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Abstract 

A systematic study on the competition between on-site and inter-site magnetic interactions is performed on Ce 
intermetallics through magnetic, thermal, transport, structural and spectroscopic measurements analyses. It is 
shown that the volume and the electronic concentration variation produced by alloying the Ce-ligand, are not 
equivalent and only the volume reduction produces the maximum in the ordering temperature predicted by 
theory. For the magnetic to intermediate valence transformations, a change of regime is observed at a critical 
Ce-ligand substitution, which corresponds to a change in the substitution dependence of the experimental 
parameters. On the contrary, no change of regime is detected for the magnetic to heavy fermion transformation. 
The different regimes are correlated with the respective hybridization strengths of the ground and excited 
crystalline field states through the temperature dependence of the electrical resistivity. Such a correlation allows 
us to draw a generalized phase diagram containing these types of transformation. 

I. Introduction 

Within the physical properties of the Ce atom, the 
tendency for hybridization of its localized 4f state with 
the conduction band states is well known, resulting in 
an "on-site" screening of the magnetic moment through 
local spin fluctuations, known as the Kondo impurity 
effect. In the limit of very strong hybridization, charge 
fluctuations also contribute to the demagnetizing mech- 
anism, inducing an intermediate valence (IV) state. 
When the Ce atoms are placed in a periodic arrangement 
the "inter-site" interactions, such as the electron-me- 
diated magnetic exchange (RKKY), compete with the 
Kondo mechanism for the ground state (GS) formation. 
By decreasing the temperature, the Kondo effect tends 
to screen the Ce magnetic moment, while the RKKY 
interaction develops an intersite magnetic coupling, 
with a tendency to order the Ce lattice magnetically. 
The competition between the binding energy of the 
non-magnetic Kondo singlet (kBTK) and the magnetic 
coupling energy (kBTR) determines the nature of the 
ground state of the system [1]. Both energies depend 
on the same coupling constant for the exchange between 
the local spin and the conduction-electron spins, g = no/ 
(nv is the density of states and J the exchange integral), 
as: TK~exp(1/g) and TR~g 2. For small values of g, 
TR> TK and the system orders magnetically. On the 
other limit, TK>TR and the system becomes non- 

magnetic. In the intermediate case, both mechanisms 
compete, leading the system to a mixed state (MS) 
where part of the entropy condenses into a magnetic 
state and part in a non-magnetic singlet. Here, the 
magnetic moment, /xs, is reduced by the Kondo effect 
and consequently the ordering temperature, Tm ~/xs2TR, 
is also reduced. Therefore, the model predicts that the 
ordering temperature Tm first (for g < g m ~ )  must  in- 
crease, to reach a maximum around gin,x, and then to 
drop to zero for g~go. The resulting phase diagram 
is shown in Fig. l(a). 

There is, however, an increasing number of systems 
in which Tm decreases continuously by alloying the Ce- 
ligand. In such a case it is usually argued that those 
compounds lie in the range of g between gm,x and go- 
The lack of a quantitative (or directly measurable) 
parameter makes it difficult to compare different systems 
and therefore to establish whether they are in the 
g<gmax or in the g>gmax region. Nevertheless, there is 
a system able to provide a direct comparison between 
these two possible behaviours, showing up the limitations 
of the g parameter for describing real systems. That 
system is Ce(Pda_xMx), where M = Ni and Rh. While 
CePd is a ferromagnetic (F) compound with Tc (i.e. 
Tin)=6.5 K, CeNi and CeRh are IV compounds. 
Ce(Pd,Ni) undergoes the F to IV transformation with 
T c passing through a maximum value, while for 
Ce(Pd,Rh), Tc decreases continuously despite the fact 

0925-8388/94/$07.00 © 1994 Elsevier Science S.A. All rights reserved 
SSDI 0925-8388(93)03010-G 



230 J.G. Sereni / Cerium magnetic transformations induced by alloying 

Igl 
0 gmax go 
[ (a) ' '/TK [ 

I 
0 01.5 I 

Fig. 1. (a) Comparative diagram of the Kondo (TK), magnetic 
(TR) and measured (Tin) ordering temperatures as a function of 
the coupling parameterg. (b) Curie (To) temperature as a function 
of Pd substitution. 

that a similar F to IV transformation is induced [2]. 
Here the CePd as a "matrix" compound confronts two 
different behaviours with a single starting g value. 

