7 phases is a first- 
order one at normal pressure but the jump 

in the lattice parameter or in the resisti- 

vity decreases with increasing pressure to 

A 



finally give rise to a continuous transi- 

tion above the critical point, shown on 

figure 3. 

Fig.3 : Phase diagram of cerium metal. 

According to room temperature measurements 

of the lattice parameter /32/, the valence 

of cerium is 3.1 in the y phase, roughly 

3 .7 in the a phase at 7 kbar, aln?ost 3 -9  

in the a phase at 50 kbar and remains equal 

to 4 in the a' phase. 

Recently, the d .h .c .p B phase has 
been extensively studied /33/ and many of 

its properties are comparable with those 

found for CeA12 and CeA13 : 

i) The resistivity follows above 80 K 

a Log T law characteristic of the Kondo 

scattering, r'eaches the value of 50 pQ x 

cm at 40 K and exhibits an order of magni- 

tude drop below 20 K. 

ii) The magnetic behaviour is charac- 

terized by a Curie-Weiss law for the suscep 

tibility corresponding to the 4f1 configu- 

ration down to 20 K and by a magnetic tran- 

sition at 13 K /lo/. 

Thus the y-a transition is a magnetie 

nonmagnetic one and corresponds to a change 

of valence. The first explanation is based 

on the virtual bound state model /15/ : the 

localized 4f level is broadened by mixing 

with conduction electrons; when pressure is 

applied, the 4f level is shifted upwards 

compared to the Fermi level and the y-a-a' 

sequence of cerium phases is described by 

shifting the 4f level from below the Fermi 

level to far above it. The essential limi- 

tation of the model is, in fact, the use of 

the Hartree-Fock approximation, but on the 

other hand, the virtual bound state model 

explains really all the points of the phase 

diagram of cerium : the transition between 

a and y phases with a change of valence, the 

magnetism of the y phase and the nonmagne- 

tism of the a phase, the existence of first- 

order and continuous transitions with a cri- 

tical point in the phase diagram, the exis- 

tence of a large density of states at the 

Fermi level in the a phase. Moreover, we 

have chosen reasonable values for the para- 

meters, i .e . , A of order 1/100 eV, the 
exchange integrals of order 1 eV and the 

Coulomb integrals of order some eV. 

In the model of Ramirez and Falicov 

/34/, the 4f electrons lie in an infinitely 

narrow band and a two-body interaction 

between 4f and conduction electrons is 

included. Ramirez and Falicov /13/ have 

also found a phase diagram with a critical 

point, separating two phases with different 

valences, but the two phases are magnetic 

because the f-f Coulomb integral has been 

assumed to be infinitely large. So, the 

magnetic susceptibility of a-cerium is 

predicted to have a Curie-ileiss type beha- 

viour, in disagreement with experiment 

/21,35/. By including the effect of hybri- 

dization of the localized 4f states with 

the conduction band, Alascio et a1./36,37/ 

have obtained a non.-integral valence and a 

roughly constant magnetic susceptibility 

for a-cerium, but the method used to obtain 

a 4f width is, $n fact, very similar to the 

virtual bound state approach. 

A third model is the interconfigura- 

tion fluctuation model of Hirst /38/ who 
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considers that the intermediate valence 

is obtained by a fluctuation between two 

Configurations, namely 4f0 and 4f1 in the 

case of cerium. The fourth model of 

Johansson /39/ treats the a-y transition 

as a Hott transition, without involving any 

change in the number of 4f electrons. 

So, except the last model /3P/ which 

appears to be in contradiction with experi- 

mental results, all the other models are 

based on a mechanism involving a promotion 

of 4f electrons into the conduction band. 

Correlatively, the large values of both 

magnetic susceptibility and the electronic 

specific heat constant of a-cerium /21,35/ 

can be understood within a model involving 

a large density of states at the Fermi level, 

as in the virtual bound state model /3/,/22h 

2.3.2. The insng&ator-m~gg&-;ransit&gn--gf 
SgS.- Another well known example of an 

intermediate valence system is indeed SmS. 

At normal pressure, SmS is a semiconductor 

with a very small gap estimated to be 0.06 

eV by resistivity and optical measurements 

/40/. Correlatively, SmS has a roughly 

temperature independent magnetic susceptibi- 

lity characteristic of the J = 0 ground 

state /17/. Then, at 6.5 kbar, it undergoes 

a first-order transition from semiconductor 

to metal without change in the crystallo- 

graphic structure /16,17/. Lattice parameter 

measurements show that the number of conduc- 

tion electrons becomes equal to 0.77, where- 

as the number of 4f electrons has decreased 

from 6 to 5.23 in the metallic phase /17/. 

The transition is accompanied by a rapid 

decrease of the atomic volume, estimated to 

be 16 % /16/ or 13.5 % /40/. Between 7 .5 

and 13 kbar, the nagnetic sus~eptibility of 

SmS is characteristic of an enhanced Pauli 

susceptibility, with a huge value of 3 x 

emu/moie at low temperatures /17/; the 

electronic constant y of the specific heat 

is alSp huge, of order 145 m,T/mole .IZ2 /41/. 

