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This chapter is an introduction to the main concepts underlying the present unterstanding of the 
physical properties of actinide solids. 

In the first half of the actinide series the elements behave as 5 f transition metals; 5 f electrons 
are then described as itinerant in metallic solids. Between plutonium and americium a cross-over 
from itineracy to localization, i.e. a true Mott transition is observed. Heavier actinides have a 
lanthanide-like behaviour, the 5 f states exhibiting similar properties to the 4 f states in lanthanides, 

The characteristics of 5 f wavefunctions in the actinide atom as well as in actinide solids are 
reviewed. In the latter, overlapping of 5f wavefunctions between neighbouring atoms as well as 
their hybridization with other orbitals (actinide 6 d, or orbitals of non-actinide elements in com- 
pounds) are pointed out as being the two phenomena determining physical properties and bonding 
characteristics, in particular magnetism. Theories describing them, in particular Stoner's and Mott- 
Hubbard's models, are discussed in the light of their application to actinide physics. 

A short summary is presented of the main experimental evidence which justifies the theoretical 
decription of actinide solids. 
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Actinide Solids 

I. Introduction: Problems of the Actinide Series 

1. Radon Core and Then What? 

Actinide atoms, in their ground configuration, comprise the closed shell electronic struc- 
ture of the noble gas radon 

lS 2 2S 2 2p 6 3S 2 3p 6 3d 1° 4s 2 4p 6 4d 1° 5S 2 5p 6 4f  14 5d 1° 6s 2 6p 6 

and from three (Ac) to seventeen (Lr) external electrons. 
As known from the quantum treatment of the hydrogenoid atom (see, e.g))), these 

outer electrons may be accommodated in the 5 f, 6 d and 7 s shells. 
In the forties Np (atomic number Z = 93) and Pu (Z = 94) were added 2) to the 

already known Ac (Z = 89), Th (Z = 90), Pa (Z = 91) and U (Z = 92). The central 
question, for the chemistry of these elements, was: 
i. Which shells are filled by these external electrons, and in which order? 
ii. Is the actinide series a 6 d transition or a 5 f lanthanide series? 

The answer was by no means straightforward since the first elements (Th, Pa, U) to 
be studied displayed properties reminiscent of both a transition series and a lanthanide 
series. The tendency was to expect that the electrons would follow the same order of 
filling as for the elements from La to Lu, in which the 4 f shell is filled, giving rise to the 
lanthanide series, before the filling of the 5 d shell. Consequently, Seaborg 2) proposed 
the name "actinides" for this 5 f series, Ac being the homologous of Ln. 

In fact, as early as 1941, Mayer ~) showed by means of a Thomas-Fermi type calcula- 
tion that the atomic wave functions of the 5 f electrons drop suddenly in energy and 
spatial extension in the vicinity of Z = 92 (i.e. Uranium). This is consistent with the 
existence of a second lanthanide series, following Ac (Atomic number Z = 89), and 
going from Th (Z = 90) to Lr (Z = 103). It is customary to place actinides in Periodic 
Charts of Elements as a homologous series of the lanthanides, meaning that progressive 
filling of the 5 f shell occurs throughout the series. 

The results of atomic spectroscopy as well as atomic quantum calculations have made 
it possible to determine the ground state of the free actinide atoms. These results (see 
Table 14) ) (that will be reviewed in the next section of this Chapter) confirm the pro- 
gressive filling of the 5 f shell. From the point of view of the electronic structure of the 
free atom, therefore, question ii. is solved in the sense of actinides being a series in which 
the unsaturated 5 f shell is progressively filled (only one or two electrons being accomo- 
dated in the 6 d shell). 

Only for element 104 could the 6 d shell start to be filled. Chemistry is known for this 
element (Rutherfordium or Kurchatovium), although only few atoms have been syn- 
thesized. 

2. A Short Discussion on the Chemistry of  Actinides 

The lanthanides have, as known, very similar chemical properties across the series. 
Writing them in a single separate line in the periodic chart intends to convey this informa- 
tion to the reader. 
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Table 1. Ground state and first excited state configurations, and their energy difference, for lan- 
thanides and actinides 

Ground First Distance Ground First Distance 
state excited (ev) state excited (ev) 

state state 

La d s 2 d2s 0.33 Ac d s 2 d2s 1.14 
Ce f d s 2 fd2s 0.30 Th d2s 2 d3s 0.68 
Pr fas2 f2ds2 0.50 Pa f2ds2 fd2s 2 0.25 
Nd f4s2 f3ds2 0.83 U f3ds2 fad2s 0.77 
Pm fSs2 f4ds 2 0.99 Np fads2 f5S2 0,12 
Sm f6s2 frds 1.34 Pu f6s2 fSds2 0.78 
Eu f7s2 fTds 1.60 Am f7s2 fTds 1.80 
Gd fTds2 fTd2s 0.79 Cm f7ds2 fSs2 0.15 
Zb f9s2 fSds 2 0.04 Bk fgs2 fSds 2 0.92 
Dy fl°s2 fgds2 0.94 Cf fl0s2 fgds 2 2.11 
Ho flls2 fl°ds2 0.95 Es flls2 fl°ds2 2.36 
Er fI2s2 fllds2 0.89 Fm f12s2 fl2sp 2.42 
Tm f13s2 fl2ds 2 1.62 Md flas2 f13sp 2.48 
Yb fm4s2 f~3sp 2.15 No f14s2 f14sp 2.60 
Lu flads2 fl4s2p 0.51 Lr f14s2p f14ds2 0.99 

Is the same true for the actinide elements? 
In Fig. 1, we have plotted the oxidation numbers of the actinides and of the lan- 

thanides. We see that for the lanthanides the valence 3 is the most stable valence 
throughout the series. There are exceptions: Ce displays for instance tetravalency in 
many compounds; Eu and Yb display divalency. These exceptions are understood: e.g., 
Eu and Yb are at the half-filling and at the filling of the 4f  shell, which are stable 
electronic configurations. There is a tendency for both to share just the two outer 5 s 
electrons in bonding, displaying therefore, divalency, and preserve these stable configu- 

rations. 
On the contrary, there is a spread of oxidation numbers for the light actinides (at least 

up to Cm), which, for Pu and Np, range from 3 to 7! After Cm, however, the trivalent 
oxidation state is always met, and this second half of the actinide series approaches more 
the behaviour of the lanthanides. 

Thus, the implications about the chemical behaviour derived from a Periodic Chart in 
which the actinides are all placed in one line may be somewhat misleading. Rather, it 
appears that we should distinguish two parts in the series: one up to Cm ("light 
actinides"), another one from Cm on ("heavy actinides"). 

In Fig. 1, the valences of the transition 3 d-, 4d-,  5 d-series are also plotted. As for 
what regards the spread of valences, an interesting observation is that, at least for the 
light actinides (if not for the whole series), there is more similarity between the actinides 
and the d-transition elements than the actinides and lanthanides. 

The oxidation number of an element is used by chemists as a formal quantity, and is a 
count of bonding electrons. It is so useful that it has generated, as we shall see later, the 
concept of "metallic valence" when dealing with elemental metals and the metallic bond. 

In this simple context, the comparisons established in Fig. 1 are particularly signifi- 
cant. Let  us take, e.g., the comparison between Sm (4 f6 5 d o 6 s 2) and Pu (5 f6 6 d o 7 s/). 
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Fig. 1. Oxidation numbers for: - d-transition series', - f-transition series' (lanthanides and 
actinides); (non-common or uncertain oxidation numbers have been put between brackets) 

We start by considering that the trivalency of La (4 f°6 d17 s 2) in its chemistry can be 
understood with the bonding being performed by the one d and two s outer electrons. In 
Sm, the trivalency may be understood in the same way with the help of a subsidiary step: 
the promotion of one f electron to the d shell (from 4f65 d°6 s 2 to 4 f55 d l6  s 2) a process 
requiring little energy, and which produces the same 5 d16 s 2 outer configurations as La. 
In fact, for all lanthanides the trivalency may have the same explanation. But com- 
plementary  to this explanation, another statement can be made: for Sm (and for all other 
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lanthanides as well) there is a 4f  core which is essentially non-bonding: these (five) 
electrons "cling to the atom". One says that, in lanthanides, the 4f  electrons retain 
atomic properties (a conclusion largely supported by physical properties, e.g. magne- 
tism). 

If we turn now to Pu, and seek to explain the large spread of valency by the same 
naive picture, we are forced to accept one or both of two hypotheses: 
i. that very little energy may be required to form, from the ground state, a large number 

of possible configurations by moving 5 f electrons to the d shell; in other words many 
configurations (5 fx6 d y 7 s 2) (x + y = 6) have similar energies (bonds being formed 
from 6 d and 7 s electrons only); 

ii. the 5 f electrons have themselves a tendency to establish bonds. 
Of course, the two hypotheses are not really independent and only the simplicity of 

the language employed allows us to state them in such a clear-cut form. Nevertheless, 
they embody a problem for chemists which is analogous to the one encountered in the 
chemistry of d-transition series, and which has kept researchers busy for a very long time. 

3. The Metallic Valence: From Chemistry to a Solid State Case 

The concept of valence developed in the preceding section is the basis of the first correla- 
tions aiming at a global theory of the actinide metallic bond. These correlations were 
established between the atomic volumes of actinide elemental metals, and the electronic 
configuration of the actinide atoms 4-s/. Their aim was to provide a general theory of 
actinides (i.e. to give an answer to the questions i. and ii. of Sect. A.I.1.) within the 
framework of a simple model of the metallic bond. 

It is known that the cohesion of a metal is ensured by the electrons partially filling a 
conduction (or valence) band. The wave functions of these "conduction electrons" are 
Bloch functions, i.e. amplitude modulated plane waves. Even though these wave func- 
tions are linear combinations of the electronic wave functions in the isolated atoms, 
reminiscence of the atomic orbitals is lost (or is eventually contained in the amplitude 
factor). The conduction electrons are, of course, originally, the outer or valence elec- 
trons of the atoms; but in a metal, to describe them as s, p, d or f, i.e. with the quantum 
number proper to the atomic case, has little meaning. They may be considered to many 
purposes to be "free electrons". 

The simplest model of a metal is therefore the one in which the metal is depicted as an 
array of ions "glued together" by conduction (quasi-free) electrons. If this is the case, one 
may define a "metallic valence" as being, essentially, the charge left in the ion cores when 
outer electrons have been stripped off. Conversely, the "metallic valence" can be defined 
as the contribution of outer electrons each atom gives to the "sea" of bonding conduction 
electrons. 

The loss of outer electrons from the atoms to a conduction band, in such a simple 
picture, bears a similarity to the redox process which is supposed to occur in molecular 
bonds, and which is at the basis of the "oxidation state" or "formal valence" concept. If 
this is the case, the metallic valence should coincide with one of the valences that one 
encounters in compounds, possibly with the most stable one. 

In this model, the binding electrons are often assimilated to a negatively charged, 
isotropic continuum ("jellium ''5)) surrounding the positively charged ions (the ionic 
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charge being the metallic valence v). Due to the isotropy of the bonding, one expects 
"compact" crystal structures to exist in elemental metals (which is the case for most 
metals, crystallizing in the twelve-coordinated f.c.c, and h.c.p., or in the eight-coordi- 
nated b.c.c, structure - see Chap. C). The shape of the Wigner-Seitz cell 1) may be safely 
assimilated to a sphere. The atomic volume Vat, coincides with that of the Wigner-Seitz 

3 ~R3s). sphere Vws (Vat = VWS = ~ -  

In this "jellium" model, the equation 

9 ~k~v (1) R~vs = 7 

can be obtained 5), where ~,z is the so-called Fermi-length of a free electron, i.e. the 
wavelength of a free electron wave, and v is the metallic valence. The quantity kv 
depends on the detailed description of the total (kinetic and potential) energy of the free- 
electron. Important contributions are the Coulomb and exchange interactions with the 
outer electrons of the cores and with other conduction electrons, which add to the 
electrostatic attraction to the nuclei. However, from (1), one notices that equivalent 
metals, having approximately the same kr, should have the same Rws. If the radii across a 
transition series are inspected vs Z, information may be gathered on v. 

a. The Case of Lanthanides 

For lanthanides, the metal radii decrease monotonically with increasing atomic number 
(Fig. 2), with the three anomalies of Ce, Eu and Yb. 

Let us assume that the metallic valence is three for most lanthanides, and two for Eu 
and Yb. This is consistent with the chemistry of these elements, since (Fig. 1) three is 
their most common oxidation number. Trivalency has been explained in the preceeding 
chapter, by assuming the easy promotion of one 4 f electron to a 5 d level. The conduction 
quasi-free electrons are therefore of 5 d and 6 s origin. We may say that the conduction 
band has a prevalent (s, d) character. 

Two other facts comfort the theory. Firstly, most lanthanide elemental metals crys- 
tallize in a close-packed structure as expected for the simple model of the metal 
employed. Secondly, the metals are paramagnetic, and order magnetically (in rather 
complicated structures). The paramagnetism can be explained by taking into account the 
magnetic moment of the 4f  n configuration which is retained by the ion cores: in fact, 
paramagnetic moments experimentally determined for metals are almost equal to those 
of the trivalent, 4 fn, free ions (in compounds, or solutions). One says, therefore, that the 
4 f  n is strongly localized in the lanthanides, meaning that the 4f  shell wave functions 
retain their atomic character. 

The trend of radii vs. Z shown in Fig. 2 finds then an explanation consistent with the 
picture of ion cores, each containing a 4 fn non-binding shell. In fact, the 4 fn shells screen 
only imperfectly the outer electrons. Adding one nuclear charge when going from Z to 
Z + 1, means increasing the central field of the nucleus, without increasing as efficiently 
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Fig.  2. Wigner-Seitz radii, bulk moduli, and cohesive energies of lanthanides plotted vs atomic 
number Z (The radius of a Wigner-Seitz sphere is related to the atomic volume by: V~t = 4/3 n R~vs) 

the screening of this field. Hence, the outer electrons being more attracted, the net result 
is a contraction of the ion cores, explaining the trend of Fig. 2 (lanthanide contraction). 
This effect, deriving from the wave functions of f-electrons, must also occur in actinides, 
for their 5 f electrons. We should expect an actinide contraction analogous to the lan- 
thanide contraction. 
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b. The Case of  Actinides 

For actinides up to Am, the plot of atomic radii vs. Z is given in Fig. 3. In the same 
figure, the same plot is given for d-transition elements. The first obvious observation is 
that the situation does not ressemble at all the lanthanide one. The second observation is 
that, for the light actinides (up to Pu) the trend which is followed ressembles the (almost 
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Fig. 3. Wigner-Seitz radii of d-transition metals and actinides vs atomic number Z. To the plot, 
elements displaying empty and full d- and f-shell have been added. In abscissae, the groups of the 
Periodic Chart of Elements have been indicated (see, e.g. Handbook of Chemistry and Physics). 
The figure shows the sudden jump in radius between Pu and Am discussed in this chapter, and, 
more deeply, in Chap. C 
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parabolic) trend of d-metals. Between Pu and Am, however, one finds a sudden jump. 
For  the heavier actinides, there is a trend which seems to indicate an actinide contraction. 

Zachariasen 6-~°) proposed a theoretical explanation of the observed trend (Fig. 3), 
focussing on its similarity to the d-transition metals'. This explanation is particularly 
suggestive for its simplicity, and contains the hypothesis of non-bonding 5 f-electrons in 
the metals of the 5 f-series (which Zachariasen calls: the "thoride" series) as it is the case 
for lanthanides. It has led Zachariasen to the assignment of metallic valences throughout 
the series, and also to the prediction of them for the (not yet known at the time of his first 
presentat ion of the theory) heavier actinide metals. The theory presents the actinide 
metallic bond as typical of metals belonging to a 6 d-transition series, in which, however, 
for the heavier actinides (see Table 2 from 1°)) the 5 f shell fills up gradually, causing an 
actinide contraction. 

The theory is described in a very concise way by Kmetko and Hill 11), who have also 
criticized it in the same paper.  Figure 4 is essentially the same figure presented in 11), re- 
drawn with the latest Zachariasen's assignments in 1°). 

The measured metallic radii of the metals are drawn, in Fig. 4, on a network of 
dashed lines specifying the actinide contractions for f configurations progressively 
increasing by one electron at constant metallic valence (i.e. without change of the 
number of s, p, d electrons, which are thought to provide the only bonding). (The 

Table 2. Zachariasen's 1°) assignment of valence v and number of non-bonding 5 f electrons f to 
thorides (actinides) 

v + f Metal R in/~ v f 

2 Ra 2.293 2 
3 Ac 1.977" 3 
4 Th a 1.798 4 
4 13 ca. 1.80 4 
5 Pa a 1.642 5 
5 13 1.775 4 
6 U ct 1.542 6 
6 13 1.548 6 
6 y 1.548 6 
7 Np a 1.503 7 
7 13 1,511 7 
7 y ca. 1.53 7 
8 Pu ct 1.523 6.2 
8 13 1.571 5.4 
8 y 1.588 5.2 
8 5 & 5' 1.640 4.7 
8 ~ 1.592 5.1 
9 Am ct 1.730 3.9 
9 13 1.730 3.9 

10 Cm ct 1.743 3.8 
10 13 1.782 3.5 
11 Bk ot 1.704 4.0 
11 13 1.767 3.5 

0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1.8 
2.6 
2.8 
3.3 
2.9 
5.1 
5.1 
6.2 
6.5 
7.0 
7.5 

a Interpolated value 



Actinide Solids 11 

2./, 

~ 2.2 

2.0 

1.9 

1.8 

1.6 

1.~ 

, , i , i i , i 

f-0 

\ - .  • 
v .3 \  - - "... - "-. .. 

88 8'9 90 
Re Ac 

i i , i i I 

I I I I ~ I 

9'i 92 93 9's 97 8 99 z 
Th Pn U Np PU AmCm Bk Cf Es elem. 

Fig. 4. Kmetko and Hill 11~ grid for Zachariasen's theory, redrawn according to Zachariasen's latest 
assignments 1°) 

relative amount of contraction is taken from the known bond-lengths in actinide diox- 
ides, ionic solids for which the ionic volumes are well defined1°)). 

The full lines of Fig. 4 represent, on the contrary, the variation of atomic radii for (d- 
like type) metals, in which, for a certain f~ configuration, a valence electron is added. 
The f0 curve is a "universal ''11) transition metal curve, on which the experimental radii of 
Ra (v = 2, 6 d°7 s2), Ac (v = 3, 6 d17 s 2 interpolated value), Th (v = 4, 6 d27 s2), a-Pa 
(v = 5, 6 d37s2), ot-U (v = 6, 6 d47 $2), c~-Np (v = 7, 6 d57s 2) are seen to fit s). The 
attributions of valencies in the brackets are consistent with the known chemistry of these 
elements (pentavalent Pa, hexavalent U, heptavalent Np in compounds and solutions). 

The electronic configurations given in brackets are consistent with the hypothesis of a 
metal series essentially of 6 d-character. 

In Table 2 (taken from1°)), the metallic valences and the number of non-bonding f 
electrons are then predicted for all known phases of actinide metals. 

One major difficulty of this attribution lies in the assignment of a tetravalent state for 
Am, Cm, and Bk metals. This is not consistent with other physical properties of these 
metals, as we will see later. 

An attempt to meet this difficulty gave rise to other treatments of Zachariasen's type, 
in which the non-bonding character of 5 f electrons was retained 12' 13). In Ref. 12, e.g., a 
valence 3 was assigned to Cm. This leads, however to an unrealistic valence close to 3 
for Th. 

The metallic radii listed in Table 2 are defined as one half the bond-length in the first 
coordination sphere of the metal structure. They are obtained from the atomic volumes 
Vat, calculated at room temperature for all phases of a metal (see Chap. C), by means of 
the equation 1°) 
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XT1/3105/6 R12 = --At,'-' (2) 

which adjusts the radius of such asymmetric structures as the ct phase of Pu (monoclinic) 
to the radius R12 of the twelve-coordinated close-packed structures. In fact, as we have 
seen, the simple model of a metal for which the concept of a metallic valence is valid, 
requires a compact structure (fcc or hcp). For lanthanides, this is normally the case, 
confirming the validity of the picture of these elemental metals drawn from their atomic 
volumes. However, the presence in the light actinides (U, Np, Pu, see Chap. C) of very 
asymmetric structures, points clearly to a lack of validity of the simple model employed 
and of the consequences drawn from it. Structures such as the monoclinic ct-Pu indicate 
indeed a very high directionality of the bonds, such as could appear if the 5 f shell, with its 
complicated symmetry properties, took part in the bond. Also, it was soon very clear that 
the magnetism of light actinide metals is far from being as simple as that of lanthanide 
metals. 

These considerations have brought actinide researchers to develop models for 
actinide metals which are based not only on structural but also on thermodynamic prop- 
erties (Brewer-type models). Here, the 5 f participation in the conduction band is usually 
taken into consideration. A review of these models appears in Chap. C. 

The impact on actinide solid state physics of Zachariasen's ideas has been great. It has 
triggered a very fruitful effort in structure determination. In the meantime, it has under- 
lined the importance, in the theory of actinides, of knowing exactly atomic volumes as an 
indicator of the complexities of the metallic bond. The same picture of the variation of 
atomic radii appears for compounds having partial metallic character. In Fig. 5, for 
instance, the variation vs. Z of the lattice parameter a0 of actinide pnictides is compared 
with the atomic radii of metals. Actinide pnictides have an NaC1 type structure. Their 

13 o 

[,&,] 

6.0 

5.5 

o ~ An Bi 
o . . - _  ..,-o o o-------o AnSb 

eL 
\ o.....~,, _ _ . o . . _ ~  AnAs 

"-~ ...o_...----o An P 

O.. .  RE 
I 

5.0 "°-- . . . . . ~ ~ / ~ q ~ n  N 
I 

1.7 ol 

1.5 I 
I I I I I ~  z 

Th Pa U Np Pu Am Cm Bk 

Fig. 5. The lattice constants a0 of NaC1- 
structured AnX actinide compounds is 
plotted vs. atomic number Z and com- 
pared with the atomic radii of actinide 
metals. Notice the 5 f-bonding minimum 
and the set-up of lanthanide behaviour 
(RE vertical dashed line) 
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bond is essentially metallic with some admixture of ionic and covalent bond, as will be 
shown in Chap. C. 

In Fig. 5 a minimum as in the metals is observed in the curves of the compounds with 
more metalloidic elements. For AnAs and AnSb this minimum tends to disappear. After 
the minimum (see ANN), there is a decreasing trend, which can be explained in terms of 
actinide contraction. Between PuN and AmN, a "jump" is seen, which is similar to the 
one met in metals (see Fig. 2). 

The general shape of these curves at least for pnictides up to AnAs indicates clearly 
that the metallic bond is dominated by the electronic structure of the actinide atom. In 
the further discussion of this chapter (and in Chaps. C-F) it will be made clear that the 
shape is explained, contrarily to Zachariasen's hypothesis, by means of the f participation 
in the bond. 

4. Conclusions 

Considerations on the crystal structures and other physical properties of the light 
actinides have triggered a large effort in quantum calculations for the wave functions of 
the outer electrons of actinides, including 5 f11,14,15) in atoms as well as in solids. 

The problem by which physicists were confronted, was to enclose in a single model 
the great admixture of different physical and chemical properties which were constantly 
discovered on actinides, following the constant progress in the preparation of actinide 
samples and the accompanying progress in experimental methods of investigations. The 
increasing understanding of the two classes of elements to which actinides bore some 
ressemblance: d-transition and lanthanides, gave also a constant conceptual input to 
actinide research. The problem is easily expressed as a third question, following ques- 
tions i. and ii. of 1.: 
iii. are the light actinides a 5 f-transition series? 

All considerations in the following development of this chapter answer this question 
affirmatively. This affirmative answer means that the light actinides (up to Pu) constitute 
a new kind of transition series, as yet unknown, where the 5 f wave functions play the role 
that d-wave functions have in the d-transition metal series. After Pu (with Am (and Cm) 
occupying an intermediate and particularly interesting position) heavy actinides may on 
the contrary be described as a new lanthanide-type series. 

The rest of the chapter is structured in such a way as to give the reader the possibility 
to get convinced of this description. The description originates from the peculiar proper- 
ties of the 5 f electron states. Therefore, in Part II, these states will be examined in free 
actinide atoms. In Part III,  the meaning of the atomic information for solids will be 
discussed: the puzzling problem of atomic-like localized states, which, however, spread 
enough to form narrow bands and allow a delocalized description. In this part, the 
conceptual tools to understand the puzzle are provided. 

In the Part IV, the experimental results leading to the above description are re- 
viewed. 
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II. The Free Actinide Atom 

1. Introduction 

Most results on the free actinide atom came from atomic spectroscopy and from atomic 
quantum calculations of wave functions and eigenvalues of their outer electrons. This 
section cannot be an exhaustive review devoted to the theory and interpretation of the 
very complex spectra of the actinide atoms and ions. We shall recall briefly the theoreti- 
cal approach used in atomic calculations and then give some of the numerous useful 
informations that derived from atomic studies for solid state physicists and chemists. 

2. The Central Field Approximation (Non-Relativistic) 

Energy level calculations of atomic systems, as well as the wave functions are obtained 
from the Schr6dinger equation: 

Ha~ = E~p (3) 

The non-relativistic Hamiltonian for an idealized system made up of a point nucleus of 
infinite mass and charge Ze, surrounded by N electrons of mass m and charge - e is: 

~ N e 2 H = P~ (Ze)2 + ~,, - -  (4) 
i=l 2m ri i=l i>j=l ril 

where 

2m 

(Ze) 2 

ri 

e 2 

rij 

is the kinetic energy of the electron i (Pi  its momentum) 

is the potential energy of the electron i in the field of the nucleus 

is the Coulomb interaction between the electrons i and j. 

A better description of the energy level structure of the actinide atoms is obtained by 
adding to (3) terms of relativistic origin, which, in fact, represent the magnetic interac- 
tion of orbital and spin momenta of the electrons. (They are of particular importance for 
actinides since they depend on the fourth power of the atomic number Z) 16). 

By far the dominant one is the spin-orbit interaction described by a term of the 
form16): 

N 
2 ~(ri)li "si (5) 

i=1 

where 1 i and si are the orbital and spin quantum numbers respectively of the i th electron. 
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The approximate Hamiltonian is thus given by: 

~ N e2 N 
H = P~ Ze-----~-2 + ~ - -  + ~ ~(ri)li "si (6) 

i=1 2m ri i = 1  i > j = l  rij i = l  

A more accurate description is obtained by including other additional terms in the 
Hamiltonian. The first group of these additional terms represents the "mutual magnetic 
interactions" which are provided by the Breit equation 17). The second group of additional 
terms are known as "effective interactions" and represent, to second order perturbation 
treatment,  interaction with distant configurations 18). These "weak" interactions will not 
be considered here. 

Exact solutions of the Schr6dinger equation are, of course, impossible for atoms 
containing 90 electrons and more. The most common approximation used for solving 
Schr6dinger's equation for heavy atoms is a Hartree-Fock or central field approximation. 
In this approximation, the individual electrostatic repulsion between the electron i and 
the N - 1  others is replaced by a mean central field giving rise to a spherically symmetric 
potential 

U(ri) 
e 

The basic Hamiltonian for the central field approximation is thus: 

N p2 

Ho = ~ 2mm + U(ri) (7) 
i = 1  

and the difference V = H - H0, where H is the Hamiltonian given by Eq. (4) may be 
treated as a perturbation. The solution of Schr6dinger equation for the basic Hamilto- 
nian 

 v'2 1 i - 2 m / + U(ri) ~ = E0ap (8) 

yields the zero-order wave functions ap°(K) and eigenvalues E°(c0, where a represents a 
set of quantum numbers a = (n, 1, ms, ml) where n, 1, ms and ml have their usual 
signification. Since the E°(a) 's  are degenerate with respect to ms and m 1 the eigenvalues 
E ° are characterized by the symbols (n111) (n212)... (nN1N). This sequence of numbers 
specifies the electronic configuration of the system and the energy levels E ° are called 
configurations. 

a. Electrostatic and Spin-Orbit Interaction 

Consider the perturbation potential 

i = l  

N e 2 N 
me2 U(ri) + ~ - -  + ~ ~(ri)li'si (9) 

r i  i > j = l  rij i = l  

where the term in brackets, purely radial, causes only a shift of each configuration. 
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N e 2 

The electrostatic interaction H1 = ~, - - a n d  the spin-orbit interaction H2 = 
i > j = l  rii 

N 

E ~(ri)lisi a re  different for different states of the same configuration and partly remove 
i = l  

the degeneracy of the configurations. 
The electrostatic interaction H~ within a configuration contains a direct and an 

exchange part. 
The spin-orbit interaction H2 for each electron i can be written in the form: 

~n,l 1. s (10) 

It is considered as an interaction between the spin and the orbital angular momenta of 
the electron i, and is represented by the coupling parameter ~n,l. 

b. Models of Couplings (For Two-Electron Configurations) 

Magnetic and spectroscopic properties of free atoms depend on the interplay of the 
interactions H1 and H2, since they determine the magnetic moment and the energy 
spectrum of the atom. Models of this interplay (coupling models) are assumed for lan- 
thanide and d-transition elements. We shall examine in a simple way possible couplings, 
and point out the difficult case of actinide atoms. 

In first-order perturbation theory (and restricted for simplicity, to two-electron con- 
figurations) the Eq. (9) is simplified if it is possible to neglect one of the two terms H1 or 
H2 as a perturbing term (this is of course possible if the two differ greatly in magnitude). 
Three cases may therefore be distinguished (couplings): 
- H1 "> H2: this is the L-S (or Russell-Saunders) coupling. In this case, only H1 is taken 

into account in first order perturbation theory. It commutes with L and S where 
L = 11 + 12 and S = sl + s2, so that each configuration splits into terms being 
(2L + 1)(2S + 1)-fold degenerate. 

- H2 >> Hi: this is the j-j coupling. In this case only H2 is taken into account in first order 
perturbation theory. It commutes with the total angular momentum Ji = li + Si. The 
configurations split into levels being (2jl + 1)(2j2 + 1) fold degenerate. 

- H1 ~- H2: this is the so-called intermediate coupling. When the electrostatic and spin 
orbit interactions are of the same order of magnitude - and this is the case of the 
actinides - both should be included in first-order perturbation theory. 
In this case, the energy matrices are diagonal only in J and Mj and are independent of 

Mj. Consequently, it is impossible to define a coupling in the configurations under 
discussion. The lack of a definite coupling is referred to as intermediate coupling. 

If  the atom or ion is situated in an environment of different atoms or ions, as, for 
instance, ions in a solid, the surrounding ligands exert on it a further interaction, which is 
called the crystal field interaction HcF and enters Eq. (9). One has to compare Hcv with 
H1 and H2, in order to decide whether it is or not a small perturbative term. In actinide 
solids, it is usually found that HCF is of the same order of magnitude as H1 and H2, so that 
intermediate coupling schemes are necessary which include HCF as well. (For a more 
exhaustive treatment of couplings in actinides, see Chap. D.) 
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3. The Relativistic Central Field Approximation 

It is known 19) that the non-relativistic SchrOdinger equation, employed in the preceding 
subsections, should be substituted by the Dirac relativistic equation if the states of (high 
speed) electrons need to be described correctly. The Dirac equation is preferable to the 
Schrfdinger equation to calculate wave functions and eigenstates for electrons in all 
atoms 2°), but it is particularly needed when dealing with outer electrons in heavy atoms, 
such as the 5f, 6p,  6 d, 7 s electrons in actinides, which are at great distance from the 
central potential of the nucleus. (We have already stated that the spin-orbit interaction 
term 1-12 which is of relativistic origin, is very large in actinides.) 

One result of the use of the Dirac equation in a central field potential (i.e. purely 
Coulombic, giving rise to hydrogenic wave functions) is that the charge density of 
relativistic electron states is more contracted towards the nucleus than for the non- 
relativistic potential. This effect however decreases strongly with increasing angular 
momentum (e.g., it is greater for s and p states than for d and f states) (for a detailed 
discussion of relativistic effects see Chap. F). The relativistic binding energies are larger 
than the non-relativistic, particularly for J = 1/2 levels. 

Qualitatively, "internal" orbitals are contracted towards the nucleus, and the Radon 
core shrinks and displays a higher electron density. "External" electrons are much more 
efficiently "screened" from the nucleus, and the repulsion described by the (Hartree- 
Fock) central potential U(ri) in Eq. (7) of the preceding subsection is greatly enhanced. 
In fact, wave functions and eigenstates of "external" electrons calculated with the 
relativistic and the non-relativistic wave equations differ greatly. 

4. The Electronic Structure of the Actinide Atoms 

Having examined the principal concepts of the physics of actinide atoms, we shall now 
relate results obtained from atomic quantum calculations, with special emphasis on 5 f 
states. 

a. A tomic  Wave Functions 

The characteristic structure of the actinide spectra is mainly determined by the special 
properties of the 5 f wave functions; these, in turn, arise from the special nature of the 5 f 
effective potential-energy function U~n (5 f). Uaf describes the effect on the 5 f electrons 
of the attraction by the nucleus as well as of all the interactions with other electrons. It 
contains also a centrifugal term, 1(1 + 1)/2r, of particular importance for the properties of 
5 f wave functions, the effect of which will be illustrated later in more detail. 

As discussed above, these properties were first investigated by Mayer 3). By using 
selfconsistent Dirac-Fock methods, Desclaux 2°) has calculated Uen (5 f) as a function of 
the atomic number Z. In Fig. 6 a-c  are plotted the effective potential energy U~ff as well 
as the 5 f radial charge densities for actinium (configuration 6 d 1, 7 s2), thorium (config- 
uration 6 d 2, 7 s 2) and protactinium (configuration 5 f2, 6 d 1, 7 s2). These figures need 
some comments; the effective potential energy is the same for 4 f and 5 f electrons so that 
the deep minimum around 0.18 a.u. corresponds to the filled 4f sub-shell. Thus one must 
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not only study Ue~, but modifications in Urn to see how a second minimum develops 
sufficiently to contain 5 f wave functions. The oscillatory 5 f wave functions being ortho- 
gonal to the 4 f ones, one always finds some 5 f density around 0.18 a.u. (negative radial 
5 f wave function due to orthogonalization). Additionally, one clearly sees a sudden 
"localization" of the 5 f radial wave function starting with thorium. Here "localization" (a 
term that will be very much employed later) means a contraction of the 5 f-charge density 
in the neighbourhood of the nucleus. Comparing these results with those obtained for 
lanthanides, one finds that, as far as 5 f "localization" is concerned, thorium and not 
actinium is the analog of lanthanum, that is to say that when comparing actinides and 
lanthanides, the f localization is delayed by one atomic number. 

This is proved also by Figs. 7 and 8. In Figs. 7 and 9, respectively, are shown the 
expectation value of r, ( r ) ,  and the energy eigenvalue En, 1 for external orbitals along the 
actinide series. Both the spatial extension and the binding energy of the 5 f wave func- 
tions drop suddenly when going from Ac to Th. At thorium, indeed, the 5 f electrons 
become internal electrons, and the 5 f shell is one unsaturated internal shell, in the same 
way as d-shells are in transition metals and the 4 f shell is for rare earths. 

Spatial extension, as expressed by the expectation value (r) ,  is roughly comparable 
for 4 f and 5 fwave  functions (Figs. 7 and 8). However, the many-electron wave functions 
resulting from the solution of the relativistic Dirac equation may also be used to calculate 
a number  of physically interesting quantities, i.e. expectation values of observable 

d~s 2 d2s 2 Fds 2 Pale ~'ds 2 fs  2 fs 2 Fds 2 fgs2 Ps 2 f~s 2 f~2s2 f~3s2 ;t . . . . . . . . . . . .  