The aim of this work is to make a systematic com- 
parison of the physical properties of the Ce systems, 
in which this atom undergoes a magnetic (M) to non- 
magnetic (NM) transformation driven by volume and 
electronic concentration variation through the Ce-ligand 
alloying. Some representative concentrations are ana- 
lyzed and different behaviours induced by the alloying 
effect are discussed. 

2. Comparison between volume and electronic 
concentration effects 

The g parameter cannot be experimentally controlled 
in any direct manner, because the driving experimental 
parameters are the external pressure or the chemical 
potential variation (by alloying). Although these two 
external forces may induce variation in all the ther- 
modynamic parameters, they can be considered as 
producing effects mainly on the volume (AV) or on the 
electronic concentration (AZ). Then, one has to ask 
whether AV and AZ are equivalent for describing the 
phase diagram of Fig. l(a). Such effects can be quite 
independently induced in Ce(Pdl_xMx), because for 
M= Ni, the dominant effect is the volume reduction 
(AV) and for M = R h  the electronic change (AZ) is 
dominant [2]. 

The comparison of the ordering temperature de- 
pendence on the Pd substitution by Ni or Rh is shown 
in Fig. l(b), where a clear difference is observed. 
Although for both substitutions the F character is kept 

up to X=Xo (where Tc =Tm~0),  only Ni induces a 
maximum in Tm(x) at Xma x while Rh continuously de- 
presses Tm. 

Besides Tml the temperature dependence of the elec- 
trical resistivity, p(T), also shows a different behaviour 
depending on the Ce-ligand substitution. A qualitative 
description of p(T) can be made by looking at some 
of its characteristic extrema values such as: the low 
temperature resistivity (PET), the maximum at high 
temperature (PHT) and the temperature at which PHT 
Occurs (Tmax). The differences concern not only the x 
dependence, but also their relative values. Under AV 
there is only one maximum (PHa') and therefore 
PHT > PLT- On the contrary, under AZ effects, there are 
two maxima and PET > PHT [2]. For large x values, p(T) 
behaves as for an IV system in both cases. From the 
comparative analysis of the transport properties, we 
can infer that the excited CF levels show hybridization 
effects at any concentration, while the GS behaves in 
a different manner depending on the AV or AZ effect. 
In the case of an Ni substituent, the onset of the GS 
hybridization coincides with the mixing with the CF 
levels, due to the fact that the width of the excited 
CF level overcomes the CF splitting around x(Ni)= 0.9. 
In the second case, the hybridization of both levels 
rises independently, overlapping each other when the 
system becomes IV, around x(Rh)= 0.8. 

The volume of the unit cell (V) also depends on the 
substitution of the Ce-ligand. In the case of Ce(Pd,Ni) 
the V(x) dependence has the slope which, up to x = 0.8, 
extrapolates to a hypothetical "Ce3÷Ni '' compound. 
Above that concentration VNi(x) practically collapses 
as the hybridization of the GS increases. On the contrary, 
VRh(X) decreases faster than an estimated V6gard'slaw 
between CePd and a hypothetical "Ce3+Rh ''. At high 
concentration (x>0.7), the slope of Ce(Pdl_xRhx) in- 
creases gradually [2]. The most striking feature in this 
comparative analysis comes from the fact that, regardless 
of the fact that the Ni atomic volume is 20% smaller 
than that of Rh, for x ~< 0.7 the dV/dx slope is smaller 
for Ce(Pd,Ni) than for Ce(Pd,Rh). Therefore, one 
concludes that the hybridization effect is present at 
any Rh concentration, while in the case of Ni it occurs 
only above a certain characteristic x value. 

