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Abstract The magnetic behaviour of 80 Ce-binary compounds is cor- 
related with the minimum Ce-Ce spacing (I)) in the lattice. Among the 
magnetically ordered compounds, three regions can be defined: I) with D 
smaller than the trivalent Ce diameter, where a11 the compounds order an- 
tiferromagnetically, with fractional entropy and large values of 7 and ep. 11) 
With 3.7 A< D < 4.1 A, which includes the ferromagnetic compounds, and 
111) with D > 4.1 A, where most of the compounds order antiferromagnet- 
ically with full entropy. The compounds which do not order magnetically 
(region IV) are distributed in two ranges of energy: < 10K for the Heavy 
Fermions and > 100K for the Intermediate Valent ones. Spin Fluctuation 
effects are observed in the compounds with large D values and small volume 
contraction. 

1. Introduction 

Cerium presents a large variety of physical phenomena as a pure metal1 or 

within an intermetallic compound2, due to the vicinity of the energy of its "inner' 

4f1 shell to the "outer" 5d and 6s levels. 

About 150 Cerium binary compounds are reported at present with recognized 

crystalline structure (see for example the Pearson's ~andbook2).  Among them, 

about eighty have a known rnagnetic behaviour, and are gathered following their 

dominant magnetic characterisic as, for example, Ferro or Antiferromagnets (those 

which order magnetically) and Heavy Fermions, Kondo-lattices or Intermediate 

Valent (when they do not order magnetically). However, at present the amount of 

experimental data gives us the chance to attempt to compare these different groups 



Correlation between atomic spacing and magnetic.. . 
through phenomenological parameters, and to extract properties and behaviours 

which are not accounted for the in specific microscopical models. 

The parameters to  be used for such an analysis have to be unique (inde~endent 

of the models) and universal (observable in a11 the compounds). With this in 

mind, we propose the characteristic magnetic temperature (To) and the Ce-Ce 

interatomic spacing (D). The value of To is taken from the ordering temperature, 

Te or TN, or from the temperature of the maximum of the susceptibility, TM, 

for those which do not order magnetically. The second parameter is taken from 

the minimum Ce-Ce distance in the lattice. A previous attempt a t  this kind of 

analysis was made by Hil13, on the seventeen Ce compounds known at that time. 

We shall see that there is a number of Ce compounds where the Ce atom has 

nonequivalent positions in the lattice. In those cases, each Ce sub-lattíce may 

show different magnetic behaviour because of their different environments. For 

simplicity, we will identify each compound by its highest ordering temperature 

and the minimum Ce-Ce spacing. Although the minimum D value should correlate 

with the maximum Te or TN when the magnetic ion is stable valent, that is not 

guaranteed in the case of Ce because of its ability to change its valence under 

certain environmental conditions. 

In fig. 1 we plot the transition temperatures of those Ce compounds which 

order magnetically versus the minimum Ce-Ce distances. There, a generic com- 

pound CejXk is labeled as j X k .  Concerning the distribution of the Ferromagnetic 

(FM) and Antiferromagnetic (AFM) compounds, it becomes evident that they 

are not randomly distributed, on the contrary, the FM ones are concentrated in 

the 4.1 > D > 3.7A range. Considering that some physical reason uderlies such 

distributions, we will subdivide fig. 1 in three regions: I) with D < 3.7 A, 11) 

with D ranging between 4.1 and 3.7 A and 111) with D > 4.1A. The first boundary 

(between regions I and 11) can be immediately associated with the diameter of a 

trivalent Ce atom', as indicated by the B and y phases of metallic Ce. In other 

words, at  such a D value two trivalent Ce rigid spheres are expected to touch each 

other. The second boundary (between regions I1 and 111) is arbitrarily taken right 

above the FM compounds with the largest D value. 
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Fig. 1 - Magnetic ordering teniperatures of the C e j X k  compounds (labeled as jXk) 
versus the minimum Ce-Ce spacing. f l  and are the Ce allotropic phases. Dashed iines 
are the boundaries of the ferromagnetic region. 

These boundaries are explicitly to their shown in fig. 2. There we represent 

these compounds according to their respective magnetic behaviours. The Fer- 

romagnets are represented by squares, the Antiferromagnets by circles and the 

diamonds are used for those compounds showing more than one magnetic tran- 

sition. The last case is mainly observed in the cornpounds having nonequivalent 

positions of the Ce atoms in the lattice, suggesting that each Ce-sublattice behaves 

independently. Note that Ce compounds in which one of the sublattices does not 

order magnetically are also reported in the literatiire4. Also in fig. 2, we include 

information on the entropy ga,ing related with the magnetic transition. The sym- 

bols crossed once (twice) have fractional (full) entropy gain at the transition. In 

the cases where, no information is available, open symbols are used. 
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Fig. 2 - Magnetic ordering temperatures versus Ce-Ce spacing. Squares indicate Tc, 
circles TN and diamonds identify the compounds with more than one transition. Those 

crossed once (twice) have fractional (full) entropy gain at the magnetic transition. 