Finally, the resistivity at 10 and 20 kbar 

is roughly equal to 200 UR x cm from room 

temperature down to 50 K and then increases 

rapidly with decreasing temperature /41/. 

The same models have been invoked for 

explaining the transition of SmS as previou- 

sly the y-a transition of cerium. The tran- 

sition of SmS is explained within a virtual 

bound state model /42/ as follows : at 

normal pressure, the 4f level lies below the 

bottom of the conduction band which is empty 

while the 4f level is moved up under pres- 

sure to give rise to a transition when it 

enters the conduction band ; then the 4f 

level is broadened by mixing with conduc- 

tion electrons and the 4f width is taken 

proportional to the conduction band density 

of states. This model /42/ yields a first- 

order transition from a semiconductor to a 

metallic phase with different valences and 

accounts for the main properties of SmS in 

its high pressure so-called "collapsed" 

phase. On the other hand, the Ramirez- 

Falicov model extended by several authors 

/43/,/44/ and the Hirst model /38/ can ac- 

count for the first-order transition of SmS 

and also for the continuous transitions 

observed in SmSe and SmTe compounds /16/. 

- A  transition has been also observed 

in many ternary compounds containing 

Samariam /45/,/46/. The alloys Sml-xYxS 

/45/-/51/ Sml-xLaxS /46/,/52/,/53/, 

Sml-xGdxS /4 5/, /54/, /55/, Sml-xThxS /55/, 

SmSl-xA~x /46/,/48/,/51/,/56/, SmSl-xSbx 

/57/ or SmSl-xP /46/, /58/ show continuous 

or discontinuous transitions when the 

relative concentration x is varied. 

Some of these ternary alloys /47/,/48/,/55/ 

as well as pure SmS /48/ and SmBs /59/ have 

been extensively studied by X-ray photoemis- 

sion spectroscopy and the two rays corres- 
6 ponding to the two srn2+(4f ) and sm3+(4f5) 

configurations are generally present in the 

photoemission spectra. Similar results 

showing the two lines of sm2+ and sm3+ have 

been obtained recently by EXAFS in SmSl-x 

Px /58/. The interpretation of the photo- 

emission data was controversial in the last 

years, because the presznce of the 4f5 and 
6 

4f lines in the spectra was generally 

interpreted as a proof of the model of Hirst 

/38/ who considers the intermediate valence 



as due to temporal fluctuations between 

two configurations /60/. On the contrary, 

it seems now established that the presence 

of two lines cannot be used to discriminate 

between the different models /61/ ; the 

existence of the two lines 4fn and 4fn+l 

shows only that the compound has an interme- 

diate valence and an estimate of the valence 

is provided by the relative importance of 

the two lines. Finally, we would like to 

mention that the transition occurring in 

ternary alloys has been accounted for by 

several authors /62/,/63/ starting from the 

different models used for the y-a transitim 

of cerium and a relatively good agreement 

is obtained with experimental data. 

2.3.3. TQe-gaqpeg&c=po~ggnetic gransigti~p 

in dilute alloys with cerium impurities.- -------------- ---------------- ------- 
Another example of transitions in anomalous 

rare-earth systems is provided by the dilute 

alloys with Ce or Yb impurities. When the 

4f level goes from a position below the 

Fermi level to another one above it, the 

alloy goes from a magnetic state to a non- 

magnetic state and correlatively the low 

temperature resistivity minimum due to the 

Kondo effect disappears : this is the case 

of &Ce /11/,/64/ or F e  /65/ alloys under 

pressure and of Au-Ag based alloys with Yb 

impurities /66/ or La-Th based alloys with 

Ce impurities /12/,/13/ when the relative 

composition of the host is varied. In &Ce 

alloys, the depression -ATc/c = (Tco - Tc) 
/c of the superconducting temperature T 

C 
with the concentration c of cerium impuri- 

ties goes through a maximum at roughly 15 

kbar /11/, as shown on figure 4. On the 

other hand, the absolute value Idp/c dLog T I  
of the negative slope of the Rondo resisti- 

vity plotted versus Log T goes also through 

a maximum at 15 kbar in &Ce /64/, while 

the resistivity minimum disappears above 

50 kbar in YCe /65/. Similarly, -ATc/c /12/ 

and (dp/c dLog T I  /13/ are both passing 

through a maximum when thorium concentra- 

tion increases, in the case of La-Th based 

alloys with Ce impurities. 

The interpretation of g e  alloys /67/ 

under pressure is shown on figure 4 where 

the pressure range is separated into a 

magnetic and a non-magnetic domain at 30 

kbar . 

La -Ce - ..... experimental curve 

-theoretical curve 

0 25 50 75 100 125 
a )P 

pressure  b bar) 

Fig.4 : Plot of the decrease - AT /c = (Tco - T )/c of the superconducting temperature 
of k ~ e  alloys versus pressure. The theore- 
tical curves (I) and (11) are described in 
ref ./67/. 