This experimental information shows that the AV 
and AZ effects on the valence evolution of Ce are 
different in these compounds. The structural pressure 
produced by the substitution of Pd by a smaller (Ni) 
atom is effective at large concentration. At intermediate 
Ni concentration the average Ce-Ce distance is reduced, 
increasing Tm as expected for a RKKY interaction. 
Within this picture, the maximum Tc represents the x 
value for which the Ce-Ce distance has the lower value 
before the Ce-Ni contacts become able to turn on the 
hybridization mechanism on the GS. Thus, the maximum 
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in Tm(X) is observed within a range of x in which the 
magnetic GS is still not affected by the hybridization 
mechanism. 

On the other hand, the AZ changes produced by the 
Rh presence, immediately induce hybridization effects 
in the ground and CF excited states. Here the shortening 
of the Ce-Ce  distance is not caused by the difference 
in size of the Ce-ligand, but by the reduction of the 
Ce volume itself due to the valence increase. Such a 
reduction of Ce volume is related to the early quenching 
of its magnetic moment  and therefore no maximum in 
T~ is expected. 

From the fact that Ce(Pd,Ni) and Ce(Pd,Rh) have 
the same "matrix" compound, CePd, but their respective 
behaviours are qualitatively different depending on the 
driving parameter  (AV or AZ), one concludes that g 
cannot be taken as a "universal parameter"  for com- 
paring different systems in the form presented in the 
theoretical model. 

Once the difference between AV and AZ effects was 
recognized in one case, one should ask whether such 
a difference is indeed a general rule or not. A number 
of binary and ternary Ce systems undergoing the M 
to NM transformation are listed in Table 1, mainly 
driven by one of these two effects: AV or AZ variation. 
It can be seen that they are correlated with the oc- 
currence or not of a maximum in T~(x). As before, 
AV is obtained by substituting isoeJectronic elements 
and AZ by elements having similar size. The conclusion 
extracted from the analysis of the 13 families of Ce 
compounds presented in Table 1, is that the occurrence 
of a maximum in Tin(x) is directly related to the reduction 
of the Ce-Ce  spacing, in agreement with the nature 
of the RKKY interaction. 

T A B L E  1. Cor re la t ion  be t ween  the  occur rence  (or not )  o f  a 
m a x i m u m  in T~ (at  Xm,x) and  the  d o m i n a n t  effect:  vo lume  (AV) 
or e lectronic  concen t r a t i on  (AZ); x0 co r r e sponds  to Tm ~ 0; n.J., 
no  in fo rmat ion  

C o m p o u n d  Effect  Xm~ X0 Ref .  

Ce(Pd ,  Ni) AV 0.6 0.95 2 
Ce(Pt ,  Ni) AV 0.5 0.95 3 
Ce (Pd ,  Rh )  AZ - 0.7 2 
Ce ( ln ,  Sn)3 AZ - 0.15 4 
Ce(TI,  Sn)3 AZ - 0.8 5 
Ce (Gc ,  Si)2 AV 0.5 0.7 6 
Ce(Pt ,  Ir)2 AZ - n.J. 7 
Ce(Pd ,  Ni)Sn AV 0.25 0.8 8 
Ce(Pt ,  Ni)Sn AZ - 0.8 9 
Ce In (Ag ,  Cu)2 AV 0.75 > 1 10 
CeRh2(Ge ,  Si)2 AV 0.88 > 1 11 
C e ( R h ,  Ru)2Si: AZ 0.4 12 
Ce(Os ,  Ru)3B 2 AV 0.1 > 1 13 

3. Analysis of the ground state evolution 

When a M to NM transformation is studied, the 
heavy fermion (HF) or intermediate valent (IV) char- 
acter of the non-magnetic GS is recognized from the 
values of the specific heat y coefficient ( ~ 1/TK) or the 
paramagnetic temperature  10e[(~TK). For the first 
parameter,  a boundary was empirically established 
around 100 mJ Ceat -~ K -2 [14]. For the second one, 
it was observed that usually 0v < 30 K for the HF and 
0v > 100 K for the IV compounds. It is known that the 
systems undergoing this transformation can have a two- 
(N=2 ,  HF) or a sixfold degenerated GS (N=6 ,  IV) 
in their respective non-magnetic limits. The fact that 
the initial state (magnetic at x = 0) is always related to 
a Kramer's doublet CF ground state, gives a good 
reference point for searching whether there is any 
phenomenological difference in undergoing an HF or 
IV final state. The degeneracy difference between these 
states is large enough to expect some difference in the 
evolution of the thermodynamical parameters as a 
function ofx.  By taking into account that the formation 
of an IV ground state will imply the onset of charge 
fluctuations, one should expect that at a critical x value 
(xc~), a change of regime should occur as a replica of 
the C e ( y - a )  phase transformation. 

