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Abstra& The crossover from magnetic to nonmagnetic 50und states in Ce compounds is 
analysed within the competition between be on-site and inter.de interactions proposed by 
Doniach. The comparison of the evolution of the ordering temperam. as a function of pressure 
and alloying. was performed in more than twenty Ce systems. This systematic shows that volume 
(AV) and electmnic WncentraIion (AZ) effeets, as the driving forces for such a bansformation. 
p m t  different characteristics. The maximum in the ordering t e m p e m  (To), p r e d i d  by 
the model, is only observed under AV effects (induced by alloying or by pressure) and not under 
A Z  variations. This study leads to the conclosion that the &mum in To cannot be cansidered 
intrinsic to a wmplete magnetic to non-magnetic Wansfomation, but rather is a consequence 
of the CBCe swcing deerease, before the wavefunction overlar, hlms on the hybridization 
mechanism. 

1. Introduction 

The Ce magnetic transformations in intermetallic compounds, induced by pressure or by 
alloying the Ce ligand, have been intensively studied in order to compare the degree of 
hybridization of the Ce 4f state with the band states in different environments. A relative 
evaluation of the hybridization strength can be obtained by comparing the binding energies of 
the respective Kondo singlet ground states, characterized by the so-called Kondo temperam 
(kBTK). However, such a procedure is distorted by the fact that a large number of Ce 
compounds show a coexistence of 4f-band hybridization with long-range magnetic order. 
In that case, another energy scale (k&) related to the magnetic interactions (usually of 
RKKY type) competes in the Ce ground-state (GS) formation, which in many cases results 
in a shearing of degrees of freedom between the two components [l]. The experimental 
evidence for such a coexistence is given by the fractional entropy of the magnetically ordered 
phase (expected to he R In 2 for a typical Ce3+ doublet GS), a reduced specific-heat jump at 
the ordering temperature (To) with respect to the value predicted by the mean field theory 
(12.5 Jmol-' K-I) [2] and a reduced magnetic moment of the magnetically ordered GS 131. 

Although the kBTR energy is well defined by the magnetic phase transition, the Kondo 
energy ( k ~ T x )  strongly depends on fitting parameters and a model-mediated interpretation 
of the experimental results. Under these circumstances, a shict comparison between two 
systems can only be achieved through the experimental observation of the evolution of 
their characteristic parameters, when they can be continuously alloyed. The competition 
of these two energies was successfully described by Doniach [4], taking into account that 
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both depend on the same coupling constant between the local and the conduction-electron 
spins: g = nFJ, where nF is the band density of states and J ( <  0) is the classical exchange 
integral. Their respective g dependences are TK - exp(l/g) and TR - gz. For small 
values of g + TR > TK the system orders magnetically. In contrast, for large values of 
g -+ TK > TR the system becomes non-magnetic. At intermediate values (when TK and TR 
are comparable) both mechanisms compete, leading the system to a mixed state [5], where 
part of the entropy condenses into a magnetic state and part into a non-magnetic singlet. Here 
the effective magnetic moment, pes, is reduced by the Kondo effect and consequentially 
the observed ordering temperature, To - pzffTR, is decreased [6] .  The classical example of 
this situation is the ,antiferromagnet (AF) CeAlz [I] which, with TN(= To) = 3.8 K and an 
estimated TK = 5 K, reaches an entropy AS zz 0.5R In 2 at TN. The Doniach model for a 
one-dimensional Kondo lattice predicts a continuous transition (at zero temperature) from an 
AF GS to a Kondo-like state as a function of g. Because TR - g2, TR is expected to increase 
faster than TK for small values of g and therefore the observed ordering temperature To first 
has to increase (i.e. dT,/dg > 0 when g -= g-), then reach a maximum at g,, and finally 
drop to zero as g -+ go. The resulting phase diagram, shown in figure 1, is presented as a 
universal feature, i.e. T&) should always have to undergo a maximum value in a complete 
magnetic to non-magnetic transformation. 

J G Sereni and J P Kappler 

T I  

Figure 1. Comparative diagram of the Konda (TK), magnetic (TR) 
and measured order (To) temperatures as a function of the coupling g 

0 gmax parameter g. 