In the magnetic domain, we use an ionic mo- 

del and we treat the resonant scattering in 

the limit of the Schrieffer-Wolff transfor- 

mation, while in the nonmagnetic domain we 

use the approach of virtual bound states 

within the Hartree-Fock approximation. The 

results for -.ATc/c are given by the two 

curves (I) and (11) on figure 4 for Lace 

alloys. A similar agreement is obtained for 

-ATc/c in m C e  alloys /68/ and we can fit 

with the same parameters the curve Idp/c 

dLog T I  for both &gCe under pressure and 

LaThCe alloys ; but obviously, this model 

fails very close to the magnetic - nonmagne- 
tic transition, as shown on figure 4. 

Another model to account for the 

variation of -ATc/c in E C e  /69/ under pres- 

sure and in m C e  /70/ is to take the s-f 

exchange Hamiltonian (6) throughout the 

whole pressure or concentration range and 

to use the theory of Miiller-Hartmann and 

Zittartz /71/. For example, the depression 

of Tc, the Kondo resistivity and specific 

heat measurements can be accounted for in 

LaThCe alloys by making the Kondo tempera- 

ture Tk increase with increasing Th concen- 
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tration from 1.1 K in X C e  to more than 
6 10 K in ZCe. This method yields a conti- 

nuous transition, but on the opposite the 

use of the Aamiltonian (6) seems quite un- 

physical in the nonmagnetic domain. We can 

also mention that a continuous magnetic - 
nonmagnetic transition has been also obtai- 

ned theoretically by use of the functional 

integral method /72/. 

3. Some recent developments in the study of 

anomalous rare-earth systens, The "Kondo 

lattice" and the "Anderson lattice" models. 

3.1. Gepral introducti0g.- Intheprecedinq 

section, we have developed some early 

models used for the study of anomalous 

rare-earths. In particular, we have clearly 

distinquished between the Kondo alloys or 

compou~ds which have in fact an almost 

integer valence and the really intermediate 

valence systems. Indeed, this distinction 

is not sharp, since one can go from a Kondo 

system to a magnetic intermediate - valence 
one'and finally to a nonmagnetic one, as 

for example shown by g C e  alloys under 

pressure. 

A similar example is provided by CeA12; 

we have seen in paragraph 2.2 that CeA12 is 

a Kondo compound and that the absolute 

value of the high temperature Log T slope 

of tne resistivity increases with pressure 

up to 15 kbar. Recent experiments /73/ have 

shown that this absolute value of the re- 

sistivity slope is still increasing up to 

roughly 45 kbar and then decreases steeply 

around 60 kbar and finally the magnetic 

resistivity of CeA12 has completely disap- 

peared at 120 kbar. Moreover, the atomic 

volume of CeA12 undergoes a rapid collapse 

typical of a valence change above 65 kbar 

/74/, as shown on figure 5. Thus, CeA12 

becomesean intermediate-valence system 

above 65 kbar and is certainly nonmagnetic 

at very high pressures. Another interesting 

case is the cubic compound Sm4Bi3 which has 

a structure of type Th P with three ions 
3+ 

pm2+ and one ion Sm ; this compound under- 

goes a first-order, isostructural transi- 

tion at about 26 kbar yith a 10 % volume 

decrease /75/. In the transition, the Srn 2+ 

ions undergo a change towards the trivalent 

state and the material goes from semimetal- 

lic to a metallic state. 

Pressure ( k  bar) 

Fig.5 : Reduced atomic volume of CeA12 and 
LaA12 versus pressure (ref./74/) 

Besides the experimental and theore- 

tical studies of cerium and thulium com- 

pounds which will be discussed in detail 

in the following two paragraphs, we would 

like to discuss here the theoretical study 

of the one-impurity problem performed re- 

cently by Haldane /76/. He has described 

the collective effects of Kondotype associa- 

ted with valence fluctuations within an 

Anderson Hamiltonian generalized by inclu- 

ding a strong coupling with phonons. It 

results a 4f-density of states which has 

at T = 0 K the structure shown on figure 6: 

in addition to the one-body classical peak 

centered at Eo with a half-width A, thereis 

a N-body narrow peak centered at the Fermi 

level with a half-width equal either to the 

Kondo temperature or to the so-called 

"valence fluctuation" temperature, according 

to the different studied cases /76/. For 

example, in the case of &Ce alloy@, there 

will be at very low temperatures a new 

effect coming from the strong dependence 

of the Kondo temperature Tk on Eo (or J) ; 

and particularly, a smooth variation of Eo 

under pressure leads to a strong variation 

of Tk. Such a behaviour has been clearly 



observed in the nuclear orientation experi- 

ments performed under pressure by Benoit et 

a1./77/. 

~ig.6 : Schematic $£-density of states at 
T = 0 in Kondo alloys (ref./76/). 