3.1. Concentration dependence of volume and 
paramagnetic temperature 

In order  to analyze the eventual change of slope in 
the V(x) evolution in these systems, a number are listed 
in Table 2, which undergo a M to NM transformation, 
having a HF or IV compound as non-magnetic limit. 
The correlation between the V(x) dependence and the 
nature of the "final" GS (or x--*l)  emerges clearly; 
the M to HF transformation follows V6gard's law (i.e. 
dV/dx=constant),  but there is a change of slope (at 
an x value identified as xcr) for the M to IV transfor- 
mation. 

If the effect of the so-called "chemical pressure" is 
described as V6gard's law, it is supposed that the 
electronic effects occur only on the band states driven 
by the continuous variation of the chemical potential. 
Such is also the case for x<xcr in the systems where 
a change in dV/dr is observed. But for x>xcr, there is 
an extra reduction in volume indicating that the Ce- 
4f shell occupancy is affected. There, the V(x) depen- 
dence can be described as: dV/dx = (dl~ + dV,)/dv where 
dVg/dx denotes the V6gard component and dV,,/dr the 
variation due to the charge fluctuation, related to the 
increase in the Ce valence. As expected dl , /dr = 0 for 
an HF system. 

Comparing the Tin(x) and V(x) evolution, one obscrvcs 
that Tin(x) shows a maximum at x ..... a drop down al 
x,., and becomes zero at xa. But I/(x) is onlx scnsfli\,c 
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T A B L E  2. Cor re la t ion  be t ween  the  type o f  t r a n s f o r m a t i o n  with 
the  change  (or not )  o f  the  V(x) (or  ln]0p(X)]) s lope at  x~ (or xp) 

C o m p o u n d s  T ype  x¢~ xp Ref .  

Ce(Pd ,  Ni)  F - IV 0.8 0.7 2 
Ce(Pt ,  Ni)  F - IV 0.8 0.7 3 
Ce(Pd ,  R h )  F - IV 0.6 0.6 2 
Ce( In ,  Sn)3 A F  - IV 0.65 0.65 4 
C e ( G e ,  Si)2 A F  H F  - - - 6 
Ce(Pt ,  Rh)2 A F  - IV 0.5 0.45 7 
CeSiz_~ F - IV 0.2 a 0.18 16 
C e P t ( G e ,  Si) A F  b H F  - - n.i. 17 
Ce(Pt ,  Ni )Sn  A F  - IV 0.6 n.i.  9 
C e ( R h ,  I r )Ge  A F  - IV 0.28 0.30 18 
Ce In (Ag ,  Cu)2 A F  H F  - 0.75 ¢ - 10 
C e R u / ( G e ,  Si)2 A F  H F  - - - 19 
Ce(Cu ,  Ni)2Ge 2 A F  a H F  - - - 20 
CeCuz(Ge ,  Si)~ A F  H F  - - n.i. 21 
Ce(Pd ,  Cu)2Si2 A F  H F  - - n.i. 22 
Ce (Os ,  Rh)3B2 F H F  - - n.i. 13 
Ce (Cu ,  Ni)2Si2 - H F  IV 0.4 0.35 23 

aRange  o f  exis tence  o f  this  c o m p o u n d :  0.1 < x < 0 . 3 .  
bCont inuous  alloy for x > 0.4. 
CA similar  change  of  V(x) s lope is obse rved  in the  r e f e r ence  
c o m p o u n d .  
aChange  in the  A F  s t ruc tu re  at x = 0 . 1 5 .  
n.i., no  informat ion .  
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Fig. 2. Subs t i tu t ion  d e p e n d e n c e  o f  the  p a r a m a g n e t i c  t e m p e r a t u r e  
(0p) in a s emi loga r i thmic  scale, (a) and  (b) for  sys tems  u n d e r g o i n g  
a M to IV t r a n s f o r m a t i o n  and  (c) for  sys t ems  u n d e r g o i n g  a M 
to H F  t r ans fo rma t ion .  T h e  small  arrows indicate  the  xv=xcr 
concen t ra t ion .  