Finally, the compounds with a non magnetic ground state, which we will con- 

sider as belonging to a region IV, are shown in fig. 3, including also metallic Ce in 

its a phase. Here the characteristic temperature, XM, is taken from the tempera- 

ture of the maximum of the magnetic suceptibility. They are spread over a large 

range of D: between 3.1 and 5.2 A. 
We will discuss now the main common features of the compounds belonging 

to each region. For such a purpose, we have first to define some parameters of 

reference. With a few exceptions (which occur in cubic symmetries), the expected 

entropy gain a t  the magnetic transition for a Ce magnetic atom is A S  = RCn2, 

which corresponds to a doublet crystal field ground state. Then, the terms "frac- 

tional" or "full entropy" will be used in reference to the value Rln2. Concerning 
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Fig. 3 - Temperature of the mairnum of the susceptibility, T,, of the non-magnetic 

CejXk compounds (labeled a s  jXk) venus the Ce-Ce spacing. 

the temperature dependence of the specific heat, Cp, most of the interrnetallic 

compounds show a linear contribution to the specific heat, Cp, at a certain range 

of temperature. Although such behaviour has an eiectronic origin, a linearity in 

temperature does not represent necessarily a densit,y of states as the Somrnerfeld 

term, yT, does. It is, however, very illustrative to compare the Cp/T ratio of 

related compounds. Then, we define ~ L T  and ~ H T  as Cp/T at T < To/2 and 

T > 2To respectively, To being the characteristic temperature of the systern: Tc,  

TN or M .  

We will discuss now the main characteristics of the cornpounds belonging to 

each region. 

Region I - Compounds with small Ce-Ce spacing 

The cornpounds belonging to the region I (D < 3.7A) show a great variety of 
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crystalline structures, which makes a strict comparison of their properties quite 

difficult. Nevertheless, by taking as a "general rule'' one which applies to  90% of 

the cases, some distinctive characteristics can be attributed to these compounds. 

They are: i) all order as AFM or show more than one magnetic transition when 

they have nonequivalent positions for the Ce atom, ii) where measured, the entropy 

gain a t  TN is significantly smaller than the expected R l n 2  value. In the best 

of cases A S  reaches 90% of that vahe a t  T - 3TN. iii) The parameters ~ L T  

and 7f3T are about one order of magnitude larger than the y term observed in 

the non-magnetic reference compounds. iv) The Curie-Weiss temperature, Bp, is 

negative and lB,l more than one order of magnitude larger than T N ,  almost in one 

crystallographic direction. v) There is no appreciable volume contraction, with 

respect to the neighbouring Lanthanide (La and Pr) iso-compounds. vi) With 

few exceptions their crystalline structure has low symmetry (lower than cubic), 

making their physical properties strongly anisotropic and the number of Ce nearest 

neighbours is ten or less. All these properties reflect the fact that, although a 

volume contraction is not detected, there is a significant hybridization of the 4f 

Cerium orbitals in a11 these compounds. 

With the exception of Ce3AIil and Cez4Coli, a11 the compounds where the 

Ce atom has two or more nonequivalent positions in the lattice belong to this 

region. The coexistence of different magnetic behaviour is reflected in more than 

one magnetic transition, s in CesRh3 and Ce7Rh3 4,  or in a transition followed by 

other anomalies in the specific heat, as in Ce5Si3 5 .  

Region 11: Ferromagnetic Compounds  

This region, with 4.1 > D > 3.7 (see figs. 1 and 2), is characterized by the 

inclusion the FM compounds. Although in this region there are also some AFM 

compounds, practically ali of them are related by structure to the ferromagnets. 

In order to make a comparison between these compounds and those of region I, 

we summarize the general characteristics of this group as follows: i) Practically 

a11 the Ce-FM are included in this region, having equivalent Ce positions in the 

lattice. ii) Most of the compounds reach the expected Ren2 entropy value a t  or 

285 
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right above the ordering temperature. iii) The measured ~ L T  and 7HT values are 

significantly smaller than in region I. iv) The same reduction is observed in l6,(. v) 

There is no appreciable volume contraction. vi) There are no Ce-FM with cubic 

structure and those which are cubic a t  room temperature undergo a martensitic 

transformation at T > T,. 

The link between the CsCI (bcc) compounds which order AFM and those which 

order FM, after undergoing a structural transition, is givei, by the pressure effects. 

Both Ce Zn and Ce T1 order AFM at  normal pressure, but a pressure of about 

10Kbars induces a Martensitic transformation associated with the appearance of 

FM order6p7. The other equiatomic compounds found in this region have the CrB 

(CePd and CePt) and the FeB (CeCu, CeSi and CeCe) crystalline structure, see 

ref. 2. The first group orders FM while the second AFM. 

Region 111: Compounds w i t h  large Ce-Ce spacing 

The compounds with D > 4.1 Abelong to this region (see also figs. 1 and 

2). They have a great variety of magnetic behaviours and crystalline structures. 