The usual procedure for studying the competition between two mechanisms is given by 
changing their relative strength through the variation of an appropriate physical parameter. 
In this case we have to change the chemical potential of the system. This can be done by 
changing the relative concentration of the components or by applying external pressure (see 
figure 2). For isostructural compounds which show continuous solid solution, the Ce-ligand 
substitution, Ce(X,-,Y,)j, is related to the g variation (g - x ) ,  while in those compounds 
studied under pressure the g parameter was considered to be proportional to the applied 
pressure (g - P). In both cases, remarkable success in the qualitative description of the 
magnetic to nonmagnetic transformation was obtained from the theory for a large number 
of systems 171. 

By looking deeper into the T-g phase diagram of figure 1. one may ask how one 
distinguishes a system belonging to the ‘full magnetic’ region from a system belonging to 
the ‘mixed’ region. In terms of entropy, there should be a value of g (or a concentration 
‘x’  in a given Ce(Xl-,Y,)j system) where the degrees of freedom from the magnetically 
ordered phase begin to be transferred from the magnetic to the non-magnetic component. 
There, the entropy of the magnetically ordered phase should start to decrease from the 
expected R In 2 value as an enhanced density of electronic states (- y )  should start to rise. 

As well as systems showing a maximum in T&), there is an increasing number 
of systems in which To@) decreases continuously by alloying the Ce ligand, as shown 
in figure 2. In such a case it is usually argued that those compounds belong to the 
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Figure 2. Dependence of the ordering 
temperamre (To) on pressure (upper d e )  
01 alloying (lower scale). Pressure de- 
pendence: c w e s  2 (CeP) and 3 (CeAg); 
alloying: cuwes I (Ce(Gel-,Si,)z). 4 
(Ce(Pdl-,Rh,))andS (Ce(Tlr,Sn,)3. The 
respective refereaces are given in table 1. 

g, < g < go region [RI. However, the x + 0 limit for some of them corresponds 
to a ‘full ferromagnetic’ compound, with total R l n 2  entropy, large magnetization and 
specific heat jump at To and consequentially a low y value [3]. In other words, there is 
no indication for a Kondo-like component even though dT,/dg < 0 at x - 0. Such is 
the case in Ce(T11-,Snx)3, which undergoes an AF to non-magnetic transformation without 
showing any maximum in the T&) dependence [9]. In this case it would be expected 
that Cell3 belongs to the g, < g ( x )  < go region. However, this compound has the 
entropy gain, the specific heat jump at TN and the saturation magnetization as predicted 
for the r7 GS. Furthermore, practically no yT contribution to the specific heat is observed 
at low temperatures [lo]. All this evidence places CeT13 (which is the x -+ 0 limit of 
the Ce(TI1-,Sn,)3 system) on the g ( x )  < g,, region. The same features are observed in 
Ce(Pdl-,Rh,) [ll].  An apparent contradiction emerges here from the fact that, from their 
dT,/dg < 0 slope, these two systems are expected to belong to the g region with a mixed 
regime, while their x + 0 limit corresponds to a ‘full magnetic’ one. 

Such a contradiction has a cruder example in the Ce(Pdl,M,) family of compounds, 
where M = Ni or Rh [12]. In both cases the x -+ 1 limit corresponds to an intermediate 
valent (IV) behaviour and, as mentioned before, CePd is afull ferromagnetic compound. The 
Ce(Pd, Ni) system undergoes an F-to-IV transformation, with TC (= 6.5 K at x = 0) passing 
through a maximum value as Pd is substituted by Ni, but when Pd is substituted by Rh, TC 
decreases continuously [12] despite the fact that the same F-to-IV transformation is induced 
(see figure 3). In this case the same ‘matrix’ compound, CePd, confronts two different 
behaviours which have the same low g as the starting value. From such experimental 
evidence, it becomes clear that the Doniach model does not properly assess the parameters 
that determine the behaviour of these systems. 