to the xcF value through a change of its derivative. Here 
xcr appears to be the most significant value in the 
concentration variation related to the transformation 
under study. The validity of thex~r value as representative 
of a change of regime requires to recognize its role in 
the evolution of other physical parameters. One of 
those is 0p. As described in the introduction TK ~ exp(1/ 
g), then if 0p ~ TK, it should be a qualitative relationship 
of the type - I n  0p ~x between these two measurable 
parameters. Such a relationship is shown in Fig. 2, in 
a semilogarithmic representation for nine systems 

undergoing a magnetic to IV or HF transformation. 
The In Op=f(x) dependence confirms the conclusion 
extracted from V(x): There is a clear change of slope 
at x=xp in the magnetic to IV transformation and xp 
coincides with x ,  (see Table 2). On the contrary, no 
change of slope is observed for the systems undergoing 
a magnetic to HF transformation. The existence of a 
change of regime at x ,  implies that the HF and IV 
ground states are qualitatively different and not only 
different from their respective TK values. 

3.2. Concentration dependence of other parameters 
Further experimental information is required to con- 

firm the role of x~ in the evolution of the system. The 
Ce-Lm X-ray absorption spectrum becomes relevant 
information here because we have associated the critical 
concentration (Xcr =%) to the onset of the charge fluc- 
tuations. Therefore, a measure of the Ce valence (v) 
as a function of x allows a direct "observation" of a 
change from the local moment regime to a the charge 
fluctuation regime. The v(x) dependence in five families 
of compounds: Ce(Pd,Ni) and Ce(Pd,Rh) [2], 
Ce(Pt,Rh)2 [7], Ce(Rh,Ir)Ge [18] and Ce(Cu,Ni)zSi2 
[24] was analyzed. The first four undergo a magnetic 
to IV transformation, while the last one transforms 
from HF to IV. In the first four systems, the change 
of the u(x) slope practically coincides with the xc~ 
concentration and in the last system, no change of slope 
is observed. 

The characteristic parameters for the electrical re- 
sistivity have already been introduced in Section 2 for 
the p(T) description of Ce(Pd,Ni) and Ce(Pd,Rh). In 
Fig. 3, we have plotted PLT and Tmax as functions of 
x for a number of systems, covering all the transfor- 
mations discussed up to now. We have chosen only 
these two characteristic values for simplicity in com- 
paring a large number of parameters and systems. The 
common feature in the systems, for which this infor- 
mation is available, is that PLT(X) shows its maximum 
value at x =Xcr, coincidentally with the concentration 
at which Tm,x(X) starts to rise. The other characteristic 
values of x, such as Xo or Xm,x, seems not to be relevant 
in the transport properties. Notice that these properties 
are sensitive for describing simultaneously the strength 
of hybridization of the ground and excited levels. 

From specific heat measurements, one can extract 
two parameters to define the character of the GS of 
these systems: the entropy, AS and 3'- The entropy 
related to the Kramer's doublet GS of Ce is AS=Rln2. 
The evaluation of the entropy gain of the magnetically 
ordered phase, ASm, gives a measure of the degrees 
of freedom involved in the RKKY intersite coupling 
when the phenomenological two-component picture [25] 
is applied. Therefore, ASm=RIn2 becomes a necessary 
and sufficient condition for a "full magnetic" (Ce 3+) 
compound. •Sm below that value indicates that some 
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Fig. 3. Substitution dependence  of some normalized characteristic 
parameters,  defined in the text, of systems undergoing a M to 
IV transformation: PET (V) ;  Tmax (zx); Ywr (O); ASm/RIn2 ( × )  
and Tm/10K (D). The respective values for the normalization of 
0LT (~O-cm), rm~ (K) and ?'HT (mJ tool -1 K -2) are: (a) 50, 200 
and 200; (b) 15, 200 and 200; (c) 100, 300 and 200; (d) 200, 
400 and 200; (e) 60, 300 and 260; (f) 100, 200 and 300; (g) 150, 
300 and 300; (h) 60, 300 and 260. 
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degrees of freedom have been transferred to the non- 
magnetic (HF or IV) component, which should start 
to increase the band contribution (as a Kondo-like 
contribution). Therefore, the electronic contribution to 
the entropy can be written as AS(T) = ASK(T) + ASm(T). 
Also in Fig. 3 we have plotted the A Sin(x) and y(x) 
values for the systems where such information is avail- 
able. As expected, ASm=Rln2 for the few "fully mag- 
netic" compounds and decreases towards zero as x ~Xo. 
On the other hand, y(x) shows its maximum value 
around x= as further evidence that such a value marks 
a change in the GS character. 