Following the same criterion for describing their properties, we can say that: i) 

practically a11 of them order AFM and the pair which presents FM order can be 

explained as due to frustration effects. ii) Most of the compounds reach the RLn2 

entropy a t  the transition. The lack of entropy is associated with: iii) large 7HT and 

iv) large (Op/ .  V )  No volume effects are observed and vi) as mentioned before, the 

structural symmetry is associated with the frustration effects in the compounds 

showing FM phases. 

Due to the large Ce-Ce spacing, the magnetic interaction in this region is 

expected to be dominated by an RKKY-type mechanism. This fact can be verified 

in two sets of isostructural compounds, where the Ce-partners have the same 

electronic structure. They are CeX (X=Te, Se, S and P) and CeX3 (X=Pb, In 

and TI). 

The compound CeCa2, which has a FM low temperature phase, confirms the 

fact that Ferromagnetism should not be expected in this region because, due to his 

286 
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honey comb structure, it undergoes three AFM transition before becoming FM8 

because of the magnetic frustration effects. 

Region IV: Compounds which do not order magnetically 

Finally, the compounds which do not order magnetically are shown in fig. 

3. There the energy scale is taken from the temperature of the maximum of 

the magnetic susceptibility, TM. It becomes evident from fig. 3 that they are 

split in two groups: those with TM 5 10K (Heavy Fermions) and those with 

TM 2 100K (Intermediate Valent). Their distinctive properties are: i) The Heavy 

Fermions have a large 7LT  value (> 400 mJ/mole K2) while the ~ H T  is about 250 

mJ/mole K ~ .  ii) The Intermediate Valent show ~ L T  within 12 and 100 mJ/mole 

K2 and the compounds with large ~ L T  show effects of spin fluctuations4. iii) The 

Intermediate Valent compounds show a significant volume contraction (up to 10% 

with respect to their Lanthanide neighbours). iv) Most of the Intermediate Valent 

(IV) compounds have a cubic crystalline structure, with equivalent sites in the 

lattice. 

Although the number of Ce-Heavy Fermion (HF) compounds is growing con- 

tinuously, noteworthy is the fact that the new systems are ternary compounds. 

Out of the archetypes of binary HF: CeAL3 and CeCu6, only Ce3In is the new 

candidate of the last decade. Usually, a large Ce-Ce spacing is accepted as a 

condition for a heavy quasiparticle band formation, however, Ce31n being a Ce 

concentrated compound with fcc structure, has D values comparable to those of 

metallic Ce. 

The compounds showing Spin Fluctuations (SF) effects are placed among the 

IV ones when the TM scale of energy is chosen for comparison. However, if the 

volume contraction AV/V < 1% (with respect to a hypotetical trivalent com- 

pound) is taken into account, then: CeBei3, CeSn3, CeSiz and CePd3 have to 

be considered as having a different kind of behaviour. As mentioned before, the 

large volume contraction, AV/V > 3%, is distinctive of the IV compounds. It can 

be observed that the largest volume contraction occurs in the Laves compounds 
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(CeX2) with four Ce-Ce and twelve Ce-X contacts, which gives the largest number 

of next-neighbours for the Ce atomlO. 

Concerning the few Ce cubic compounds with a quartet (rs) crystalline field 

ground state, although they belong to different regions, they have a common fea- 

ture that they undergo a quadrupolar transition before defining their collective 

ground state. Within this group we can mention CeZn, CeAg, CeBs and CesIn 4. 

Conclusions 

We have seen that new information on the ma,gnetic behaviour of Ce in its 

binary compounds can be obtained by correlating the characteristic energy of 

each compound with the Ce-Ce spacing. The mo:jt significant conclusions can 

be summarized as follows: i) the Ce-Ce compression does not necessarily induce 

valence instability, because cubic local symmetry is required together with a high 

coordination number, ii) the ferromagnetic behaviour of Ce is also related with 

local symmetry, iii) the characteristic temperature, TM, of the compounds which 

do not order magnetically has two different ranges of values: TM < 10K for the 

HF and TM > 100K for the IV, iv) the SF effects the present in compounds with 

large D values and low volume contraction and v) the cubic compounds where Ce 

has a quartet crystalline field ground state undergo a quadrupolar transition a t  or 

above their ordering temperature. 
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Resumo 

O comportamento magnético dos compostos binários de Ce 80 é correlacionado 
com o espqamento mínimo Ce-Ce (D) na rede. Para os compostos ordenados 
magneticamente, três regiões podem ser definidas: I) com D menor que o diâmetro 
de Ce trivalente, onde todos os compostos se ordenam ferromagneticamente, com 
entropia fracionária e valores altos de 7 e 8,; 11) com 3.7 A< D < 4.1 A, que inclui 
os compostos ferromagnéticos e 111) com D > 4.1 A, onde a maioria dos compostos 
se ordenam antiferromagneticamente com entropia plena. Os compostos que não se 
ordenam magneticamente (região IV) estão distribuídos em duas faixas de energia: 
< 10K por fermions pesados e > 100K para os de valência intermediária. Efeitos de 
flutuqáo de spin são observados nos compostos com altos valores de D e pequena 
contração volumétrica. 