• : 5 f  
+ ,, 6 d  

o = 7 s  

fl's2 P~d# 
i ! 

z ~ , ,  6 p  

0.1 

t ! I t I i I 

AC rh F~ 6 Np P'u Am Cm B'k C'f & F m  Mcl No Lr 
Fig. 7, The expectation value (r) for 5f, 6p, 6d and 7s orbitals in actinide atoms (within the ground 
state configurations indicated on the top of the figure) (The atomic calculations have been per- 
formed by Desclaux, J. P.) 
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operators like (r -3) (needed to estimate the hyperfine interaction), (r2), (r4), (r 6) 
(useful in determining crystal field splitting parameters), and the radial integrals Ji 
(needed to determine the magnetic form factors). 

A very relevant representation of atomic 5 f wave functions is given by Freeman and 
Koelling 15). 

Although the (r) expectation value is almost the same for 5f  and 4f, a plot of the 
charge density shows that, at a given distance from the nucleus (e.g. 4 a.u.), whereas the 
4 f charge density dies off very rapidly, the 5 f charge density has still a meaningful value. 
This can be described as the 5 f charge density having a longer "tail" than the 4 f (similar 
behaviour is shown by 3 d-wave functions). Of course, 4 a.u. is a distance comparable to 
inter-atomic distances in solids. Figure 10, taken from 15), compares the expectation value 
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Fig. 9. Eigenvalues for 5 f, 6 p, 6 d and 7 s orbitals in actinide atoms (the configurations are the same 
as in Fig. 7. However a configuration 5f ] 6d 1 7s 2 for thorium is also considered) (The atomic 
calculations have been performed by Desclaux, J. P.) 
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Fig. 1O. The (r 4) 1/4/R (R: interatomic distance) 
ratio for different crystallographic modifications 
of actinide metals is plotted vs atomic number 
Z. The ratio is a rough measure of f-f overlap- 
ping. In the figure, the value for a 3 d-metal (Fe) 
is given for comparison (from 15)) 
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(r 4) (rather (r4)t/4)), which is more sensitive to the "tail", with the half internuclear 
separation R in different phases of actinide metals. The ratio (r4)l/4/R, plotted in this 
figure, gives an idea of the amount of 5 f character between two actinide atoms: roughly, 
an idea of 5 f overlapping in elemental metals. 

b. Atomic Eigenvalues and Electronic Configurations of the Atom 

Whereas spatial extension as expressed by the expectation value (r) is roughly compar- 
able for 4f  and 5f  wave functions, this is not the case (Figs. 9 and 11) for the energy 
eigenvalues. It is clear from Fig. 9 that 5 f electrons are not strongly bound to the nucleus 
and that 5 f, 6 d and 7 s electrons have similar binding energies. It is only at the end of the 
actinides series (No, Lr) that the binding energy of the 5 f electrons becomes comparable 
to the binding energy of the 4 f electrons at the beginning of the lanthanide series (Ce). 
Since all outer orbitals (5 f, 6 d, 7 s) have comparable energy eigenvalues, there is a 
competition between these orbitals. 
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Fig. 11. Eigenvalues for 4 d, 4 f, 5 s, 5 p, 6 s, 6 p orbitals in lanthanide atoms (from 21)) 
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This competition, manifested in the structure of the actinide atomic spectra, also 
appears as a competition between configurations: there is an accumulation of many 
configurations, both even and odd, at about the same height, leading to a high density of 
energy levels (in fact, we had arrived at the same conclusion by inspecting Fig. 1 in 
Sect. A.I.2). 

The energy level values of the lowest spectroscopic term of the electronic configura- 
tion of lanthanide as well as actinide atoms, were tabulated by Brewer 2z). Such tables are 
very useful for phenomenological correlations concerning actinide metals (see Chap. C). 
From these tables one can obtain Table 1 giving the ground state and the first excited 
level of the actinide atoms as well as of the lanthanide atoms for comparison 4). 

When the f sub-shell is less than half-filled the stabilization of the divalent state (fn+l) 
relative to the trivalent state is more rapid for the lanthanides than for the actinides. But 
the behaviour is reversed in the second half of the series. In part, this must be due to the 
low binding energy of the 6 d electrons compared to the 5 d. 

III. General Concepts in Actinide Solid State Physics 

The aim of this part is twofold: 
- to give the reader the necessary conceptual tools for the understanding of the rest of 
the chapter (and of the book); 
- to help the reader getting familiar with problems concerning narrow bands (such as the 
localization vs. itineracy problem), which are central to actinide solid state physics 
(perhaps even more than for d-transition metals physics). 

Since band theory has proved an invaluable tool for the description of the light 
actinide solids, Sects. 1 and 2 will be devoted to the band description and to its limits, 
Sect. 3 analysing in more details the band one-electron Hamiltonian, and the ways it can 
be written in order to take into account electron-electron interaction. 

In Sect. 4 and 5, the consequences of spin polarization in unsaturated 5 f shells are 
analysed, and the Stoner and Mott-Hubbard theories briefly reviewed. In this way, 
concepts which are central for actinides, and which the reader may find only when 
perusing many textbooks (references of which are duly given) are adequately concen- 
trated. 

1. What is Learnt From the Atomic Wave Functions 

a. The Actinide Metals 

In Part II. Figs. 8 and 11 showed that in lanthanides the 4f  electrons can be described as 
localized so to be treated, in all respects, as atomic electrons. Thus, for instance, in the 
lanthanide metals, properties related to the conduction band (which has essentially a 
(5 d, 6 s) character) may be - in first approximation - separated from the magnetic 
properties related to the highly localized 4 f electrons. 

Different is the case of 5 f electrons in actinide solids. What we have learnt above 
about 5 f's in the atom, suggests that care must be taken of two important factors: 
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a) as seen from atomic considerations (Fig. 9), 5 f do not differ greatly in energy from 6 d 
and 7 s, thus giving rise to many possible electron configuration in the atom, hence to 
many possibilities of stable linear combinations of atomic wavefunctions. 

b) although spatial extension of the atomic 5 f wave function is roughly comparable to 
that of 4 f wave functions (Fig. 7), this is no longer true at distances equaling some 
atomic distances, in a metal crystal. 
Point b) is illustrated by Fig. 10, that we have already discussed. The probability of 

finding a 5 f electron of one atom in an actinide crystal at positions occupied by outer 
electrons of other crystal atoms is, therefore, rather high. The tails may overlap with 
other tails of 5 f wave functions, coming from adjacent actinide cores: a phenomenon 
called f-f overlapping. On the other hand this effect seems to decrease from Am on. In 
Fig. 10, (r 4) 1/4/R for ~-Pu is comparable to that of Fe, indicating an overlapping of the f 
wave function in this elemental metal similar to the d-overlapping of a typical 3 d- 
transition metal; for Am, Cm, Bk this parameter is much lower: an indication of the 
progressive retraction of 5 f wave functions in the second part of the actinide series, as we 
had discussed in Part II. 

For the light actinides from a) and b) qualitative consequences may be drawn. It 
follows, from f-f overlapping, that the atomic 5 f wave functions will broaden into 5 f 
bands when building the metal. Moreover, since the 5 f, 6 d and 7 s energy eigenvalues 
are very close (see Sect. A.II)  the 5 f band will hybridize strongly with the 5 d and 7 s 
bands. 

Contrary to the lanthanide metals, at least in the first half of the series, the conduc- 
tion band of the actinide metals (bonding band of the metal) will be very complex. It will 
consist of 6 d, 7 s and 5 f admixtures. The physical properties, even the magnetic ones will 
be determined by this complex conduction band. 

b. The Actinide Compounds 

We have particularly emphasized the metallic bond, because the peculiar properties of 
the 5 f wavefunctions are better seen in its context. Also, in compounds, however, f-f 
overlapping as well as hybridization play a conspicuous role. Only, the presence of a non- 
actinide element introduces other factors that have to be taken into account: 

- the difference in electronegativity between the actinide and the non actinide atom will 
favor charge transfer between the two, so that the cohesive energy will contain a part of 
electrostatic interaction between the ions so formed (Madelung energy, typical of ionic 
bonds); 

- the interactinide separation may be greater than in metals, so that f-f overlapping 
decreases and so does the metallic bonding; 

- hybridization may take place not only with the 6d and 7s states of the actinide atom, 
but with outer states of the non-actinide metal, causing, eventually, covalent bonding. 

All these factors have to be taken into account at the same time, if the electronic 
structure and the type of bonding of a compound have to be understood. 
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2. Localization vs. Itineracy for 5 f Electrons 

a. Physical Properties in the Atomic or in the Band Limit 

The f-f overlapping in light actinides may cause broadening of the 5 f wave functions into 
5 f bands. On the other hand, from Am on, this overlapping having decreased, this effect 
occurs much less. It follows that physical properties which depend from 5 f orbitals may 
be better understood, in one case, in the band limit, in the other case, in the atomic limit. 

We will take as an example one property: magnetism, which is almost completely 5 f- 
dependent. 

It is known that an atom containing an unsaturated inner shell displays a net magnetic 
moment. This is the reason of magnetism being found in transition metal atoms (unfilled 
d n shell), in lanthanides (unfilled 4 fn shell) and in actinides (unfilled 5 fn shell). The mag- 
netic moment is caused by the fact that the electrons fill the shell in such a way as to have 
the maximum alignment of their spins: a set of rules, Hund's rules, give a very precise 
prescription 1). 

Hund's rules are a manifestation of the Pauli principle. Electrons of parallel spin in an 
atom tend to avoid each other, i.e. not to occupy the same positions in space. If one 
calculates the electrostatic repulsive interaction between two charge densities arising 
from these parallel spin electrons, this repulsive interaction is lower than for those of 
electrons of opposite spin: an energy gain is therefore achieved (exchange energy). This 
gain in energy lowers the total energy of the atom, and makes the maximization of the 
spins a stabilizing condition. 

If  an f-band is formed, however, the effect of the atomic Hund's rules (or of the 
exchange interaction) may weaken. The same physical phenomenon that determines 
Hund's  rules due to the Pauli principle, is still present. However, the exchange energy 
may be negligible with respect to the high kinetic energy that the electrons assume. If the 
f-f-overlapping is so large that f-bands become broad bands, only the typical weak Pauli 
paramagnetism of free electrons, due to an induced magnetic moment, is found. 

In many actinide solids, as we shall see, the experimentally determined magnetic 
properties are explained well by assuming the permanent magnetic moment due to 
Hund's  rules. The f-electrons are considered atomic, and their interaction with the envi- 
ronment is through crystal field forces or weak exchange forces with conduction elec- 
trons. Here, the magnetic properties are explained in the atomic limit. 

In other solids, Pauli paramagnetism is found to be explained in the band limit. In 
others, still, an intermediate behaviour is encountered. 

b. The Band Description of Electrons in Narrow Bands 

The reader shall be familiar with the concepts of band-theory (which are illustrated in 
excellent textbooks s' 23, 24)) such as the band dispersion E(k) and the Bloch-state solutions 
of the equation of motion 
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(T + V(_R))Vk(R ) = E(_k)Vk(~) (11)' 

where  V(_R) is a per iodic  potential ,  formed by the superimposition of the central poten- 

tials of  the ionic cores (Fig. 12). 

I f  V ( R )  is small with respect  to T in (11) the periodic potential  V(R)  of the ionic cores 

is that  of  a lattice of  scattering centres. The  electronic excitation, described by % ,  is a 

scat tered electron wave  of high kinetic energy, traveling through the crystal. Many 
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Fig. 12 a-e. Schematic representation of the effective potential Veff and of different possibilities of 
localized and itinerant states for electrons of high 1 quantum number, a) The solid line d represents 
the periodic potential set-up by the cores R, and R,+1, which is a superimposition of central 
potential a (dashed line). The dashed line b represents the centrifugal potential of kinetic origin 
1(1 + 1)/2 R z in an atom, and c (dashed line) the effective potential Voff for an atom (compare Fig. 6) 
and (full line) for a solid, h) Relative to two shapes of the effective potential Veff, two examples of 
localized state are given: 1. resonant state; 2. fully localized state. Notice that 1. is very near to EF. h 
and t represent hopping and tunneling processes, e) A narrow band is formed (resonance band), 
pinning EF: 3. narrow band 

1 For the non-relativistic case (Schr6dinger equation), T = - V  2, For relativistic case (Dirac equa- 
tion), T = c • ct • p + ~mc 17), where m is the rest mass of the electron, c is the velocity of light. We 
have preferred to write the T operator in a general form, covering both cases, given the impor- 
tance of the relativistic approach in band calculations for actinide solids - see Chap. F 
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properties of the band (e.g. a parabolic E(k) dispersion with deviations only at the Fermi- 
surface) and of the electrons can be described by the free-electron or quasi-free electron 
approximations, V(_R) being only a small perturbing term in (11); also, interaction 
between electrons can be treated in the Fermi-Thomas approximation 5, 23.24). All this is, 
however, mostly valid for rather broad bands, when large overlap of the atomic wave 
functions of the electrons occurs throughout the crystal (as for the (spd) conduction band 
in actinide solids). 

Narrow bands arise when the overlap of the atomic wave functions is small (as for 
5 f's). In this case, the dispersion E ~ )  is strongly reduced and the bandwidth W becomes 
very small (zero, in the case of no overlap). The electron charge density, caused by these 
wave functions, is high in the core region of Fig. 12, and the quasi-particles spend most of 
their life there, nearly "bound" to the atom. In case the charge density is all confined 
within the core region (as for 4f  in lanthanides), then the bond description loses its 
meaning and the atomic description holds. 

Here  we shall briefly discuss: i. the apk of (11); ii. the parameters allowing to choose 
between a band or an atomic description. 

The xgk(R) describing the motion should retain many characteristics of the atomic 
wave functions, if electrons in narrow bands are treated. If we imagine the solid as a 
lattice of atomic (or Wigner-Seitz) spheres, each surrounding one core, then a trial 
solution to (11) may be written in the form: 

*k,a(_~) = ~ eik-'ld~a(_~ -- 1) (12) 
k 

(1 being a lattice vector) where the dp~'s constitute some set of wave functions which are 
solutions of the Schrtdinger equation within the atomic sphere (where the central poten- 
tial of the core is predominant),  and the label c~ denotes some set of atomic quantum 
numbers. A solution such as (12) is taken in the so called "tight binding" approxima- 
tion 5'23'24), where the d~'s are just atomic orbitals (c~ = n, 1, m) and (12) is called a 
Wannier function. The qb~'s have to be joint in a smooth way at the surface of the 
spheres, so that (12) be continuous and differentiable everywhere in the solid. Because of 
the difficulties in achieving these conditions, the atomic orbitals are substituted with 
specially constructed orbitals, called Muffin Tin Orbitals (MTO), in very efficient recent 
methods for band calculations (e.g. LMTO - ASA: Linear combination of Muffin Tin 
Orbitals in the Atomic Sphere Approximation (see Chap. F for a short recall of LMTO - 
ASA formalism and concepts, and 5' 23, 24) for its exhaustive description). 

The important point of (12) is, however, that it retains atomic information in the one 
electron wave functions of (11). In LMTO - ASA, e.g. the bandwidth W will depend 
essentially on the charge density I,ol2 evaluated at the surface of the atomic sphere, being 
large when Iqb~[ 2 is high (the electron wave is hardly contained within the sphere), small 
when is low (the electron wave is mostly contained within the sphere). 

We may be interested in how much time a band electron spends in the vicinity of a 
core during its propagation through the crystal. Intuitively, if the attraction by the core 
potential is not effective (as for free electrons) this time will be very short; if it is very 
effective, very long. We may figure that the band electron is "hopping" (or "tunneling") 
from core to core, and the displacement event will have a certain frequency of occurring. 
The time we are looking for, is the reciprocal of this frequency, and will depend on the 
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range of energies the band electrons have, which is roughly given by the bandwidth W of 
the band: i.e. the "hopping time" t is about equal to h/W. We see, therefore, that very 
small bandwidths lead to the electron staying very long times (in the limit W ~ 0, which 
describes an atomic level, an infinite time) in the core potential well: we say that the 
electron is "localized". 

If an electron is "localized", abandoning its core has important consequences. An 
important assumption of (11) is that the apk,~ are unchanged if we excite one electron 
from a state ~Pk,~ to a state apk,v. This change in "configuration" (see A.II.)  within the 
band does not perturb the other electron states (Koopman theoremn)). 

This is profoundly different from what happens in an atom, where a change in config- 
uration involves always a certain amount of energy. 

Suppose that a particular electron is orbiting around a core at a particular moment, 
and suppose that its motion is that of the ground state configuration of the atom. In order 
that the electron be displaced to another atom, it must be "excited" or "activated" out of 
the core and into another core, which, then, will increase its population of one. There are 
important terms of Coulomb and exchange interaction energies which change in this 
process. Let us call these changes U. 

The wave functions of the two states (the depleted and the enriched atom) are also 
profoundly changed, and this is in serious contrast with the above mentioned Koopman 
theorem, showing that the condition it formulates is valid for (11) but not in the atomic 
limit. The Coulomb interaction term U is either neglected or included in an average way 
in (11), as we will see later. In reality, we are considering here what happens to other 
electrons when one electron move, i.e. we are examining qualitatively the correlation 
between the different motions of the electrons. Averaging out of this correlation is a 
useful thing if the correlation is small, but may lead to large errors in the opposite case. In 
reality, given the atomic-like properties of 5 f-wave functions (at least in the second half 
of the series), the correlations are rather large in actinides. 

In fact, whether to interpret properties in the atomic or in the band limit depends 
upon the competition between these two quantities: the bandwidth W, describing itiner- 
ant behaviour, and the Coulombic interaction U, describing atomic behaviour. 

c. Effective Potential Veff for an Electron in an A to m  and in a Lattice. 
Localization vs. Itineracy 

The core potential effects on a single electron's motion may be discussed by introducing 
the concept of the effective potential Vefe that this object feels. 

We have already mentioned Vaf for a 5 f electron in the case of an isolated atom 
(A.II.).  We may start from this case, and follow a very valid description employed by 
Chan and Lam 25), making use of Fig. 12 (which is just a modified version of a figure to be 
found in 25)). 

When writing the Hamiltonian of the motion of an electron in a central potential, a 
term 1(1 + 1)/R 2 arises from the Laplacian transformation of the kinetic operator 1). This 
term combines with the central potential to produce a centrifugal barrier confining the 
electron to an annular region (see Fig. 12 a, dashed line). The centrifugal barrier plays an 
important role for high 1 electrons, as the f-electrons are. The amount of confinement of 
the charge density within the trough depends on how much the electron may hop over or 



28 J.M. Fournier and L. Manes 

tunnel through the barrier provided by Vcff: which is a function of the height and width of 
the barrier, but also of the kinetic energy that the electron has. When comparing 4 f in 
lanthanides with 5 f in actinides, in the latter 15) the centrifugal barrier is narrower, and 
the kinetic energy of the 5 f is higher: this explains the long tails of the 5 f atomic wave 
functions 2. 

When the atoms are approached, to form a lattice (as in a metal), the effective 
potential Veff is now the combination of the centrifugal term and the periodic potential 
V(R).  Troughs and barriers are created in the inter-core zone (see Fig. 12 a, full lines). 

Two situations may occur for the high 1 electron (for simplicity, we will refer hereafter 
to f electrons). 
i. The barrier is effective to retain the electron in an annular region of the core most of 

the time, i.e. in an atomic-like, bound form. The electron is clearly localized. Its 
ground-energy is given by a level situated within the trough: the exact position of it 
depends on the details of Veff (see Fig. 12 b). 

ii. The barrier lies below the Vat-zero; there is enough f-f overlapping between adjacent 
atoms (see Fig. 12 c), and a narrow band is formed. The electron is said to be itin- 
erant. 
If the "localized" electron tunnels out through the barrier (state 1 in Fig. 12 b) a 

certain amount of f-f overlapping is present. States like 1 in Fig. 12 b are called some- 
times "resonant" states or "virtually bound" states. In contrast with case 2 in Fig. 12b, 
which we may call of "full localization", the wave function of a resonant state does not 
die out rapidly, but keeps a finite amplitude in the crystal, even far away from the core 2°). 
For this reason, overlapping may take place with adjacent atoms and a band may be built 
as in ii. (If the band formed is a very narrow band, sometimes the names of localized state 
or of resonance band are employed, too. Attention is drawn, however, that in this case 
one refers to a many-electron, many-atoms wave function of itinerant character in the 
sense of band theory whereas in the case of resonant states one refers to a one-electron 
state, bound to the central potential of the core (see Chap. F)). 

d. Localized and Itinerant States in the Fermi-Dirac Statistics 

In a scheme of available energy states, a population of electrons distributes according the 
Fermi-Dirac statistics 1' 20). The probability f(E) of having an electron in a state of energy 
E, is, at temperature T 

f ( E ) =  (exp(- ( E - ~ t F )  kBq~ ) +  1) -1 (13) 

The function f(E) is a step function for metals at 0 K: electrons fill all states up to a 
well defined energy value EF, which is called the Fermi energy of the solid. 

The Fermi level is the chemicalpotential ~t F of the electron population 1' 20). It may vary 
when the thermodynamic variables of the system are varied, e.g. temperature and 

2 This is not due, however, to the orthogonality constraint between 4 f and 5 f orbitals, contrary to a 
general belief (private communication from J. P. Desclaux) 
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pressure; at 0 K, ~F = EF for metals. For insulators, ~tF lies in the band gap between the 
valence and the conduction bands. 

Its position in energy is determined by an integral equation such as: 
o o  

N = f f(E) N(E) dE (14) 
0 

where N is the total number of electrons. 
In (14), N(E) is the density of state function, i.e. the number of eigenstates of the 

electron (in the given energy scheme) between E and E + dE. Equation (14) is then just 
a conservation condition for the number of electrons N. 

N(E) is in general a complicated funtion of E. For free electrons is proportional to 
E 1/2, and this is a good approximation for a broad band. 

For a narrow band, N(E) is very high, since very many states are confined in a very 
narrow bandwidth. In an energy level (zero bandwidth) N(E) diverges (it is a delta- 
function). 

Consider now a bound state, of very large negative energy (as 2 in Fig. 12 b). Then, 
by (13), this state will be occupied (at T not too high) independently of the position of the 
Fermi level (f(E) ~ 1). Its contribution to (14) is just one, as may be seen if N(E) is taken 
to be a delta-function. Therefore it is better to neglect it in the count of electrons and 
change the limits of integration of the integral. A bound state is always filled, irrespective 
of the Fermi level. Conversely, the state does not help at all to define the Fermi level by 
means of (14). This is essentially an atomic localized level. 

Different is the case for a state (a resonant state) as 1 in Fig. 12 a, lying very close to 
the Fermi level (E very close to EF). For this state, (13) gives a probability of occupation 
which is strongly temperature dependent. How much it determines the position of the 
Fermi level depends on the contribution which, together with the population of the broad 
(s-d) conduction band which we have super-imposed in Fig. 12b, it gives to (14). 

These two cases are both cases of localization, in the sense that both are relative to an 
atomic central potential. However, one practically fills independently of the chemical 
potential ~tF, the other may be emptied easily by perturbing fields, or by thermal motion. 

We may then consider the case of the narrow band as in Fig. 12 c. We have repre- 
sented it as overlapping in energy with the broad conduction band of s and d character, as 
is often the case for actinide metals (it will be one of the condition for hybridization 
between the two bands). Such a band has a very high N(E), as we said before. In (14), the 
high density of state of the narrow band will be very effective in determining the position 
of ~tF, which will be very close to it (sometimes, one says that ~F will be "pinned to", the 
narrow band). 

e. Physical Properties of  Conduction Electrons Dependent on N(laF) 

The density of states at the Fermi-level N(~tF) is responsible for many electronic proper- 
ties, e.g. the electronic contribution to the low-temperature specific heat of a solid, and 
the Pauli paramagnetic moment of conduction electrons. The specific heat contribution 
may be written as23): 

Ce] = yT = (2 kBN(,F))T (15) 
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CE) 

Fig. 13. Modification of N(E) under the effect of a 
perturbing agent and equalization of the electron 
population to the same (Fermi) level. The picture 
illustrates qualitatively (N(E)ct E u2 for simplicity) 
the statistical procedure in the derivation of Pauli 
paramagnetism and in the Stoner theory 

(where kB is the Boltzmann constant). Specific heat measurements are used to determine 
y and hence N(~tF) (see Chap. D). 

Pauli magnetism is induced in a free electron gas by the application of an external 
magnetic field H. This magnetic field, acting as a perturbation, creates different energy 
states for electrons with spin aligned to the field, the concentration of which is n+, and 
electrons with spin opposite to the field, the concentration of which is n_. Also the 
density of state function will be different for the two populations (see Fig. 13) (N+(E) 
and N_(E)). 

The two populations however, must have the same chemical potential ~tF, in a Fermi- 
Dirac statistics (Eq. (13)). 

Two integral equations for n+ and n_, similar to (14), together with the conditions 
n+ + n_ = N, are the conservation conditions of the total number of electrons N. They 
permit to determine n+, n_, and IZF. 

A net magnetic moment is obtained which gives rise to Pauli paramagnetism: 

M = Bo (n+ - n_) = ~to 2 H N(.F) (16) 

( ~  is the Bohr magneton) and which is proportional to the density of state at the Fermi 
level N(~tF). 

We have described in some detail these two properties. Measurements of the magnet- 
ic susceptibility and of the electronic specific heat give very clear information, from 
N(~tF) , on the presence of an f narrow band. They will be discussed in more detail in 
Chap. D. 

Spectroscopic methods, especially photoelectron spectroscopy, permit to obtain the 
same information directly. They will be discussed in Chap. E. 

. The One-Electron Hamiltonian and the Local Density of State 
Approximation 

a. In troduct ion  

All the discussion of the preceding subsection has supposed the Hamiltonian (11) to be a 
good description of the energy of the electron population in the solid. In reality, the 
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rapidly moving excitation waves of the huge negatively charged cloud constituted by the 
electrons create numerous interaction fields. The position (and momentum) of one elec- 
tron is strongly correlated to the positions (and momenta) of the other electrons. The 
Hamiltonian (11) treats one-electron wave functions as if they were independent: in this 
way, the problem is brought to a relatively easy solution. In reality, the electrons Hamil- 
tonian is: 

Hqb(Rl " ' " RN) = ( ~ Ti + Vext(R) + Vint(R1 ' " ' RN))  qb(R1 " " " RN) = E ~ ( R I '  " " RN) i= l  
(17) 

where dp(R 1 . . . RN) and V i n t ( R i . . .  RN) are many-body functions, depending on the 1023 
positions of the electrons, and Vext(R ) is the external potential set-up by the cores (see 
Fig. 12). 

The problem is to reduce (17) to (11), with appropriate approximations, though 
preserving information about the interactions within the cloud. We will examine in this 
subsection the methods employed to this task. 

b. From the Hamiltonian (17) to the Hamiltonian (11) in the Hartree-Fock Limit 

Suppose that V ( R 1 . . .  RN) has the form: 

V(R1 . RN) 1 E e--Z 
"" = 2 iCj Ri Rj (18) 

i.e. it consists of the sum of all the two-body Coulomb interactions between electrons. 
Let us choose now a set of one-electron wave functions, e.g. of Bloch type. We 

suppose that ~(R1. .  • RN) is the Slater-Fock determinant 1, 23-25) of these wave functions: 

¢p(R1... RN) = 

lpkl(R1)lPk,(R2 ) . . . . . . . .  Vk~(RN) 

~pk2(R1)Wkz(R2) . . . . . . . . . . . . . .  

IPkN(R1 ) . . . . . . . . . . . . .  IPkN(RN ) 

(19) 

An expression such as (19) is a linear combination of products of the one-electron 
wave function, and leads to a separation of (17) in a set of N independent equations for 
the N electrons. It embodies the antisymmetry required by the Pauli principle. 

The variational method is then used to minimize the expectation value of total 
energy: E = (•[H[Op) under small variation of the ~ 's  in (19), and subject to the normali- 
zation condition of 9: (Op]H]dp) = 1. (This may be done by employing the method of 
Lagrangian undetermined multipliers). 

The result of the variational method leads to the Hartree-Fock non-linear integro- 
differential equations for a one electron wave funetion % 

(T + Vext(R) + Vd(R))~Pk(R) + Ex~(R, R ' )  = E(k)aPk(R ) (20) 

where the E(k) are Lagrangian multipliers. 
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V0 is the direct Coulomb interaction potential: 

VdaPk(R) = 2eEfdR n(R, R')  (R - R')  ~Pk(R) (21) 

where n(R, R) = kZ IVk(R)I 2 is the diagonal term of the so-called density matrix 2°). Va 

can be identified with the Coulomb interaction potential which all other electrons apply 
on lPk(R), since n(R, R) = n(R) is simply the global electron density at R due to all other 
electrons. Exc is due to the Pauli principle, and is the exchange integral. It can be written 
a s :  

n(R, R') 
Exc = - 2 e 2 f d R  ' IR - R ' I  apk(R') (22) 

where n(R, R')  = Z lp~(R')~pk(R) is the off-diagonal term of the same density matrix 23). 

We have chosen here to hint at the "density matrix" concept, typical of many-body 
theories, in order to stress that Exc is still a two-electrons operator. (For the many body 
derivation of (20), seeZ8)). 

Notice that the integrand of (22) does not depend only, as all the other terms of (22), 
on the positional coordinate R of the apk(R ). One says that (22) is a non-local term, and 
this fact considerably complicates calculations unless approximations are performed to 
make it local (so to reduce (20) to the form of the Hamiltonian (11)). 

The Slater-Fock determinant (19) describes the motion of independent Fermions. 
The interaction operators (21) and (22) obtained therefore represent respectively the 
repulsive Coulomb field created by the averaged distribution of all electrons and the 
exchange contribution due to the antisymmetry property of the Fermions' wave func- 
tions: they are the analog of H1, the electrostatic interaction within a configuration of an 
atom appearing in the Hartree-Fock central field approximation of II. There is no analog 
in (20) of other important couplings, such as spin-orbit coupling (which might be impor- 
tant for atomic-like wave functions, such as the 5 0 or the interaction between the 
magnetic fields of the spins of the electrons, having the effect of creating some net spin in 
the band (spin-polarization) (also important for the filled 5 f bands). 

c. The Local Density Approximation (LDA) in the Band Formalism 

Hohenberg and Kohn 29) have proved generally that the total ground state energy E of a 
collection of electrons in the presence of an externally applied potential Vext (e.g. the 
valence electrons in the presence of the periodic potential due to the cores in a lattice), 
when no net magnetic moment is present, depends only on the average density of elec- 
trons n(_R). By this proof, n(R) becomes the fundamental variable of the system (as it is 
in the Thomas-Fermi theory 23' 28)). Variational minimization of the most general form of 
E, with respect to n lends to the Hartree-Fock equations formalism. 

For the non-local term Exc, defined in (22), Kohn and Sham 3°) suggested a functional 
similar to that of the Thomas-Fermi theory. In this way, Eq. (20) is completely reduced 
to functionals of n(R) and then to a local form. 
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The problem is now how to compute n(R). A recipe frequently adopted is to build up 
n(R) by superimposing atomic wave functions of electrons in neighbouring atoms. (They 
need therefore to b e  correctly calculated in atoms, since they are the starting point for 
band calculations 15' 28): 

N 
n(R) = E laPil 2 (23) 

i=1  

and equation (20), completed reduced now to (11), is solved self-consistently, building up 
new sets of ~i 's and V(R),  until variations in the ~pi's are considered negligible. 

Most modern band-calculations for non-magnetic solids are performed in the L D A  
approximation, which is extended also to the relativistic formulation (see Chap. F). Care 
is taken in the choice of the set of ~pi's. A particular problem exists in connecting the 
atomic wave functions ap(s, calculated in a central potential, in the inter-core region (see 
Fig. 12) of the solid. It is beyond the scope of this Chapter to go deeper into these details, 
which will be discussed further in Chap. F. 

d. LDA Approximation for Actinide Solids 

The success and the shortcomings of band calculations performed in the LDA approxi- 
mation have been excellently reviewed by Koelling 31). Essentially, the discussion follows 
points which have been already qualitatively described, concerning the competition 
between U and W. It is worthwhile to resume shortly these arguments here. 

The L D A  formalism considers only the ground state total energy E of the electron gas 
and its dependence on the local density n(R). In particular, it does not discuss the atomic 
wave functions api to be used in (23) in order to obtain a good description of n(R). Also, 
excited states of the solid are not included, so that, eventually, LDA is good in describing 
ground state properties of solids (it is true that for most problems of interest in this book, 
ground state properties such as cohesive energy and structure properties are the most 
important); however, we shall see in Chap. E that results of photoelectron spectroscopy, 
a very powerful method, may need a correct understanding of excited final states). 

As we have seen in A l l ,  the xPi's that we choose for (23) are orbital (e.g. 5f) wave 
functions of electrons within one particular configuration of the atom (i.e. well defined 
states 5 fx 6 d y 7 s z of the atom shell). We call x, y and z the occupation numbers of the 
orbitals in that particular configuration v, and use for them the general notation nv. Now, 
to each configuration v, belongs, as we have seen, an atomic eigenvalue Et ~) of the 
electrons in the 1-orbital, corresponding to an (atomic) wave function ~pt v). 

If  we assume (see Chap. C) a continuous, non-integral occupation of the orbitals in 
configurations, Et ~) may be expressed as 31) 

E l , ) _  dE (24) 
dn~,l 

(Et ~) so defined is different from the atomic eigenvalues of the Schr6dinger (or Dirac) 
equation in a central potential, which we discussed in Part II, since the latter are defined 
for integral occupation of the orbitals.) 
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It can be shown that the band treatment (band limit) is valid when the change in Et v) is 
negligible when n~,l is varied. (This is a formulation of Koopman's theorem already 
cited.) If not, the change in U in the core is such that the band limit can be abandoned. 

If x is the (fractional) occupation number of the 5 f orbital in the core, we may re-state 
the condition of applicability of the band treatment in the following way (Koelling31)): 

r I = xU/W < 1 (25) 

m 

(when U now is a partial quantity: dU/dx). 
This is a crucialpoint for actinide solids. Koelling 31) shows that in ct-U, ~ is extremely 

small, indicating a good delocalization of f-electrons. In 5'-U, where the An-An  distance 
is greater, ~1 is larger 01 < 0.5): the band picture is perhaps less suited for 5 f states. For 
Am, Cm and the heavier actinides, ~1 is strongly dependent on the configuration we 
choose for the ~i's. For ionic solids (e.g. oxides) the problem becomes important: ~1 
becomes very high, due to the charge transfer and stabilization of open structures, with 
consequent very little f-f-overlapping. 

This leads to a second remark, which concerns hybridization, of which we have also 
shortly spoken. In choosing the ~pi's in (23), we may "mix" to the 5 f wave functions the 
6 d, 7 s, wave functions by taking "hybridized" orbitals wave functions as a starting point. 

Hybridization will be discussed in more detail later on. The point we want to make 
here is that, due to hybridization, the bandwidth W of the bands having f-character may 
be greatly increased. This, of course, affects the condition (25). 

A last remark: the L DA approach disregards spin-polarization phenomena. Taking 
into account this effect (already indicated by Koelling 31) as the future direction of devel- 
opment for band calculations) has turned out to be of paramount importance at the 
centre of the actinide series. We shall examine it in the next section. 

4. Narrow Band Magnetism and Spin-Polarization 

We have discussed and distinguished two limiting cases for 5 f wave functions: 
i. complete localization: 5 f are atomic; the unsaturated shell fills according to Hund's 

rule, and displays a net magnetic moment. 5 f do not participate to metallic electrical 
conduction. Van Vleck or Curie-Weiss magnetism (see Chap. D) is expected and also 
ferromagnetic or anti-ferromagnetic phenomena, explained in the frame of Heisen- 
berg like theories. 

ii. complete itineracy: 5 f are Bloch states in a broad band, retaining very little of their 
atomic character. Pauli paramagnetism is expected and metallic conduction. 