In order to make a quantitative comparison among 
different compounds, one can use the characteristic 
values ofx which allows the respective "concentration" 
variables to be scaled. For such a purpose, we define 
y = (x-xcr)/(Xo-Xc,.), with y = 0 at x =x¢r and 1 at x =xo. 
The ASm and the specific heat jump at Tm(ACp) mea- 
sured in Ce(Pd,Ni), Ce(Pt,Ni), Ce(Pd,Rh) and 
Ce(T1,Sn)3 fall in a unique curve. From this comparison 
one sees that a system may behave as purely magnetic 
up to a certain value of substitution and then some 
degrees of freedom begin to be transferred to the non- 
magnetic component. We note that the onset of the 
transference coincides with the concentration where 
Tm(x) stops increasing in systems driven by AV effects. 

4. Other types of transformations 

There are some systems which undergo a transfor- 
mation in their magnetic structure as a function of x, 
without losing the magnetic character of their GS. In 
these systems, their Tm(x) drops rapidly and is overtaken 
by another type of magnetic order represented by Tm'(X). 
Some examples of this behaviour are: Ce(T1,Pb)3, 
Ce(In,Pb)3 [26] and Ce(Cu,Ni)2Ge2 [27], which undergo 
a transition from local magnetic moment antiferrom- 
agnetism (AF) to itinerant (or band) heavy fermion, 
also AF. Another example is Ce(Pd,Ag), which shows 
a transition from F to a complex AF-like magnetic 
order with only 2% of Pd substitution [2]. The char- 
acteristics of these systems can be resumed by: (i) the 
drastic reduction of Tm(x); (ii) in the region where Tm 
and Tin' compete, the specific heat shows a structure 
around the ordering temperature, probably due to a 
mixture of phases; (iii) the entropy of the magnetically 
ordered phase is reduced when the order is related to 
a band magnetism, but not when Tin' is related to an 
order of local moment character as in Ce(Pd,Ag); (iv) 
as expected, no anomalies in the V(x) slope are reported. 
The detailed analysis [28] of the criteria for the oc- 
currence of local moment and band (itinerant) mag- 
netism in narrow-band metals is an important tool for 
recognizing the nature of the magnetic GS of these 
systems. 

On the other hand, there are systems which undergo 
non-magnetic transitions. In Table 2 we have included 
the C e ( C u , N i ) 2 S i  2 system as an example for the V(x) 
change of slope (at x =Xcr) when the system transforms 
from a HF to an IV state. Further examples are 
Ce(In,Sn)3 (in the 0.4 <x < 1 range) and Ce(Ru,Os)zSi2 
[29] which also transform from HF to IV. 