2. Comparison between volume and electronic concentration effects 

The g parameter cannot be experimentally controlled or quantified in any direct manner. In 
fact, the driving experimental parameters are the external pressure and the chemical potential 
variation (by alloying). Although these two external forces may induce variation in all the 
thermodynamic parameters, they can be considered as producing effects mainly on the 
volume (AV) or in the electronic concentration (AZ). In that case one has to ask whether 
A V  and AZ are the alternative empirical parameters for defining g. and whether they are 
equivalent for describing the phase diagram of figure 1 and the experimental results shown 
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Figure 3. Ordering temperamre as a function of Pd 
substitution by Ni or Rh. 

Figure 4. Schematic comparison of lhe respective 
A V  and A 2  effects on the magnetic to nonmagnetic 
IransformaIion of W P d ,  Ni) and Ce(Pd. Rh). me full 
w ~ e s  indicate pin* of equal ordering temperatwe. 
T,, indicates the maximum value 01 To. 

in figure 3. Experimentally, it is not possible to change only one of these two parameters 
without inducing minor variations in the other. However, there are cases where one of 
those variations is truly dominant. For example, by applying external pressure the main 
effect is a change in volume (AV), without a significant effect on the electronic composition 
( A Z  Y 0). 

In the case of the Ce(Pd, M) family, the AV and A Z  effects are induced by alloying Pd 
with Ni and Rh respectively. In the case of Pd and Ni, they have different atomic volumes 
but a similar electronic structure (they belong to the same column in the periodic table), 
while Pd and Rb have equal atomic volumes but a different number of electrons in the 
4d open shell. As well as the difference in the To@) dependence, the thermal, transport, 
structural and spectroscopic properties of these systems also have different dependences on 
x [12]. Tbis experimental evidence indicates that A V  and A Z  pmduce different effects on 
the Ce GS evolution, which are represented in an unified diagram in figure 4 conceming the 
To evolution with the two driving forces. 

Once the difference between the volume and the electronic concentration effects has 
been recognized in one case, the question arises whether such a difference is in fact a 
general rule or not. At present, the only experimental example which allows us to compare 
the Ce magnetic transformation when it is driven by the mentioned parameters, starting 
from the same magnetic compound, is Ce(Pd, M), with M = Ni and Rh. To our knowledge 
other possible cases, like Ce(Ni, C U ) ~  with M = Co. Cu and Pt or Ce(F't, M)2, with M = Ni 
and Ir, have not been studied. There are, however, some sets of binary and ternary Ce 
compounds where one of the driving forces is dominant when the Ce ligand is alloyed, 
and therefore their To(x) evolution can be compared with that of the reference Ce(Pd, M) 
system. 

2.1. Generalization to other systems 

In order to obtain a systematic comparison among different sets of compounds, some 
restrictions have to be applied to avoid eventual ambiguities in the conclusions. They 
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are the following. (i) In order to avoid spurious variations in the Ce environment no 
structural changes, within the substitution range, should occnr. (ii) The analysed compounds 
should present a single lattice position for Ce and its paztners, to avoid ambiguities in 
the environmental conditions. (iii) The Ce magnetic moment in the magnetically ordered 
compounds has to be localized. Conditions (i) and (ii) are self-explanatory, while (iii) 
requires comment. There are some Ce compounds which show band (or itinerant) magnetism 
(BM), like CePbs; in such a case the magnetic order does not have an RKKY character 
originating in localized magnetic moments, and the magnetic structure is very unstable 
under alloying effects [13]. 

Table 1. Carrelation berween the occunence (or not) of a r"um in To(x)  and the dominant 
effect volume (AV) or elecvonic concenttation (AZ). x,, is the concentrarion at the maximum 
value of To, and xg the cancenmtion at which To + 0, for a generic compound Ce(x~-,Y,)j. 
The pressure (P) is given in GPa. * denotes that there is a discontinuiv in the lattice parameter 
at x = 0. I. without change of structure. NK means not known. 