Difficulties arise when the d- and f-electrons are in an intermediate state between i. and 
ii. This is the case for narrow bands (Fig. 12 c). This intermediate state of affairs has been 
at the center of theoretical and experimental investigations for d-transition solids, espe- 
cially metallic solids 32' 33). 

One important point is whether narrow bands would display permanent magnetic 
moments and undergo magnetic collective phenomena. This depends clearly upon their 
bandwidth and will lead again to the problem localization vs itineracy. In band calcula- 
tions, new ways have to be looked for, since the set of hypotheses examined previously, 
which hold for non-magnetic solids, must be corrected for spin-polarization. 
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These concepts are very important also for actinide solids. In particular, the Stoner 
model for collective magnetism in narrow bands, the frame in which d-transition metals' 
and actinide metals' magnetism has been discussed, will be reviewed briefly. 

a. The Stoner Model for Band Magnetism 

The Stoner model, which we discuss in its simplest form, describes the formation of a net 
magnetic moment for itinerant electrons in a narrow band by adding to the basic Hamil- 
tonian (11) of band theory a perturbing term accounting for total energy increase in case 
the itinerant electrons spins are not polarized (as in an atom for states not maximizing the 
spin). 

Therefore, considering Bloch states, a positive exchange term coupling opposite spins 
is added to the Hamiltonian (11); 

Hxc = I ~ n+(k)n_(k') (26) 
k,k' 

where n+(k) and n_(k')  are occupation numbers of Bloch states with wave numbers 
k, k ' ,  and spin-up (+)  and spin-down ( - ) ,  and I is an interaction parameter (Stoner 
parameter). 

When a magnetic field H is applied, two energies are available for electrons: 

Ek+ = E(k) - g0H + In_ (27) 

Ek- = E(k) - ~t0H + In+ (27 a) 

Ek- > Ek+ (27b) 

An exchange splitting of the band levels is produced for every k, which is proportional 
to the magnetization: A = I (n+ - n_). 

To derive the magnetic susceptibility the argument then follows lines which are simi- 
lar to the treatment of Pauli paramagnetism. Essentially (see Fig. 13), the two popula- 
tions must have the same ~tF, and this causes a disequilibrium leading to a net magnetic 
moment (n+ - n_). The paramagnetic susceptibility is given as: 

~2 N(~F) 
?( = 1 -- I N ( ~ t v )  (28 )  

in which the Pauli moment is enhanced by a factor: 

S = (1 - IN(~F)) -1 (29) 

(Stoner enhancement factor). This solution is evidently unstable when: 

I N(.F) --> 1 (30) 

(which is the Stoner condition). For IN(~tF) = 1, there is a pole in the paramagnetic 
susceptibility, i.e. a magnetic transition. The Stoner condition discriminates therefore 
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whether a narrow band solid, at an appropriate critical temperature To, would order 
magnetically. 

For solids in which IN(~tF) is very near to 1, often, although no magnetic order occurs, 
long-range fluctuations of coupled spins may take place, giving particular form to proper- 
ties such as the (Stoner enhanced) magnetic susceptibility Z, the electrical resistivity, and 
the specific heat of the solid. Spin fluctuations have been observed in actinides, and will 
be discussed in more detail in Chap. D. 

In the Stoner product (30), we find as a factor N(~tF) , which can be measured indepen- 
dently. The other factor I is an important parameter which we shall discuss briefly. 

b. The Stoner Parameter I and Spin-Polarization 

Let us resume here the results of the model. A Hamiltonian such as (11), obtained after 
all the approximations of the electron interaction described in LDA, provides a ground 
state energy for the electron system which we term E°(n) (we have omitted for brevity the 
k-dependence, giving rise to the band spread, and indicated explicitly the fundamental 
dependence on the charge density n(R)). However, Wohlfarth 32), already in 1953, had 
analyzed the quantum mechanical derivation of the total energy of a d narrow band 
(using the so-called "tight-binding" approximation (see23)), proper for atomic-like wave 
functions such as the d wave functions) and found, in the solution, Coulomb and 
exchange terms dependent on the spin-polarization, and leading to a lowering of the total 
energy. These terms are mostly intra-atomic in character and have physically the same 
origin as the terms in the atomic Hamiltonian leading to Hund's rule 32). They correct the 
Hamiltonian (11) as in equation (26), the Stoner parameter I accounting for them. 

If we allow for these terms, the energy of the system is to be written in a more 
complex form: E = E(n, ~), where we have chosen as a parameter ~ = (n+ - n_)/n, i.e. 
the relative magnetization. We make two observations: 
i. since n+ + n_ = n, the two numbers n+ and n_ substitute the total n as the fundamen- 

tal variables of the Hamiltonian of the system. It has been shown 343 that one can 
proceed as we did in LDA, but developing a formalism of spin-polarized band calcula- 
tions having local spin densities n+(R) and n_(R) as the fundamental variables. This 
formalism (called "local spin density approximation (LSDA)) which has been 
extended 35) to the relativistic case, is one of the major recent achievements of theory, 
and has been extensively applied for transition metals. We shall see (Chaps. C and F) 
that it is of fundamental importance in the actinides 36). 

ii. following the notation of Brooks and Johansson 36), E(n, ~) may be partitioned in two 
separate contributions: 

E = E°(n) + AE(n, ~) (31) 

AE(n, ~) is the effect of spin-polarization. Wohlfarth 32' 33) had already shown very 
early that AE(n, ~) may be expressed as an expansion in ~: 

AE = n2I~2(1 + ½A~ 2 + ¼B~4. . . )  (32) 

The Stoner model retains only the first term, proportional to ~2 (molecular field 
approximation which leads to terms such as (26) in the Hamiltonian). 
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As a consequence of AE(n, ~), one has 
A. The splitting of the band energy E ° into two sub-bands, for spin-up and spin-down 

electrons. 
B. A permanent magnetic moment and, possibly, collective magnetic phenomena. 

The Stoner product (30), calculated across the actinide series for homologous com- 
pounds, may interpret (or predict) the magnetic behaviour of these solids, and hence 
suggest a localized or itinerant picture (see Chap. D), provided that we know I for the 
different actinides across the series, since N(~tF) is measurable (e.g. through specific heat 
measurements) and roughly reciprocal to the bandwidth W (N0xr) o~ W-l).  I is not 
directly measurable and must be calculated. (Of course, the discussion above shows that 
the two quantities are not really independent, since the interactions determining I also 
play a role in determining the bandwidth, and hence N(~tF). ) 

The importance of Stoner's theory goes beyond the treatment of magnetism in a 
transition series. The spin-polarization term AE in (31) competes strongly with E0 and 
therefore influences strongly the cohesive and structural properties of a metal (or metal- 
lic compound), which are ground state properties. We have already seen (A.I) that the 
variation across the series of atomic radii has been at the center of much theoretical 
thinking (Figs. 2, 3, 5). Also the variation of the cohesive energy of metallic actinide 
compounds has been at the center of interesting models and theoretical correlations, that 
we shall discuss in Chap. C. 

Brooks and Johansson 36), by calculating I and AE have been able to show that these 
curves are very much affected by the spin-polarization energy AE, which, in fact, appears 
as the most important contribution in cohesion for actinide elements in which the begin- 
ning of localization of 5 f orbitals occurs (at the half-filling of the 5 fn shell) and for which 
spin-polarization plays a major role (see Chaps. C and F). 

5. The Mott-Hubbard Metal-Insulator Transition 

A concept related to the localization vs. itineracy problem of electron states, and which 
has been very useful in providing a frame for the understanding of the actinide metallic 
bond, is the Mort-Hubbard transition. By this name one calls the transition from an 
itinerant, electrically conducting, metallic state to a localized, insulator's state in solids, 
under the effect of external, thermodynamic variables, such as temperature or pressure, 
the effect of which is to change the interatomic distances in the lattice. 

This transition has been emphasized by Mott 37) for the case of localized impurity 
states in a semiconductor, forming a metallic band at some concentration of impurities 
(i.e. at some average distance between the impurities). It is referred to very often as the 
Mott (or Mott-Hubbard) transition. 

The reason why it is a useful concept in actinide solid state physics (as in d-transition 
metals) is that it describes the effect of overlapping in forming a band: therefore, in d or f 
unfilled bands, a critical value of the inter-atomic distance should determine whether the 
electron states will be acting as localized (insulator's) states, or as an unfilled (metallic) 
band. If we refer to the concept of f-f-overlapping, it is thinkable that across a series such 
as the actinides the f-f-overlapping might come to a critical value distinguishing between 
band and localized behaviour. 
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In order to understand the concept, it is customary to present a sort of "paradox" 
arising from the solution of the Hamiltonian (11) in the tight-binding approximation 
(Eq. (22)). 

Suppose we approach M atoms of an element having an unfilled outer shell, disposed 
in a lattice. The point may be made clear if we suppose to approach hydrogen atoms 
(outer shell I sl). Equations (11) and (12) would predict the broadening of the electron 
state in a half-filled s-band, which should therefore allow metallic behavionr. Ap- 
parently, this would happen for any inter-atomic distance a and, therefore also at infinite 
distance. What would change is, of course, the bandwidth, which is determined by matrix 
elements dependent on the interatomic distance a but the metallic behaviour, depending 
essentially on the fact that the electrons have available energy states within the band, 
should occur also at distances where the atoms may well be supposed to be isolated. 

This happens for the essential simplicity of the Hamiltonian (11) and of the solutions 
(12). We have seen that (11) does not represent well electron-electron interactions. At 
very large inter-atomic distance, the effect, for instance, of intra-atomic interactions, 
such as exchange, might be such as to stabilize a solution in which electrons are localized 
within the atoms: the energy scheme would be that of an insulator, where conduction can 
be obtained only through excitation of the electrons out  of the ground state into some 
conduction band. At rather small distance, on the other hand, the attractive effect of a 
core potential can be very strongly reduced by the screening of other ionized electrons, as 
can be seen in the Thomas-Fermi model 23' 2a). Mott3v) has derived a critical distance 
separating the two behaviours within the frame of the Fermi-Thomas model. 

Suppose we take an electron out of one of the hydrogen atoms, leaving behind a H + 
ion. The electron will be re-attracted to the ion by a potential - e2/R. It will be bound in 
the ground state for this potential, which has a radius aH -~ h2/m e 2. If, however, there are 
enough ionized electrons in the lattice, they will screen the electron from the positive ion 
core, according to a potential - (e2/R) exp( -  )~R), where ~ is a screening parameter in the 
Thomas-Fermi model 23' 28). 

The electron evidently cannot be bound again to the positive ion if the screening 
radius ~-1 is smaller than the radius of the bound state: 

a H / k - l < l  (33) 

This constitutes a critical condition for the Mott-transition. The condition may be also 
written in terms of the charge density n38): 

n 1/3 a~ = XMott (34)  

where XMott is a typical value very near to 1/4 (for doped semiconductors, XMott has been 
found to vary between 0.20 and 0.25). 

Hubbard39, 40) treats the same problem emphasizing instead the effect of intra-atomic 
exchange interaction. The argument is as follows. In a partially filled band (itinerant 
state) the spin of an atom is a quantity that fluctuates randomly in magnitude and 
direction. The characteristic time of the fluctuation is related, as we have seen, to the 
bandwidth W, and is of the order of h/W. The spin, propagating with the moving elec- 
tron, is hopping from atom to atom. Therefore, in the average, there will be atoms 
excessively filled and atoms excessively depleted in the solid. 
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One speaks of "polar states" being formed, referring to the ionized states of the atoms 
being excessively filled or depleted. 

If, however,  some correlation effect exists avoiding formation of excessive spin 
density in an atom (for instance making a state with aligned spins stable because of 
Hund 's  principle) this state of alignment in the atom may persist much longer than the 
band hopping time h/W of the electrons. The fluctuations, typical of the band, will tend to 
even out, and the electrons will stay in the atomic ground state of the core (localization). 

In order to take into account these intra-atomic terms, and in a way similar to the 
Stoner 's model,  Hubbard 39'4°), see also 41) adds to the Hamiltonian (11) an exchange 

interaction term: 

Hexch = U H ~ ni+ n i_ (35) 
i 

where UH is the intra-atomic exchange parameter,  ni+ and n i_ are occupation numbers of 
the atom i with spins up and down, and the effect is extended to the whole lattice by 
summing on all lattice cores. Hexch is evidently a positive contribution to the total energy, 
since Hund 's  rules would favor alignment of spins within a core. 

Without  going into the complicated details of the many-body treatment of the Hamil- 
tonian (35) 40. 41), we present in Fig. 14 the results in terms of eigenvalues of the system. 
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Fig. 14a, b. Hubbard sub-bands for the localized (~ or ~) and polar states in a narrow band solid 
a) band spread as a function of interatomic distance: at ac, the Mott-Hubbard transition occurs. 
b) (from 4°)) bandwidth Wf of the sub-bands to interaction parameter Iat ratio, as a function of 
energy: at X, the Mott-Hubbard transition occurs 
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We take the model of a monovalent element containing just one electron in its outer shell 
(the "hydrogen" lattice described above). 

We consider first (Fig. 14 a) what happens at very large distances. The Hamiltonian 
(11) (without the correction (35)) would then give rise to a very narrow band (a level). 
With the correction (35), the band splits into two separate sub-bands (two energy levels) 
E0 and E0 + UH (see Fig. 14 a). These two sub-bands containing each M (and not 2 M) 
states, represent, respectively, a state in which each core holds one spin and a state in 
which half of the cores hold two antiparallel spins, and the others empty (polar states). 
The two sub-bands are separated by a gap which is exactly Un. Without excitation to the 
highest sub-band, in this conditions the lower sub-band is fully occupied. It represents the 
insulator's state in which all electrons are sitting in the cores, i.e. all electrons are fully 
localized. 

When the cores are approached, the sub-bands split, acquiring a bandwidth, and 
decreasing the gap between them (Fig. 14 a). At a definite inter-core distance, the sub- 
bands cross and merge into the non-polarized narrow band. At this critical distance ac, 
the narrow band has a metallic behaviour. At ac, the system transits from insulator to 
metallic (Mott-Hubbard transition). Since some electrons may acquire the energies of the 
higher sub-band, in the solid there will be excessively filled cores containing two anti- 
parallel spins and excessively depleted cores without any spins (polar states). 

In terms of energies, Hubbard shows 40) that critical parameter for this behaviour is 
the ratio UH/W. This is represented in Fig. 14b, taken f rom 4°). The transition occurs 
when: 

UH = W (36) 

As far as magnetic phenomena are concerned, if the system is all in the lower sub- 
band (i.e. localized) then the treatment for localized spins holds, and exchange forces 
between them may provoke eventually ferro- and anti-ferromagnetism. If the system is 
itinerant in the unsplitted band then treatments of magnetism in narrow bands such as 
Stoner's are valid. Hubbard 39' 40) derives also a condition for collective magnetism which 
is similar to the Stoner's one: 

IeffN(.F) ~ 1 (37) 

where Ieff is an effective exchange parameter containing both UH and the bandwidth W 
and thus intra-atomic and interatomic correlations. 

6. Conclusions 

To resume briefly Part III  it has been shown: 
i. that the atomic wave functions and eigenvalues of 5 f electrons suggest the occur- 

rence of two phenomena in the bond of actinide solids: f-f overlapping between 
adjacent actinide atoms, and hybridization of 5 f with 7s and 6d electrons of the 
actinide atom as well as with outer electrons of non-actinide atoms in compounds; 

ii. the solid state properties are essentially dictated by the 5 f behaviour: localized (i.e. 
atomic-like) or itinerant (i.e. band-like); definitions of the two behaviours have been 
provided; 
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iii. which behaviour is predominant depend on a delicate total energy balance for the 
solid: intra-atomic (U) vs. inter-atomic (W) energy terms; 

iiii. due to the unfilled character of 5 f shells, an important intra-atomic term entering 
the balance derives from the possible energy gain the system obtains by aligning 
spins according to Pauli principle requirements (spin-polarization); Stoner and 
Mott-Hubbard criteria for spin-polarization have been discussed. 

In Part IV, a rapid survey is given of experimental evidence collected on actinide 
solids. The application of the concepts i. to iiii. helps in ordering this evidence in a unified 
description. 

IV. The Actinide Metals 

Armed with the general concepts developed in the previous section, we proceed now to 
the experimental evidence of 5 f itinerant vs. localized behaviour in actinide metals. 

1. Experimental Evidence of 5 f-Band Behaviour in Lighter 
Actinides 

The experimental evidence for band behaviour of the 5 f electrons up to plutonium is 
obtained through4): 
- A t o m i c  v o l u m e :  there is a large transition-like decrease up to plutonium; from 

americium on, on the contrary, a lanthanide-like contraction (cf. Figs. 2 and 3); 
- Crys ta l  s t ruc tures:  they are complex with many allotropic modifications having, some 

of them, low symmetries, evidencing therefore, a 6d-5f covalent bonding (see 
Chap. C); 

- C o h e s i v e  p roper t i e s :  they are anomalous as evidenced in the variation of melting 
temperatures, vapor pressures, enthalpies of sublimation (see Fig. 11 of Chap. C) and 
dissolution and bulk moduli vs. atomic number Z (to be discussed in Chap. C); 

- M a g n e t i c  p r o p er t i e s :  metals up to plutonium are Pauli magnets and Curie-Weiss 
behaviour starts with curium; 

- S p e c t r o s c o p i c  proper t i e s :  Photoemission from the valence band of uranium and 
plutonium indicates a 5 f band at the Fermi level 43) (see Chap. E). 
Thus, the theoretical approach to light actinide metals must be made through band 

theory even for the 5 f electrons. The calculation of energy bands for actinide metals has 
to face several complications: 

- Necessity of a relativistic treatment. 
- Convergence problems due to the presence of high angular momentum states. 
- Validity of the band description for decreasing 5 f bandwidth. 
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Fig. 15. Experimental and calculated bulk moduli of the actinides 42), compared with those of 
lanthanides and of transition metals. The calculated values for actinides (0, 0) peak for uranium, 
whereas the experimental bulk-moduli (x, R, +, A) peak for protactinium (original references to be 
found in 42)) 

2. The Mott-Like Transition Between Plutonium and Americium 

Whereas there are experimental evidences for the band behaviour of 5 f electrons up to 
plutonium (Z = 94) (see Table 3), the same criteria show that suddenly americium 
(Z = 95) behaves like a normal lanthanide having well localized 5 f electrons (4) and 
Chap. C): 

- Its atomic volume and d.h.c.p, crystal structure are similar to those of light lan- 
thanides; this is also the case for its cohesive properties (AHs = 285 kJ/mole and TM = 
1170 of). 

- Its constant paramagnetism is well explained by a Van Vleck susceptibility, the ground 
state being the non-magnetic J = 0 due to the 5 f6 configuration; this interpretation is 
well confirmed by the very low electronic specific heat. Accordingly, band calcula- 
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T a b l e  3. Density of states at the Fermi level for actinide metals: from band calculations (model); 
from the electronic contribution y to the specific heat; from magnetic susceptibility measurements. 
The increasing values indicate a decreasing 5 f bandwidth pinned at EF; for americium metal (not 
shown) there is a sudden decrease in N(~tF) 

An Th Pa U Np Pu 

N(~F) 
(model) 1.3 1.5 3 3.5 4.2 
er/eV at 

N(~tF) from y 2 2.5 4.5 6.3 9 

N(~tF) from ~( 1.1 6 8.6 15.6 12 

tionslX, 15) show that a band treatment of the 5f  electrons is no longer valid from 
americium on. This has led Johansson to view this sudden change as a Mott-like 
transition of the 5 f electrons along the actinide series 3s' 44) 

It can be stated that up to plutonium, 5 f electrons are in the conduction band and 
have no magnetic moment;  from americium on, 5 f electrons are localized and carry a 
magnetic moment.  

Thus, forgetting about the superimposed "normal" 6 d-7 s conduction band, there is a 
transition from a non-magnetic 5 f metal to a magnetic 5 f insulator (americium itself 
being non-magnetic only because J = 0). 

To put it on a more quantitative basis, Johansson uses the expression for the critical 
point of the Mott  transition as reformulated by Hubbard 4°) in terms of the bandwidth Wf 
and the polar  state formation energy UH (or effective intra-atomic correlation) 
(Eq. (36)). 
- if Wf =< Un the polar state formation energy is large enough to prevent hopping of the 

5 f electrons: they are magnetic and insulating. 
- if Wf >= UH 5 f electrons will be free to move in the metal: they are non-magnetic and 

metallic. 
A simple application of Hubbard 's  criteria to the actinide metals' series, with a non- 

hybridized Wf, would tend to indicate Pu as the first localized metal. Two complications, 
however,  occur for the actinide metals: 
- 5 f are degenerate,  
- there is a superimposed 6 d-7 s conduction band. This presence imposes some consider- 

ations. 
In the atomic limit, the intra-atomic Coulomb correlation is given by: 

Uat = E(fn-ld2s 2) + E(f  n+ls2) - 2E( f  ns2) (38) 

which is readily obtained from atomic spectra (cf. Sect. (A.II)) .  Due to the conduction 
band, the screening will be different in the metal, leading to UH :~ Uat. 
Whereas Johansson, following Herring's argument 45) assumes that UH should always 

be less than Uat, Herbst  and Watson 46) from relativistic band structure calculation found 
that while this is true for light actinides, the situation is reversed above Pu, thus favoring 
the transition between Pu and Am. 
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Table 4. Comparison of U,,, UH, Whyb in the actinide metals' series from Th to Am. In the last row, 
only the qualitative departure from 1, rather than a well defined value for W/UH is indicated, since 
evaluations different from those selected, are reported in the literature for UH and W. Notice the 
peculiar position of Pu metal and the "localized" W/U value for Am metal 

An Th Pa U Np Pu Am 

U~t (ev) 1.5 1.6 2,3 2.6 3.5 + 1 5 + 1 
UH (ev) 2.2 1.5 1,8 1.8 4 4 
Whyb (ev) 5 4 4 3 2 0.1 
W/Un >1 >1 >1 >1 <1 <1 

Another effect of the conduction band concerns Wf: the hybridized 5 f bandwidth 
Why b is larger than the unhybridized one, Wunhy b. 

Thus these two effects are additive in pushing the Mott-like transition toward higher 
atomic number and in making such a sharp transition possible. 

Results are reported in Table 4. This simple tabulation focusses on the transition that 
occurs along the actinide series. It makes very clear, that plutonium metal is in a very 
crucial position (which is confirmed experimentally) having thus the most extraordinary 
behaviour in the whole of the periodic table. 

3. The Polymorphism of Plutonium Metal 

In fact, a change in behaviour of the f-band is shown when examining the magnetic and 
electric properties of Pu-metal. This behaviour indicates that, in its low temperature 
phase, the f-states contribute strongly to the bonding conduction band of Pu (thus ex- 
plaining the asymmetric monoclinic structure of this phase). In the high temperature 
phase, however, the conduction band is mostly of s and d character (thus explaining its 
more symmetric bcc structure). 

The low temperature a-phase of plutonium is clearly on the 5 f-itinerant side (con- 
stant Pauli paramagnetism, rather large electronic specific heat suggesting a 5 f bond). 
But when we go to the high temperature a-phase, there is a 18% atomic volume expan- 
sion. Such a change is very large and may be compared with the 17% volume change at 
the c~-y transition in cerium metal under pressure. Johansson describes this transition in 
cerium as a Mott transition from localized to itinerant behaviour for the 4 f electron of 
Ce 47). The number of 5 f electrons involved in Pu being about 5, it is difficult to directly 
compare the (temperature steered) a-b transition in Pu with the (pressure steered) c~-y 
transition in Ce. Nevertheless it is clear that such a large expansion necessarily lowers the 
f-bandwidth and on a Hill plot (see later) b-Pu is at a critical place. Most interestingly, in 
agreement with strong 5 f band narrowing from c~ to b-Pu, it has been found that4S): 

- the low temperature electronic specific heat of b-Pu, extrapolated from measurements 
on b-Pu phases stabilized at room temperature with different concentrations of A1, is 
larger than that of c~-Pu, (~, = 53 -+ 10 mJ/mole K z instead of ~, = 22-25 mJ/mole K2), 
indicating a very narrow band pinned at ~t F 

- in stabilized b-Pu alloys, the magnetic susceptibility saturates at low temperature, 
following a T 2 law, as predicted by spin fluctuation theories and experimentally 
observed in UAI249) (see also Chap. D). 
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4. Physical Properties of Actinide Metals up to Pu 

The physical properties of actinide metals up to Pu - including the magnetic properties- 
are all governed by the complicated 5 f-6 d-7 s conduction band. 

A pioneering work for their qualitative understanding was the covalent treatment of 
the 5 f-6 d hybridization due to Friedel 5°). Like p orbitals, f orbital are antisymmetric 
( ~ ( -  R) = - ap(R)); thus by linear combination with symmetric d orbitals, they give rise 
to highly directive hybrid orbitals (like s-p hybrids). Thus in Pa, U, Np and Pu metals 
each atom has four nearest neighbours more or less coplanar and at 90 °. Let's take the 
example of ct-U and put the nearest neighbours along the x and z axes. Necessary hybrid 
orbitals for such positions are: 

£x_+ = as + ad(2X 2 -- y2 _ Z z) + a fa (x  2 _ 3 z2)y - -  a p ( x  2 + z 2 - -  4y2)x (39) 

£z_+ = a~ + a~(2z 2 - x z - y2) + ab(z 2 _ 3x2)y + ab(z 2 + x 2 _ 4yZ)z (39 a) 

This 6 d-5 f hybridization is at the origin of the complex crystal structure of the light 
actinide metals. In the model density of states, there is a bonding band filled with 
4 electrons from Pa to Pu and an antibonding band containing 20 states progressively 
filled from U to Pu (Fig. 16). Such a simple scheme is able to explain the very low density 
of states for Pa as well as its rapidly increasing value from U to Pu, in reasonable 
numerical agreement with values deduced from the electronic specific heat coefficient 3' 
(Table 3). 

It allows also to explain, from covalency effects, the anisotropy of transport proper- 
ties 4): 

- It is this hybridization which constitutes the main differences between early actinide 
metals and transition metals' transport properties; 

- It is this hybridization which causes the large delay for the appearance of magnetism, 
as was clearly demonstrated by the work of Jullien and Coqblin 51). 
Detailed comparison between band structure calculations and experiments has been 

possible only for Th and to a less extent c~-U. It is doubtful that such a level of sophistica- 
tion will be reached for the low temperature, low symmetry, phases of Np and Pu metals. 

N (E) 
N [E', a. b. 

w 
B' I 

P'F E C I-t F E 

Fig. 16 a, b. Proposed band structure for uranium metal by Friedel 5°). a) c~-phase; b) y-phase. B1, B[ 
and Be indicate hybridized d-f bands; the numbers inseribed are the number of electrons per atom in 
these hybridized bands. In b), the B1 narrow band is simulated with a square band, with bandwidth 
W and center C 
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However, a considerable deepening of the theoretical treatment of the actinide met- 
als was recently presented by Skriver and al. 52). By means of LMTO (Linear Muffin-Tin 
Orbitals) band calculations they were able to calculate correctly the cohesive properties 
of the metals. Within the so-called Atomic Sphere Approximation 26' 27, 53), a ferromag- 
netic spin-polarization was allowed, in order to simulate the possibility of localization of 
the 5 f electrons. The calculated equilibrium atomic volumes are compared with those 
found experimentally in the most dense crystal structures. For Th, Pa and U the agree- 
ment is most satisfactory (there may be compensating approximations, however). Only 
when coming to Np and Pu one can notice significant deviations between the calculated 
and experimental values. They are most easily interpreted as due to correlation effects 
which are not included in the calculation: and it is significant that the binding is overesti- 
mated. However, there is no spin-polarized solution for Np and Pu at zero pressure: but 
for somewhat expanded volumes (negative pressure) a net magnetization is calculated. 
Arriving at Am, the fully spin-polarized solution exists at normal pressure and has the 
lowest energy. Spin-polarization has a drastic effect on the atomic volume, indicating an 
almost non bonding character of the 5 f electrons. (These results are also discussed in 
Chap. C and F). 

5. Physical Properties of  Actinide Metals From Am on 

We assume, in this case, that the conduction band has become "normal" (that is, it has no 
longer any 5 f character). Thus, physical properties may be usefully compared with those 
of the lanthanides. In Table 5 we report known basic properties (metallic radii, crystal 
structures, melting temperatures and enthalpies of sublimation) of the transplutonium 
metals. 

Examination of this table confirms what could already be guessed from atomic calcu- 
lations: only Am, Cm and to a less extent Bk can be considered similar to normal 

Table 5. Ground state properties of "heavy actinide" metals (from Am to Es), emphasizing the 
Ianthanide-like character of this part of the series 

Am Cm Bk Cf Es 

Metal radii 1.72 
L.T. phase 

Metal radii 1.73 
H.T. phase 

Crystal struct, d.h.c.p. 
L.T. phase 

Crystal struct, f.c.c. 
H.T. phase 
Melting 
Temperatures (°C) 1170 

Enthalpies of 
sublimation 285 
(k j/mole) 

1.74 1.70 1.69 

1.78 1.77 2.03 -2 .0  

d.h.c.p, d.h.c.p, d.h.c.p. 

f.c.c, f.c.c, f.c.c, f.c.c. 

1350 990 900 860 

385 295 195 140 
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lanthanides. With Bk, a tendency toward divalency begins to appear, as indicated by the 
anormalous low melting point (see also Fig. 1). 

Thus, although it is safe to assume that the 5 f states are localized states, excited f 
states are never far above the Fermi energy. They will, therefore, influence the electronic 
properties and high temperature phases of Cf and Es (which, with a metal radius 
R = 2.0 ~ seem to have attained divalency). 

The situation above described has important consequences in the understanding of 
the physical properties not only of heavy actinide metals, but also of their compounds. 
We can expect e.g. that the occurence of valence fluctuations should be quite common in 
Am, Bk and Cf compounds (to limit ourselves to the sufficiently stable isotopes) as well 
as in Cf metal itself 4' 54) 

Curium metal was found to be antiferromagnetic 55). Its Curie-Weig behaviour above 
the Neel point is in good agreement with the localized picture (~t~ff = 8 ~tB as in Gd metal). 
In the case of Bk, again the Curie-Weig law gives the expected effective moment value 56). 

6. Superconductivity and Magnetism in Actinide Metals 

Proceeding along the 5 f series, superconductivity under atmospheric pressure (Th, Pa), 
superconductivity under high pressure (U), exchange reinforced Pauli paramagnetism 
without superconductivity (Np, Pu), superconductivity under atmospheric pressure 
(Am) and finally magnetic ordering (Cm, Bk) are successively encountered. We remind 
that in the 4 f series, La is superconductor as well as Ce under high pressure. 

Some years ago, it had become customary to speak of f-band superconductors. 
Behind these words, there was the assumption that narrow f-bands might give rise to f 
level, or f band, polarization 57). 

It has now become apparent that f-band superconductors can be understood in a 
normal way, like d-band ones4): we have just to think about density of states, bandwidth 
lattice unstabilities and electron correlations to interpret it. This was clearly summarized 
by Smith 5s) after the discovery of superconductivity of Pa and Am. Superconductivity of 
Am is made by the J = 0 ground state of its six 5 f electrons; as was stressed by Johans- 
son 59), this could also be the case for stabilized trivalent europium metal. The importance 
of lattice instabilities (like in A-15 high Tc superconductors) was put forward by Four- 
nier 4) who showed that the very large 6T/rp slope for U was mainly due to a very large 
change in the electron-phonon coupling associated with the low temperature phase tran- 
sition. 

Thus, the occurence of superconductivity and magnetism along the actinide series is 
now fairly well understood. 

V. The Actinide Compounds 

1. The Hill Plots: Usefulness and Weaknesses 

In A.IV, when introducing the Mott-like transition between Pu and Am metals, we have 
discussed the localization problem as a function of the number of 5 f electrons. In the case 
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of compounds there is the additional possibility to study the localization as a function of 
inter-atomic distance. This was first done systematically by Hill a4) who observed that 
magnetic ordering exists in light actinide compounds (with U, Np, Pu) only above some 
critical A n - A n  spacing ( -  3,4 ~) .  Such plots are now commonly referred to as Hill plots. 
The qualitative simple explanation of how and why it works is the following: the broaden- 
ing of 5 f bands in metallic actinide compounds is mainly due to direct overlap of 5 f wave 
functions, which depends directly on the interactinide spacing: if the 5 f band is too large, 
the density of states will be too low and the Stoner criterion for band ferromagnetism (see 
A.III ,  Eq. (30)) will not be fulfilled. I is roughly constant within the actinide NaC1 series 
and approximately equal to 0.012 eV 6°) (see also Chap. D and F). With decreasing 
bandwidth, the Stoner criterion can be fulfilled even in the case of uranium compounds. 
We thus explain the Hill plot on the basis of Stoner theory for band magnetism. 

A somewhat different interpretation has been given by Johansson 61) who applied the 
Mott-Hubbard theory of localized versus itinerant electron behaviour also to com- 
pounds. This interpretation differs from the above one mainly in that it assumes complete 
localization for magnetic compounds, and that at a certain critical inter-atomic distance 
we have to switch our description from a metallic state to an insulating one for the 5 f 
electrons (see Eq. (42)). In Eq. (42), aH is substituted by a convenient measure of the 
spatial extension of the 5 f orbital, the expectation values (R 2 ) 1/2 (analogous to (R 4) 1/4 of 
Fig. 10) and XMott is calculated from the Rw~ radii of actinide metals (Fig. 3). The result is 
given in Table 6. 

In Figs. 17 to 19 are presented Hill plots for U, Np and Pu metallic compounds. In the 
case of protactinium recent experimental and theoretical investigations 62) indicate that no 
magnetic ordering can be expected in metallic compounds: the Stoner criterion can never 
be fulfilled even for quite large interactinide spacing. In the same study quantitative 
theoretical grounds are given to Hill plots: the calculation of the Stoner criterium 
(Table 7) shows that it is not fulfilled for UC but just with UN in agreement with Fig. 17. 
In fact, measurements of the magnetic moment of UN under pressure clearly show the 
critical situation of this compound 63). 

Plutonium is a borderline case in that the 5 f band is quite narrow but a non-magnetic 
ground state is easily obtained either from a band or a localized point of view. In a band 
model, the 5 f band is split by the strong spin-orbit coupling into a 5/2 and a 7/2 sub-bands. 
The 5/2 sub-band (containing 6 states) is almost filled for plutonium and thus the density 
of states is quite low. From a localized point of view, the strong crystal field may often 
lead to a F1, non-magnetic, singlet ground state for tetravalent ions (e.g. PuO2, Pu2C3). 
In the case of chalcogenides there are two alternatives to explain the absence of magnet- 
ism: either a F1 ground state assuming Pu +4 ions or a mixed-valence situation pu+3/pu+2 

which will be non-magnetic because Pu ÷2 is non-magnetic (J = 0). Clearly Pu chalco- 
genides deserve more studies. 

Table 6. A comparison of the Mott parameter XMott in the actinide and in some lanthanides (from 
Ref. 61) 

Th Pa U Np Pu Am Cm Bk Ce(a) Pr Nd Pm 

x = 0.28 0.28 0.28 0 . 2 8  0.26 0 . 2 2  0 . 2 1  0.20 0.21 0.18 0 . 1 7  0.16 
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No Hill plots can be drawn for transplutonium compounds for obvious reasons: very 
few are known, A m  compounds are essentially non-magnetic (J = 0) and all known 
results suggest well localized 5 f states. 