Figure 7 shows the pressure dependence of 

the hyperfine field Beff seen by the cerium 

nuclei versus the applied fie13 H in Z C e  

alloys. The rapid decrease of the low field 

initial slope of the Heff versus H curves 

reflects the rapid increase of Tk under a 

10 kbar pressure, while the almost unchanged 

saturation hyperfine field athigh applied 

field reflects the much smaller variation 

of Eo. 

- 
a 2 (after cyclinQ) ' 

H (k@)  
I I 

10 20 

~ig.7 : Plot of the hyperfine field Heff 
versus applied field H for different 
pressures at 1/60 K in G C e  alloys (from 
ref ./77/) . 
3.2 - The-cerium-co~~ounG~~a~G-the~1!Eo!!Go 
lattice" model.- We have already seen in -------------- 
5 2.2 that the resistivity of CeA12 and 
CeA13 cannot be explained at low temperature, 

let us say below 10 K, by the one-impurity 

Kondo effect models. So, let us discuss now 

the low temperature properties of cerium 

compounds. 

CeAl orders magnetically below T = 
2 N 

3.8 K, as shown by resistivity /30/, speci- 

fic heat /78/,/79/ or neutron diffraction 

/80/ experiments. Nuclear orientation /81/ 

and N.M.R. /82/ experiments suggest that 

the moments in the ordered phase are smaller 

than the expected ionic value. Neutron dif- 

fraction studies have finally shown that 

the magnetically ordered structure is a 

sinusoidally modulated and incommensurable 

antiferromagnetic one down to at least ~ ~ / 1 0  

/80/. 
The low temperature properties of 

CeA13, i.e. electrical resistivity /31/,/8Y, 

/84/, magnetic susceptibility /83/, specific 

heat /84/,/85/ and nuclear orientation /81/ 

are interpreted in terms of a nonmagnetic 

ground state. The two peaks previously ob- 

served in the specific heat curve at low 

temperatures /79/ are presently attributed 

to small amountsof Ce Al11/85,/86/, so that 
3 

pure CeA13 would never order magnetically 

and would be nonmagnetic at low temperatures 

Finally, the enormous value of the electro- 

nic specific heat term /84/, the T* law of 

the resistivity below 100 mK /84/, the nu- 

clear orientation experiments performed 

down to 5 mK /81/ and the neutron diffrac- 

tion studies /87/ suggest that CeA13 behaves 

as a Fermi liquid with a nonmagnetic ground 

state. 

Ce3Al11 has been recently studied by 

magnetization measurements under pressure 

/86/, specific heat /88/ and neutron dif- 

fraction /87/ experiments. Ce3Al11 orders 

magnetically at 3.2 K and the low tempera- 

ture order is a sinusoidally modulated one 

/87/,/88/. Nuclear orientation experiments 

on other cerium compounds have also shown 

that CeIn3 is well ordered, that Cesn3 is 

nonmagnetic at low temperature and these 

experiments cannot yet conclude for CePb 
3 

compound /89/. 

A striking point common to these 

cerium compounds is the high value of the 
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linear temperature coefficient y of the 

specific heat as reported on table I. 

Table I 

Electronic specific heat constant y and the 
Nee1 temperature (from ref ./85/ and /88/) . 

The second very peculiar point is the exis- 

tence of sinusoidall~~modulated structuresin 

Compound 

CeA1 

CeA12 

Ce3A111 

CeIn3 

CeA12 and Ce3Al11. Such structures are in 

principle ruled out for Kramers doublet 

ground states which occur inboth coupounds ; 

thus, the existence of such structures is 

clearly related to the Kondo effect which 

leads to a singlet ground state /80/. 

2 
y (mJ/nole K ) 

1640 

145 

110 

136 

There are two problems to be discus- 

sed here : firstly the nature of the ground 

state and then the possible transition to 

a Fermi liquid behaviour at very low tempe- 

ratures in CeAl 
3' 

We have seen that, at sufficiently 

high temperatures, the cerium atoms can be 

regarded as independent from each other. 

On the contrary, at low temperatures, there 

exists a competition between the Kondo 

effect on each rare-earth atom which tends 

to suppress the magnetism and the interac- 

tion of neighbouring rare-earth atoms which 

tends in an opposite manner to order the 

magnetic moments. The properties of this 

so-called "Kondo lattice" have been theore- 

tically studied by several authors /9/,/10/, 

/90/,/91/. Jullien et a1./10/, using a 

renormalization group technique on a one- 

dimension analog of the Kondo-lattice 

Hamiltonian, have determined the nature of 

the ground state at T = 0 as a function of 

the exchange integral J adof the bandwidth 

parameter W. They have found that the 

TN (K) 

- 

'3 . 8 
3.2 

10 

system undergoes a second order transition 

from an antiferromagnetic state to a Kondo- 

type nonmagnetic state as JJ/wI increases 

past a critical value IJ/w/ 0.4. This C 
theoretical result can account quite well 

for the very low temperature behaviour of 

anomalous cerium compounds, i.e. antiferro- 

magnetic type order for CeA12, Ce3Al11 and 

CeIn3 and nonmagnetic state for CeAl 
3' 

The Kondo lattice has been also 

studied phenomenologically by Benoit et al. 