Comvound effect WL.) (Po)  Ref. 
Dominant x,, x(l 

AV 
AV 
A 2  
A 2  
A 2  
AV 
A 2  
AZ 

AV 
A 2  
AV 
A V  
AV' 
A 2  
AV 
A 2  

AV 
AV 
AV 
AV 

0.6 
0.5 
- - 
- 
0.5 
- 
- 

0.25 

0.75 
0.88 

- 

- 
- 
0.1 
- 

0.7 
3.0 
3.0 
4.7 

0.95 
0.95 
0.7 
0.15 
0.8 
0.7 
NK 
0.4 

0.8 
0.8 

> I  
> I  

0.12 
0.4 

0.0 
> I  

3.7 

5.5 
>8.0 

NK 

NY 

16 
17 
8 

18 
IO 
19 
20 
21 

22 
23 
U( 
25 
13 
26 
27 
28 

7 
29 
30 
30 

In table 1 we list a number of binary and ternary Ce systems undergoing the magnetic 
to nonmagnetic transformation. mainly driven by one of the two A V  or A 2  effects. One 
sees that they are correlated with the presence or absence of a maximum in T&). As 
before., AV is obtained by substituting elements of the same column in the periodic table 
(expected to be nearly isoelectronic) and AZ by elements having similar size. To allow for 
a systematic comparison we have adopted the following convention: in a generic compound 
Ce(X,-,Y,)j, x increases when the larger atom X is substituted by the smaller atom Y, 
independently of the criteria used in the literature for displaying the experimental data. In 
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that sense the increase of x indicates a structural pressure. With respect to the compounds 
studied under applied pressure, all of them show a maximum in To = f (P), see also table 1. 

The information extracted from an analysis of the more than twenty families of Ce 
compounds listed in table 1 tells us that the occurrence of a maximum in T,(x) is directly 
correlated with the reduction of the Ce-Ce spacing. Such a conclusion is in agreement with 
the nature of the RKKY indirect exchange via the conduction electrons. Again, it can be 
argued that the systems in which T&) continuously decreases (AZ effect) may be placed 
in the g,, < g ( x )  < go region. In such a case the magnetic side (i.e. the x = 0 compound) 
should show some evidence of a mixed state, which is not the case for CeGez and M u 5  
or the already discussed CePd and CeT13 [2]. As mentioned before, CePd is the x = 0 
limit for the systems that either show a maximum in T,(x) (like Ce(Pd,Ni)) or show no 
maximum (like Ce(Pd. Rh)). 

The Ce(Rh, Co)zSiz system seems to be an exception to the conclusion extracted from 
table 1. However, analysing in detail its T&) dependence, one sees that in the x region, 
where T&) decreases continuously there is no change in the volume cell (AV = 0). 
The A V  effect reported in table 1 occurs in fact at x > x g  [14]. Another illustrative 
case concerning the T&) dependence is the Ce(Pb, Sn)3 system. It was not included 
in table 1 because of the BM character of the x = 0 compound CePb 1131 (remember 
restriction (iii)). Effectively, T,(x) decreases very rapidly with the Pb substitution by Sn. 
Also the N&l temperature of CePb itself decreases with pressure [IS], in contrast to 
the local moment magnets CeAg and CePt. A similar local-moment to itinerant (or BM) 
magnetism transformation was observed in Ce(Cu, Ni)zGez, in coexistence with heavy- 
fermion behaviour [32]. 

J G Sereni and J P Kappler 

3. Conclusions 

The conclusion of this comparison is that the variations of volume or electronic concentration 
are not equivalent as driving forces for inducing a magnetic to non-magnetic transformation 
in Ce compounds. The occurrence of a maximum in T&) or T,(P) is not intrinsic to 
the crossover from a full magnetic to a mixed state, but is rather due to the reduction of 
the C e X e  spacing before the hybridization mechanism turns on. Therefore, the magnetic 
character of a compound has to be checked taking into account the entropy of the ordered 
phase, before placing it in the g g,, or g > g,, region. In table 1 we have listed only 
those systems in which one of the driving forces is dominant, but there is an equivalent 
number of system where both parameters are changed simultaneously. An analysis of the 
characteristic conceneations at which the magnetic transformation occurs will be the subject 
of a forthcoming work. 
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