As noted by Hill himself 14), the weakness of the Hill plots comes from the crude 
assumption that direct overlap of 5 f wave functions is the only parameter governing the 
5 f bandwidth. 

The very fact that such plots are so successful is in favor of such an assumption. From 
a band theoretical approach, the second important parameter is hybridization. We thus 
expect that anomalies in the Hill classification will be indicative of remarkable hybridiza- 
tion situations: Hill plots are useful even for cases where they do not work. 

Table 7. The density of states at the Fermi level and the Stoner 
product in some NaCl-structure binary compounds of actinides 

N(EF) IN(EF) 

ThN 3.6 0.09 
ThAs 5.7 0.10 
PaN 15.3 0.17 
PaAs 33.7 0.54 
UC 29.8 0.69 
UN 104.6 1.23 
UAs 237.2 3.20 
USb 241.1 2.85 
US 193.9 2.17 
UTe 172.3 1.69 
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A good example is given by intermetallic compounds with the A u C u  3 crystal struc- 
ture: the interactinide spacing are very large (4/~ or over) and they should all be magne- 
tic whereas less than half of the compounds studied thus far order magnetically. 

Detailed studies - band structure calculations 52), de Haas-van Alphen effect 64) and 
polarized neutron diffraction 65) - have evidenced the strong hybridization of 5 f bands 
either with p anions bands (USi3, UGe3, USn3) or 4 d bands (URh3, UIr3). 

On the other side, UNi2 should not be magnetic since the interactinide spacing is very 
small (3.0 ,~) and Ni must have a tilled 3 d band as in Laves phases with lanthanide. 
Thus, the fact that UNi2 is a ferromagnet while c~-U metal is a Pauli paramagnet may 
have its origin in dehybridization: in UNi2, 5 f wave functions are less hybridized with 6 d 
ones since 6 d electrons are transferred to the 3 d band and there is no hybridization with 
the Ni-3 d wave functions since the Ni-3 d band is then filled 66). 

2. Band Formation in Actinide Compounds 

In the preceding sections, we have rapidly reviewed the concepts that are involved in the 
band formation of actinide metals. We would like to point out what more is involved in 
the band formation of actinide compounds. This is very obvious: the anion valence band. 
In fact, the hybridization with anion states which we presented as the main correction to 
the simple Hill scheme is indeed the central question involved in detailed band structure 
calculations in actinide compounds. We pointed out in the previous paragraph the case of 
UGe3; we would like here, as an example, to compare somewhat UOz and NaC1 com- 
pounds of uranium. As confirmed by recent photoemission studies 67-7°), U02 has well 
localized 5 f states whereas NaC1 compounds have a narrow 5 f band pinned at the Fermi 
level. Nevertheless the U - U  spacing is the same in UO2, UP and US. This difference may 
be understood in terms of charge transfer versus f-p hybridization. 

In UO2, uranium is tetravalent (O is in fact strongly electronegative; thus the 6 d-7 s 
conduction band is empty and oxygen 2p states are far below 5f states (5 eV)). The 
hybridization is therefore very small and UO2 is an insulator with 5 f states in the 
gap71, 72). In NaC1 compounds, pnictogens and chalcogens are less electronegative and the 
charge transfer is less pronounced; U is essentially trivalent (with the possible exception 
of US); the p states of chalcogens are less tighly bound (4 eV below 5 f states) and this is 
even more pronounced for pnictogens ( -  2.5 eV below 5 f states). Thus the hybridization 
with p states increases for chalcogenides and is even stronger for pnictides (see Chap. C). 
This is very well shown by band calculation 59~. There are two consequences: 
- 5 f states broaden into a narrow band which is close to the Fermi level giving rise to a 

high density of states at the Fermi level and to a situation quite favorable for mixed 
valence behaviour; the type of magnetic ordering is much influenced by the f-p hy- 
bridization73-76). 

- From a chemical point of view, 5 f electrons will participate in the chemical bond as 
evidenced by their very high melting points when one compares them with the ones of 
lanthanide pnictides and chalcogenides. 
As can be observed in Fig. 19, the borderline of Pu is much clearer now than at the 

time of the Hill's original proposal, mainly because new compounds have been studied 
and numerous compounds for which states may be safely assured to be localized are not 
magnetic, even for Pu-Pu distances greater than 4.0 •. Thus such a plot should be used 
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with caution for Pu compounds and should not serve as a good indication for delocaliza- 
tion of f states. Really the behaviour of Pu compounds seems more related to localized 
magnetism. 

VI. Conclusions 

In the first part of this chapter, it was anticipated that the light actinides should be 
considered as constituting a new transition metal series with the 5 f shell behaving much 
in the same way as d shells in the d-transition metals series'. This is verified for the 
elemental metals, the evidence having been examined with some detail in Part IV. The 
spatial extension of the 5 f wave functions, is responsible mostly for this: f-f overlapping, 
in elemental light actinide metals, produces narrow f bands, which then hybridize with 
the s and d broad bands, and pin the Fermi level in their neighbourhood. Thus, the 
properties of the light actinide metallic solids (not only of the elemental metals) will 
differ from those of the lanthanides mostly because of a 5 f participation in the cohesion. 
The interactinide distance becomes an important parameter to be held into account 
whenever the ground state properties are to be analysed or predicted. Correspondingly, 
in these solids the localized atomic magnetism is not established. Neither is, in elemental 
metals, band magnetism, since the 5 f bands broaden, because of f-d hybridization. The 
usefulness of Hill's plots (Part V) as a representation of localization vs. itineracy despite 
their numerous failures (which also have to be kept in mind) derives from having taken 
the occurrence of localized magnetism and the interactinide distance as the natural flame 
to represent these two aspects. However, the properties deriving from cohesion (Figs. 2, 
3, 5 and 15) and their comparison with those of lanthanides, are as good a frame and 
historically the first to have attracted attention. 

Figure 20 (from77)), represents the composition of the total ground state energy of 
bonding electrons (hence, the cohesive energy) in light actinide elemental metals. It is 
seen in this figure that, in the thermodynamics of the light actinide metallic bond, 
itinerant 5 f electrons, rather than 5 f localized electrons are advantageous to cohesion, 
since the total energy is decreased. Also other features are visible in this figure: that 5 f- 
itineracy produces a smaller equilibrium atomic volume than 5 f non bonding localiza- 
tion, since in the latter (typical of the 4 f in lanthanides) the conduction bonding band is 
ensured by the much more delocalized 7 s and 6 d bands. 

The Mott-like transition, a central concept for the description of the actinide metal 
series, causes the sudden increase of the atomic volumes, encountered when between Pu 
and Am (Fig. 3). All other properties indicate the onset of a 5 f localized behaviour at 
Am (see Part V): the 5 f pressure, which had contained to smaller values the equilibrium 
interactinide distance, suddenly gives in, with the withdrawal of the 5 f's within the 
atomic core. The occurrence of such a transition within a series characterized by an 
unsaturated shell, is a unique phenomenon of the actinide series. In lanthanides, it does 
not occur except perhaps under pressure: in cerium metal the approaching of cerium 
atoms induces suddenly the itineracy of 4 f orbitals and a sudden volume collapse - see 
Chap. C. Neither it occurs in d-transition metal series, where the atomic volumes have an 
almost parabolic behaviour when plotted vs. Z (see Fig. 3 and Chap. C). The current 
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Fig. 20. Schematic representation of 
the s, p, d and f partial contributions to 
the total energy of electrons in the con- 
duction band of a light actinide metal. 
The different R's denote the radial ex- 
tension of the different contributing 
orbitals. R eq (f-included) and R~qn_f re- 
fer to the equilibrium volumes when 
the 5 f electrons are itinerant and when 
they are non-binding (from Ref. 77) 

e t 

q 

11 

\\ \\ ~ "  
\ \\ /.i/ 

-N d 

-Rs, p 

eq 
Rnon-f 

R eq (f-included) 
IP, 

V 

R 

explanation of the Mott-like transition is that the spin-polarization atomic term becomes 
suddenly important when at americium, so that in the delicate balance between the 
interatomic UH and W descriptive parameters (defined elsewhere in this chapter) of 
models such as the Stoner and Hubbard models (see Part III), UH predominates. (See, 
however, a very recent paper by Harrison 7s), which, within the frame of the Anderson 
model, describes the same Mott transition without referring specifically to the spin- 
polarization energy, but to a different U, or localization energy, separating two resonant 
5 f states, one localized and one delocalized.) 

The general concepts illustrated in this introductory Chapter constitute the guidelines 
of the book. 

In Chap. B, attention is drawn to chemical aspects of preparation of actinide samples, 
especially single crystals: an important necessity for actinide solid state physics, which 
has, in the last decade, reached the maturity of other fields in materials science, therefore 
presenting a need of well characterized and pure samples. 

In Chap. C, the thermodynamic and structural outlook of the bond, which had been 
the matter of discussion in Part A of this chapter, is further developed, and the model 
formalism, which takes advantage of the well known Friedel's model for d-transition 
metals but is inspired by the results of refined band calculations, is presented for metals 
and compounds. Also, a hint is given of the problems which are related to the non- 
stoichiometry of actinide oxides, such as clustering of defects. Actinide oxides present an 
almost purely ionic picture: nevertheless, covalency is present in considerable extent, and 
is important for the defect structure. 



54 J.M. Fournier and L. Manes 

Chapters D and E are central to the book: Chapter D is devoted to present 
(although, in a rather short way) methods and results of magnetic measurements. Also, 
we thought that an up to date collection of magnetic data would help the reader of this 
book,  and perhaps inspire new lines of research. 

In Chap. E, photoelectron spectroscopic methods, in recent times more and more 
employed to the study of actinide solids, are reviewed. Results on metals and on oxides, 
which are representative of two types of bonds, the metallic and ionic, opposite with 
respect to the problem itineracy vs. localization of 5 f states, are discussed. In metals 
photoemission gives a "photographic" picture of the Mott transition between Pu and 
Am.  In oxides, the use of photoelectron spectroscopy (direct and inverse photoemission) 
permits a measurement of the intra-atomic Coulomb interaction energy UH. 

Finally, in Chap. F, a description of the most refined theoretical methods, as 
employed in acfinides, is given, and its results for actinide solids are discussed. In the first 
part  of the chapter,  the author starts discussing actinides by present ing . . ,  the zirconium 
atom: a striking beginning, purposely introduced in order to show the transition metal 
propert ies of 5 f wave functions. 
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Considerable progress has been possible in the determination of chemical and physical properties of 
actinide solids as a result of improved preparation and purification methods. 

The growing demands for well characterized samples have given the incentive to overcome the 
difficulties presented to the actinide chemist by the high radioactivity hazard and comparative rarity 
of the actinide elements. 

In this chapter, preparation and purification methods are reviewed. In view of the expected role 
of 5 f electrons in the metallic bond of actinides, methods for the preparation of metals have been 
particularly studied. There has also been important progress in the preparation of simple binary 
compounds. Special emphasis has been given to the growth of single crystals, particularly needed for 
the most refined physical techniques. 

The chapter underlines the interdisciplinary nature of actinide solid state research. 
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1. Introduction 

W. Miiller and J. C. Spirlet 

As seen in the first chapter, the study of the solid state properties of actinides and their 
compounds is advancing rapidly, since theoretical and experimental solid state physicists 
are increasingly interested in the peculiar behaviour of 5 f electrons, which cause solid 
state properties similar to those of d transition elements in the first half of the series and 
to those of 4 f lanthanides in the second half 1). 

This has been made possible by recent achievements. The most relevant are indicated 
below. 
- The determination of such solid state properties that are influenced by radiation dam- 

age or decay heat has been facilitated by the availability of long-lived isotopes of the 
less common actinides (Table 1). 

- Modern techniques of preparation, refining and crystal growth have been adapted to 
the special precautions for handling radionuclides. 
The preparation and investigation of most actinide metals and compounds require the 

use of high purity inert atmosphere. Such an atmosphere can be maintained in the double 
glove-box system presented in Fig. 1. The inner glove-box contains high purity argon, the 
outer glove-box is filled with dry nitrogen. A vacuum lock chamber allows materials to be 
introduced into the argon atmosphere, the impurity content (02, N2, H20) of which is 
kept in the ppm range. 
- Methods of characterization of the solid, e.g. by X-ray diffraction techniques, have 

been improved and complemented by multielement analysis of impurities. 
- Special encapsulating techniques have been conceived for physical measurements of 

actinide containing samples. 
High purity actinide metals are subject to sophisticated investigations of bonding 

related properties; they are starting materials for the synthesis of compounds. 
Among the actinide compounds the interest is concentrating on binary compounds of 

simple structure (e.g. 1 : 1 compounds with elements of the groups V and VI of the 
periodic table) for which the theoretical treatment is rather advanced, and on intermetal- 
lic (e.g. Laves-) phases. 

Table 1. Decay properties and availability of actinide isotopes for solid state studies ~) 

Nuclide Half-life (years) Availability Problems 

227Ac 2.2 x 101 mg y(daughters), ct 
231pa 3.2 × 104 g ct, ~,(231Ac) 
237Np 2.1 X 10 6 g-kg ct 
239pu 2.4 X 104 g-kg ct, heat 
242pu 3.9 x 105 g n(sf) 
241Am 4.3 x 102 g-kg ct, ~,(60 keV), heat 
243Am 7.4 x 103 g y(239Np), a 
244Cm 1.8 X 101 g Ct, ~/, n(ct, n), heat 
24SCm 3.6 x 10 ~ mg n(sf) 
~49Bk 0.9 x 10 ° mg t3 
249Cf 3.5 x 102 mg ct 
252Cf 2.6 × 10 ° mg-g n(sf), ?, ct, heat 
253Es 5.5 × 10 -z ~mg ct, heat 
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1 

Fig. 1. Double glove-box system for the preparation and refining of actinide metals: 1. RF heating 
system; 2. Water cooled quartz vacuum furnace; 3. Box filled with circulating nitrogen; 4. + 5. 
Argon in and out filters ~ filter; 6. Stainless steel box filled with circulating argon; 7. Vacuum lock 
chamber; 8. Pump 

Since uranium continues in being one of the most interesting elements of the actinide 
series, available in sufficient quantity and purity without necessitating special handling 
precautions, it is obvious that frequently crystal growth techniques have been developed 
with uranium compounds. 

Previous results of the preparation chemistry of actinide elements have been reviewed 
in detail by F. Weigel 2). In the following chapter, the actual state of the possibilities for 
the preparation and refining of actinide metals will be described; the principles and 
trends in synthesis and crystal growth of (simple) actinide compounds will be shown. 

2. Actinide Metals 

a) Preparation 

Actinide (An) metals are prepared by reduction or thermal dissociation of their com- 
pounds 3). The metallothermic reduction of halides is still in use, especially for microscale 
preparations. In this procedure, anhydrous actinide halides, in general fluorides, are 
exposed to the vapour of alkaline or alkaline earth metals, e.g. 

AnF3 + 3 Li = An + 3 LiF (1) 
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Excess reductant and alkali halide are evaporated from the reaction mixture leaving, 
however, non volatile impurities in the metal, including oxygen from incompletely dehy- 
drated starting halides. 

The latest developments in the preparation of anhydrous actinide halides and their 
reduction to metals at the microscale have been reviewed by Haire 4). 

The preparation of larger quantities of high purity actinide metals is being based 
increasingly on separation or purification via evaporation of the actinide metal 5). In these 
methods, actinide compounds (oxides or carbides) are reduced by metals forming non- 
volatile oxides or carbides under conditions where the actinide metals can be volatilized: 

An203 + 2 La = La203 + 2 An (2) 

AnO2 + T h  = T h O z + A n  (3) 

AnC + T a  = T a C + A n  (4) 

The choice of the starting compound of the actinide (oxide or carbide) and of the 
reductant is determined by the vapour pressure of the actinide metal. For a given temper- 
ature, the vapour pressures of the actinide metals (Fig. 2) span a ratio of more than 10 t°. 
As the vapour pressure of La is similar to those of Ac, Cm, Pu, only the more volatile 
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actinide metals, Am, Cf, Es  6' 7) are prepared in pure form by this reductant. Th has been 
used in addition to prepare Am, Ac and Cm s), whereas tantalothermy of carbides 
(obtained by the carboreduction of oxides) has been applied for U, Np and Pu 9). 

The vapour pressure ratio of actinides to noble metals is also the basis of the actinide 
metal preparation by thermal dissociation of intermetallic compounds. Such intermetallic 
compounds of An and noble metals can be prepared by hydrogen reduction of a mixture 
of an An oxide and a finely divided noble metal (Pt, Ir...)10); in the absence of noble 
metals, hydrogen reduction of An oxides is impossible. Am and Cm metals have been 
obtained by thermal dissociation of their intermetallic compounds with Pt and Ir ll). 

High purity Th and Pa, the least volatile actinide metals, can be prepared by thermal 
dissociation of their iodides, which form readily by reaction of iodine vapour with car- 
bide: 

ThC + 2 12 ~ C + ThI4 (5) 

1300 °C 
ThI4 , Th + 2 I2 (6) 

The iodine vapours act as transporting agent in this modified version of the van Arkel 
procedure 12-i4). By replacing the resistance heated dissociation wire by an induction 
heated metal sphere (W or Th, respectively) large samples of Th or Pa crystals can be 
obtained 9). 

b) Refining 

As many physical properties of the actinide metals depend significantly on the sample 
purity, refining of the metals is mandatory. The choice of the refining methods is deter- 
mined by the chemical reactivity of the actinide metal in the presence of the constituents 
of air, by high temperature reactions with crucible materials, by the specific radioactivity 
and the availability of the actinide elements. 

The different methods of actinide refining 5) are based in part on experience in refining 
rare earth metals i5). In these methods, actinide metals and their impurities undergo 
selective phase transitions like evaporation and condensation, melting and dissolution 
which result in a separation of the constituents of the sample to be purified. 

Vacuum melting is particularly useful for eliminating volatile impurities from actinide 
metals of relatively low vapour pressures (Th, Pa, U, Np, Pu). These impurities are 
either present in the starting material or have been introduced during the metal prepara- 
tion step, from reductant and crucible material in metallothermic processes or from 
transporting agents in the van Arkel process. Oxygen and nitrogen are, in general, not 
eliminated. If possible, contact with the crucible should be avoided by use of levitation 
techniques. 

Efficient purification is achieved by selective evaporation and condensation. This 
technique is applicable to actinides of medium volatility i.e. Am or Cm 6' 16). The volatile 
impurities are eliminated by selective condensation of the actinide metal, less volatile 
impurities are left in the crucible. The efficiency of this refining method is determined by 
the relative evaporation ratio, which for two elements A and B equals the ratio of their 
activities at a given temperature. 
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~t(T) = (aAPA/aBPB)(MB/MA) 1/2 (7) 

where: a = activity coefficient 
p = vapour pressure 
M = atomic mass 

As this ratio (Fig. 3) 16) tends to decrease with increasing temperature, the best sep- 
arations are achieved at the lowest temperatures, which on the other hand, lead to low 
evaporation rates. The refining temperature is a compromise between the ratio of the 
vapour pressures and evaporation kinetics: e.g. 1120 °C Am, and 1600 °C for Cm evap- 
oration; and 900 °C for A m  and 1300 °C for Cm condensation 16). 

Van Arkel  refining by transporting and thermally dissociating actinide iodides has 
been applied to Th and Pa metals. Bulk metal instead of (brittle) wire can be obtained by 
dissociating the iodides on a radio-frequency heated sphere of the corresponding actinide 
metal. 

If the actinide metal is available in sufficient quantity to form a rod or an electrode, 
very efficient methods become applicable: electrorefining, zone melting, solid state elec- 
trotransport .  Thorium, uranium and plutonium have been refined by electrolysis in 
molten salts 17' 18). A n  electrode of impure metal is dissolved anodically in a molten salt 
bath,  e.g. in LiC1-KC1 eutectic; the purified metal is deposited on the cathode as a solid 

or a liquid. 
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In zone melting 15), a narrow molten zone is passing several times through a thin metal 
rod. Metallic impurities and carbon dissolve in the liquid and migrate with the molten 
zone to one end of the rod, oxygen and nitrogen move to the opposite side. Refining in 
an electric field (Solid State Electrotransport Processing, SSEP) becomes possible for 
actinide metals with low vapour pressures (Th, Pa, U, Pu, Np), if the metal rod can be 
kept below its melting temperature (T = 0.8 Tin). Oxygen, nitrogen and carbon are 
carried with the electron flow, metallic impurities move in the opposite direction, result- 
ing in a purification of the center part of the rod. Both, zone melting and SSEP require a 
good vacuum. Refining of U by SSEP (1600 °C, 2 • 10 3 AJcm 2, 10 -8 Torr) resulted in a 
resistivity ratio R(300 K)/R(4.2 K) = 200; improving the vacuum to 10 -12 Torr yielded 
Th with a resistivity ratio of 420019). 

3. Actinide Compounds 

Trends in the preparation of actinide compounds have been summarized by one of the 
authors 2°). 

a) Compounds With Group VII Elements 

The preparation and properties of numerous actinide halides have been described by D. 
Brown21, 22). Although the oxidation numbers of actinides in halides can vary from II to 
VI, most solid state studies are limited to di-, tri- and tetrahalides. 

They are synthesized from the elements, e.g. 

Am + 3/2 I2 = AmI3 (8) 

Th + 2 Br2 = ThBr4 (9) 

or prepared in reactions involving compounds, e.g. 

Cf203 + 6 H B r  =2CfBr3  + 3 H 2 0  (10) 

ThC + 2 I2 = ThI4 + C (11) 

Pa + 2 HgCle = PaC14 + 2 Hg (12) 

Halides of divalent actinides are obtained by reaction of the metal with a stoichiomet- 
ric amount of HgX2 (X = CI, Br, I): 

Am + HgX2 = AmX2 + Hg 

or by reduction of trihalides with hydrogen 

CfBr3 + 1/2 H2 = CfBr2 + HBr 

~) (13) 

24) (14) 

Large single crystals (> 1 cm 3) of UC14, UBr4, ThC14 and ThBr425) have been grown 
by slow cooling of the melt. 
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b) Compounds With Group VI Elements 

Actinide oxides have oxygen to metal ratios of in general 1.5 (cubic, hexagonal, mono- 
clinic An203) to 2 (cub. AnO2--x); the composition An308 is known for uranium and 
neptunium. Claims for the identification of solid americium monoxide 26) are not con- 
firmed; in analogy to lanthanide element behaviour 27), actinide monoxide synthesis might 
be achieved in a high pressure reaction. 

Well defined oxide phases can be obtained by thermal dissociation of oxalates, by 
controlled oxidation of compounds or actinide saturated ion exchangers or by reduction 
of higher oxides with hydrogen. Thermal dissociation of compounds often results in 
oxides of low density; high (almost theoretical) density oxides can be prepared in "sol- 
gel" processes. 

Single crystals of actinide oxides are grown from the melt 28) or from solutions in 
molten salts 29' 301, electrolytically deposited in molten salts 31), obtained by sublimation 32) 
in chemical transport reactions 9). Single crystals of uranium and neptunium dioxide have 
been obtained in the presence of TeC14 as transporting agent 33' 34): the starting oxides are 
transported in a temperature gradient between 1075 °C and 975 °C (Fig. 4); prisms of 
UO2 (Fig. 5) and cubes of NpOz (Fig. 6) were obtained. The O/U ratio of non- 
stoichiometric uranium oxides (UO2÷x) is maintained during the transport in HC1 gas 35). 

In the actinide compounds with the other group VI elements (X = S, Se, Te), the X/ 
An ratio varies from 1 to 3. These actinide chalcogenides show predominantly the com- 
position AnX (cub.), An3X4 (cub., orthorh.), An3X5 (orthorh.), AnX2 (tetr.) and AnX3 
(orthorh.) which is also the order of decreasing thermal stability. 

The chalcogenides are synthesized either by reaction of the chalcogen vapour with the 
actinide metal or the hydride (Faraday-method), or in reaction with compounds: 

U + H g X  = U X + H g  36) (15) 

Bk203 + 3 HzS = BkzS3 + 3 H20 (16) 

T,°C 
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Fig. 4. Preparation of oxide single crystals by chemical vapour transport in a thermal gradient 
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Fig. 5. UOz single crystals prepared by chemical vapour transport with TeC14 

Uranium trichalcogenides (Fig. 7) are unstable above 500 °C, uranium dichal- 
cogenides are unstable above 1000 °C. Transuranium chalcogenides are even less 
stable37): actinide tritellurides AnTe3 (An = Pa, Pu, Am, Cm) dissociate between 400 
and 500 °C; ditellurides between 600 and 700 °C. 

Single crystals of uranium chalcogenides have been obtained in transport reactions 
with Br2, I2, TeC14 or AgBr 36/ as transporting agents. Single crystals of thorium and 
uranium dichalcogenides have been deposited in a thermal gradient of 50 °C/10 cm at 
850 °C with Iz as transporting agent 9). 

c) Compounds With Group V Elements 

The compositions of the most numerous actinide compounds with elements of the 
group V of the periodic table (X = N, P, As, Sb, Bi) belong to the types AnX2, An3X4, 
AnX. These pnictides can be synthesized in solid-gas-reactions with actinide hydride, or 
with metal powder obtained by thermal dissociation of hydrides. 

Nitrides are formed in reactions with nitrogen or ammonia; e.g. PaN at 1000 °C, the 
transuranium nitrides NpN, PuN, AmN and CmN at 700 °C. Some transuranium mono- 
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Fig. 6. NpO2 single crystals prepared by chemical vapour transport with TeCL 

pnictides (AMP, CmP, AmAs) can directly be synthesized in a Faraday-reactor between 
500 and 600 °C. Uranium monopnictides are obtained by stepwise dissociation of dipnic- 
tides (UP2, UAs2, USb2): 

UX2 ~ U3X4 ---' UX (17) 

Protactinium dipnictides (X = As, Sb) have been synthesized by reaction of As or Sb 
vapour with metal hydride at 400-700 °C 38). Pa3As4 was obtained by thermal dissociation 
of PaAs2 at 840 °C, Pa3Sb4 from the corresponding dipnictide at 1200 °C. Monopnictides 
of protactinium were not obtained by thermal dissociation of higher compounds. The 
diantimonides of the transuranium elements Np, Pu, Am dissociate between 700-800 °C 
into the monocompounds. Monopnictides of the higher transuranium elements have 
been obtained at the ~tg scale with 248Cm 39), 239Bk 4°) and 249Cf41) by thermal dissociation. 

From these observations it appears that with increasing atomic number of the ac- 
tinides 
- the temperatures necessary for the direct synthesis of monopnictides decrease 
- the thermal dissociation of higher pnictides to monopnictides is becoming easier. 
Single crystals of actinide pnictides have been grown from the melt and from the vapour. 
Single crystals of uranium and thorium nitfide have been drawn in an arc from a metal 
rod in the presence of (20 atm) nitrogen4~); UBi243), USb244), PuSb245) single crystals have 
been obtained by slow cooling from An-X melts with 5-20 a/o An. Large size UAs- and 
USb-single crystals are obtained in a recrystallization process by keeping the polycrystal- 
lized starting material for several weeks at temperatures just below the melting point ~6). 
The method was successfully applied to the preparation of single crystals of PuSb 47), 
PuBi, PuAs, NpAs. 
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Fig. 7. Thermal stability of uranium chalcogenides z°) 

Fig. 8. Apparatus for the preparation of single crystals by the Van Arkel procedure: 1. quartz 
ampoule; 2. tube with iodine; 3. feed material; 4. RF heated W sphere or plate; 5. resistance 
furnace; 6. RF coil 

Chemical transport with iodine as transporting agent can be generally applied for the 
growth of actinide pnictides in single crystal form: 

TI 
AnXm + nI2 ~ AnI2n + mX (T1 > T2) (18) 

T2 

According to this transport reaction, single crystals of UP2, UAs2, U3P4, U3As442' 48) 
and NpAs249) have been prepared by submitting polycrystalline pnictides to iodine va- 
pour and transporting them in a quartz bulb along a temperature gradient from T 1 to T2. 
Attempts to prepare single crystals of thorium pnictides, uranium antimonides or bis- 
mutides resulted in the attack of the quartz walls at temperatures of only 800 °C 5°). In 
order to prepare ThSb2, the quartz walls had to be coated with carbon. Due to the high 
temperatures required, monopnictides could not be prepared by this method. 

Therefore, and to avoid possible reactions with the quartz wall, it was attempted to 
combine synthesis and crystal growth of actinide pnictides in a modified van Arkel 
processSl, 52): Actinide metal or carbide - the latter obtained by carboreduction of the 
oxide - are heated in the presence of the pnictogen and of the transporting agent at the 
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Table 2. Synthesis temperature of actinide pnictides by the 
Van Arkel process 2°) 

Compound T1 (°C) T2 (°C) 

ThSbz 600 1200 
Th3Sb4 600 1450 
ThSb 600 1700 
U3As4 470 1300 
UAs 470 1650 
USb 2 540 1200 
U3Sb4 540 1450 
USb 540 1800 
PaAs2 400 1000 
Pa~As 4 400 1500 
PaAs 520 2000 

W. Miiller and J. C. Spirlet 

t empera ture  T 1 (Fig. 8); the pnictides are deposited at the temperature T2 on an induc- 
tion heated, polished tungsten plate. The temperature TI determines the vapour pressure 
of pnictogen and of the iodine, T 2 determines the composition of the pnictide; the 
transport rate is determined by T2-Tv Table 2 contains conditions for the preparation of 
some actinide pnictides in single crystal form (Fig. 9). By this method ("modified van 
Arkel-process") PaAs was synthesized for the first time and deposited in form of single 
crystals 52). 

d) Compounds With Group 1-IV Elements 

These compounds have a metallic character or are intermetallics. Actinide carbides 
(mono-, sesqui-, dicarbides) are prepared by carboreduction of the oxides: 

AnO2 + 3 C = AnC + 2 CO (19) 

or by reaction between hydrocarbons and actinide metal (powder): 

An + CH 4 = AnC + 2 H2 (20) 

Direct synthesis is applied to the preparation of other compounds with elements of 
the first main groups of the periodic table: AnSn3, AnB2, AnBe13. 

The reaction of hydrogen with bulk actinide metals yields, in general, hydride (cubic 
AnH2+x, hex. AnH3-x) powders because of the low density of the reaction product. In 
the case of the plutonium-hydrogen system, the hexagonal (LaFr) phase covers the 
range of compositions between PuH2,75 and Pull2,95; there are indications for an 
orthorhombic (YF3-) phase between the composition Pull2,95 and Pull353). 

Compact (bulk) plutonium hydride (Pul,95 to Pull2,65) has been obtained by hydriding 
under pressure c~-Pu in the plastic range (350--400 °C) 54). Protactinium trihydride is less 
stable than uranium trihydride 55). 
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Fig. 9. Crystals of U3Sb 4 obtained by the Van Arkel 
procedure 

e) Compounds With d-Transition Metals 

The compounds with elements of the platinum group can be prepared by direct synthesis, 
which requires the availability of actinide metals. Such intermetallics can, however, also 
be obtained by "coupled reduction ''1°) of actinide oxides with hydrogen in the presence of 
finely divided noble metals: 

AnOy+ yH2 + x Me = AnMex + y H20 (21) 

Single crystals of e.g. UPd3 have been prepared by floating zone technique 56). Large 
and perfect single crystals of e.g. UC02 or UNi557) with high purity have been drawn from 
a levitated melt (Fig. 10). 
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Fig. 10. Pulling of a single crystal of 
UNi5 from the levitated melt by the 
Czochralski method 

4. Characterization 

Actinide metal samples are characterized by chemical and structure analysis. Multiele- 
ment analysis by spark source mass spectrometry (SSMS) or inductively coupled argon 
plasma (ICAP) emission spectroscopy have lowered the detection limit for metallic 
impurities by 102 within the last two decades. The analysis of O, N, H by vacuum fusion 
requires large sample, but does not distinguish between bulk and surface of the material. 
Advanced techniques for surface analysis are being adapted for investigation of radioac- 
tive samples (Fig. 11) 1 . 

Due to the low penetration depth of X-rays in heavy element samples, XRD patterns 
are not always significant for the structure of the bulk. In analogy to observations made 
on rare earth metal foils, fcc phases observed occasionally after heating and interpreted 
as high temperature phases of the actinide metals, might be the product of a reaction 
between the metal surface and residual gas leading, e.g. to hydride etc. 

1 The adaptation for radioactive samples described in Fig. 11 has been performed by J. Naegele 59), 
basically for the investigation of surface and bulk properties of actinide solids such as discussed in 
Chap. E. In that chapter, a more detailed description for the characteristics of the system is given 
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PCh preparation chamber; S sample; SR sample rod; TiSP Titanium sublimation pump; TP tur- 
bopump; UVS UV (rare gas discharge) source; XRS X-ray source (Mg or A1 anode); 1. PS first 
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The presence of decay products of the actinides can occasionally be used as an 
internal standard when the date of the last separation is known, e.g. in Pa the Ac content 
calculated as 12 pg/g was observed to be 13 ~tg/g at the time of the analysis 5s). 

The chemical composition of the compounds, until now characterized predominantly 
by X-ray diffraction methods in analogy to lanthanide or actinide compounds, is increas- 
ingly being determined by standard analytical procedures. These methods (e.g. 
coulometry, spectrophotometry) have to be adjusted to the quantity of material available 
and effects of radioactive decay have to be taken into account. As with metals, chemical 



72 W. Mtiller and J. C. Spirlet 

impurities are identified by multielement analysis (SSMS, ICAP). The identification of 
single crystals is facilitated by the GANDOLFI  technique 6°) which yields X-ray powder 
diffraction patterns by rotating the single crystals around two axes. 

5. Conclusion 

During the last years, the possibilities of preparing well characterized, high purity 
actinide metals and compounds have improved. Preparation of metals and compounds is 
increasingly based on methods applying reaction or purification steps via the vapour 
phase. Single crystals of halides are grown from the vapour or the melt. Single crystals of 
oxides, chalcogenides and pnictides are obtained in transport reactions with I2 or TeC14 as 
transporting agent. Actinide pnictides are deposited in a modified van Arkel process or 
by recrystallization ("mineralization") at temperatures close to the melting point. Single 
crystals of intermetallics can be drawn from a levitated melt. 
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Chapter C 

Structural and Thermodynamic Properties of 
Actinide Solids and Their Relation to Bonding 

L. Manes and U. Benedict 
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European Institute for Transuranium Elements, Postfach 2266, 7500 Karlsruhe, F. R. G. 

The problem of bonding in actinide solids has been approached through the establishment of semi- 
theoretical correlations between thermodynamic and structural properties and the degree of partici- 
pation to the bond of the different electronic orbitals of the actinide atom. 

The first part of the chapter is devoted to an analysis of these correlations, as well as to the 
presentation of the most important experimental results. In a second part the following stage of 
development is reviewed, i.e. the introduction of more quantitative theories mostly based on bond 
structure calculations. These theories are given a thermodynamic form (equation of states at zero 
temperature),  and explain the typical behaviour of such ground state properties as cohesive ener- 
gies, atomic volumes, and bulk moduli across the series. They employ in their simplest form the 
Friedel model extended from the d- to the 5f-itinerant state. The Mott transition (between 
plutonium and americium metals) finds a good justification within this frame. 

In actinide binary compounds an equation of state can also be developed on the same lines. The 
difference in electronegativity of the actinide and the non-actinide element plays an important role, 
determining the degree of mixing between the actinide orbitals (5 f and 6 d) and the orbitals of the 
ligand. A mixture of metallic, ionic and covalent bond is then encountered. In the chapter, two 
classes of actinide compounds are reviewed: NaCl-structure pnictides or chalcogenides, and oxides. 