/90/ and Barbara et a1./91/. Benoit et al. 

discuss the nature of the ground state and 

of the possible ordering as a function of 

several parameters : the nearest and next 

nearest neighbour exchange interaction in- 

tegrals, the Kondo temperature Tk and the 

crystalline anisotropy ; this last term is 

needed to explain the occurence of sinusoi- 

dal structures. Benoit et a1./90/,/92/ have 

deduced typical phase diagrams versus tempe- 

rature and Tk or applied magnetic field and 

Tk ; for example figure 8 represents a 

typical phase diagram (T,Tk) for constant 

anisotropy and exchange integrals. At 0 K, 

the following ground states are obtained : 

O<Tk<TK1 a magnetic helimagnetic order 

TK1<Tk<TK2 a magnetic sinusoidal order 

T~2<Tk a non magnetic state 

The transitiolrjat TK1 and TK2 points are 

respectively of first and second order. 

Thus, this phenomenological model explains 

well the occurrenceof the observed peculiar 

magnetic ordering of CeA12 and accounts also 

for the enormous values of the electronic 

specific heat constants reported in table I 

/90/,/92/. 

The second problem that we would like 

to discuss here concerns the transition to 

a Fermi liquid behaviour observed in CeAl 
3 

at very low temperatures. The enormous 

value of the electronic specific heat cons- 
2 

tank and the T -law ofthe resistivity 

below 100 mK argue in favour of a Fermi 

liquid behaviour. Two new experiments go 

in the same direction. The first one is the 



measurement of the thermal expansion a  per- 

formed on CeA13 down to 20 mK by Ribault et 

a1./93/, as shown on figure 9. 

Pig.8 : Theoretical phase diagram (TI T ) 
at T = 0 : N.M. is a nonmagnetic staterks a 
magnetic sinusoidal order and H a magnetic 
helimagnetic order (from ref./90/). 

Fig.9 : Thermal expansion of CeA13 versus 
temperature (from ref./93/). 

The main experimental results are the nega- 

tive value of a below 1 K and its linear 

temperature dependence below 200 mK. But, a  

is connected to the initial variation dy/dp 

with pressure of the electronic specific 

heat constant y by the Maxwell relation : 

a = - L  (*)T 
3V dp (10) 

where V is the molar volume. 

So, the negative value of a  observed 

at low temperature yields a positive dy/dp 

value and the Maxwell relation predicts an 
2 enormous value dy/dp = 620 mJ/K mole kbar 

below 200 mK /93/ : there is presently no 

experimental check of such a pressure depen- 

dence of y at very low temperatures. On the 

opposite, at higher temperatures,the posi- 

tive a value gives a negative dy/dp value, 

in agreement with specific heat measurements 

performed on CeA13 between 1.3 K and 12 K 

at 0 and 7 kbar /79/. Moreover, the positive 

sign of a  above 1 K is consistent with a 

description of independent cerium atoms, 

because Tk increases with pressure and y 

which is inversely proportional to Tk 

decreases in all alloys presenting a Kondo 

anomaly. Thus, the thermal expansion data 

are a new indication that, below T Q, 400 mK, 

the coherence between cerium atoms is being 

developed to give rise to a many body state 

leading to new low temperature properties. 

The second type of experiments con- 

cerns recent determinations of the half- 

width r of the quasielastic line obtained 
by neutron diffraction in CePd3 /94/,  CeA12 

/95/ and CeA13 /96/. The value of r is very 
large of order 20 meV and remains practical- 

ly temperature independent up to 300 K in 

CePdj.'In both CeA12 and CeA13, r has a 
finite value at very low temperatures and 

increases then with increasing temperature, 

as shown on figure 10 ; however it is clear 

on this figure that a unique law cannot 

fit the temperature dependence of r in both 
compounds, although a T ~ / ~  law can fit 

roughly the data of CeA13 above 2 K /96/. 

The extrapolated value at 0 K of the half- 

width r is of order of the estimated Kondo 
temperature Tk ; a similar result has been 

obtained in UA12 /97/ where the r value is 
of order the estimated spin fluctuation 

temperatuye. Neutron scattering experiments 

have been also performed in TmSe, but two 

lines are visible below 70 K and only one 

line with a nearly temperature independent 

linewidth above 70 K /98/. It is rather 

difficult to conclude on the temperature 

dependence of the quasielastic line half- 

width, although Elurani et a1./96/ think 

that a possible interpretation of the 

behaviour of CeA13 could come from the 



JOURNAL DE PHYSIQUE 

transition to a Fermi liquid behaviour at 

very low temperatures. 

Fig.10,: Plot of the half-width r of the 
quasielastic neutron diffraction line ver- 
sus temperature in CeA12 and CeA13 (from 
ref./95/ and /96/) . 