It is generally accepted that the IV state of Ce is 
a limit for the increase of the Ce valence (fixed around 
v =3.3 by the Lm spectrum) and therefore a limit for 
the reduction in the Ce volume. The power of the dV/ 
dx behaviour in denouncing changes in the Ce behaviour 
is put in evidence again in systems belonging to the 
limit where the demagnetized Ce has its smallest atomic 
volume. The intermetallic systems where Ce shows its 
maximum valence value are: Ce(Pd,Rh)3 [30], 
Ce(Ni,Fe)2, Ce(Ni,Co)2 [31] and Ce(Rh,Ru)z [7]. These 
systems show a further change in the slope of dV/dx 
(at x=xc/)  in coincidence with the concentration at 
which the Pauli-like susceptibility (Xo) stops decreasing. 
A common feature for the compounds (placed at the 
x > x , '  limit) is that their electronic structure is such 
that Ce can be substituted by a tetravalent atom like 
Zr or Hf, but not by a trivalent one such as La [32]. 
The contrary is valid for systems that do not reach the 
X c r '  value. 
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5. Discussion 

Before analyzing the features that have to be taken 
into account for a further improvement in a model 
applicable to the new experimental evidence, we will 
try to sort the different evolutions of the Ce systems 
produced by ligand substitution. 

As expected, the AVeffect reduces the Ce-Ce spacing 
and, below a certain value, affects the available volume 
of the Ce atom itself. A schematic phase diagram for 
this case is presented in Fig. 4(a). For x <xa, the system 
behaves as "full magnetic" increasing its ordering tem- 
perature due to the reduction in the Ce-Ce spacing. 
Notice that in this group we have only registered F 
compounds. Between x~ and x ,  there is a transference 
of degrees of freedom from the magnetic to the IV 
component. But the intensive parameters, like Tm and 
0p, are practically not affected. Here the Xma× concen- 
tration does not seem to be significant for the description 
of the system. Right above x¢~, the intensive parameters 
change rapidly and the magnetically ordered component 
disappears as x--,'Xo. Concerning the hybridization ef- 
fects, the electrical resistivity indicates that the CF 
levels are more hybridized (Fcv) than the GS: FGs>> 
Fcv. The hybridization mechanism affects the GS only 
when Fcv becomes of the order of the CF splitting, 
i.e. FCF---- ACF. The F parameter is directly connected 
with g, but we will use the first one in this section in 
order to distinguish between the ground (Fcs) and the 
first excited state (Fcv) hybridization. 
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Fig. 4. Schemat i c  p h a s e  d i ag rams  for sys tems  unde rgo i ng  different  
types o f  t r ans fo rma t ion :  (a) M to IV, driven by AV effect, "Ext. '" 
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or in tensive  p a r a m e t e r s  are affected.  (b) M to IV, driven by AZ 
effect and  (c) M t o  IV thr (mgh a I | F  stale,  T he  abbrevia l ions  
are def ined in the  text. 

The schematic phase diagram for the case where AZ 
drives the Ce magnetic behaviour is pictured in Fig. 
4(b). In this group, the mixed state begins with the 
substitution of the Ce-ligand, as in the case of 
Ce(Pd;Rh), but it could happen that the magnetic 
compound itself (for x = 0) exhibits a mixed state, as 
in Ce(T1,Sn)3. Here it is not possible to recognize the 
regions where the extensive or intensive parameters, 
respectively, are affected because Tin(x) decreases sig- 
nificantly when In 0p still does not change significantly. 
On the IV side (x>x0), another transformation is sug- 
gested by the change of the dV/dx slope at X=Xcr', 
which is reached by the systems whose x = 1 compounds 
form isotopic compounds with tetravalent Zr and Hf. 
This transformation may be related to the C e ( a - a ' )  
change of phase. The electrical resistivity measured in 
these systems (for 0 <x <Xo) suggests that the hybrid- 
ization strength is similar for the GS and the CF levels 
(FGs = FCF) and the transformation of the system to an 
IV state occurs when FGs(+)F= ACF. 

The rest of the behaviour shown by the Ce systems 
is related to transformations from local magnetic mo- 
ment (LMM) to band magnetism (BM) or to a HF 
state, as summarized in Fig. 4(c). The ordering tem- 
perature (typically AF) originating in the LMM de- 
creases rapidly as x ~Xo. For x >Xo, the systems behave 
as a HF, which may eventually exhibit BM. At higher 
substitution, some of them transform to IV for x >xcr. 
Distinctive for this group are the facts that x0 <Xcr, and 
that the electrical resistivity shows a maximum (related 
to the hybridization effects) at low temperature. This 
means that F~s > FCF and the transformation to an IV 
state occurs when Fcs=Acv. The representative ex- 
amples for this group of systems are: Ce(Cu,Ni)2Ge2 
[27], Ce(Pb,Sn)3 [33] and Ce(Aul_x,Cus+x) [34]. 