In oxides a large departure from the stoichiometric composition is usually met. The importance 
of this phenomenon, also for the understanding of the oxide bond, is highlighted at the end of the 
chapter. 
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Structural and Thermodynamic Properties of Actinide Solids 

I. Introduction 

77 

1. Thermodynamic and Structural Studies as First Approach to 
Bonding 

a. The "Idiosyncratic Structures ''1) of  Lighter Actinide Metals 

The lower actinides, uranium, neptunium and plutonium, present crystallographic struc- 
tures which may be called "idiosyncratic". The simplest qualitative model ("electron sea" 
model) for a metal is one in which ions resulting from the loss of outer electrons are 
"glued together" by the "sea" of free electrons providing the special "glue" called the 
metallic bonding. Except in the immediate neighbourhood of each ion, the metallic 
bonding has no directionality. "Simple" metals, therefore, (e.g. the monovalent alkali 
metals) have structures of the highest symmetry, as appropriate to the packing together 
of (ionic) spheres, a feature similar to the crystallographic behaviour of other non- 
directional types of bonding, i.e. van der Waals and ionic bonding. 

For the lighter actinide metals, however, we encounter, at normal temperature and 
pressure such asymmetric structures as monoclinic for plutonium. There is a complete 
"idiosyncracy" to the description of a "simple" metal: strong directionality sets in. In the 
light of the discussion of Chap. A on the 5 f orbitals, it is easy to attribute this directional- 
ity to the 5 f participation to the bonding, in competition with the 7 s and 6 d electrons. 
Thus, the degree of their participation becomes a central issue for the understanding of 
the conduction band of these "idiosyncratic" metals. 

b. Bond Indicators for Actinide Metals 

The cohesive energy of a metal (and the related measurable thermodynamic properties) 
is relatively easy to understand in a simplified picture of the metallic bond. 

Thus, the first attempts to understanding of chemical and physical properties in the 
actinide series dealt with the systematic inspection, across the series, of the thermody- 
namic properties influenced by the cohesive energy. As well as for the structure, the 
variations encountered can be attributed to the participation of outer electrons in setting 
up the metallic bond, with the peculiar behaviour of the 5 f orbitals among them. 

These attempts may be called "thermodynamic semi-theoretical approaches". They 
concern mostly the simplest kind of bonding, namely the metallic bond. The underlying 
hypothesis is that the contributions of different outer orbitals (7 s, 6 d, 5 f) in some chosen 
thermodynamic or structural property can be linearly combined, the coefficients of this 
linear combination being related to the "degree of participation" of the different orbitals 
in the bonding: an approach clearly related to the molecular orbital approach of quantum 
chemistry and to the hybridization concept, and which had been previously employed in 
other transition metals and to the rare-earth metallic systems 2-51 (for a criticism of this 
approach, see Ref. 6). The chosen thermodynamic and structural properties are, there- 
fore, "bonding indicators", since they will reflect contributions introduced by the fact 
that the wavefunctions of bonding electrons have mixed orbital characters. 
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c. Thermodynamic Equations for Bond Related Properties 

In recent times, the "bond indicators", which are the ground state properties of the solid 
related to its cohesion (metallic radii, cohesive energy, bulk moduli), have been inter- 
preted in the light of band calculations. The bond in metals and in compounds has been 
described by an easily understandable and convincing thermodynamic formalism, which 
we shall illustrate in this chapter. Essentially, narrow bands, as the 5 f electrons form, are 
considered to be "resonant" with the wider (spd) conduction band. The 5 f electronic 
population is seen as a "fluid" the partial (bonding) pressure of which assists in cohesion 
along with the partial pressure of another "fluid" constituted by the conduction electrons 
of (s and d) character 7). 

II. The Crystal Structure of Actinide Metals 

1. General 

Most of the metallic elements of the Periodic Table crystallize in one or more of the 
highly symmetric structure types A1 (cubic close packed, ccpl), A2 (body-centered 
cubic, bcc) and A 3 (hexagonal close packed, hcp) 8). 

A few other structures encountered in metallic elements can be considered as distor- 
tions or slight modifications of one of these simple structure types. The structures of 
mercury fall into this category. The body-centered tetragonal structure observed for 
indium, protactinium, and plutonium is a distortion of the ccp structure type. The so- 
called double hexagonal close packed (dhcp) structure first found for americium, then 
also assigned to other actinide and lanthanide metals, is obtained by stacking hcp units 
along their c axis, with the condition that every second unit is rotated by 180 ° around that 
axis. This requires doubling of the c parameter with respect to the hcp structure, with the 
consequence that the dhcp unit contains four atoms in comparison to the two atoms 
contained in the hcp unit. 

Departures from this orderly behaviour of the metals are only found in a few regions 
of the Periodic Table. Among the A groups, these exceptions are found in the 3rd, 4th 
and 5th column and concern gallium, white tin, and the pnictogens arsenic, antimony and 
bismuth. Among the transition metals, there is (with the exception of a metastable 
primitive cubic modification of tungsten, which forms under certain conditions) only one 
element which departs from the three basic metallic structures: manganese which in its 
beta form has a complicated primitive cubic structure. The exceptional crystallographic 
character of manganese was explained by Brewer through the existence of different 
electronic configurations with approximately equal energies. It is interesting to note in 
this context that plots of different physical properties versus atomic number in the 3 d 
series 9) show an anomaly for this metal. 

1 The term ccp (cubic close packed) is here employed rather than the more familiar fcc (face 
centered cubic) in analogy with the term hcp (hexagonal close packed) 
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The remaining exceptions concern: the lanthanide series, where samarium at room 
temperature has a particular hexagonal structure; and especially the lower actinides 
uranium, neptunium, and plutonium. Here the departure from simple symmetry is par- 
ticularly pronounced. Comparing these three elements with other metals having partly 
filled inner shells (transition elements and lanthanides), U, Pu, Np have the lowest 
symmetry at room temperature, normal pressure. This particular crystallographic charac- 
ter is the reason why Pearson did not succeed to fit the alpha forms of U, Pu, and Np, as 
well as gamma-Pu into his comprehensive classification of metallic structures 1) and treat- 
ed them as "idiosyncratic structures". Recent theoretical considerations 1°) reveal that the 
appearance of low symmetries in the actinide series is intimately linked to the behaviour 
of the 5f electrons. 

The higher actinide metals americium, curium, berkelium and californium have - at 
normal pressure - again the "common" structure dhcp and are in this respect similar to 
some of the lanthanide metals. In fact, the theoretical calculations and certain experi- 
mental observations show that in these actinide metals, 5 f electrons are localized, as are 
the 4 f electrons in the lanthanide metals. More detailed considerations on the possible 
correlations between electronic and crystal structure are found in n) . 

Table 1 gives the known structures of the actinide metals. 

2. Structural Changes With Temperature 

The allotropic behaviour of the actinides with change in temperature is summarised in 
Fig. la.  

3. Structural Changes With Pressure 

a. Trends for Actinide Metals Under Compression 

The actinide metals up to californium were studied under pressure at room temperature 
(Fig. 1 b). For the lighter actinides up to plutonium, the (densest) room temperature 
allotrope remained in general stable under compression to the highest pressure attained 
(68 GPa for Th, 53 GPa for Pa, 21 GPa for Pu). a-U was stable up to about 50 GPa; 
preliminary results indicate that at 71 GPa a different structure of uranium may exist. Np 
was only studied to 3.5 GPa by a piezometric technique. 

In contrast, americium undergoes three phase transitions in the pressure range below 
16 GPa. The first of these (to the cubic close-packed structure, which is not found under 
pressure in the lighter actinides), underlines - as does the structural sequence with 
temperature at normal pressure - the resemblance of americium with the lanthanide 
metals. But the appearance of low symmetry structures Am III and Am IV above 
10 GPa can be reasonably described as a consequence of the participation of the 5 f 
electrons in bonding which is caused by pressure. Correspondingly, in the lighter 
actinides, 5 f's already participate in the bond at normal pressure; thus pressure will not 
change the 5 f configuration, and very high pressures are required (see uranium) to 
induce structural changes by other mechanisms. 
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Fig. 1 a, b. Phase transitions in actinide metals, based on the data of Table 1; a) with temperature at 
ambient  pressure,  b) with pressure at room temperature. Arrows mark the highest (or lowest) 
temperatures  and pressures attained up to now 
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The structural sequence dhcp ~ ccp was also expected to occur in the next element, 
curium. But the ccp phase was not observed under pressure. In contrast, the simple 
hexagonal close-packed (hcp) and, at still higher pressure, an as yet undetermined struc- 
ture is formed. If these results are confirmed by further study, curium structures will have 
to be considered as another intermediate stage between the lighter and the heavier 
actinides 2. 

The next two elements, berkelium and californium, were recently found to have 
identical structural sequences under pressure (Fig. 2 b, c). The first high pressure transi- 
tion for both Bk and Cf is dhcp ~ ccp as in the lanthanides. Thus the "lanthanide 
character" of heavy actinides again seems confirmed. But a second transition to the low 
symmetry a-uranium type structure follows in both metals. This transition reflects the 
start of 5 f participation in bonding. The transition pressures increase monotonically on 
going from Am to Bk and Cf: 5, 7 and 17 GPa for the dhcp ~ ccp transition, 10, 25, 
30 GPa for the ccp ~ An III  (low symmetry phase) transition. The second transition in 
Cm occurs at 18 GPa; this transition pressure fits well into the sequence of delocalization 
pressures. But the dhcp ~ hcp transition in Cm occurs at 12 GPa and thus does not fit 
into the increasing Z sequence with respect to both structure type formed and transition 
pressure 2. 

The lanthanide metals should also be investigated to higher pressures than previously 
applied. It is not excluded that their 4 f electrons also participate in bonding as do the 5 f's 
of Bk and Cf, after the dhcp, ccp and, possibly, "distorted fcc" phases have been 
reached. An indication of this possibility can be seen in the recent discovery of the a- 
uranium structure type in praseodymium (Pr IV) 25' 26). This structure type was previously 
observed for cerium, but was thought to be restricted to that metal which has an excep- 
tional position among the lanthanide elements. 

b. The Case of  Americium 

The behaviour of americium under pressure provides important information for the 
understanding of the properties of actinides. It merits thus a more detailed consideration. 

Published records of high pressure work on americium in the Lawrence Livermore 
and Los Alamos National Laboratories (LLNL and LANL) 19-22) cover the range up to 
18 GPa. Figure 2 a gives a summary of results for this pressure range. Both laboratories 
agree that above the range of the normal pressure, room temperature, allotrope of 
double hexagonal close-packed (dhcp) structure the structure is face-centered cubic up to 
about 10 GPa. LANL and LLNL report a monoclinic structure for pressures between 10 
and 15 GPa. Space group No. 11 (P21/m) is assigned by LANL, but LLNL gives a c- 
centered structure with different lattice parameters. Roof  27) showed that both structures 
are related. A similar situation exists for the allotrope described for the pressure range 15 
to 18 GPa. L A N L  reports it to be of the c~-uranium type structure, LLNL describes it to 
be similar to that structure type. 

Further study of the high pressure allotropes of americium seems to be required 
under these circumstances 3. An additional argument for further invesigation is the dis- 
crepancy in volume change between experimental results and calculations. Figure 2a 

2 See, however, the "Note Added in Proof" at the end of the Chapter 
3 New structural data for Am up to 52 GPa 28) were obtained after this manuscript was completed 
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shows that only small, if any, volume discontinuities occur at the phase transitions. The 
dotted line gives the volume calculated by ASA-LMTO 1°) , the relativistic, non spin- 
polarized volume calculated by Brooks 29) being used as a lower limit of the volume 
collapse. A volume change of - 22% is thus evaluated, while - 35% was obtained in the 
original ASA-LMTO calculations. Though the volume decrease is smaller on the basis of 
Brook's calculations, its order of magnitude and discrepancy with experiment remain the 
same. 

4. Phase Diagrams 

Only for U, Np and Pu sufficient experimental work was carried out so that a pressure- 
temperature phase diagram can be constructed. 

Figure 3 shows that the diagram simplifies when relatively low pressures (3 OPa) are 
applied. In each case, only 2 of the allotropes are left at four GPa and above. The 
explanation is probably that phases of relatively low density can no longer exist under 
pressure for these actinide metals. 

Fig. 3. Phase diagrams of U, Np and 
Pu metals 
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Binary interactinide normal pressure phase diagrams are known in more or less detail 
for U-Np, Np-Pu, Pu-Am, Th-U, U-Pu. 

An interesting way of simultaneously visualizing the structural relation in the actinide 
metal series are the interconnected binary phase diagrams of actinides given by J. L. 
Smith and E. A. Kmetko 3°) (Fig. 4). When using these it must be kept in mind that some 
of the reported regions are based on assumptions made by interpolating between the 
constituents. Some simplification is also used: the (different) tetragonal structures of Pa I 
and U II are given the same phase field: they should in fact have two separate phase 
fields. However, these phase diagrams achieve their goal, which is a description of f-f 
overlapping (see Chap. A) in a simple and convincing way. 

5. Atomic Volume of the Actinide Metals 

Figure 5 gives the variation of the atomic volume in the actinide series, for the room 
temperature crystal structures as well as for the ccp and bcc high temperature allotropes, 
which exist for a number of actinides. The graph is based on the lattice parameters of 
Table 1, which includes also recent results. The marked dip in the curve from Th to Am 
illustrates the shrinkage of interactinide distance which is linked to the itinerancy of the 5f 
electrons in this part of the acfinide series. 

III. Thermodynamic Semi-Theoretical Treatments of Bonding 
in Actinides 

1. The General Description 

The following procedures are common feature to the thermodynamic semitheoretical 
approach across the An-metal series: 
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- the definition of the metallic valence state for the An element in the metal (choice of a 
"valence indicator"); 

- the choice of "bonding indicators", i.e. of experimental properties, usually connected 
to the cohesive energy of the An-metal, in which a linear contribution from the outer 
electronic orbitals is postulated; 

- the inspection of the Periodic Table to assess the most likely contribution from each 
electronic orbital to the different bonding indicators; 

- the set up of a system of linear equations in which the degree of participation of the 
outer electrons in the bonding constitute the unknown. 
Among bonding indicators, the most usually employed are: 

a) the sublimation enthalpy AHs, as obtained from vapour pressure measurements; 
b) the melting point Tin; 
c) the boiling point Tb. 

Call (BI)j the bonding indicator. A system of linear equations is then set up taking the 
form: 

8(BI)j bi 
5b~ 

(BI)j = ~ - -  (1) 

v = Z bi (2) 
i 

where by i we have indicated the different orbitals taken into consideration (typically, for 
Actinides, 5 f, 6 d, (6 p), 7 s), the bi 's  a re  the degrees of participation in the bonding and v 
is the metallic valence of the elements. 

We first observe that: 
a) the valence state of the elements is chosen on the basis of the structural properties of 

the metal; typically 2) 
- the metal radius 
- the symmetry of the crystal structures 
are taken as valence indicators. 
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b) the sublimation enthalpy AHs is usually not the "bonding indicator" employed. AHs is 
the difference in enthalpy between a collection of gaseous atoms at infinite distance 
between each other and in their (electronic) ground state configuration (see Chap. A, 
Table 1) and the same collection in the condensed phase (in which their (electronic) 
ground state configuration may be different). Usually, a quantity called cohesive 
energy Ecoh connected to AHs by the following thermodynamic cycle: 

metal state AHs ground state 
configuration E ~ o h ~ ~  / / / ~  configuration 

configuration of free atoms 
"as in the metal" 

P is called promotion energy. The configuration of the free atoms "as in the metal" is 
usually an excited state of the atom: hence, the promotion energy can be usually 
obtained by atomic spectroscopy results. 

c) The melting point Tm is usually not directly connected to the cohesive energy; how- 
ever, in the treatment of critical phenomena it can be related in a simple way to the 
variation of the internal energy (and, although usually neglected, entropy) between 
the solid and the liquid state when a particular model of the liquid is assumed. Usually, 
a model of the liquid state is taken, according to which just one of the bonds between 
atoms in the solid state is broken during melting. 
The a(BI)/~bi contributions of the different orbitals are computed through a systema- 

tic inspection of the Periodic Table, i.e. by recording the characteristic variation in the 
bonding indicator when a new outer orbital appears in the atomic electronic configura- 
tion. In this way, the s and p contributions are usually assessed. In the transition series', 
however, the further complication exists that the unsaturated shells across the series may 
give different contributions to the bonding, i.e. the contribution ~(Bf)/abi depends on the 
occupancy number nv,i in the atomic configuration v. 

This problem is handled differently by different authors, on the basis, usually, of 
reasonable assumptions suggested by the inspection of the plots of the (BI)'s across the 
series. This is done also, in the case of actinides, for the 5 f unsaturated shell. 

The results of the treatments are usually given in the following form: 

An(5 fx, 6 d y, 6 pW, 7 s z) 

where x, y, w, z may be fractional numbers. It is clear, as stated in the introduction of this 
chapter, that the interest of this kind of treatments lies in the assumption that it gives an 
insight into the orbital composition of the wave-functions of the binding electrons, i.e. 
that they will describe in some way the state resulting from hybridization occurring 
between the outer electron. In fact, x, y, w, z are often called "hybridization factors". 

When applied to actinides, especially the lighter ones, these treatments encounter, 
however, typical difficulties: 
a) since, as indicated in Chap. A, very low promotion energies separate already in the 

neutral atom, different (dmf n) configurations, it may happen that the electronic con- 
figuration chosen for the "metal state" and employed to extract from the sublimation 
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enthalpies AHs the cohesive energy Ecoh would vary considerably along the series, 
hence requiring an ad hoe hypothesis for different elements in the use of these bond- 
ing indicators; this is equivalent to say that it is difficult to assume a common "valence 
state" for all elements in the actinide series; 

b) the spatial extension of the 5 f wave-functions changing with atomic number Z, the 
amount of f-f overlapping and the type of hybridization with other outer electrons 
change too. This is an effect which is not found in lanthanides, where the 4f  electrons 
may be considered localized, and therefore with no f-f overlapping. 
This requires that the result of the simple treatments described be sustained by a 

critical survey of many other physical properties 3). Unfortunately, and especially for 
heavier actinides, one is hampered many times by the lack of suitable experimental 
information. One of the merits, on the other hand, of these approaches is that they have 
often led to suggestions for particular decisive measurements. 

We shell now examine in more details two particularly successful treatments of the 
actinide series. 

2. Examples of Semi-Theoretical Thermodynamic Treatments for 
the Actinide Metal Series 

a. The Thermodynamic Treatment by Fournier 

This treatment 3), aiming to evaluate thermodynamically the orbital character of the bond 
in actinide metals, follows closely the general features illustrated above and has a particu- 
lar value inasmuch as it is accompanied by a fairly comprehensive survey of the chemical 
and physical properties of actinide metals known at that time. In it, the metallic radius 
and the crystal structures are taken as "valence indicators"; AH~ and T~ as the "bonding 
indicators". The metallic valence, however, is not taken as constant throughout the 
actinide series, but rather allowed to vary. The particular choices are justified by physical 
and chemical arguments, which are taken in support of the hypothesis chosen. 

The outer electrons contributing to the bond are: 5 f, 6 d, 6 p, 7 s. 
A system of linear equations as in Eq. (1) and (2) is employed. Rather than the value 

B of the bonding indicators in each actinide metal, AB variations are calculated with 
respect to the configuration of a reference state. The reference state configuration is 
inspired by the Engel-Brewer correlations, amply used for transition metals and 
alloys 2, 6). It is seen that the system of equations contains one equation less than the 
number of unknowns, so that only a range of the A b  i solutions can be determined. 
However, this range can be shown, by a simple iterative procedure, to be limited. 

The importance of the treatment lies in the physical considerations used for the choice 
of the valence and reference states as much as on the final results. 

The first consideration deals with probable metal valences across the series. Correla- 
tions of the type introduced by  Zachariasen have been discussed in Chap. A. 

In this treatment, the line connecting the metallic radii of actinium and curium is 
considered as representative of an actinide contraction, analogous to the lanthanide 
contraction. This actinide contraction line may be considered as a trivalent basis line as 
for lanthanides; therefore, the considerable departure to a lower value for the metallic 
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radii of light actinides is indicative of a higher metallic valence (or of a larger participa- 
tion to the metallic bond of 5 f electrons). Am and Cm should be considered as roughly 
trivalent whereas Cf and Es should be considered divalent at least in their hcp structures. 
Therefore,  the following choices for valence are made: 

Tetravalent metals: 
Trivalent metals: 
Divalent metals: 

Th, Pa, U, Np, Pu 
Ac, Am, Cm, Bk 
Cf, Es 

This classification is assumed to be justified by the examination of the crystal struc- 
tures. In particular: 
a) the low symmetry low temperature structures of Pa (tetragonal), U, Np (orthorhom- 

bic), Pu (monoclinic) are compatible with the hypothesis of a significant 5 f contribu- 
tion to the bonding, hence to the loss of (almost) one 5 f electron with respect to the 
trivalent state; 

b) the c/a ratio in h.c.p. Cf and Es is much larger than that expected for trivalent h.c.p. 
metals (1.73 rather than 1.63) and found in lanthanides; this fact is consistent with the 
divalent hypothesis. 
The evaluated partial orbital characters of the bond are given in Table 2. 

b. The Thermodynamic Treatment by Johansson and Rosengren 

A somewhat different but very fruitful thermodynamic approch is offered by Johansson 
and Rosengren (4), see alsoS)). The merit of this approach is that an exhaustive and 

Table 2. Comparison of the electronic configurations of actinide metals derived by Fournier 3~ and 
by Johansson 4) 

Fournier 3) Johansson 4, 5) 

An Valence v (f) Non- Bonding conduction Valence v (f) Non- Bonding 
bonding band bonding conduction 
state state band 

Th tetravalent (5 f)o (sl.Sp0.2dl.8f0.2) tetravalent (5 f)o (sd)4 
Pa tetravalent (5 f)l (sl.9p0.1dl,6f0.4) tetravalent (5 01 (sd) 4 

pentavalent (5 f)0 (sl.9p0.1dl.6fl.4) 
U tetravalent (5 02 (s 2 p°4d°6fl) tetravalent (5 f)2 (sd)4 

pentavalent (501 (s 2 p°4d°6fz) pentavalent (501 (sd) 5 
Np tetravalent (5 03 (s 2 d°'3f 17) trivalent (5 f)4 (sd)3 

pentavalent (5 f)2 (s 2 dO.3f2.7) 
Pu tetravalent (5 f)4 (S 2 p°'2d°'af2"6) trivalent (5 f)5 (sd)3 

pentavalent (5 f)3 (S 2 pO.2dO.2f2.6 ) 
Am trivalent (5 f)6 (sl.3pOadl.3fo.3) trivalent (5 06 (sd)3 
Cm trivalent (5 f)7 (sl.3pO.4dl.2fo.l) trivalent (5 07 (sd) 3 
Bk trivalent (5 f)s (sm.SpO.4dO.9fo.2) trivalent (5 f)s (sd)3 
Cf divalent (5 f ) lo  (sO.TpO.TdO.6) trivalent (5 f)9 (sd)3 

divalent (5 f)lo (sd)2 
Es divalent (5f) 11 (s 1 p°Sd°5) divalent (5f) u (sd) 2 
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accurate comparison is made between the lanthanide and the actinide metals series. In 
this way, essential differences between the two series are highlighted. 

As pointed out before, the main differences between the two series are the following: 
- for the lanthanides, a non-bonding character of the 4 f states due to their localization, 

and (with the exception of Eu and Yb) a trivalent state in the metal may be safely 
assumed 

- for the actinides: 
i. at least for light actinides, the non-bonding character hypothesis cannot be any 

longer retained; 
ii. the metal valence state (as already shown in the precedent treatment) is no longer 

constantly trivalent, but varies across the series, assuming "chemical" values (i.e. 
the most common oxidation states for the different actinide elements in com- 
pounds) from pentavalent (in uranium) to divalent in the heavier acfinides. 

In the treatment of Johansson and Rosengren, no attempt is made, as in the previous 
treatment, to deduce fractional degrees of participation of different orbitals in the bond- 
ing of actinide metals, but, rather, attention is focussed on the correct attribution of 
metallic valences and on the discrepancy found between the thermodynamically calcu- 
lated E~oh in a certain valence state and the experimental one. This difference is attri- 
buted to the bonding character of the 5 f orbitals due to itineracy. 

The method consists essentially of: 
ct) the building up of an interpolation scheme for cohesive energies of the trivalent state 

in lanthanides and a correspondent (ideal) trivalent state in the actinides; 
[5) the evaluation of the differences in cohesive energy when from the ideal trivalent state 

one goes to other valences, and the consequent assignment of a valence state to the 
different elements; 

y) the evaluation of the differences in cohesive energy in the metallic bonding due to the 
5 f electrons. 
In ct) and [5) the non bonding-hypothesis for 5 f electrons is retained, differences in 

cohesive energy being only due to promotion of outer electrons from one to another 
orbital state and ionization energies (or electron affinities) due to the different valence 
states attained. Therefore, any further discrepancy found with experimental values, is 
indicative of the metallic bonding introduced by delocalization of the 5 f electrons 
(point y). 

We illustrate briefly the three steps. 
ct) The interpolation scheme for the Ecoh of the trivalent state is built up by consider- 

ing the quantity Eb (bonding energy) defined as the energy gained when free ions and 
free electrons are brought together to form a solid: 

Eb = Ecnh 4- I(III) 

where I(III) is the ionization energy for the process: R --9 R +3 (R indicates the atom and 
R +3 the metal ion). Ce (trivalent), Gd, Lu, among the lanthanides, undergo the process: 
fndas2 __0 fn from the atomic to the metal ion state, and their I(III) are known. Therefore, 
they are considered "pivot" elements, through which an Eb vs. Z smooth curve is passed 
across the lanthanide series. Ecoh is then back calculated from interpolated values for all 
others lanthanides and found to agree well with experimental values (sublimation enthal- 
pies AH~). 
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For actinides, the ideally trivalent E b vs. Z curve is then simulated by passing a 
smooth curve parallel to the lanthanides' one through the only truly trivalent value known 
at the time of the publication4): Cm, with AH~ = 89 + 4 Kcal/mol. I(III)'s, also unknown, 
are taken from atomic spectroscopy and calculations 32' 33). 

In this way, Ecoh (trivalent) for all actinide metals are derived and for light actinides 
found in large discrepancy with the experimental ones. For them, a valence higher than 
three is suggested by the discrepancies. 

[3) The true valence states (and their relative cohesive energies) are then obtained by 
another thermodynamic consideration. 

Consider the standard enthalpy for formation AH~ of an ion in aqueous solution from 
a metal, corresponding to the process: 

M +3 (metal) --~ M +3 (aqueous ion). 

These quantities have been measured for most lanthanide and actinide metals (see 
Nugent32)). For trivalent lanthanide metals, they correspond, invariably, to the destruc- 
tion of the (s, d) metallic bond, without "damage" to the 4 fn shell. Therefore, AH~ vs. Z 
is a slowly varying curve across the lanthanide series. 

It is possible to pass the same curve through the experimental AH~ values of two truly 
trivalent actinide elements, Am and Cm, and interpolate from the curve AH~ (trivalent) 
for all other actinide metals. 

An  energy level scheme (or thermodynamic cycle) between the free atom and the 
aqueous M +3 ion can then be built as follows: 

True cohesive 
energy Eco h 

true 
metallic 
state 

True--AH} 

free atoms 
I 

I 

metallic 
state 

I 
I 
I 
I 
I 
I 

I AH} (trivalent) I 
I 
I 

M .3 in aqueous solution 

cohesive energy Ecoh (trivalent) 
in case of a trivalent metallic 
state (as from interpolation 
scheme described above). 

in case of a trivalent 
metallic state 

The (dashed) right part corresponds to the case in which both the metal and the 
aqueous ions are trivalent; this case is the unrealistic case for the light actinides. 

From this cycle, the interpolation scheme of point a), giving, for all actinides, Ecoh 
(trivalent), and the known AH~ values for actinide metals, "true" cohesive energies Ecoh 
may be evaluated. They are found in much better agreement with the experimental AH~, 
although some deviation still occurs. 

The difference between Ecoh and Ecoh (trivalent) may be due to higher valence as well 
as to 5 f metallic bonding effects. 
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It is clear that the difference between the two effects in not  clearcut. In fact, one may 
even doubt whether in the case of strong itineracy of 5 f's, the metallic valence concept 
retains any usefulness at all. 

Nevertheless, the inspection of other transition metal series shows that, just as atomic 
volumes, there are regular variations of cohesive energies when the metal valence 
changes. Thus, a general increase of about 45 Kcal/mol is found when a metal transforms 
from a trivalent to a tetravalent state. 

Applying these considerations, one may obtain the results of Table 2 in which a 
metallic valence is attributed to the light actinides. 

For actinides heavier than Cm, a very similar scheme is worked out consisting in a 
comparison with a) trivalent lanthanides; b) surely divalent lanthanides Eu and Yb. In it, 
Eco h (trivalent) calculated with the above interpolation scheme, are compared with Ecoh 
for divalent metals, as obtained by assuming a behaviour across the actinide series, 
similar to the one found in divalent lanthanides. The divalency of the heavier actinides 
(and the trivalency of Am and Cm) is concluded. 

y) The difference between the experimental Ecoh and Eco h for the most stable valence 
chosen can be attributed to 5 f-bonding effects, The results are summarized in Table 3. 

3. Conclusions 

It is interesting to examine comparatively the results of the two treatments in term of 
composition of the bonding (participation of outer orbitals to the metallic bonding). This 
is done in Table 2, in which the comparison is performed up to Es. The bonding composi- 
tion is given in the same formalism employed by the two authors in 3' 4) respectively. 

In the case of Fournier's approach, the partial factors of composition, of the conduc- 
tion bonding band are certainly remindful of the hybridization concept. These factors 
may be understood as representing the percentage of each orbital character to be found 
in the hybridized conduction band (or, in a more chemical sense, the participation of 
different outer electrons to the bond). Thus, for instance, in the case of thorium, the 
small amount of 5 f participation seems to be in line with X-ray absorption spectroscopic 
result 34), which can be interpreted (because of the application of atomic selection rules) 
only when keeping in mind this concept. Recent high pressure X-ray diffraction experi- 
ments on thorium metal, however, fail to evidence this f-participation: it might be 
thought, in fact, that the 5f  character in the bond would have given some peculiar 

Table 3. Contributions of valence and 5 f electrons to the cohesive energy of the lighter actinides 4) 

Valence v Ecoh(V) 5 f-Bonding 

Th tetravalent 143 
Pa tetravalent (130) (29) 
U tetra- or pentavalent 103 25 kcal/mol 
Np trivalent 87 20 kcal/mol 
Pu trivalent 72 10 kcal/mol 
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behaviour to the high pressure compressibility, since, when approaching thorium atoms 
by means of pressure, the (fsd) hybridization should increase. On the other hand, band 
calculations 35) yield a certain amount of f-character in the conduction band of thorium 
metal. 

In the case of Johansson and Rosengren 4), the conduction band has an (sd) character, 
and is occupied by an integral number of electrons, the atomic orbital character of which 
is unspecified. The 5 f state, occupied by an integral number of electrons, may be a 
localized state or a band, this information being contained in the part of E b due to f- 
itineracy (see Table 3). In the treatment, the concept of hybridization is consciously not 
used 5). In fact, in 5~, Johansson explicitly criticizes the point of view, predominant in the 
work of Jullien et al. 36) who consider the 5 f electrons as localized but strongly hybridized 
with the (sd) band. Johansson focusses mostly on the localization-itineracy problem of 5 f 
bands (hybridization becoming important only between delocalized 5 f and 6d, 7 s 
states). 

Both treatments were effective in predicting essential thermodynamic quantities, 
related to the cohesive energy Ecoh, for elements that, at the time, had not been investi- 
gated. As shown above this was connected with the correct evaluation of their metallic 
valence. In this respect (Table 2), a difference exists between the two authors as for the 
valence of plutonium (and neptunium). Whereas tetravalency may be justified for 
plutonium on the basis of solid state oxidation states in compounds (e.g. PuOz), pentava- 
lency (as found by Fournier) seems rather awkward, whereas Johansson's trivalency is in 
line with the existence of solid state trivalent compounds (e.g. Pu203) as well as with the 
general tendency to lanthanide-like behaviour when increasing the actinide atomic 
number Z. However, the prediction of divalency for heavier actinides common to both 
authors, is now amply accepted and confirmed also by the easy existence of divalent 
compounds. This inspires nowadays chemical preparative research to synthesize such 
compounds as actinide monoxides the properties of which should reveal metallic charac- 
ter (e.g. in electric conductivity) instead of the refractory character of tetravalent or 
trivalent oxides. 

IV. The Thermodynamics of the Metallic Bond 

We shall now examine recent theoretical results concerning those ground state properties 
of metals and compounds which in the previous section, we have called "bond" and 
"valence" indicators. In this section, those properties are not taken as starting points for 
correlations aiming at the composition of the bond. They are instead the final point of 
electronic structure theories in which the different contributions to cohesion are ana- 
lysed. 

The results are conveniently and clearly expressed in a thermodynamic formalism: 
this is why they find their place in this chapter. They depend however on parameters 
which are drawn from band-theory, especially from the LMTO-ASA (Linear Muffin-Tin 
Orbitals-Atomic Sphere Approximation) method. 
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1. The Composition of the Cohesive Energy and the Equation 
of State at 0 K for the Light Actinide Metals 

We define the cohesive energy Ecoh (Johansson, Skriver 37)) as the difference between the 
energy of an assembly of free atoms in their ground state (see Table 1 of Chap. A) and 
the energy of the same assembly in the condensed phase (the solid at 0 °K), (this defini- 
tion yields a positive number for Ecoh). It coincides with the enthalpy of sublimation AHs 
(see Chap. A) (which is usually extrapolated at room temperature). 

As we have seen in the previous section, it is a property not only of the solid, but also 
of the atom. For instance, since the ground state configurations of the atom are not the 
same in the isolated state and in the solid, it contains a quantity - the promotion energy P 

- which is the difference in energy between the two configurations. We shall see that 
other atomic quantities will enter Ecoh as well. 

By this definition, it is clear also that Ecoh is not the same as another quantity often 
employed, the bonding energy E b (see the preceding section). The latter may be defined 
as the difference between the total energy of the atoms of the condensed phase (hereafter 
"metal atoms") at the equilibrium distance and the total energy of the same atoms at 
infinite distance. From the definition, E b is a negative quantity, insuring cohesion in the 
condensed phase. If we take a usual picture of a metal, i.e. ionic cores and "valence" (or 
"conduction") electrons, and assuming that the ionic cores are "frozen" (i.e. do not 
change during this ideal expansion process) E b coincides with the total energy of the 
valence electrons. Notice that E b depends on the total volume of the solid, i.e. on the 
interatomic distance (in the expansion process we are keeping the symmetry of the crystal 
structure intact). 

Let us specify better the model of the actinide metals we are discussing. With 37), we 
assume: 
i. the metal atoms have a ground state configuration: 

(radon) 5 f~ (s, p, d) v 

which is different from the ground state configuration of the free atoms (see Table 1 
of Chap. A). 

ii. the v outer electrons are in a conduction band of mixed (s, p, d) character (see 
conclusions and Fig. 20 of Chap. A). v is the metallic valence of the light acfinide 
metal. Johansson and Skriver 37) assume v = 4 in Th, Pa, U and v = 3 in Np, Pn, 
Am, a reasonable choice which we have discussed in chapter A and in the last 
section of this chapter. The occupation numbers of the 5 f state are accordingly: 

n(Th) = 0, n(Pa) = 1, n(U) = 2, n(Np) = 4, n(Pu) = 5, n(Am) = 6. 