Brueckner and Atkins /99/ have esta- 

blished that, in the case of a Fermi liquid, 

the'effective mass of the fermions is 

increasing under pressure below their cha- 

racteristic Fermi temperature and so the 

low temperature thermal expansion may be 

negative. Although it is tempting to apply 

such an explanation to CeA13 below 1 K, we 

think that the low temperature behaviour of 

CeA13 is far from being well understood 

theoretically and experimentally. So far 

now, there is no pressure experiment on 

CeA13 in the coherence regime and we can 

expect spectacular effects for the specific 

heat under pressure as it has been reported 

for the Fermi liquid 3~e. 

3.3. The i~termediate-valence com~ound TmSe 

agd the "Aecegson lattic_el' mode&- The inter- 

mediate valence compound TmSe has been exten- 

sively studied in the recent years and it 

is presently an unique case among the ano- 

malous rare-earth systems since it combines 

an intermediate valence, an antiferromagne- 

tic ordering and a resistivity behaving as 

a semiconductor one at low temperatures. 

The occurrence of a localized moment 

in the whole temperature range is well 

established by magnetip susceptibility 

measurements. For example, the magnetic 

susceptibility follows a Curie law below 

50 K. Figure lla describes the magnetic 

phase diagram of TmSe /loo/ : the Nee1 tem- 

perature is T = 3 K at zero field and the N 
line I corresponds to a second order tran- 

sition ; the line I1 appears to be of first 

order and represents the transition from 

six to two different magnetic domains ; the 

line I11 is a first order metamagnetic 

transition occurring at roughly 6 kOe and 

the line IV may be of first order ending 

in a critical point /101/. Figure llb 

reports previous magnetoresistivity measure- 

ments /102/ at low temperatures for a sample 

which has a metamagnetic transition field 

Hc of 4.5 kOe and a lattice parameter of 
0 0 

5.70 A relatively close to the 5.71 A value 

at the stoichiometry : for H = 0, a jump in 

the resistivity appears at TN 3.5 K, while 

above Hc the resistivity p no longer 

increases with decreasing temperature but 

decreases smoothly below 4.2 K towards its 

room temperature value. 

Fig.11 : a) Magnetic phase diagram (T, H) 
of TmSe (from ref./100/). b) Magnetoresis- 
tivity of RnSe at low temperatures (from 
ref. /l02/) . 
In the paramagnetic regime, p increases on 



cooling from 200 ~ Q c m  at b73 K to roughly 

1500 pRcm at 4.2 K with an almost logarith- 

mic behaviour between 5 and 50 K, which has 

been attributed to the normal Kondo effect 

/103/,/105/. 

The lattice parametkr of the stoichio- 
0 

metric TmSe sample is approximately 5.71 A, 

which is intermediate between the values of 
0 

5.62 and 5.95 A corresponding respectively 

to trivalent and divalent thulium compounds; 

a linear interpolation given by the Vegard 

law yields a first estimation of 2.7 for 

the valence of stoichiometric TmSe /105/ 

/106/. Using high temperature susceptibili- 

ty measurements and interpolation between 

the Curie constants of ~rn'+ and ~ m ~ +  yields 

a second estimation of 2.5 for the valence 

/107/. 

A very careful study of the dependenm 

of the resistivity on departure from the 

stoichiometry /107/ and pressure /108/ has 

been recently performed and is presented on 

figures 12 to 14. The resistivity of com- 

pounds TmxSe (0.79 < x < 0.993) has been 

measured down to 10 mK, as shown on figure 

12. 

Pig.12 : The low temperature resistivity of 
Tm Se alloys for several x values : (1) 
cogresponds to x=0.993, (2) to x=0.991, (3) 
to x=0.970, ( 4 )  to x=0.935 and (5) to x= 
0.790. (from ref ./l07/) . 

0 

The lattice parameter varies from 5.712 A 
0 

for the sample 1 to 5.625 A for the sample 

5 and the valence deduced from magnetic 

susceptibility data varies from roughly 

2.5 to 3. Two points are very interesting 

to be noted : first, the residual resisti- 

vity at 10 rnK seems to diverge when it is 

plotted versus the valence as shown on 

figure 13 ; the residual resistivity of 

stoichiometric TmSe is much too high for 

a metallic conduction and this result 

suggests that a perfectly stoichiornetric 

TmSe might becone insulating at 0 K. The 

second point is that the jump of p occurs 

exactly at the  gel temperature, as shown 

in the insert of figure 12. 

3 2.9 2.8 2.7 2.6 25 
Valence 

Fig.13 : Plot of the residual resistivity 
p of TmSe versus the valence determined 
f?om high temperature magnetic susceptibi- 
lity measurements (from ref./l07/). 