From the experimental data shown in Fig. 3 and the 
different types of transformations analyzed in the pre- 
vious section, one finds that Tmax is the best phenom- 
enological parameter for comparing the different hy- 
bridization strengths of the CF levels with those of the 
GS. There are three possible cases: 

(A) Systems where Fcs << F e v .  They show only one 
maximum in p(T) at low x, which appears around 
Tin,,, = Acr/kB. At higher substitution rate, Tmax decreases 
to reach its minimum value at x=xc, .  For X>Xcr, T r n a x  

increases giving to p(T) the characteristic dependence 
of an IV. Examples for this case are Ce(Pd,Ni) [2], 
Ce(Pt,Ni) [3] and under pressure, CeAg [35] and CePd 
[36]. All these systems show a maximum in Tm and 
are driven by AV effects. 

(B) For F~s =Fcr  two maxima appear in p(T), related 
to the GS and the excited CF levels, respectively. Both 
maxima come together at around x .  because of the 
decrease in Tm,~ and then the single Tm.~ starts to 
increase as in the first case. Examples for this case 
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Fig. 5. General ized diagram including three different routes for 
the M to NM transformation as a function of the relative 
hybridization strength of the ground and the excited sates. (A) 
Fcs<l ' cv ;  (B) Fcs=FcF;  (C) Fcs>Fcv. The abbreviations are 
defined in the text. 

are: Ce(Pd,Rh) [2], Ce(TI,Sn)3 [5] and CeSix [16]. All 
these systems do not show a maximum in Tin(x) and 
are driven by AZ effects. 

(C) When FGs > Fcv, a maximum at low temperature 
develops for low values of x being connected with the 
HF ground state formation. Approaching Xcr, a second 
maximum develops at higher temperatures (related to 
the CF excited levels). Both maxima come together 
around xcr to follow the typical IV behaviour for higher 
x values. Examples for this case are: CeIn(Ag,Cu)a [10], 
Ce(Pt,Rh)2 [37], Ce(In,Sn)3, Ce(In,Pb)3, Ce(Pb,Sn)3 [38] 
and Ce(Au,_x,Cus+~) [34]. 

In Fig. 5, we resume all the possible cases within a 
single diagram by taking as coordinates the sum and 
the difference of the hybridization strengths of the 
ground and the excited states (i.e. Fcs+Fcv and 
F~s - Fcv), respectively. Notice that thex~ concentration 
represents a sort of boundary phase, corresponding to 
a hybridization strength comparable in energy to the 
CF-splitting, which here plays the role of unity of 
measure. 

6. Conclusions 

We have shown that although the early model pro- 
posed by Doniach [1] contains the basic ingredients 
for the description of a system undergoing a M to NM 
transformation, it is not able either to describe many 
of the real systems or to allow a comparison between 
them. Such a comparison can be achieved by scaling 
the characteristic concentrations related to the change 
of regime. The most significant concentration value was 
found to be xcr where most of the physical parameters 
describing the real systems show some kind of anomaly 
related to a change of regime. This fact makes it evident 
that a single parameter, like the Kondo temperature, 
is not able to describe completely the evolution of the 
system from a LMM to an IV behaviour. Contrary to 

what was expected, the concentration at which the 
maximum of Tin(x) is observed in some compounds, 
appears to be not related to any change of regime in 
the system. 

By using the temperature dependence of the electrical 
resistivity, it was possible to sort the large number of 
systems reported up to now into three groups char- 
acterized by the relative strength of hybridization of 
their GS and CF levels. Therefore, a more realistic 
description of the systems should be reached by including 
the hybridization effects on the excited CF levels into 
the models, because the symmetries which determine 
the splitting of the Ce ground state given by Hund's 
rules, seems to be also important for the strength of 
the hybridization of each level. Once a pattern for a 
classification of the different systems is obtained, one 
should expect an easier description for the forthcoming 
results, which will thus become a test for the criteria 
followed in this work. 
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