Complete band calculations 3s'39) would yield non-integral numbers for n, though 
close to these values. 

iii. The 5 f electrons are itinerant and bonding, and from narrow 5 f-bands (eventually 
hybridized). As discussed however in chapter A, they are bound to be spin- 
polarized, so that: 

iiii. The energy of the 5 f electrons consists of their band-energy Ef and of a spin polari- 
zation term Asp. Asp has an "atomic" origin, and tends to localize the itinerant 5 f 
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electron within the core. There are other terms of "atomic" origin, as discussed by 
Brooks 4°), namely a spin-orbit coupling and an orbital interaction term. 

We come therefore to the following cycle which is valid for light actinide metals up to 
Pu (the case of A m  being discussed separately): 

atomic gas Eco h 
metal: Me +v+" + n(itinerant)5f electrons 1 l • v s d elect °ns 

P Ef + Asp + other terms 

atoms in 
"metal" Espa 

Me ÷~ + v (spd) electrons 
ground state 
congiguration 

and: 

Ecoh = - Espd -- Ef - P - Asp- other terms 

bonding energy of electrons Eu: Espd + Ef 

atomic terms: P, Asp, other terms 

(3) 

(4) 

(5) 

It is possible to estimate the metallic radii (or volumes) and the bulk moduli of the 
light actinide metals by the well known thermodynamic equations: 

dEb 
dv = Pelectrons = 0 (6) 

dp 
B = - V dV (7) 

Equation (7) gives the necessary condition for equilibrium at 0 K. Notice that it may 
be written in the form of an equation of state for the crystal at 0 K: 

Pelectrons V = f(V) = 0 (S) 

The total electronic pressure Pelectrons can be expressed in terms of partial pressures due to 
the different electronic waves forming the itinerant electrons cloud (partial waves 
analysis): 

Pelectrons = Ps + Pp +Pd  + Pf = Pspd + Pf (9) 

(Actually this is more rigorous than the energy analysis of (4)). Notice that the system 
looks like a mixture of two electronic fluids, one composed of the (spd) electrons and the 
other of the 5 f electrons. 
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The considerations leading to (9) or to the equation of state (8) are quite general, in 
the sense that in all solids we may write similar expressions to describe the bond. 

2. Friedel's Model for EZ and the Evaluation of Atomic Volumes 
for the Light Actinides 

The contributions Ef to the bonding energy E b of the itinerant 5 f electrons can be 
evaluated in a simple way following the lines of Friedel's model 4a). Essentially the density 
of state peak Nf(E) of the 5 f band is substituted by a square function (see Fig. 16 in 
Chap. A): 

14 1 1 
Nf(E) = ~ p e r a t o m  f o r C - ~ W f  < E < C +~-Wf  

Nf(E) = 0 otherwise (10) 

where C is the center of the 5 f-band, and Wf its bandwidth. The 5 f band contains 
14 states per atom, and Wf depends, as a first approximation, only on the interatomic 
distance (hence on the atomic volumes) determining the degree of f-f overlapping. 

Then, the Ef contribution is obtained by the use of the expression: 
IxF 

El(n) = f (E - C) N(E) dE (11) 

the occupation numbers n of the 5 f band having been given above, and ~tF being the 
Fermi level of the metal (dependent on n). 

Since the Nspd(E) of the (spd) band, to which the 5 f band is superimposed, is very 
small compared with Nf(E), the use of conditions (10) and the evaluation of (E - C) in 
the rectangular band of the model (Fig. 16 of Chap. A) yield the simple expression: 

(_n) 
Ef = I n  1 ~ -  Wf (12) 

In order to apply Eq. (12) for the evaluation of equilibrium metallic volumes Vat, it is 
necessary to know the dependence on V of Wf in (12) and Espd in (4). The LMTO-ASA 
theory yields the R-dependence: Wf - R -(21+~). However, Johansson and Skriver chose 
in37): 

w f  = W°(Ro/R) -6 = W~(Vo/V) -2 (13) 

where Vo = Ro 3 (Ro is the atomic sphere or Wigner-Seitz sphere radius - see Chap. A). 
Espd is the energy of the electrons in a f-non-bonding solid; e.g., thorium or the 

lanthanide or the heavy actinide metals. Hence, an expression valid for these less compli- 
cated cases may be chosen. Johansson and Skriver chose to integrate Murnaghan's 42) 
first-order equation of state: 
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B~pd 

where Bs°pa is the bulk-modulus at zero pressure and B~pd its derivative with respect to 
pressure, and Vspa is the equilibrium volume if the 5 f are non-bonding. The three quan- 
tities are then chosen from Th metal for the tetravalent case, from heavy actinides or 
lanthanides for the trivalent case (in particular B~pa = 5). (Notice that Eq. (14), when 
integrated gives a n  R -2 dependence for Espd, as usually assumed for conduction electrons 
in a broad band43).) 

With (12) and (14), an equation of state can be written: 

P/B°Pd = 5 [ ( _ _ ~ _ ) s -  1 ] - - n ( 1 - - - ~ - 4 )  W° ( ~ _ ) 3  (\ Vspd V----2-° )2/ Bspalvspa (15) 

which, set to zero, gives the equilibrium volumes (see Fig. 20 of Chap. A) for the light 
actinides. 

Figure 6 shows the results of this simple model and compares it with the experimental 
values and the results of full band calculations. Notice that: 
i. The results are fairly good for the light actinides, yielding the parabolic trend with 

respect to Z which has already discussed in Chap. A 4. 

This parabolic trend can be surmised from Eq. (15), where the occupation num- 
bers n are proportional to Z (the parabola should have a minimum at Cm, i.e. or the 
half-filling of the 5 f shell). The same parabolic trend exists in d-transition metals, 
and is explained in Friedel's model in a similar way. This fact had seemed to early 
theorists (see, in Chap. A, the discussion of Zachariasen's model) to suggest that 
the actinides were 6 d-transition metals. In reality, it means that the light actinides 
are 5 f-transition metals, with the 5 f wavefunctions playing the role of d-wavefunc- 
tions. 

ii. A discrepancy is encountered already for Np and Pu. This discrepancy (which is 
however of the same order as those encountered in d-transition metals) is due to the 
atomic effects, which are totally neglected in the model, and which tend to localize 
5 f's. (In particular, Brooks 4°/has shown, that for Np and Pu, spin-orbit coupling 
plays an overwhelming role. Introducing this effect gives a somewhat higher equilib- 
rium volume for these two elements.) 

iii. The discrepancy becomes important at americium which lies completely on the 
trivalent, 5 f non-bonding curve of Fig. 6. Heavier actinides do not follow any longer 
the parabolic trend yielded by the model. 

This is the Mott-like transition in the actinide metals series, introduced by 
Johansson and already discussed in Chap. A. 

4 Notice that in the whole treatment, as presented here, there is the simplifying implicit assumption 
that W~f is constant throughout the actinide series. The same assumption, when used for d-metals, 
could not explain that the V~t vs. Z curve departed from a parabola (to a curve showing skewer 
behaviour) from the minimum at the half filling on. In fact, W~f narrows with increasing occupa- 
tion of the d shell. In light actinides, however, it is shown 37) that the constancy of Wf is a good 
hypothesis, as can be seen from band calculations' values for this quantity 



Structural and Thermodynamic Properties of Actinide Solids 101 

50 

E 
o 

o E a0  

5 

30 

20 

Fig. 6. Calculated TM (full lines) and experimen- 
tal values for the atomic volumes for actinide 
metals. The labels III and IV refer to the triva- 
lent and tetravalent states. The arrows denote 
the estimation from the simplified Friedel's 
model. The figure is from 37) 

10 

0 

'\ 

\ ~ \ X N \  

Th k \,~IIl 

"4 

~ .  Am 

tb 

MOTT-transition 

I I I I I I I I 

Ac Th Pa U Np Pu Am Cm Bk 

A well known qualitative argument, often employed in discussions of the actinide 
series, takes the departure of metal radii from a simple actinide-contraction curve as a 
measure of 5 f-itinerant bonding (see Figs. 3 and 5 of Chap. A). The model presented 
here justifies and gives a quantitative basis to this argument. 

3. The Cohesive Energy and the Bulk Modulus of Light Actinides 
in Friedel's Model 

Equation (4) together with Eq. (15), integrated for volume, can now be used for the 
calculation of the cohesive energy, within this model, of the light actinides. Differentia- 
tion with respect to volume of Eq. (15) yields the bulk moduli. 

For the evaluation of these quantities, however, the relevant atomic terms, and 
especially Asp, must be added. We must therefore consider this quantitaty. 

The promotion energies P in Eq. (3) refer usually to Hartree-Fock solutions of the 
atomic Schr6dinger equations, and refer then to the so called "grand barycentre" of the 
configurations. The atomic maximisation of spin in unfilled shells, leading to Hund's 
rules, and already qualitatively discussed in Chap. A, is a correlation which is missing in 
the Hartree-Fock theory. J0rgensen 44) has discussed this stabilising atomic energy term 
within his spin-pairing theory. Nugent et al. 45' 46) based on the work by JCrgensen, have 
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extracted the energy difference between the atomic spin-stabilized 5 P state and its grand 
barycentre from spectroscopic data. This term may be taken as Asp in Eq. (3). 

Conversely, Brooks and Johansson 7) have calculated the spin-polarization term Asp 
from a spin-polarized local-density approximation in atoms. These values can also be 
used in Eq. (3). The two evaluations, though not identical, do not differ greatly. 

In Fig. 7 the results of the model for the cohesive energy are given, and compared 
with the experimental values and with the results of band calculations. The agreement is 
satisfactory (at least of the same order as for similar models for d-transition metals). For 
americium, the simple model yields too low a value, and one needs spin-polarized full 
band calculations (dashed curve in Fig. 7) to have agreement with the experimental 
value. 

The evaluation of bulk moduli from the model agrees with the trend of the experi- 
mental values, with one major difficulty (see Fig. 15 of Chap. A): the model would 
predict a maximum for the bulk moduli at U; a recent experimental determination of this 
quantity by Benedict et a1.15) finds a very high bulk modulus for Pa and the bulk modulus 
vs. Z curve peaks at this element. 

4. The Case of Americium: the Matt-Hubbard Transition 
and the Effects of Pressure 

In Fig. 6, it is seen that the metallic radius of americium metal is not obtained when 
applying the simplified Friedel-type model which, on the contrary, explains well the 
metallic radii of Pa, U, and, to some extent, of Np and Pu. Between Pu and Am we have 
indicated the Matt-like transition proposed by Johansson 5), which was discussed in 
Chapt. A. This transition from itinerant to localized behaviour occurs because of the 
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stabilizing effect in the atom of spin polarization: the bonding effect of itineracy is 
overwhelmed by the potential energy gain due to the alignment of spins within the atom. 

From a thermodynamic viewpoint, we may imagine that, in an actinide metal, the 
model of the solid in which completely itinerant and bonding 5 f electrons exist and that 
in which the same electrons are localized, constitute the descriptions of two thermody- 
namic phases. The 5 f-itinerant and the 5 f-localized phases may therefore have different 
crystal properties: a different metallic volume, a different crystal structure. The system 
will choose that phase which, at a particular T and p (since we are dealing with metals, 
the system will have only one component) has the lower Gibbs flee-energy. A phase 
transition will occur then the "fugacity" in the two possible phases is equal: e.g. the 
pressure. To treat the transition, therefore, the free energies and the pressures of the two 
phases have to be compared. We recall that: 

Gibbs flee-energy G = E + P V - T S = H - T S  (16) 

~G 
P = ~V (16a) 

where H is the enthalpy of the system, S its entropy, E is its internal energy, that we have 
learnt to calculate, in the itinerant case, in the preceding subchapter within Friedel's 
model (in what follows, at T = 0, the term TS vanishes, so that enthalpies, rather than 
Gibbs free energies, are compared). 

We have divided both E and more rigorously, p in the preceeding subchapter in their 
partial components (for the itinerant case): Pspd and pf (see Eq. (9)). In the case of spin- 
polarization of the 5 f-electrons, it is necessary therefore, to have a new way of writing pf: 
it is this "fugacity" which will determine the existence of one or the other phase. 

All the pressures are strongly dependent on the interactinide distance, i.e. metallic 
volume dependent. Therefore, we shall have one or the other phase if we change one or 
the other of the thermodynamic variables p and T. If we confine ourselves to T = 0, we 
may induce the transition by compressing the solid: hence the great importance of the 
pressure studies reported previously in this chapter. 

It is perhaps useful to distinguish the two ways in which the concept of a Mott- 
Hubbard transition is introduced in the discussion of actinide metals. 
i. Mott-transition within the actinide series at T = 0, p = 0; 
ii. Mott-transition occuring in one metal system when compressed (T = 0, p = p*). 

We have seen (preceding subsections and Chap. A) that, in both cases, there is a 
change in two properties: the metallic volume (interactinide distance) and the crystal 
structure (low-symmetry for the itinerant case and compact high symmetry for the 
localized case). 

In Fig. 6, it is seen that the americium metallic volume at T = 0, p = 0, is well 
reproduced by spin-polarized band calculations 37). The same band-calculations predict 
the pressure p* in which the transition from localized to itinerant behaviour occurs for 
americium. Here, we want to present the simplified Friedel-type model (Skriver, Ander- 
son and Johansson 37)) by which the spin-polarized americium system is described and 
both transitions, i and ii, predicted. One word of caution: the model, as well as the band 
calculations, do not account for the change in structure accompanying the transition, and 
which is an important fact in actinide metals, which will be discussed in the following 
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subsection. What changes at the transition is the metallic volume, and, as was seen in 
Fig. 2, the predicted "volume collapse" is much larger than that experimentally found. 
The pressure p* is however, very well predicted. The full validity of the model presented 
here for the transition under compression is, therefore still somewhat a matter of con- 
troversy. 

We shall now proceed to derive a suitable expression for pf in the spin-polarized case. 
In Chap. A, we have seen that, in the Stoner model, (ferromagnetic) spin-polariza- 

tion of electrons originates two electron states E+ and E_ from each electron state E of a 
non-spin-polarized electron band, the difference between the two being (E+ - E_) = 
Im, where I is the Stoner parameter and m = n+ - n_ is the magnetization density. 

We may therefore assume that the 5 f non-spin-polarized band splits into two sub- 
bands because of spin-polarization. Approximation of the two sub-bands, according to 
Friedel's model, by two rectangular ones, having densities of state N+(E) = N_(E) = 7/ 
Wf, and occupation numbers n+ and n_, leads to the following expression for the total 
Pspd pressure: 

: :  ( 7)lw  2 n+ 1 -  + n_ 1 -  3V (17) 

in which we used the Rff (2>1) dependence for Wf. (Equation (17) is obtained, as in the 
preceding chapter, by differentiating an Et p°l) energy obtained with conditions such as in 
Eq. (10) for the two sub-bands.) 

The integration within the sub-bands is performed to a c o m m o n  Fermi level for the 
two spin-populations, which is the usual Stoner thermodynamic condition (an neglecting 
the Nspd density of state). The occupation numbers n ± are therefore: 

1 
n± = ~-(n + m) (18) 

By substitution in (17), one obtains: 

ptpol) - 2 1 + 1 [ (  n )  m2] Wf 
2 n 1 - ~ -  - - ~ - -  (19) 

in which the first term in brackets is the usual 5 f itinerant non-spin-polarized bonding 
partial pressure that can be obtained by differentiating with respect to volume Eq. (13). 

Let  us analyse Eq. (19) in general, since it may be applied for all actinide metals: 
i. if no or little spin-polarization is present, then m = 0, and pt p°l) = pf as in Eq. (13); 
ii. if spin-polarization is complete, then m = n (n_ = 0). Equation (18) can be re-writ- 

ten as: 

ptpol) 2 1 + 1 (  n ) W ~  (20) 
= 2 n 1 - 2 ~ -  3V 

One sees that, at n = 7 (i.e. at Cm, for a half-filling of the 5 f shell) pt p°l) = 0. If one 
considers the total electronic pressure Pclectronic of Eq. (9), with pf substituted by pt p°l), 
at the half-filling of the electronic series this is given totally by Pspd as in a lanthanide. 
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In americium, the occupation number is n = 6 (actually, n = 6.4 from band calcula- 
tions3S)). If we assume full spin-polarization for this metal, then the 5 f bonding partial 
pressure is very small, and we may be reconducted to the lanthanide case for this metal 
also. 

The problem is whether this happens or not. In order to decide, we have to know the 
volume dependence of m, and substitute to pf the full Eq. (19) in (10) and (16), setting 
then p = 0 as in Eq. (7). The volume dependence of m can be obtained by band calcula- 
tions, and is shown, for Am, in 37). 

When the procedure illustrated above is followed, Eq. (7) has two stable solutions for 
the equilibrium volume V: 
c 0 one very near to the itinerant bonding 5 f solution; 
13) one very near to the localized, fully spin-polarized, non-bonding 5 f solution, which 

would be obtained by disregarding completely any 5 f bonding contribution in the 
solid. 
The situation is well illustrated qualitatively by Fig. 8. The problem, now, whether to 

choose a or 13 as the metallic volume for americium metal at T = 0 and p = 0 is brought 
to the evaluation of the enthalpies of the two phases in this thermodynamic condition. 
This is illustrated in Fig. 8 (from37)), where the two enthalpies are evaluated. 

From Fig. 8, one notices that the localized enthalpy is lower by about 0.9 eV than the 
itinerant one, thus classifying americium metal among the lanthanide-like, heavier 
actinides. The picture is consistent with the results of magnetic measurements, which 
explain magnetism in americium metal as derived from a 5 f6, j ~ 0 atomic ground state. 

In Fig. 2, it is seen also that, when increasing the pressure on the metal, the two 
enthalpies meet at p* ~ 140 kbar (another estimate 37), gives p* "=- 100 kbars). At that 
pressure p* a transition from the full spin-polarized to a no spin, itinerant phase is 
predicted to take place. Figure 2 shows that at P*xp = 100 kbar, a transition from ccp to a 
monoclinic structure takes place, the relative change in volume being however much 
smaller than that predicted by the theory. 

Fig. 8. Enthalpy vs. pressure curves 
for localized and itinerant 5 f elec- 
trons in americium metal (from 37/) 
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5. Transformations of Crystal Structures Under Pressure 

The monoclinic structure encountered in Am at high pressures is a low symmetry crystal- 
lographic form: this is a clear indication that the 5 f orbitals have become bonding in the 
solid. The formation in compression of lower symmetry crystallographic modifications 
occurs also in the heavier actinides, as we may see from Figs. 1 and 2. 

For the lanthanide-like heavy actinides, this trend is not surprising, since the same 
trend is followed in lanthanides as well. From the data available to date we have, on 
compression: 

lanthanides: hcp --~ samarium type structure ~ dhcp ~ ccp ~ ct-U (for Pr 25' 26)) 

heavy actinides: dhcp ~ ccp ~ monoclinic or a-U 
(starting from Am) 

We may, thus, formulate a qualitative rule (which looks like a modification of the Le- 
Chatelier principle): 
"the effect of pressure in f-bonding systems is to transform crystal structures to the low- 
temperature (low-symmetry) phases of light actinides". 

If one accepts that the loss of symmetry is originated by the high directionality of 
bonding and hybridized f-orbitals, as we have discussed above and in Chap. A, the rule 
seems to describe rather well the thermodynamics of the f-bond in its angular aspect in 6 f 
as well as in 5 f systems (notice that all model considerations developed in the previous 
subchapters focused rather on the radial characteristics of the 4 f-wavefunction than on 
angular ones). The fact that the transition pressure to the low-symmetry form increases 
with increasing Z in the actinide series (Figs. 1 and 2) is also consistent with this explana- 
tion, since the 5 f wavefunctions contract progressively to the core with Z. Apparently, 
pressure liberates the 5 f "fluid" for bonding purposes 5. 

When the itinerant state is formed, a volume collapse AV/V is always encountered, as 
predicted by the theory of the preceding sections. In one of the lanthanides, cerium, this 
volume collapse is particularly accentuated for its isostructural transition from the y to the 
c~ form, possibly associated with a change in metallic valence from three to four (both 
oxidation numbers are stable in cerium chemistry) (see Fig. 1 of Chap. A). 

The much weaker collapse encountered experimentally in the non-isostructura! transi- 
tion of americium might perhaps be associated with the fact that the 5 f are already 
(slightly) bonding in this metal in its low pressure modification. As seen in Fig. 2, AV/V 
increases the more the 5 f are localized. 

V. Crystal Structures and Thermodynamic Properties of Simple 
Actinide Binary Compounds 

The only compounds the structure of which will be discussed in some detail are those of 
the NaCI(B 1) and of the CaF2(C 1) type. They are relatively easily accessible to theoreti- 

5 See the "Note Added in Proof" at the end of the Chapter 
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ca1 calculation of properties because their lattices are highly symmetric (cubic) and 
because there are only two or three atoms in the formula unit. 

Both structure types are face-centered cubic, space group Fm3m (Nr. 225) and have 

four formula units in the unit cell (Z = 4). 

1. The NaCI (B 1) Structure Type 

The actinide compounds crystallizing in this structure type are listed in Table 4. 
There are only very few actinide 1 : 1 (AnX) compounds which have structures other 

than the B 1 structure type. A review based on the 430 1 : 1 (MeX) compounds covered 
by Wyckoff s) and on the 32 additional AnX compounds described more recently is given 
in Table 5. 

Practically all 1 : 1 compounds of actinides and lanthanides have the B 1 structure, 
whereas only 31% of the other MeX compounds have that structure. Another  compari- 
son shows that, of the B 1 type compounds, 72% have an actinide or lanthanide as the 
metal component,  while lanthanides and actinides constitute only 34% of all the metals 

of the Periodic Table. 
This hints to a particularity of lanthanides and actinides that favors the B 1 structure 

as soon as they combine to another element in a 1 : 1 ratio. This trend seems to be less 
pronounced,  among the other metals, as these have a much larger variety of structure 
types for their 1 : 1 compounds. 

In principle, the B 1 structure should be strongly ionic in character. But in the actinide 
compounds having this structure, the ionic character is more or less weakened as their 
anions are less electronegative than the halogens which are the anions of the typical 
representatives of this structure type. 

It was inferred from simple geometrical considerations (condition for contact between 
neighbouring X anions) that this structure could only be formed if the ratio of the cation 
radius to the anion radius is between 0.41 and 0.73. It is not easy to check this condition 

for the AnX compounds because there is some difficulty to define the radius to be used 
for this comparison. If the tabulated ionic radii are used, many of, the AnX compounds 
are in the range mentioned, but some of them are outside, e.g. the monocarbides. 

Table 5. Occurrence of B 1 type compounds in the periodic table. Me: metal 

Me 

Y, Ln (incomplete 4f shell) 

Ac, An (incomplete 5f shell) 

all other metals 

Hf to Ra (4 f shell completed) 

number of MeX compounds 

all structures, = 100% 

89 

68 

314 

53 

B ] structure type 

absolute number 

89 

65 

98 

11 

in % 

100 

96 

31 

21 
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Table 6. Range of hypostoichiometry in AnC]_x 
systems 

AnC~_x 1 - x 

ThCa_x 0•6%1 
PaCI_~ 
UC~_~ 0.985-1 
NpC~_x 0.82-0•96 
PuCI_~ 0•78-0.89 
AmC]_x 

Most of the actinide monoxides described as having the B 1 structure have been put 
between brackets in Table 4 because they are nowadays thought of to be stable only if 
stabilized by additions of carbon or nitrogen. 

2. Non-Stoichiometry in the NaCl-Structure Compounds 

A system particularly studied from a thermodynamic point of view is the monocarbide 
(AnC~_~) system. A range of stability for carbon deficient compositions in the monocar- 
bides is present in many metal-carbon phase diagrams• Table 6 shows the composition 
range at room temperature for actinide monocarbides. The non-stoichiometry range is 
very limited for uranium monocarbide; for neptunium and plutonium monocarbides, the 
stoichiometric AmC~.00 composition is not stable. 

Figures 9 and 10 present the Th-C and PuC phase diagrams. 
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3. The CaF2 (C1) Structure Type 

The fluorite (CaF2) type structure is a structure often encountered in ionic solids. It 
follows the same general principles as described above for the ionic AnX compounds: the 
packaging ensures that the chief contacts are between atoms of opposite sign and that 
each atom is surrounded by the maximum number of atoms of opposite sign. The cations 
in the fluorite structure are surrounded by eight equidistant anions at the corners of a 
cube. Inversely, each anion has around it four cations at the corners of a tetrahedron. As 
a rule, this structure is only formed if the ratio radius cation/radius anion is greater or 
equal to 0.73. 

The An  atom and the X atoms are in the special positions 4 a and 8 c, respectively, of 
space group Fm3m. 

The largest, and by their stability in many respects very important, group of actinide 
compounds with the CaF2 structure are the dioxides. These, and the remaining fluorite 
type compounds, are shown in Table 7, which gives the lattice parameters for the 
stoichiometric AnXz.00 composition. Hyperstoichiometric (AnX2+x) compositions have 
lower lattice parameters and hypostoichiometric (AnX2_×) compositions have higher 
lattice parameters.  

For  PuOF, which in Table 7 is described with the CaF2 type structure, a second 
structure, which is a slight distortion of the fluorite structure, was also reported: tetra- 
gonal, P4/nmm with a = 405, c = 572 pm, c/a = 1.412. 
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Table 7. Lattice parameters (in pm) of the fluorite-type AnX2 compounds 

111 

Dihydrides Dinitrides Dioxides Oxyfluorides 
AnH2_ x AnN2 x AnO2+x AnOF 

Ac 567.0 594.3 
Th 548.9 559.97 
Pa 550.5 
U 531 547.1 
Np 543.41 
Pu 539.5 539.5 
Am 537.6 
Cm 537.2 

571 

In the CaF2 structure, a typical feature is present: a large octahedral hole (sited at 
(1/2, 1/2, 1/2)) which corresponds to a favorable potential position in which other (intersti- 
tial) anions may be accommodated. It is the site in which oxygen excess is thought to be 
located in hyperstoichiometric oxides. 

4. Non-Stoichiometry in CaFe-Structure Binary Compounds 

The most studied non-stoichiometric system in actinide CaFrstructured compounds is 
the An-O system: all actinide dioxides (with the exception of ThOz) present large depar- 
tures from stoichiometry. Since uranium and plutonium dioxides (and their solid solu- 
tions) are employed as fuels in nuclear reactors, a very large effort has been dedicated to 
the study of their physical and physico-chemical properties. All these properties are 
affected by the oxygen composition of the compound. 

Non-stoichiometric actinide dioxide can be classified in two groups: 
a) oxygen-excess oxides MO2+x (hyperstoichiometric) 
b) oxygen-deficient oxides MO2-x (hypostoichiometric) 

a. Oxygen-Excess Dioxides: AnOe+x 

To this group belong PaO2+x and UO2+x, the latter one by far the most studied. Figure 11 
shows the U-O phase diagram. 

The fluorite-structure hyperstoichiometric range spans for high temperatures to com- 
positions near to O/M = 2.25, which is the composition of the next oxide U409 . 

Between the two possible defects which may be responsible for hyperstoichiometry 
(i.e. uranium interstitials or oxygen vacancies) the latter is well evidenced by measure- 
ments of lattice parameter  and density 48) and neutron diffraction 49'5°). Oxygen intersti- 
tials order in U409 to provide a crystal structure which can be derived from the fluorite 
structure of UO2+x. 

The negative charge (with respect to the lattice) of oxygen interstitials (O~ -2) is 
balanced by the oxidation of U +4 to either U +5 or (more unlikely) U +6. 
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b. Oxygen-Deficient Dioxides. AnO2_x 

Actinide oxygen deficient dioxides are PuOz-x, AmO2_x, CmO2-x, BkOz_x and CfO2-x. 
Fluorite structured oxygen deficient dioxides are encountered also among lanthanide 
oxygen systems, namely PrO2-x, CeO2_x, TbO2_x. 

It is usually assumed that the dominant defect species responsible for non- 
stoichiometry is constituted by oxygen vacancies (rather than metal interstitials). This 
assumption can be justified on the basis of X-ray and neutron diffraction and density 
measurements 51-53). 

Electroneutrality in the lattice is ensured by reduction of An +4 to An +3, since for all 
the actinides in the hypostoichiometric oxide class, the trivalent state is stable (see Fig. 1 
in Chap. A). 

We shall underline a very interesting problem which emerges when comparing the 
systems Pu-O and Am-O with the following AnO systems in the series. 

When inspecting the phase diagrams of the lanthanide oxides PRO2_ x and CeO2_x, it is 
seen that the very wide non-stoichiometric range present at high temperature for the 
fluorite-structured MO2-x gives rise at low temperatures to a series of phases, having a 
composition which can be represented by a general formula LnnO2n_254). The crystal 
structures of these phases are sometimes very complicated, but can be understood as 
being distorted fluorite structures, in which ordering of oxygen vacancies, present at 
higher temperature, has been achieved. There is gradual transformation from the fluorite 
structure of the MO2.00 stoichiometric composition to the structure of the sesquioxide 
M203. Quantitatively, it can be stated that essentially ionic MO2-x fluorite structures 
tend to form intermediate phases of a general formula MnOzn_ 2 at low temperature. 
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In the actinide oxygen deficient dioxides, the AnnO2n-2 subphases have not as yet 
been evidenced in PuO2-x (see Fig. 12) and AmO2-x. However, phases of composition 
ANO1.82 and ANO1.714 (n = 11 and 7 respectively) have on the contrary been identified in 
the Cm-O and Cf-O systems 55' 56), i.e. in typical lanthanide like actinides. 

The absence of the AnnOzn-2 subphases in the Pu-O and Am-O systems may there- 
fore qualitatively be attributed (see Blank 51)) to a somewhat different type of bond in 
these two oxides, e.g. a greater covalency, influencing the type of ordering process of 
defects and stabilizing the fluorite structure. 

The Pu +4 and Am +4 ions have a 5 f4 and 5 f5 well localized f-shell: this is borne out 
clearly by the fact that their magnetic susceptibility is well explained in the atomic picture 
(see Chap. D). Nevertheless, this f-configuration is non-localized in metals, therefore, it 
might well be assumed to form some amount of covalent bonding by hybridization with 
the 2 p electrons of the oxygen ion (see later, and Chap. E). 

VI. The Bond in Binary Compounds 

A formalism similar to that presented for actinide metals has been developed for the 
ground state properties of binary compounds by Andersen et al. 57' 58) leading to a gen- 
eral form of equation of state (see Chap. F). However, this analysis of bonding contribu- 
tions must draw from detailed results of band calculations more heavily than for the 
metals' case (where the explanation of the qualitative behaviour of ground state proper- 
ties vs. atomic number needed only the hypothesis of a constant 5 f-bandwidth and its 
volume dependence as predicted by the general theory). In fact, the bond is more 
complicated: 
i. the electronegativity difference between the actinide and the non-actinide element 

induces an ionic part in the bonding; 
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ii. hybridization takes place not only with the other outer actinide electronic orbitals 
(especially the 6 d) but also with the outer electronic orbitals of the non-actinide 
element, inducing a covalent part in the bonding. 
Hence, for compounds, we have a composition of metallic, covalent, and ionic bond. 
A formula for the equation of state for the general case of metals and compounds is: 

3pV = ~ nT(21 + 1)(ET - Cr) + EM (21) 
T 

Here, T = (t, 1) labels the orbital 1 for the component atom t of the solid, CT is the 
centre, Er  the centre of gravity of the T band, given by 

1 gF 
ET = - -  f E Nv(E) dE (22) 

nT 

where Nr(E) is the density of state of the band T, ~tF is the Fermi level, and nT the 
number of electrons occupying it. The factor (21 + 1) arises from the differentiation of 
the bandwidth WT a Ro(21+ 1). EM, finally, is the Madelung long range electrostatic energy 
between ions, arising from the change transfer between the differently electronegative 
components of the compound, and expresses the ionic part of the bond (For this sim- 
plified model, in (21), as well as in (11), a part has been neglected, arising from the 
volume dependence of the centers CT and of exchange and correlation terms). 

Equation (21) is perfectly comparable with Eq. (11), apart from the term EM. Equa- 
tion (21) can be simplified within a Friedel's model, by assuming square bands, as for 
Eq. (12) and following. 

If no hybridization is considered between the bands, nr is the number of electrons 
which can be evaluated from the oxidation numbers of the components of the compound. 
For instance, in the case of an actinide dioxide AnO2, suppose An to have the ground 
state configuration: fm(sd)V, the An +4 ion will have a ground state configuration ff with 
n = m - q, and the q + v = 4 electrons are filling the oxygen 2p band. Then, the 
corresponding nT's are: n = m - q, no,p = 6. In this case, Eq. (21) describes a combina- 
tion of metallic (the first term) and ionic (the second term EM) parts. 

The metallic part would vanish, of course, for empty or filled bands, and in the case of 
strong localization ((ET - CT) = 0). To the first term, a spin polarized form may also be 
given as for metals and a further source of vanishing of this term may be identified when 
full atomic spin polarization is achieved. 

If hybridization is taken into account, nT can be provided only by band calculations. 
This is true for metals (where T inicates only the orbital) e.g. when hybridization 
between the f state and the (s, p, d) band is considered. In the case of cation-anion 
hybridization (ii.), covalency sets up. The complete charge transfer of the ionic model is 
reduced; some charge sharing occurs between cation and anion. 

1. NaCl-Structure AnX Compounds 

The physical properties of these compounds have been already discussed in Chap. A. A 
further discussion is given in Chap. D and F. A strong 5 f metallic bonding is present in 
these compounds (see e.g. Table 7 of Chap. A). Band calculations, however, evidence a 
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very important covalent f-p contribution to the bond 59'6°). The Madelung contribution 
(ionic bond) derives mostly from the transfer of the 7 s and 6 d electrons of the actinide 
atom ground state configuration into the p-band of the anion. 

Equation (21) describes well the bond, as shown by Brooks and G16tze159' 60). In the 
simplified square band model, the contribution to (21) from the f-f metallic and f-p 
covalent band can be written as 59' 6o). 

(3 pV)ff+fp = (3 pV)ff + (3 pV)fp = - 7(14 - nfp)F(1 - F)Wf/2 - 10 nfp(Q - Cp)(l - F) 
(23) 

where F = n/14 is the fraction of f-electron states occupied in the unhybridized band. If 
one compares the first term with Eq. (12), the number of 5 f bonding electrons of the 
actinide has been reduced by a number Fnfp, transferred to the oxygen atom. The 
number nfp, representing the number of f states introduced by hybridization on the p 
band and, symmetrically (nfp = npf) the number of p states introduced in the f band, is a 
quantity which arises from hybridized band calculations, and, in LMTO-ASA formalism, 
can be written as61): 

2 MfZpAfAp (24) 
nfp - (Cf - -  C p )  2 

where Af and Ap are the bandwiths of the unhybridized bands, which are changed by 
hybridization, and M~p is a matrix element depending only on the crystal structure. 

Equation (22) governs, as Eq. (12) for metals, the atomic volume vs. Z curves for 
these compounds (see Fig. 5 of Chap. A). Although the f-f metallic part has a parabolic 
behaviour vs. Z, the covalent part introduces a skewness in the parabola. Also the 
position of the minimum is drawn from the centre of the series towards its beginning. The 
skewness and the distance of the minimum from the centre increase as the strength of the 
covalent term increases. 

For the AnBi and AnSb systems, furthermore (see Fig. 5 of Chap. A), the metallic 
bond might be also different from a prevalently 5 f bond from the actinide as in Eq. (22), 
since the elemental Bi, and Sb solids have themselves a metallic character. 