Resistivity measurements under pres- 

sure have been performed on a stoichiometric 

sample down to 25 mK with a maximum pressure 

of 10 kbar at room temperature and 6 kbar 

at low temperatures /108/. The room tempe- 

rature resistivity decreases by 1.26 % per 

kbar, while the 30 mK resistivity increases 

very rapidly with pressure, from roughly 

15 mQcm at normal pressure to 50 mRcm at 

4 kbar and 120 mncm at 6 kbar, as shown on 

figure 14. Simultaneously, the magnetic 

ordering of TmSe has been determined under 

pressure /log/ up to 20 kbar and the main 

results are : 

i) The persistence of the type I 
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antiferromagnetic structure which exists 

at normal pressure and zero field. 

ii) The increase of the Nee1 tempera- 

ture from 3.1 K at normal pressure to 3.8 K 

at 8 kbar and then the flattening of TN up 

to 20 kbar. 

Fig.l4 : The low temperature resistivity of 
stoic.hiometric TmSe for normal, 4 kbar and 
6 kbar pressures (from ref./l08/). 

This increase of TN with pressure 

agrees with previous results of magnetiza- 

tion measurements under pressure /110/,/11J/ 

and one can check again that also at high 

pressure the jump of p occurs at T N ' 
However, there is not a unique law 

for the dependence of p on temperature or 

pressure in the whole magnetically ordered 

domain.,An attempt to fit the experimental 

curve by a law : 

Ap = P(T) - p(TN) = po exp A/kT (11) 

with a gap given by : 

A = A fl - T/TN 
0 

(12) 

is valid only for T very close to TN and 

fails for T/TN < 0.89 /108/. It has been 

also found that the increase of p is expo- 

nential with pressure at very low tempera- 

tures and linear in the vicinity of T /108/. 
N 

All the magnetically ordered thulium 

or cerium compounds studied up to now pre- 

sent an antiferromagnetic-like ordering,i. 

e. an ordering with a zero spontaneous 

magnetization. Batlogg et al. /112/ have 

recently found an intermediate valence 

compound presenting a ferromagnetic-like 

ordering, i.e. an ordering with a non zero 

spontaneous magnetization. The magnetic 

susceptibility, the magnetization, the 

magnetostriction and the electrical conduc- 

tivity of TmSe0*83Te0-17 reveal a transition 

to a magnetically ordered state with a net 

magnetic moment below 5.5 K. The valence of 

this compound is 2.5 after both lattice 

parameter and Curie constant measurements 

and the presence of a ferromagnetic compo- 

nent for such a system agrees with recent 

theoretical predictions of Varma /113/. 

Before discussing the theoretical 

models developed for TmSe, we would like to 

mention that the pressure and the departure 

from stoichiometry have not the same effect 

on the properties of TmSe. For example, the 

lattice parameter decreases either by ap- 

plying pressure or by departing from stoi- 

chiometry, but the resistivity increases 

with pressure and decreases with departure 

from stoichiometry ; the high temperature 

susceptibility remains constant in the first 

case and tends to the value of the Tm 3+ 

configuration in the second one ; similarly, 

a non stoichiometric sample and a stoichio- 

metric sample at 20 kbar with equal lattice 

parameters have different magnetic struc- 

tures. So, the Vegard law cannot be consi- 

dered as perfectly valid in TmSe, while it 

was always used for the determination of 

the valence in anomalous rare-erath system. 

It is for this reason that the determina- 

tion of the valence by magnetic susceptibi- 

lity is generally preferred to the deter- 

mination by lattice parameter. A possible 

interpretation of the non applicability of 

the Vegard law in TmSe could lie in the 



different compressibilities for ~ m ~ +  and 

~ m ~ +  ions /88/. 

In spite of the preceding difficulties, 

the enormous rise of the low temperature 

resistivity and the steep jump of p at TN 

support the conclusion that stoichiometric 

TmSe becomes insulator below TN and that the 

opening of the gap is directly connected to 

the antiferromagnetic ordering. 

Several calculations have been recen- 

tly performed in the context of a metal - 
semiconductor transition at T The "Kondo N' 
lattice" Hamiltonian has been studied by 

both Lacroix-Lyon-Caen and Cyrot /114/ for 

the 3 dimension case by a method based on 

the work of Yoshimori and Sakurai /115/ for 

the one-impurity Kondo effect and by Jullien 

et a1./116/ for the one-dimension case by 

a renormalization group method : an insula- 

ting phase is found in the two cases, when 

the number of conduction electrons is equal 

to 1, whatever the value of the exchange 

coupling J is. 