Fig. 13. Lattice parameters of the actinide 
and rare earth nitrides and arsenides. Full 
circles and triangles represent experimental 
values; open circles and triangles, the 
theoretical values, for actinides and rare 
earths (from 61)) 
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Figure 13 compares the results of the calculations with Eq. (22), for the AnN and 
AnAs systems with the experimental lattice parameters and with the corresponding 
lanthanide systems. This latter comparison evidences, also, in these compounds, that the 
presence of a departure from a monotonous, almost linear curve, as found for lanth- 
anides, is a clear sign of metallic 5 f bonding. 

Spin-polarization sets up in the second part of the series, as in the case of metals, and, 
correspondingly, Eq. (22) should be modified with the use of spin-polarized terms. This 
explains the onset of an actinide contraction trend in heavier actinide NaC1 compounds, 
as shown in Fig. 5 of Chap. A for the AnN system. 

2. CaFe-Structure Actinide Dioxides 

The analysis of the dioxide bond has been performed with band calculations by Brooks 
and Kelly 62m4) for UO2. The method employed is essentially the same as explained 
above. Only, as suggested by the experimental (especially magnetic) evidence for strong 
localization of the 5P  in the An ÷4 ion, band calculations cannot take into account 
conveniently these orbitals. Cluster molecular orbital calculations 65m9) have been also 
performed on actinide dioxides. They usually show a strong f-p hybridization, which 
increases first with increasing Z across the series, becoming strongest for NpO2 PuO2, 
CmO2, and then decreasing when the 5 f states are pushed to very high binding energies, 
becoming real atomic states of the actinides. 

The band calculations of Brooks et al. have, however, evidenced a strong (uranium) 
6 d-(oxygen) 2 p hybridization (Table 8), leading to a strong covalent part in the bond of 
these systems. Charge transfer is strongly reduced from that of a pure ionic model. In 64), 
Brooks and Kelly have shown (from calculating the oxygen charge density in the solid) 
that the oxygen ion in UO2, usually assumed to be 0 -2, is likely to be a 0 -1 ion: a fact 

Table 8. A comparison of the electronic structures of CaF2 and UO2, after LMTO-ASA band 
calculations (energies in Ryd) (from 7°)) 

CaF2 UO2 

Cation charge 1.86 3.4 

Theoretical lattice parameter 3% Experiments 1/2% Experiments 

No. of anion electrons 
s(core) 2.0 2.0 
s(conduction) 0.0 0.0 
p 5.9 5.7 

No. of cation electrons 
s(core) 1.98 2.0 
s(conduction) 0.0 0.13 
p 5.87 5.61 
d 0.29 0.82 

d-bonding contribution to 3 pv - 0.68 - 1.53 

Madelung contribution to 3 pv - 2.01 - 6.50 
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already evidenced by the analysis of the structural and mechanical properties (Blank 54)) 
and optical properties TM 72) of these oxides. The charge density distribution of the 
uranium ion has also been calculated by Brooks and Kelly and is shown in64): although it 
is very similar to that of a U+4(5 f2) ion, it presents a higher value at higher radial 
distances. This is also in the direction of a covalent part in the oxide bond. 

In the same paper 64), Brooks and Kelly have considered the possible contributions of 
5 f orbitals to the bonding of UO2. While the hypothesis of an itinerant picture for these 
orbitals in the solids leads to a 35% higher atomic volume than the observed one, the 
assumption of a 5 f Mott-Hubbard spin-localized band, comprising seven states per atom 
(instead of 14) (see Chap. A) yields the correct value for this quantity. A certain amount 
of f-p hybridization is found as a weak and diffuse percentage of 5 f character in the 
predominantly 2 p-6 d valence band of this oxide. 

3. Large Non-Stoichiometry in Oxides and its Relation to Bond 

Non-stoichiometry is a very important property of actinide dioxides. Small departures 
from stoichiometric compositions, are due to point-defects in anion sublattice (vacancies 
for AnO2-x and interstitials for AnO2+x73)). A lattice defect is a point perturbation of the 
periodicity of the perfect solid and, in an ionic picture, it constitutes a point charge with 
respect to the lattice, since it is a point of accumulation of electrons or electron holes. 
This point charge must be compensated, in order to preserve electroneutrality of the total 
lattice. Actinide ions having usually two or more oxidation states within a narrow range 
of stability, the neutralization of the point charges is achieved through a Redox process, 
i.e. oxidation or reduction of the cation. This is in fact the main reason for the existence 
of non-stoichiometry. In this respect, actinide compounds are similar to transition metals 
oxides and to some lanthanide dioxides. 

For a very low departure from the stoichiometric composition, there is in principle no 
reason why point lattice defects and the compensating cationic charges (constituting also 
a defect in the cationic lattice) should be grouped together in special regions of the lattice 
or occupy special lattice sites: usually, they are considered randomly distributed in the 
lattice. 

However,  if the concentration of these two defect species becomes high (large devia- 
tions from stoichiometry), then both the point-defect hypothesis and that of a random 
distribution become questionable. A lattice defect causes a redistribution of charge 
density in certain regions, affecting strongly the surrounding lattice. Relaxation of the 
lattice may be achieved through small displacements of the ions surrounding the imper- 
fection, causing a polarization of the lattice which may help trapping other defects, thus 
giving use to clustering processes, which contradict the random hypothesis. In covalent 
solids 74), the charge density redistribution in the zone perturbed by one or more defects 
can be described sometimes, in a good approximation, as the formation of a new molecu- 
lar species in the solid matrix. Since, usually, there are difficulties in defining well this 
molecule (the size and chemical composition of which depends upon the size of the 
perturbed lattice region) the term "molecularity" is often employed. 

The thermodynamic functions of non-stoichiometric solids at very high deviations 
from stoichiometry are strongly affected by defect clusters and molecularities. The 
detailed theoretical description of the interactions between defects and the lattice as well 
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as of defects between each other should be known if the thermodynamic functions are to 
be interpreted. This is usually far from being an easy task. Then, modeling of the defect 
structure is used for their interpretation 73). 

a. Interaction Thermodynamics and Cluster Formation for Very Large 
Deviations From Stoichiometry 

Introduction of defects (vacancies or interstitials) in a perfect lattice determines a varia- 
tion in the free energy G of the lattice which may be written as" 

AG = G - Gperfectlattice = {NAHform + AHinter(N,N')} 

- T{ASconf(N,N') + ASvib(N,N')} = AH - TAS (25) 

N is here the number of lattice defects (vacancies or interstitials) which are responsi- 
ble for non-stoichiometry. AHform is the variation of lattice enthalpy when one non- 
interacting lattice defect is introduced in the perfect lattice. Since two types of point- 
defects are always present (lattice defect and altervalent cations (electronic disorder)), 
the A H f o r m  takes into account not only the enthalpy change due to the process of intro- 
duction of the lattice defect in the lattice, but also that occurring in the Redox reaction 
creating the electronic disorder. 

If defects are not independent but interact between each other, the total enthalpy of 
the lattice is affected by this interaction. A H i n t e  r takes care of the gain or loss of total 
enthalpy due to the interaction fields. AHinter is dependent on both N and N'  (where N' is 
the number of cationic compensating charges, usually related through stoichiometry to 
N), since both lattice defects and electronic disorder are electrical charges with respect to 
the lattice. 

If the defects can be considered point charges, localized on their own lattice sites, the 
polar electrostatic interaction between them is usually written as a long range monopolar 
Coulomb energy. If, on the other hand, for large concentrations of defects, local charge 
effects, as described in the introduction, are present, then A H i n t e  r is much more difficult 
to write. 

In fact, A H i n t e  r determines the shape of the total AH for very concentrated defect 
solutions. Simple statistical descriptions putting A H i n t e  r = 0 (independent defects) fail 
completely to describe the experimentally determined behaviour of the thermodynamic 
functions 73). 

We turn now to AS in (20), which describes the total change of entropy in the non- 
stoichiometfic lattice with respect to the perfect one. The term ASvib represents the 
change in entropy due to the change in the phonon spectrum of the lattice due to the 
presence of defects TM. This part can be particularly important when the lattice contains a 
large number of defects. Information on the change of the phonon spectrum can be 
obtained from vibrational spectroscopy; infrared or Raman optical spectroscopy and, 
above all, inelastic neutron scattering (see Chap. D). Due to the experimental difficulties 
with actinide oxides (their high radioactivity; lack of large single crystal adequately 
conditioned to keep a well defined stoichiometry) unfortunately very few results are 
available in this field (except for ThO2 and UO2). Perhaps for this, very little care has 
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been given to the extremely important ASvi b in statistical interpretations of the thermo- 
dynamic functions of grossly non-stoichiometric compounds. 

The other term in AS of (25) is ASconf, representing the change in entropy when the 
perfect stoichiometric lattice is disordered by the presence of defects. ASconf is expressed 
by: 

AS~onf = k In ff~(N,N') (26) 

where ~2(N,N') represents the number of ways (configurations) by which the N,N'  
defects defined above dispose themselves in the perfect lattice. 

If defects are non-interacting, g2 is given by combinatorial terms and mass action 
equilibrium equations are obtained. 

In the case of concentrated solutions of defects, i.e. large departures from 
stoichiometry, a fundamental fact in encountered73~: AHinte r and ASconf are strongly cor- 
related, i.e. 

ASconf = f(AHinter) (27) 

Clusters or molecularities' models trying to reproduce the correlation (27) are useful 
tools for gaining insight into the bonding of the oxide. 

b. Clusters in Oxygen-Excess Dioxides 

The only thoroughly studied grossly overstoichiometric actinide oxide is U02+ x. 
Willis4S. 75-77), using Bragg neutron scattering techniques, performed an investigation 

on the defect structure of UOz.13 and U40 9. According to these studies, interstitial 
oxygen Oi is incorporated in the lattice, causing non-stoichiometry. At large deviations 
from stoichiometry, the Oi's do not occupy the center of the "octahedral hole" of the 
fluorite structure (see Part V). Rather, they occupy two other sites, termed O'  and O". 
O'  is displaced from the center (1/2 1/2 1/2) of the octahedral hole along the (110) axis, 
the second along the (111) axis. One or two adjacent oxygen atoms are displaced from 
their perfect-lattice equilibrium position leaving vacancies at their place. This finding is 
confirmed by the application of a deuteron channeling technique (Matzke TM 52/ which 
also yields the important result that the heavy uranium atoms are also displaced some- 
what (about 0.25 A) from their normal position. 

Oxygen interstitials of the two types as well as oxygen vacancies are associated in 
different ways, forming clusters. Proposed clusters are (V0 = oxygen vacancy): 

1 : 2 : 2  i.e. ( 1 0 '  - 2 Vo - 2 0") 
2 : 2 : 2  i.e. ( 2 0 '  - 2Vo - 2 0 " )  
4 : 3 : 2  i.e. ( 4 0 '  - 3 Vo - 2 0")  

Catlow and Lidiard 53) calculated, by computer assisted cluster calculations in an ionic 
model, that the 2 : 2 : 2 and 4 : 3 : 2 clusters are particularly stable. Similar clusters are 
reported to exist in other ionic fluorite-structure solids, e.g. CaF2 + YF3 TM 79), indicating 
that they are a feature of anion-excess fluorite compounds. 
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Table 9. Possible clusters in different composition ranges of UO2+~, as deduced from In Po~ vs. In x 
experimental curves (from 8°)) 

composition range cluster 

• 0-0•026 
.0•026-0.115 

• 0.115-0.18 
• 0.18-0•24 

{ 0 /  ' 2 U +5} 
{2(O1'. V0" O1'. 2 U +s) 
i.e. a 2 : 2 : 2 cluster associated with 2 U +5 
unknown type of cluster, but certainly not  the 4 : 3 : 2 
long-range ordered, almost U409_y phase 

Scrensen 8°) analysed the in 0 2 VS. lnx experimentally determined functions at differ- 
ent temperatures. The slope of such curves can be shown to be simply related, by 
equilibrium equations, to the number of atoms and defects composing a cluster• By this 
method, clusters and clusters' aggregations as given in Table 9 are proposed• 

It may be observed that 
i) even at very low deviation from stoichiometry, it seems possible to postulate a 

trapping of 2 electron holes (2 U +s) in the neighbourhood of an interstitial oxygen 
atom; 

ii) the observed 2 : 2 : 2 cluster also traps 2 electron holes; 
iii) there is possibly a building up and progressive ordering of the Willis' clusters, 

leading to the formation, at very high deviations of stoichiometry, of other oxide 
phases. 

The theoretical interpretation of the Willis' clusters has been attempted by Cat- 
low81, 82~. These authors employed the HADES program, a code used successfully for 
many ionic compounds• 

In this method, the respective positions of about 100 ions (inner zone) are calculated 
under various assumptions for the inter-ionic potentials, assuming the rest of the lattice 
as a quasi-continuum. A polarization per unit cell is attributed from measured values of 
the static dielectric constant. The configuration within the inner zone (which may gener- 
ate a "cluster") is varied until the total energy of the lattice is minimized s2). 

The problem of this method is to simulate correctly the inter-ionic potential. Not 
dissimilarly to other types of calculations in the ionic picture (e.g. application of Born- 
Haber cycles), the most important part of this potential is the monopole Coulombic 
potential (radial dependence: R -1) between the ionic charges. This is corrected either by 
assuming "effective point charges" for the ions or by adding repulsive and attractive 
short-range terms, having a different radial dependence and representing either higher 
poles, or simulating the charge density distribution in the inter-ionic space (i.e. covalency 
effects)• 

The calculation shows that the 2 : 2 : 2 and the 4 : 3 : 2 Willis' clusters are essentially 
interstitial dimers stabilized by a coupled interstitial-lattice relaxation mechanism 82). 
Oxidized (U +6) cations localized at cation sites adjacent the cluster are also needed s2). 

This affirmed necessity of positioning around the cluster, U +5 (U +6) cations is a very 
relevant fact, especially if coupled with the result of the channeling experiment reported 
above, which shows a displacement of uranium ions from their equilibrium positions. The 
Willis' clusters can then be described also as molecularities in which the electronic charge 
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transfer between ,the oxygen interstitials and the surrounding metal ions is incomplete. A 
covalent picture may then be invoked. 

The recent band calculations by Brooks et al. 64) show indeed from charge density 
calculations that in stoichiometric UO2 a purely ionic picture is incorrect: the oxygen ion 
is singly charged, the second electron not being retained by the Madelung potential. 
Simple considerations based on mechanical properties 54) and spectroscopic evidence 72) 
had already pointed at these conclusions. 

c. Clusters in Oxygen-Deficient Dioxides 

In fluorite-structure oxygen-deficient oxides M O 2 _  x there is general agreement that the 
oxygen vacancy is the point-defect responsible for non-stoichiometry. Unfortunately, no 
direct observation is available of a basic cluster species for M O 2 _  x such as the Willis 
cluster in UOz+x. 

The problem, instead, which polarizes attention is constituted by the difference, 
illustrated before, between the phase diagrams of fluorite-structure lanthanide oxides 
PrO2-x and C e O 2 _  x as  well as of heavier actinide oxides C m O 2 _  × and CfQ-x, in which 
MnO2n-2 subphases have been observed, and those of PuOz-x and AmOz_x, which do not 
display these subphases. 

For the lanthanide dioxides PrOz_x and CeOz-x, many authors 83-86) have proposed, as 
the basic structural entity generating the MnOzn_ 2 series, a linear infinite string of M O  6 

octahedra - along the (111) direction-surrounded by a contiguous sheet (of different 
"thickness in different MnO2,-2 species") of MO7 cubes (in the normal fluorite-structure, 
one metal is coordinated to 8 oxygen ions, i.e. MOs). Catlow 82) attributes these structures 
to the existence of an even more basic cluster unit constituted by a vacancy composed of 
two oxygen vacancies at the opposite ends of an anion cube of the fluorite structure. This 
vacancy needs, however, to be stabilized by the association of neighbouring trivalent M +3 
cations. 

The important point for bonding is not so much the "structural description" of the 
strongly disturbed oxygen sublattice, but (as discussed for UOz+x), the required associa- 
tion postulated between M +3 ions and oxygen vacancies. Once again, molecularities are 
formed, strongly hinting at covalent effects. 

"Local" association of the M +3 reduced cation and the oxygen vacancy is clearly 
suggested by the thermodynamics of the hypo-stoichiometric mixed oxides 
(Ul_yPuy)O2_x, where the thermodynamic functions do not depend on x and y sepa- 
rately, but rather on a quantity, called "plutonium valence", which contains the ratio x/ 
y73, 87). Clusters consisting of this association have been proposed sS' 9o) in order to explain 
the thermodynamics of actinide hypostoichiometric dioxides. 

Manes and Manes-Pozzi s7) have suggested a cluster of the type (Vo • 2 Me+3), which 
has been taken as the basis species for a statistical treatment aimed at the interpretation 
of the thermodynamic data o n  (Ul_yPuy)02_ x and P u O 2 _  x. This cluster has later been 
called by Manes, SCrensen et al. the "tetrahedral defect ''91). The reason of this name lies 
in the fact that the local bond is supposed to occur in a coordination tetrahedron of an 
oxygen ion in the fluorite structure: in this tetrahedron, one oxygen vacancy is formed, 
and the two electrons are shared with the four surrounding cations, giving rise (formally) 
to 2(Me +3) locally bonded with the vacancy. In 91), Manes, Sorensen et al. showed that by 
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the periodic packing of tetrahedral effects in the fluorite lattice, some of the MnO2n_ 2 

substructures could be generated: an interesting structural observation coupling ther- 
modynamics and crystal structure. 

The tetrahedral defect73): 
a) is no longer a point defect but has its own volume in the lattice (the tetrahedral 

volume); 
b) constitutes a neutral entity with respect to the lattice, but has a dipole moment since 

the centers of positive and negative charge do not coincide when a charge transfer has 
taken place between the vacancy and the cations (the center of the positive charge 
being in the vacancy and that of the negative charge being on one of the tetrahedron's 
sides, halfway between the reduced cations); 

c) represents local short-range ordering with respect to the "free" defects and thus has 
an important effect on the total energy and entropy of the crystals; 

d) may be packed in different ways, thus extending the range of ordering of the defect 
population. 
When packing progressively tetrahedral defects in the fluorite lattice, it is assumed 

that they interact with the lattice (elastic strains) and with one another (dipolar interac- 
tion). Both mechanisms of interaction are strongly dependent on the "local" charge 
distribution within the coordination tetrahedron, in which the defect is formed. 

The elastic strain imposed on the lattice may be reconducted to an increase in volume 
of the tetrahedron when the tetrahedral defect is formed, due to the local presence of 
M +3 ions having a much larger ionic volume. In this case, also the dipole within the 
tetrahedron is at its maximum. If, however, a certain amount of covalency is assumed 
(already in the perfect oxide), the formation of the tetrahedral defect is predicted to 
occur without great increase in the volume of the original tetrahedron, and with a lower 
dipole. In a more covalent fluorite structure oxide, therefore, a more relaxed situation 
exists and a greater disorder of defects is preserved even at high deviations from 
stoichiometry. In this case the fluorite lattice is not submitted to the strains due to defects 
packing, and this even at the low temperatures at which, from a more ionic lattice, 
M, O2n-2 subphases would precipitate. This may well explain the difference between the 
phase diagrams of PuO2-x and AmO2-x and those of PrO2-x, CeO2_× and the heavier 
actinide oxides. Cluster molecular orbital calculations (already reported), for the perfect 
oxides indicate that the covalent f-p contribution to the bond is at a maximum for PuO2 
and AmO2 in the actinide dioxides' series 67). 

This argument had been anticipated by Blank 92) on the bais of a critical examination 
of structural properties. In later publications, the same author showed 56' 93) that many 
properties (especially, mechanical and structural properties) of fluorite-structured diox- 
ides are better explained when assuming a considerable amount of covalency in their 
bond. 

VII. Conclusions 

In this chapter, we have examined relevant structural and thermodynamic properties of 
metals and simple binary compounds, and which information they may convey on the 
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bonding. Crystal structures and chosen thermodynamic quantities, such as the heat of 
vaporization and heat of solution of metals, and, especially, their correlations and trends 
across the actinide series, contain a description of the bonding, provided scientists are 
able to display enough ingenuity to read and interpret it with the help of adequate 
models. 

Given the characteristics of spatial extension of 5 f wavefunctions, the important 
parameter for the 5 f overlap phenomena, hence the metallic bond, is interactinide dis- 
tance. If hybridization sets in, either between the actinide atom or with the non-actinide 
atom in compounds, the type of crystal structures can change due to the angular and 
spatial characteristics of the hybrid orbitals. Studying structural changes under pressure, 
therefore, has shown itself to be of paramount importance in actinide physics, and will 
for certain keep this importance in the future. The pressure parameter is in fact able to 
change the nature of the valence band considerably. Applied pressure competes in a solid 
with the 5 f-pressure pf, which as we have seen, decides in metallic bond between localiza- 
tion and itineracy of these states. It seems that pressure will decide whether an element 
(be it actinide or lanthanide) will behave, as far as the f-bonding properties are con- 
cerned, as an f-transition metal or a lanthanide-like element. Therefore measurements 
under pressure are becoming more and more favoured: crystallography under pressure, 
electrical resistivity measurements under pressure, neutron diffraction under pressure 
and optical spectroscopy under pressure. 

Temperature effects are not, however, to be overlooked: the phase diagramme with 
its numerous allotropes of Pu metal is there for us to remember. Usually crystallographic 
studies are made from room to higher temperatures but low temperature, cryogenic 
studies would be also indicated. One reason is that the effect of phonons have a very 
strong influence in determining interactinide distances and crystal symmetry. Recent 
theoretical work on the high temperature f.c.c, structure of plutonium metal, in which, as 
shown by photo emission, 5 f localization is not present, although the crystal structure is 
typical of a 5 f localized behaviour, suggests that the softening of the lattice due to 
numerous phonon excitations is responsible for the anomaly. 

As for ionic solids, e.g. oxides, attention is drawn in the chapter to phenomena, such 
as the huge non-stoichiometry, which hint to "local" bonding of defects and their aggre- 
gation. In this respect, covalency (f-p or d-p type) may play a major role. Unfortunately, 
although a growing interest in this problem exists, opinions are controversial. A way to 
study defect clustering effects in PuO2_x, where they may be very important, is by elastic, 
inelastic and diffuse neutron scattering. Unfortunately, 239-Pu has an unfavourable cross 
section: the much more costly and rare 242-Pu would be ideal (single crystals of the oxide 
with this isotope would also be highly desirable). 

Also, more accurate thermodynamic measurements, aiming at a precise determina- 
tion of the slopes of the oxygen potential curves vs. oxygen deficiency, which are related 
strongly to the nature of the defect clusters, would be helpful. On the theoretical side, 
cluster molecular orbital calculations on defects or defect clusters, with their ability to 
provide information of short-range electron charge distribution and its orbital character, 
are being already performed and will certainly aid to the understanding of this difficult 
matter. 
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VIII. Note Added in Proof 

L. Manes and U. Benedict 

Recent Results for Curium Metal Under Pressure 

In Part II.3.a it was pointed out that the structures proposed for curium metal and 
reported 23) in Table I and Fig. l b  represented an anomaly in the trend encountered when 
applying pressure on lanthanide and heavier actinide metals. Thus, curium metal should 
have represented a somewhat unexplained intermediate stage between lighter and 
heavier actinides. 

However, very recent results obtained in a collaborative study by one of the 
authors94, 95), eliminate this anomaly, and correct Table 1 and Fig. lb.  Starting with the 

dhcp phase (Cm I) at normal temperature and pressure, a dhcp ~ ccp (Cm II) transi- 

tion occurs at 23 GPa, and a ccp ~ Cm III  (a-uranium type structure) transition at 
43 GPa. The AV/V (see Fig. 2) from the ccp to the low symmetry phase is, for Cm metal, 
21%. Therefore, curium metal behaves as the heavier Cf and Bk and in a different way 
from the lighter actinides up to plutonium. The case of americium metal stands apart as a 
particular transition stage as underlined in parts II.3.b and IV.5. 

These recent results for Cm metal, however, show that for Cm the "delocalization" 

pressure and volume change AV/V (relative to the ccp -~P c~-uranium transition) are 
higher than for the higher Z Cf and Bk. This is an apparent anomaly, which is however in 
line with the spin-polarization model for 5f-localization, illustrated in this chapter. Cm is 
in fact to be considered as the most localized system, since its 5f 7 half-filled configuration 
has the largest number of unpaired spins, hence the largest m in Eq. (19) (see the 
discussion of Eq. (19)). Also, the spin polarization energy Asp should be the largest. 
Therefore, the necessity of a higher pressure to induce the transformation and the largest 
volume collapse are justified. 
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The various magnetic properties observed in actinide solids are largely determined by the degree the 
unsaturated 5 f shells retain an atomic localized character or lose it in an itinerant mode. Hence the 
investigation of magnetism (and of related properties such as low temperature electrical resistivity) 
has played a central role in understanding bonding in actinide solids. Between clear cut cases of 
"localization" or "itineracy" intermediate situations are observed (leading for instance to spin 
fluctuating behaviour) which have made actinide magnetic research a rich but also controversial 
field. 

A short exposition of the basic concepts of actinide magnetic research and of the different 
aspects of magnetic ordering in actinide solids is followed by a discussion of experimental and 
interpretational aspects, in particular the difficulty always encountered of separating the different 
contributions. 

A number of examples have been chosen to illustrate the variety of magnetic behaviour and its 
meaning in establishing a unified picture of actinide solid state physics. 

One of the aims of the chapter is to inspire new research in actinide magnetism. To this purpose, 
tables collecting the main magnetic data for a large number of actinide binary compounds are 
provided. 
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I. Introduction 

In this chapter our aim is to stress the main physical features governing the unique 
magnetic properties of the actinides and to illustrate these features by clear examples 
when available. 

The most important factor governing the physical, and in particular magnetic, proper- 
ties of the actinides, is the extended nature of the 5 f wave functions. Depending on: 
1) the number of 5 f electrons involved (occupation of the 5 f shell) 
2) the interactinide spacing 
3) the actinide environment in a compound 
we find properties ranging from that of itinerant transition-like systems to that of 
localized lanthanide-like systems. 

In Sect. II, we show how the localization of 5 f electrons is related to the magnetic 
behaviour of pure metals and compounds. 

In Sect. III, we illustrate the different kinds of magnetic behaviour displayed by 
actinides. 

In Sect. IV, we present the main macroscopic properties and discuss the physical 
information which can be extracted from the experimental data. 

In Sect. V, the same procedure is used in the case of microscopic properties. 
The most practical use of such a chapter is a collection of data. Thus we tried to 

compile all magnetic data available up to end 1983 in the form of data tables which are 
the object of Sect. VII. 

II. Localization and Magnetic Properties 

1. Stoner and Mott-Hubbard Models 

In this chapter we are concerned with the magnetic properties of the actinides. How the 
localization of electrons belonging to an incomplete shell is related to their magnetic 
properties? This is an old question to which it is possible to answer qualitatively if not 
quantitatively. There are 2 extreme points of view to approach this crucial problem. 
- The one-particle band point of view (Stoner theory) 
- The many-particle local point of view (Mott-Hubbard theory) 

In the Stoner theory for magnetism, it is shown that magnetic ordering is possible in a 
band scheme, when spin-polarization is energetically favorable; the full discussion (see 
Chap. A) for the simpler case of ferromagnetism leads to a simple criterion known as the 
Stoner criterion 1) 

I X N(EF) -> 1 

where I is the so-called Stoner parameter and N(EF) is the density of electron states at the 
Fermi level. It has been found 2) that the Stoner parameter is fairly constant for different 
actinides compounds at about 3 eV. We are thus led to a very simple and interesting 
result, namely that possible magnetic ordering is only governed by the 5 f electronic 
density of states at the Fermi level. 
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In the Mott-Hubbard theory 3) on the other hand, it is shown that there exists an 
instability in the narrow-band electronic structure (Peierls instability 4)) and if the band- 
width decreases below a critical value, a sudden transition (Mott transition) 5) takes place 
toward a complete localized situation. In this approach, it is assumed, in fact, that band 
magnetism does not exist and one has to deal only with 2 classes of materials 
- non-magnetic systems with 5 f bands 
- magnetic systems with 5 f local states 

A simple criterion for the occurence of magnetism within this scheme for non-degen- 
erate electron-state is 3) (see Chap. A) 

Wf -< Ue~ 

where Wt is the 5 f bandwidth and Uaf the effective intra-atomic Coulomb correlation. 

2. Pure Metals and Mott-Like Transition 

In Chap. A and in particular in Sect. IV, the formation of 5 f bands in actinides metals 
was described. We shall recall here the points which directly affect the magnetic proper- 
ties. In Table I we report Wf, U at, and (I x N(EF)) for the actinide metals. This tabula- 
tion focusses on the transition that occurs between plutonium and americium. 
Americium metal behaves hke a lanthanide in many physical properties; from the magne- 
tic point of view its J = 0 ground state is non-magnetic (5 f6 configuration) and thus 
allows even superconductivity to occur. Since plutonium metal does not order magneti- 
cally, this has led Johansson to view this sudden change as a Mott-like transition of the 5 f 
electrons along the actinide series 6). Thus, it appears that in the case of the pure metals, 
the Mott-Hubbard approach is appropriate to describe the evolution of 5 f behaviour 
along the actinide series: a Mott-like transition is the simplest and clearest description of 
what happens between plutonium and americium. Up to plutonium, i.e. in the band 
regime - the Stoner criterion is not fulfilled and this is more or less correctly predicted 
from the calculated I x N(EF) reported in Table 1. Given their "critical" situation, 
plutonium metal - and also neptunium - have an abnormal behaviour. 

Band calculations s) show that 6 d-5 f hybridization reduces considerably the occurence 
of ferromagnetism (Stoner criterion) in the 5 f band. 

Then, curium metal is antiferromagnetic and its paramagnetic effective moment 
definitively supports the picture of a localized 5 f7 configuration10); the same is true for 
what is known about berkelium and californium metals TM 12). 

T a b l e  1. 5 f bandwidth Wf intra-atomic Coulomb correlation U "t and Stoner parameter time the 
density of states I x N(Er) for light actinide metals 

Pa U Np Pu Am 

Wf(eV) 4 4 3 2 0.1 
Ua~(eV) 1.5 2.3 2.6 3.5 + 1 5 +_ 1 
IN(E 0 - 0.3 0.9 0.9 0.8 > 1 
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As a remark, it should be noted that a single electron ground state from a filled band 
(which would be the case of americium within a band description because the 5 f band is 
spin-orbit splitted into a filled 5/2 sub-band and an empty 7/2 sub-band) is equivalent to a 
localized state 7) and thus a spin-polarized band description leads to the same conclusion 
as a simple Mott description. 

3. Metallic Compounds and Hill Plots 

In 1970, Hill :3) pointed out that one may classify uranium, neptunium and plutonium 
compounds into a magnetic and non magnetic group depending on interactinide distance 
dAn-An (see Chap. A) with a critical value of about 3.4 A. This systematics clearly evi- 
dences a localization process related to direct 5 f-5 f overlap. As we said at the beginning 
of this section, the critical distance may be viewed from the 2 different points of view 
- it corresponds to the fulfilment of a Stoner criterion 
o r  

- it corresponds to a Mort transition. 
From band structure calculations 2' 14) as well as from experimental results (photoemis- 

sion, specific hea t . . . ) ,  it is now clear that, at least for magnetic compounds near the 
critical spacing, 5 f electrons are in bands. This means that contrary to the pure metals, the 
Stoner criterion may be fulfilled before the band description breaks down. 

As noted by Hill himself :3), the weakness of the Hill plots comes from the crude 
assumption that direct 5 f-5 f overlap is the only parameter governing the 5 f bandwidth. 
That such plots are so successful is, however, in favour of such an assumption. Since that 
time, considerable new information has been obtained, showing that many other parame- 
ters influence the appearance of magnetism in early actinides compounds. As already 
pointed out in the case of pure metals, the most important correction comes from hyb- 
ridization between 5 f states and p or d states of the compound "partner". I n  the case of 
pnictides and chalcogenides, p states are well below the Fermi energy so that hybridiza- 
tion will not result in a f-p conduction band and is less pronounced than for other metallic 
compounds. Thus the main effect of hybridization for magnetism will be in the kind of 
exchange mechanism involved. Experimentally it is found that for pnictides, where f-p 
hybridization is strongest, exchange is very anisotropic - From the degree of experimen- 
tal knowledge we have today, the main interest of Hill plots resides in anomalies such as 
for example AnSn3, AnRh3, on one side, for which magnetism is delayed to much higher 
dAb-An values (USn3 is not magnetic although dtJ-u = 4.63 A): and, on the other side, a 
compound like UNi2, which is ferromagnetic, although du.u ~ 3.0/~. If we compare 
with non-magnetic UCo2, and by analogies with LnNi2 intermetallics, we have good 
reasons to assume that magnetic ordering is due to uranium. Band structure calcula- 
tions :6) seem to support this hypothesis but direct proof will only be obtained through 
polarized neutron diffraction. 

1 From the band point of view, this means a very strong hybridization to keep the density of state 
low enough although the direct 5 f-5 f overlap is very much reduced. This has been nicely verified 
for example in the case of paramagnetic URh3, where the bandlike nature of 5 f electrons was 
shown by de Haas van Alphen oscillation measurements which agreed with calculated band 
structure15): strong hybridization with 4 d rhodium states is the dominant factor 
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III. Different Aspects of Magnetic Ordering 

1. Localized vs. Itinerant Picture in Actinide Compounds 

From what has been presented in Sect. II, it is clear that the magnetic properties of 
actinide compounds are most difficult to interpret, since we encounter the situation of 
non-fully localized 5 f electron states and thus are faced by the very severe question: does 
a localized picture or an itinerant picture provide a better description of the magnetic 
properties? The answer is by no means unequivocal. Let us use a very simple scheme 
already discussed by Chan et al.17). Apart from their kinetic energy, f electrons see their 
own centrifugal potential, due to their high angular momentum (see Chap. A, Sect. 2). 
Thus (see Fig. 12 b in Chap. A) the f electrons can tunnel the potential barrier to the next 
ion. If the barrier is high enough, this is the situation of f-resonance or critical bound 
state 18). Such hopping costs Coulomb energy U so that f electrons spend most of their 
time in the ground state: they appear localized and the number of electrons, n, will have 
only small fluctuations about a mean value fi which is an integer. If the f-overlap or f-d/f-p 
hybridization increases the resonant picture gives way to a band. 

From an experimental point of view, it appears that the resonant f level is the best 
starting hypothesis for most U, Np and Pu compounds. Only in some cases of strong 
hybridization (particularly for Laves phase and AuCu3-type structure intermetallics) it 
will broaden into "true" bands and we shall try to give criteria for itinerant magnetism. 

What has also emerged is that the tails of 5 f wave functions (see Chap. A), while not 
being much involved in making up the magnetic moments, are responsible for the f- 
bonding capacity: this is one important duality of 5 f states: compared with 4 f wavefunc- 
tions, tails are much more extended in real space. These tails will be greatly involved in 
the magnetic ordering process: anisotropy, RKKY and superexchange mechanisms, type 
of ordering in actinide compounds are often to be attributed to them. 

2. Localized Magnetism 

a) Classification of Interactions and Crystal Field Theories 

Assuming 5 f localization, it is possible to classify the different interactions on an energy 
scale. Similar to lanthanides, the most impotant interaction is the intra-atomic Coulomb 
correlation U. Infrared spectroscopy results for solutions of trivalent actinide ions indi- 
cate that the Coulomb interactions are about 4 x 10 4 cm -I and the spin-orbit constants 
are about 3 x 10 3 cm -119). The 5 f being much less screened than 4 f, the crystal field 
interaction is, however, much stronger in actinides than in lanthanides. Magnetic and 
spectroscopic studies of ionic actinide compounds show that the crystal field interactions 
are about 10 3 cm -1 (it will be less for semimetallic compounds due to better screening), 
The exchange interactions may be estimated from the ordering temperatures of collective 
magnetism: they are about 10 2 cm -1. 