The resistivity has been also computed 

for the "Anderson lattice" Hamiltonian which 

is certainly more appropriate than the 

"Kondo lattice" one to describe the inter- 

mediate - valence compound TmSe as explained 
in paragraph 2.1, but on the contrary only 

the Hartree-Fock approximation is used here 

/117/. The Anderson lattice model describes 

two bands, a broad s- or d- like conduction 

band and an infinitely narrow If-band and 

the corresponding Hamiltonian is given by 

(1) where we include a summation on all the 

rare-earth sites /118/. We study either 

ferromagnetic solutions, i.e. the number of 

4f electrons <n. > independent of the lat- 
1 u 

tice site i a ~ d  <ni+> # <niS>, or antiferro- 
magnetic solutions, i.e. <nA-u> = <n > with B 0 

A and B denoting neighbouring lattice sites 

and <nit> # <niS> or finally paramagnetic 
solutions, i.e. <nit> = <n >. The solutions iG 
are studied as a function of the total 

number N of conduction and 4f electrons and 

since we use here a non degenerate Anderson 

Hamiltonian, N varies between 0 and 4. For 

N = 2, an insulating behaviour can be obtai- 

ned for ferromagnetic, antiferromagnetic or 

paramagnetic solutions, while for N = 1 this 

insulating behaviour occurs only for an anti- 

ferromagnetic solution. The case of N very 

close to 1 and larger than 1 correspor,ds to 

the non stoichiometric compounds Tm Se 
X 

(with x < 1) and N tends to 1 for the stoi- 

chiometric compounds TmSe ; in this picture, 

the opening of the gap is due to the anti- 

ferromagnetic ordering. The results for the 

theoretical resistivity versus temperature 

are shown on figure 15 : for N = 1, the 

resistivity increases very rapidly bel3w 

the ~ d e l  temperature and is diverging 3t 

low temperatures. 

Fig.15 : Theoretical plot of the reduced 
resistivity versus reduced temperature for 
several values of the total number N of 
electrons ; the insert shows the reduced 
resistivity at T/W = 0.005 versus N. (from 
ref./ll7/) . 
For N a little larger than 1 ( N  = 1.004 or 

1.005 for example), the resistivity increa- 

ses also rapidly below TN but goes through 

a maximum to decrease at low temperatures ; 

when N is still larger (N = 1.05 for exam- 

ple), the resistivity remains almost cons- 

tant in the whole temperature range. If we 

consider that the conductivity is certainly 

dominated by impurities at low temperatures 

and consequently that the resistivity is 

probably saturating rather than passing 

through a maximum, this calculation can 

account for the resistivity of Tm Se 
X 
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compounds and in particular for both the 

coincidence between the jump of p and T N 
and the "divergence" of the residual resis- 

tivity, as shown by the similarity between 

figure 13 and the insert of figure 15. 

So, we have discussed here the semi- 

conducting behaviour occurring for N = 1 

only in the case of an antiferromagnetic 

ordering. On the contrary, a gap appears 

for N = 2 independently of the magnetism 

or of the magnetic ordering ; the opening 

of a gap discussed in the framework of the 

Xondo lattice model /116/ would correspond 

in the limit of the Schrieffer-FTolff trans- 

formation to this case N = 2 and in this 

sense the two approaches are slightly dif- 

ferent, although the gap has the same physi- 

cal origin in the two cases. 

The condition that N is an integer may 

be in fact really easy to be satisfied and 

we can ask ourselves whether this approach is 

relevant for some other intermediate-valence 

systems, such as SmB6 /119/ or SmS /41/. 

The resistivity of SmB6 is too large for a 

metallic conduction at low temperatures and 

the opening of a gap at very low tempera- 

tures has been already invoked /120/. The 

compound SmS undergoes a semiconductor- 

metal transition under pressure as discussed 

in paragraph 2.3.2, but, even in the high 

pressure collapsed phase, the resistivity 

increases rapidly with decreasing tempera- 

tures /41/, in a manner similar to SmB6. 

Such a gap, if any, would be very small and 

typically of order 1 K. Is it possible to 

chink that SmB6 and SmS in its collapsed 

phase undergo a metal-insulator transition 

at very low temperatures ? 

It has been also remarked recently 

that the pressure dependence of the 30 mK 

resistivity of TmSe is almost the same as 

that found for ytterbium metal /88/ where a 

metal-insulator transition occurs around 

11 kbar /121/. So, one can ask again whether 

the properties of ytterbium under pressure 

are not in fact due to intermediate valence 

phenomena /15/,/122/. 

Thus, the hypothesis of an insulating 

state due to the antiferromagnetic ordering 

explains quite well the properties of TmSe; 

however, it is probably not a "normal" insu- 

lating and antiferromagnetic state, because 

the Kondo effect plays certainly a role and 

modifies probably the nature of the low 

temperature state. Further experimental and 

theoretical work is needed to elucidate 

this question. 

In conclusion, we have presented here 

a review on anomalous rare-earth systems 

from the "old" phase diagram of cerium to 

the "new" developments on compounds such as 

CeA12, CeA13 and TmSe. In spite of its 

length, this paper is certainly not exhaus- 

tive, since the intermediate valence field 

has rapidly increased, as one can see by 

reading the proceedings of the different 

conferences. From an experimental point of 

view, there has been an incredible impro- 

~ement of the different techniques, very 

low temperature, high pressure, neutron 

diffraction studies. ... and the sophistica- 
ted experiments need now both very low 

temperatures and high pressures. On the 

theoretical side, the case of a "lattice" 

of anomalous rare-earths, either metallic 

or semiconductor, is presently one of the 

most interesting problems. 
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