In Table 2 we indicate these results together with those of lanthanides for com- 
parison. 
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Table 2. Comparison of Coulomb, spin-orbit, crystal field and exchange interactions for actinides 
and lanthanide ions, (U: Coulomb; Hs_o: spin-orbit; Hc.f.: crystal field, He~ch = exchange) 

Actinides Lanthanides 

U - 4 x  104cm -1 o r5eV -105cm -1 or 10eV 
Hs o - 3  x 103cm -1 or0.3eV -103cm -~ or0.1eV 
H~.f. 102 to 10 3 cm -1 or 0.01 to 0.1 eV < 10 ~- cm 1 or <0.01 eV 
HoxCh. - 10  2 c m  -1 o r  0.01 eV ~ 10 cm -~ or 0.001 eV 

In the presence of Coulomb correlation only, the wave function is characterized by 
the total spin S = ZSi and the total angular momentum L = Zi li of the 5 f electrons, and 
the total momentum J is given by Hund's rule (J = L + S). Important spin orbit coupling 
will mix LS multiplets and only J remains a good quantum number. The Russell-Saunders 
coupling scheme is no longer valid and an intermediate coupling scheme is more appro- 
priate. 

The inclusion of the crystal field destroys the rotational symmetry of the ion and lifts 
the degeneracy of J levels (except of course Kramer's degeneracy): the only good quan- 
tum numbers will be F's, the irreducible representations of the point-group symmetry 
operation. If the crystal field interaction is comparable to J-J splitting (and we see from 
Table 2 that this is the case of actinides) it will also cause an admixture of different J 
multiplets. 

In Table 3 are given the ordered and effective moment obtained for the f2 to f5 
configurations. In the case of free ions, we use the wave functions given by Chan and 
Lam in I7). Up to the 5 f4 configuration the departure from the pure Russell-Saunders 
ground state is small; the correction to the gj Land6 factor and thus to the magnetic 
moment is less than 3%. Only for the 5 f5 configuration the correction becomes signifi- 
cant (20%). 

The effective and ordered moments in a cubic crystal field were also calculated using 
the obtained gj values and the wave functions given by Lea, Leask and Wolf 2°). In the 
case of the Fs quadruplet the magnetic moment is anisotropic and depends upon the 
crystal field parameter x. The effective moment is space averaged and given as a function 
x 2°). The value of the ordered moment along (001) is given as a function of x also. 

b) Examples of Localized Magnetism 

We give here some examples of localized magnetism in actinide compounds. 

- U02: in this semiconductor the 5f  levels lie in the 6 eV gap between an oxygen 2p 
derived valence band and an uranium 6 d derived conduction band 21). This situation 
prevents hybridization insuring good localization with U 4÷ ions (5 f.2 configuration). A 
first order magnetic transition towards a simple antiferromagnetic structure takes place at 
TN = 31 K a2). 

Within L-S coupling the ground state multiplet is 3 H  4 leading to an effective moment 
~t~ff = 3.38 ~t B (see Table 3) which is slightly higher than the experimental value ~t,~ = 
3.2 ~tB: thus J mixing is small and the ground state is essentially H 4 (Chart and Lam v) 
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gives a composition 89% 3H4, 10% 1G4). Crystal field calculations 23) lead to a F5 triplet 
ground state with ~teff = 2.9 ~B. Small amount of J mixing is sufficient to obtain the 
observed effective moment as well as the ordered moment ~to~d. = 1.8 ~B which is slightly 
lower than the cubic F5 value of 2 ~tB. 

- PuP: amongst compounds of metallic character, plutonium pnictides PuP, PuAs, PuSb 
are ferromagnetic. PuP has been studied not only by the magnetization technique 24) but 
also by neutron diffraction 25), specific heat 26) and NMR 24). Powder polarized neutron 
diffraction 25) has confirmed that Pu is trivalent having a 5 fs configuration. The effective 
moment is Weft = lIB in good agreement with J = 5/2 ground state (geg = 0.85 ~B in the 
Russell-Saunders coupling scheme and ~teff = 1 ~tS in the intermediate coupling scheme). 
The ordered moment obtained from neutron diffraction is 0.77 + 0.07 ~tB; it is in agree- 
ment either with the J = 5/2 ordered moment or with the Fs crystal field level ordered 
moment. Lander and Lam 25) made a detailed discussion of the form factor result taking 
into account exchange mixing of the F7 and Fs levels which they find very closely spaced 
(~ 15 cm-1). In agreement with this local approach is the low electronic specific heat 
coefficient y = 3 mJ/mol K 2 as well as the value of the excess entropy at the transition 
temperature 26). 

3. Itinerant Magnetism 

a) Criteria for Itinerant Magnetism 

As in the case of transition metals magnetism, the question of localized magnetic 
moments has been debated for some time and is still open. 

Fradin 27) has considered the question recently and emphasized the relationship 
between particular measurements and the way they project out the localized and the 
band nature of the 5 f electron states. 

At the beginning of this section we said that a localized picture is very often the best 
starting point for U, Np and Pu compounds. Is there any clear-cut criterion to direct us in 
the way of itinerant magnetism? Good experimental evidence seems to be 
- a reduced ordered moment (in particular when it is incompatible with the effective 
moment in the crystal field scheme 17)) and - a large electronic specific heat (>  10 m J/tool 
K 2) and- a reduced magnetic entropy at the transition (~ RLn 2) 

b) Examples of Itinerant Magnetism 

We present here some examples of itinerant magnetism. 

- UN: uranium nitride orders antiferromagnetically at TN = 52 K. While it is possible to 
explain its low order moment (~t 0 = 0.75 ~tB) and its high effective moment (Bxe~ = 3.1 ~t~) 
assuming a 5 f2 configuration with a F4 ground state and a small crystal field splitting (see 
Table 3), it is not possible to explain concurrently the high electronic specific heat coeffi- 
cient (? = 50 mJ/mol K 2) and the small entropy at the transition ( -  0.1 Rln 2) as has been 
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shown by De Novion 29). These properties on the contrary strongly suggest itinerant 
antiferromagnetism. Strong support has been recently obtained from two kinds of meas- 
urements 
- the rapid decrease under pressure of both TN and ~to~d at the same rate 3°) 
- the observation of a structure in the photoemission spectrum corresponding to gap 
opening3lk 

Both sets of results are in good agreement with the Fedder and Martin model of 
itinerant magnetism 32). It should be noted that in the case of PuN, the absence of a 
detectable ordered moment by neutron diffraction 33) together with a high electronic 
specific heat coefficient (,/ = 64 mJ/mol K 2 and a small entropy at the transition 
0.004 Rln2) 31) also strongly support the assumption of itinerant antiferromagnetism. 

These experimental results received theoretical support: from band calculation 
results, Brooks 35) found that for UN and PuN the Stoner criterion was just satisfied and 
that these nitrides were itinerant magnetic systems. 

- NpSn3 :  in this antiferromagnet (T N = 9 K) the ordered moment is reduced to ~tora = 
0.28 ~t B. The most elegant experimental evidence comes from specific heat measure- 
ments36): the electronic specific heat fits well a BCS (Bardeen-Cooper Schrieffer) shape 
predicted by the gap opening at the transition (Fig. 1). The large change in ,/ at the 
transition (7ord = 88 and Yp = 242 mJ/mol K 2) is further evidence of the itinerant nature of 
magnetism. The yp value is the largest measured thus far in actinides. 

- NpOs2:  this intermetallic Laves phase is ferromagnetic below Tc = 7.5 K with ~tord = 
0.4 ~t B while ~tef~ = 3.3 Vn 37). The magnetic entropy is 0.2 RLn2 while ,/ = 205 mJ/mol 
K 238). Additional evidence for itinerant magnetism comes from the very large superim- 
posed susceptibility in the ordered state 

Zo~d = 1.2 + 0.2 X 10 -2 emu/mol 
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By using this low temperature superimposed susceptibility, the transition temperature 
and the Curie constant immediately above Tc, Dunlap et al. 39) found that NpOs2 fulfilled 
the Murata-Doniach requirements for a weak itinerant ferromagnet 4°). 

4. Very Weak Itinerant Magnetism 

A limiting case of itinerant magnetism is very weak ferromagnetism, a well known 
example of which is ZrZn2 (~tord = 0.15 ~B). The Stoner-Wohlfarth-Edwards model of 
very weak magnetism 41) was applied to NpOs2 by Brodsky et al. 3s) although the ordered 
moment (0.4 ~B) is not very low. A better example of very weak magnetism is UNi2 
(hexagonal Laves phase structure). While Brodsky et al. 42) give an ordered moment ~to~d 
= 0.13 ~tB/f.u. , two different studies by Sechovsky et al .  43) and by Fournier 44) indicate 
0.045 < ~ord 0.06 ~tB with a Curie temperature Tc = 21 K. In each case these values of ~lor d 
and Tc were obtained by means of Arrot plots 4s) (Fig. 2). An interesting question is: 
where is the magnetization located? In a simple minded band approach, by analogy with 
lanthanides the 3 d band is filled by charge transfer from uranium44): as a matter of fact 
there is no moment on Ni in LnNi2 Laves phases. 

To support the argument is the fact that UCo2 does not order but is a Pauli enhanced 
paramagnet. The very interesting conclusion is then that magnetic ordering is due to 5 f 
electrons of uranium, although U-U distance (3.0 A) is even smaller than in uranium 
metal (3.1 A). We propose that in contrast with uranium metal, 5 f electrons are de- 
hybridized because the uranium 6 d band is almost empty and the nickel 3 d band almost 
full. Then we are left with a pure, narrower, 5 f band for which the Stoner criterion may 
be fulfilled. Above Tc, the reciprocal susceptibility is strongly curved as is usually the case 
for very weak ferromagnets 46). Very recently, the specific heat of UNi2 at low tempera- 
ture has been measured47); the obtained y value is very large (y = 85 mJ/mol K2). 

Fig. 2. Arrott plots (M 2 versus 
H/M) of the magnetization of 
UNi2 (Fournier 44)) 
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5. Spin Fluctuations 

When, in metallic systems, the Stoner criterion is nearly fulfilled, a number of physical 
properties are quite anomalous. The explanation has been looked for either in spin 
fluctuation theory and/or in charge (valence) fluctuation theories 48). The common physi- 
cal basis is the existence of a narrow band - here 5 f - pinned at the Fermi level; the 
increase of its width 1/A can be identified as the fluctuation time ~vf. If A is very narrow 
(as for example StuB6) then xv~ becomes of the order of experiment probing time: for 
example, in XPS measurements XxPs < x so that the incident photons "see" both P and 
fa-~ configuration49). On the contrary, lattice constant or isomer shift measurement have 
time scales larger than ~vf. They will "see" only an average intermediate configuration 5). 
If A is larger, which is surely the case of light actinides compared to lanthanides then all 
experiment time scales will be larger than ~vf: whatever the probe, only an intermediate 
configuration is found, and no evidence for valence fluctuation will be found. 

However, the intra-atomic Coulomb interaction Uf4 affects the dynamics of f spin and 
f charge in different ways: while the spin fluctuation propagator x(q, co) is enhanced by a 
factor (1 - U~°(q ,  m)) -1 which may exhibit a phase transition as Uf4 is increased, the 
charge fluctuation propagator C(q, ~0) is depressed by a factor (1 + UffC°(q, co)) -1. In 
the case of light actinide materials no evidence of charge fluctuation has been found. 
Most of the theoretical effort for the concentrated case (by opposition to the dilute one- 
impurity limit) has been done within the Fermi liquid theory 51). Main practical results 
are: a T 2 term in electrical resistivity, scaled to order T/Tsf where Tsf is the characteristic 
spin fluctuation temperature (which is of the order - Tv/S where S is the Stoner enhance- 
ment factor (S = 1/1 - IN(~tF)) and TF -- A/kB is the Fermi temperature of the narrow 
band). 

- a saturated susceptibility X(0) at T = 0 K, enhanced by the Stoner factor and a 
X(0)(1 - ct(T/Ts~) 2) behaviour at low temperature 
- a cross-over from enhanced Pauli paramagnetism to free spin behaviour for Tsf < T < 
TF 
- a T31n T/Tst term in the specific heat. 

Many light actinide alloys which are not magnetic have a T 2 dependence of the 
resistivity at low temperature as well as a large electronic specific heat coefficient 7 
(Table 4). However, the archetype of a spin fluctuation system is UA12. The electrical 
resistivity is proportional to T 2 with a very large coefficient a = 0.15 ~tf2cm/K 2 up to 
5 K 52). 

The magnetic susceptibility decreases as T 2 from the lowest temperature T = 80 mK 
with a coefficient T + = 13 K 53). Above 10 K a modified Curie-Weil3 law is followed. The 
specific heat is the only known case of a T31n(T/T~0 behaviour with T~f = 25 K and 7 = 

Table 4. Actinide intermetaUics showing spin fluctuations' 
behaviour 

Compound 7(mJ/mol K 2) a ( ~  cm/K 2) 

UGa3 54 ~ 20>10  -3 
U Sn3 164 -300 x 10 -3 
U A12 142 -200 x 10 -3 
NpRh3 85 - 5 x  10 -3 
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Fig. 3. C/T versus T 2 for U A I  2 and 
PuAI2 up to 20 K. Also shown is the 
model lattice contribution for 0D = 
340 K. (Trainor et al. s4)) 
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142 mJ/mol K 2 (Fig. 3) 54). Photoemission measurements 55) have shown the existence of a 

narrow 5f band pinned at the Fermi energy. UAI2 is even more interesting since it shows 
indeed two regimes 55). While at low temperature T < T~f - 25 K the behaviour is well 
described within the Fermi liquid phenomenology, at high temperature (T > 50 K) UAI2 
behaves rather like a collection of magnetic impurities (~teff - 3 ~tB) with a Kondo tem- 
perature ~ 100 K. In fact, the ;((T) curve, for UA12 bears strong similarity with a liquid 
gas Clapeyron phase diagram and is illustrative of a Fermi liquid-gas phase diagram• The 
analogy may even be pushed further when looking to pressure effects 56) (Fig. 4). 
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Fig. 4. Susceptibility of UA12 versus temperature for different pressure. (Fournier and Beille 56)) 
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IV. The Macroscopic Properties 

The experimental methods employed for the study of magnetism in solids are here 
generally described. Emphasis is given to the relevance of these methods for actinide 
solids. Therefore, the theory which is used in connection with the experiments is ana- 
lyzed in some detail. 

The complex magnetic behaviour of actinide solids, described in this chapter, as well 
as in Chap. A, can be better understood when a set of measurements is performed 
together. This is why we discuss here not only magnetic measurements (susceptibility and 
magnetization) but also transport properties and specific heat, which are sensitive to the 
band structure of the solid and to the form of its density of states (see Table 4 in 
Chap. A). We have called this section: "Macroscopic properties", in which thermody- 
namically averaged functions are measured, rather than microscopic, atomic ones. The 
latter (neutron, electron, and photon scattering and absorption experiments) will be 
discussed later in this chapter, with regard to neutrons, and in Chap. E with regard to the 
photoelectron spectroscopic method, of great relevance to our problem. 

1. Paramagnetic Susceptibility 

Magnetic susceptibility measurements are basic to the study of the magnetic properties of 
a compound: samples under powder form are sufficient to start with and, what is very 
important in the case of actinides, small amounts of material are satisfactory (typically 

100 mg). When working with transuranium compounds, safety requirements are ful- 
filled by working with sealed containers 57). 

The magnetic susceptibility can be written as a sum of different contributions 

~exp=~D"}-~c-[-~loc. ( l )  

where X9 is the core diamagnetism, Xc is the conduction electron term and %1o~ is the 
susceptibility of 5 f localized levels. 

a) Core Diamagnetism 

Is due to the orbital moments of the electrons in the complete Radon shell and is 
expressed as (per mole) 

e2N 
7a~ - 6me2 ~ (r~) (2) 

n 

where (r2n) is the mean square radial extension of the atomic orbitals. Van Vleck 58) had 
obtained an empirical formula giving (~)  as a function of the electron quantum num- 
bers. While correct for hydrogen, this formula becomes less valid as the atomic number Z 
increases: progressive screening of the nuclear charge has to be taken into account. 
Better results are obtained using the Slater formula 59). 
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eZNa 2 n~l n,Z(n, + 1/2)(n* + 1) 

- -  - 3 n 

where on,l is a screening constant and n* an "effective" quantum number. In the case of 
Rn, one obtains X~ a = 76 x 10 -6 uem/mole 57). The diamagnetism of Rn may also be 
obtained empirically in the following way: if we calculate (x~xP)/Z for the rare gases, the 
obtained ratio is always close to 0.8 x 10 . 6  uem/mol in good agreement with the value 
calculated using the Slater formula. This proportionality to Z is also verified using the 
Slater formula. In the case of H, X~ ~- e2Na0 z = - 0.79 x 10 -6 uerrdmol. It follows that in 
the case of rare gases we have the interesting following result: 

(r~) = Z a  2 (4) 
n 

The (r 2) values have now been accurately calculated by means of Dirac-Fock atomic 
calculations 6). Using Desclaux's data 6°), we have calculated the rare gases diamagnetism; 
the values obtained agree very well with the experimental ones (Table 5). Thus the 
relation (4) fits well to calculated (r 2) values. 

We have calculated the Radon core diamagnetism for actinide ions up to americium; 
the results are reported in Table 6. These values are smaller than usually assumed in the 
literature. Diamagnetic contribution for localized 5 f electrons are also given - From 
Table 6, we see that the core diamagnetism is large and has to be taken into account 
when a detailed analysis of the susceptibility is made. In the case of Th metal, for 
example, it amounts to 40% of the experimental susceptibility. 

b) Conduction Electron's Susceptibility 

The s electrons may be considered as free electrons. In such case, the orbital diamagnet- 
ism is the Landau term 

= - 1 / 3  ( 5 )  

The orbital paramagnetism is 0 (1 = 0) and the spin paramagnetism is the Pauli term (see 
Chap. A) 

Zp = ~t~N(EF) (6) 

Table 5. Rare gases diamagnetism 

Rare gas ?(~or X 10 6 u e m / m o l  ?(}~' × 10 6 uem/mol Iz~Pl/z × 10' 
uem/mol 

He - 1.87 - 1.54 0.77 
Ne - 7.4 - 7.2 0.72 
Ar -20.5 -19.4 1.07 
Kr -31 -28 0.78 
Xe -48 -43 0.80 
Rn -60 
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Table 6. Radon core and localized 5 f electrons diamagnetic correction for 
light actinide ions 

Ion Z~ X 106 uem/mol ~ × 106 uem/mol 

Th +4 -38 
Pa +4 -36 -2  
Pa +5 -35 
U +3 -36 -5  
U +4 -34 -3  
Np +3 -34 -7  
Np ÷4 -33 -4  
Pu +3 -33 -8  
Pu +4 -31 -5  
Am +3 -31 -8  
Am +4 -30 -6  

J. M. Fournier 

Then the s contribution, given by 

Xs = 2/3 ~2Ns(EF) (7) 

is of the order of 10 x 10 -6 uem/mol. 
In the case of narrow bands - and this will be the case of hybridized 5 f bands when 5 f 

electrons are itinerant - an approximate treatment has to be done. Kubo and Obata 61) 
have studied the case of transition metals in the tight binding approximation. The narrow 
band susceptibility is the sum of 4 terms 

~5f = XL + X0 + ~(s-0 + S • Xs (8) 

XL is the Landau diamagnetism: in a first approximation, formula (5) may be corrected by 
a factor m/m* where m is the effective mass of the considered electron; m/m* being much 
smaller than one, ZL may be neglected. 

X0, Xs-0 and Xs are orbital, spin-orbit and spin contributions, S is the Stoner enhance- 
ment factor (see Sect. III  of this chapter). ~¢s, Xo and Xs-o are given by61): 

f(E~) - f(En,) 12 
X~ = ~ ~ E~, E~,(k) Z E ~  I(nkt2sln'k) (9) 

f(En) - f(En') 
Z0 = ~t 2 ~ ~ ~ -- E----~-)I(nklLln'k)12 (10) 

f(En) - f ( G , )  
Z~-o = ~t~ ~ Xn, E~-~(k) - E----~-) I(nklLln'k)(n'kl2slnk)[ (11) 

These susceptibilities have been worked out in the case of transition metals 62,63). 
These results may be used to indicate the importance of these terms for actinide met- 
als57): while Xs-o is negative and comparable to the Radon core diamagnetism, Xo appears 
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large, up to 50% of the experimental susceptibility. A very important term in (8) is the 
Stoner parameter S which is a central quantity for spin fluctuation models 64) (see above). 
We may evaluate it by comparing the S • Xs term obtained by substracting from ~exp. all 
the other terms with a bare Pauli susceptibility calculated from the 5 f-6 d density of 
states; this density of states may be evaluated in two ways 
- using a covalent 5 f-6 d band model, as proposed by Friedel for uranium 65) 
- from the electronic specific heat coefficient y account being taken of 7 s contribution 
and of electron-phonon enhancement. Results are reported in Table 7. It is quite surpris- 
ing that using the bare X~xp and Y~xp., similar s values are found. 

Thermal broadening effects of the density of states should also be taken into account 
yielding 

(12) 

c) 5 f Localized Levels Susceptibility 

The general formula giving the paramagnetic susceptibility for free ions has been estab- 
lished by Van Vleck 58) 

Yj(bj + (gj~2j(j + 1))/3 KBT)(2J + 1)exp(- Ej°/kBT) 
){ = ~j(2J + 1)exp(-E~/kBr) (13) 

Here ,  bj is an atomic quantity characteristic of the particular state J, ~ = e h/2 mc, gj is the 
Lande factor. 

In the case, where multiplet splitting is large compared with T - which may be 
assumed to be the case for actinides - only the ground multiplet intervenes and (13) 
reduces to the well known Curie law 

C 
X - T (14) 

Table 7. Stoner enhancement factor S determination for light actinide metals 

Th U Np Pu 

S x X~ (st/eV.at.) 1.1 8.6 15.6 12 

Xp (band model) 1.5 2.2 3.4 4.1 
(st/eV.at.) 

Xp(Y) (st/eV.at,) 1 2.75 4 2.%6.4 

S (band model) 0.7 3.9 4.6 2.9 

S(y) 1 2.5 3.9 4.1-1.9 

S(bare) 1.5 2.7 3 3.6-1.7 
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where 

N 
C = ~ ~eff a n d  ~tef f = ]lBg J V ~  q- 1) 

ZKB 

If excited states are slightly thermally populated, they give rise to a constant susceptibility 
X0 and the susceptibility takes the modified Curie law form 

C 
X = X0 + T  (15) 

When the ion is embedded in a matrix, the crystal field splits the ground multiplet and the 
crystal field levels give rise to the same problem as the free ion multiplets, to be solved in 
the same way. If several crystal field levels are involved, a complete treatment using 
Eq. (13) is needed. 

In a magnetic compound we have to consider exchange interactions; in the molecular 
field approximation, the Curie law takes the Curie Weiss form 

C 
X - T -  0 (16) 

0 being negative for antiferromagnetic coupling. 
Very often, experimental data are well fitted by the so called modified Curie-Weiss 

Law: 

C~ 
X = X~ + T ~  (17) 

where the experimental X0 may be a Pauli or Van Vleck term. However, adding a 
constant term to the Curie law leads to a renormalization of the Curie-Weiss constant as 
well as of the constant term66): Z~ and C* are different from the physical C and Z0. This 
applies both to the ferromagnetic and to the antiferromagnetic case. 

We take as an example the case of plutonium monopnictides PuP, PuAs, PuSb, the 
susceptibility of which is well fitted by Eq. (17). Results are given in Table 8: while bare 
data are in agreement with the full J multiplet value ( -  1 Ix[5 in the intermediate cou- 
pling), the corrected value is substantially smaller and points towards a F8 ground state 
(see Table 8) in agreement with more detailed discussions 25). 

Table 8. Bare (*) and corrected values for the constant susceptibility and the effective moment of 
plutonium rnonopnictides 

Z~ X 10 6 uern/mol ~t:*~ (in ~tB) X0 X 106 uern/mol ~tef f (in ~B) 

PuP 190 1.06 157 0.87 
PuAs 330 0.98 213 0.63 
PuSb 200 1.01 171 0.85 
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It should be noted that while C < C* and X0 < X~ for ferromagnetic coupling, the 
contrary holds in the case of antiferromagnetic coupling. 

The analysis of the paramagnetic susceptibility makes it possible - in principle - to 
determine whether the full J ground multiplet (for kBT -> crystal field splitting) or on the 
contrary the crystal field ground state (for kBT ~ crystal field splitting) are determining 
magnetism. The crystal field ground state is more important for comparison with the 
ordered magnetic state. Such analysis has been done, for example, in the case of UAs  67). 
It was concluded, in agreement with the ordered magnetic moment value ~t0 = 2.2 gB that 
Fs was the ground state, F 6 being the first excited state. 

2. Magnegza~on 

a) Low Field Magnetization and Anisotropy 

Very large anisotropy seems to be the rule for actinide magnetic compounds (except 
weak ferromagnets). This raises the question of the use of data mainly obtained on 
powders: knowing the easy axis of magnetization, it is always possible to relate averaged 
powder saturation moment and the saturation moment along the easy axis, ~l, sat. (Distin- 
guish between the saturation moment ~tsa t and its localized part ~tord which is the true local 
5 f moment.) 

In the case of cubic symmetry, one obtains: 

-~l,sa t = 1.27 ~owae~ for (100) easy axis 

--[-£sat = 1.1 ~powder for (111) easy axis 

In the case of tetragonal symmetry, the difference reaches 

~sat = 2 ~powder for (001) easy axis. 

In the case of PuP, ~lsa t is unkown, but from neutron diffraction 68) the easy axis is 
(100) thus ~tsat = 1.27 ~tpowder = 0.6 ~tB and not 0.42 ~tB. This correction is important 
because the difference between ~tord = 0.77 ~tB obtained by neutron diffraction and ~tpowder 
= 0.42 gB has been attributed to a huge conduction electron polarization of - 0.35 ~tB 25). 
Although important, this term should in reality reach only half this value ( -  0.17 ~tB). 

In the case of tetragonal NpAs2 the extreme discrepancy is observed with ~tpowder = 
0.66 ~tR 6s) and ~tord = 1 . 4 5  lIB 69). 

Detailed magnetization measurements have been done on US 7°) (Fig. 5). An 
extremely large anisotropy restrains the magnetic moments to the (111) axis resulting in 
a near cos 0 angular dependence of the magnetization away from the (111) axis. The 
anisotropy constant K1 (T = 0) is about 8.5 x 108 erg/cm 3 from which an anisotropy field 
HA = 2 K1/Msat = 3000 kOe is deduced (Msa t is the saturation magnetization). This 
extremely large value is of the same order as estimated for other uranium compounds, for 
example UAsS 71). 
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Fig. 5. Temperature dependence of the magnetization n of US measured along the main crystallo- 
graphic directions upon cooling from the paramagnetic region in 15 kOe. (Tillwick and Du 
Plessis 7°)) 

Ferromagnet ic  U3As 4 and U3P4 have also been extensively investigated and show 
large magneto-crystalline anisotropy 7t). For U3As4, measurements in pulsed fields up to 
230 kOe 72) give K1 = + 2.7 x 106 erg/cm 3 and an extraordinary K 2 = + 3.5 × 108 erg/cm 3. 

Intermetallic U2COll is a highly anisotropic uniaxial ferromagnet (HA > 60 KOe) 
which may be of practical interest73): the high Curie temperature (To = 360 K) and the 
large magneto-optical Kerr effect suggest this material for thermal magnetic recording of 
information in magnetic domains (characteristics domain dimension: 0.2 ~tm). 

In the case of very weak ferromagnets, like UNi243' 44) and UPt  74), the anisotropy is 
very small but problems are connected with M(H). There is of course no saturation of the 
magnetization due to the very large superimposed susceptibility in the ordered state. 
Spontaneous magnetization may be conveniently obtained from Arrott plots (linear M 2 
versus H/M for small M values) and extrapolation to H = 0. Such results for UNi2 are 
shown on Fig: 2. 

b) High Field Magnetization and Magnetic Phase Diagrams 

In the preceding section, the magnetic field was mainly used to determine the saturation 
magnetization of ferromagnets. However, it is now well established that many actinide 
compounds have complex magnetic behaviour and the application of an external field 
may change or suppress antiferromagnetic structures. 

Thus UAs is antiferromagnetic below TN = 127 K and a change of antiferromagnetic 
order occurs at 66 K. Measurements as a function of temperature and crystal orientation 
in fields up to 150 kOe 75) reveal first strong anisotropy, then the existence of a fer- 
romagnetic phase with (110) easy axis in the temperature range 2 - 66 K and just 
around TN (Fig. 6). Similar although not identical behaviour is found in UP 76). 

In the case of transuranium compounds, measurements on powder samples in fields 
up to 100 kOe show spin rearrangement in NpAs 77) and NpAs269). 
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NpAs is antiferromagnetic below TN = 172 K; at 155 K occurs a transition toward 
another antiferromagnetic state and at 142 K a first order phase transition takes place 
toward still another antiferromagnetic state 7s). This very complex magnetic behaviour is 
much simplified under high field and above 50 kOe NpAs becomes a simple ferromagnet 
up to Tc -~ 175 K 77). The understanding of the magnetic phase diagram (Fig. 7) needs 
urgently neutron diffraction studies. 

NpAs2 is antiferromagnetic below TN = 52 K and becomes ferromagnetic below 
T c = 18 K 69). Under field, the Curie point rises rapidly, until the antiferromagnetic phase 
is suppressed by 30 KOe (Fig. 8). 

Complicated magnetic phase diagrams also occur for solid solutions like for example 
UAsx Sel-x as a function of x (Fig. 9) 79). The transition from the ferro to the antifer- 
romagnetic region is accompanied by the occurrence of numerous phase changes. Under 
high fields, the ferromagnetic region is extended to higher x value. 

All these complicated magnetic behaviours need further study by means of neutron 
diffraction and such results will be discussed later on. 

100 

Fig. 7. Tentative magnetic phase 
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3. Transport Properties 

While magnetic measurements give direct macroscopic informations about the magnetic 
properties of a compound, indirect but very useful information may be obtained from 
other physical properties (transport properties, optical properties, elastic properties). In 
this paragraph we are going to restrict ourselves to transport properties and still more 
restrictively to electrical resistivity and specific heat; these measurements are more 
limited than magnetic ones in the case of the actinides: for resistivity, solid samples with 
well defined dimensions are needed and electrical contacts must be made to the samples, 
specific heat measurements require - up to now - larg e amounts of material ( -  l/g) and 
are complicated by self-heating. 

a) Electrical Resistivity 

The very first information obtained is whether a given compound is a conductor, semi- 
conductor or insulator. Such a basic answer is of importance concerning the 5 f localiza- 
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0.67 0.75 Fig. 9. Schematic magnetic phase dia- 
gram of the USe-UAs system. (Suski 79)) 
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tion and the magnetic couplings. The electrical resistivity of a conducting compound may 
be written as a sum of separated contributions 

Qexp = ~0 q- Qel,-ph "}- Qel-el "}- J1;el-mag (19) 

Apart from the temperature independent residual resistivity £0, mainly due to lattice 
defects, charge carriers are scattered either by phonons (@et-ph), or by interband electron- 
electron scattering or by magnons, spin fluctuations, Kondo scattering (£el-mag)- Our 
interest is in Qel-mag and the obvious problem is to extract it safely from the experimental 
resistivity. In principle it is possible to calculate Qel-ph and ~el-el but practically the easiest 
and probably most accurate way is to measure isostructural nonmagnetic compounds (by 
isostructural we mean not only the same crystal structure but also the same band struc- 
ture near the Fermi level; this second condition cannot be satisfied in the case of itinerant 
5 f systems for which separation between £~l-el and Qel-mag is very puzzling). There is also a 
temperature dependent contribution due to the thermal broadening of the density of 
states, as for magnetic susceptibility, which gives a correcting factor to £el-~t 

£el'~(T) = 9el"el(0){ 1 -  n2kZT26 (3(1N(E) dn(E)dE .)2 1 d2N(E) ) }E (20) 
N(E) dE 2 = EF 

Resistivity has proved to be a very sensitive probe to the possibilities of magnetism: 
contrary to the susceptibility which samples the spin fluctuation propagator (see Sect. III) 
only for q = 0, the electrical resistivity integrates over all q values. 

Fig. 10. Temperature dependence of the 
electrical resistivity of a-Pu (Meaden 8°)) 
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One of the most famous and most puzzling results has been the electrical resistivity of 
plutonium metal 8°) (Fig. 10). It rises as T z at low temperature and saturates at high 
temperature, which is a typical magnetic behaviour. The absence of magnetic ordering 
having been established, physical interpretation came through spin fluctuation theory80: 
scattering by spin fluctuations gives a T 2 term for T < Ts~, the characteristic spin fluctua- 
tion temperature. As T increases, these fluctuations are destroyed and at high tempera- 
ture one eventually recovers a spin disorder resistivity s2). However, when applied quan- 
titatively to Pu, Oel-ph + £eL-~i was simply assumed to be equal to the thorium metal 
resistivity. This is surely much underestimated due to both strong interband scattering 83) 
and optical phonon scattering 84). This overestimate of £el-mag led to - in our opinion - 
unphysical values for parameters involved in the spin fluctuation formalism (very large 
S = 10 and very small 5 f Fermi energy of - 10 -2 eV). 

A better example of a magnetic resistivity term due to spin fluctuations in a non- 
magnetic compound is UA1252). ThA12 has not the same crystal structure so that we 
choose LaA12 as the reference non-magnetic compound. In Fig. 11 are plotted both the 
resistivity of UA12 and the difference £vA12 - £Lanl2" The resistivity difference, more 
representative of spin fluctuation scattering goes through a broad maximum around 
100 K. Figure 12 shows that this resistivity difference has a logarithmic temperature 
dependence characteristic of a Kondo system above the maximum. Interesting enough 
this maximum temperature of 100 K - which is not at all apparent in the bare resistivity - 
corresponds to the change of behaviour in the susceptibility 56). TK ~ 100 K may be taken 
as a Kondo temperature above which the system behaves like a collection of non- 
interacting uranium impurities. Assuming localized spins in UA12 above 200 K, the spin 
resistivity is given by 85) 

3 Z J In T~ (21) 
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Fig. 11. Electrical resistivity of UA12 and its magnetic part taken as the difference with the electrical 
resistivity of LaAI2 
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where £M is the spin disorder resistivity, Z the number of conduction electrons per atom, 
J the exchange integral and EF the conduction electrons Fermi energy. Fitting to Eq. (21) 
leads to £u ~ 250 ~tf2 cm 

3 ZJ 
and ~ -  - 0 . 1 1 .  

EF 

Curium metal is antiferromagnetic 1°) and its resistivity has been measured as well as 
that of isostructural non magnetic americium metal 86). The resistivity difference is taken 
as the magnetic contribution and is shown in Fig. 13. It passes through a maximum for 

Fig. 13, Magnetic contribution to 
the electrical resistivity of Curium 
metal. (Schenke186)) 
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TN = 52 K and above has a in T dependence, in contrast to the classical spin disorder 
theory 87), but again in agreement with the Kondo formulation (Eq. 21). 

Fitting the data for T greater than 80 K 9°) leads to 

0M = 156 ~tf2 cm 

= 0.15 

Curium being mainly in a spin only 887/2 state, a more detailed treatment in the frame of 
the RKKY model has been made 88) to fit the Curie-Weiss temperature 0p - - 350 K. It 
follows that Z - 1, suggesting that f-d exchange interaction should be predominant over 
s-f interaction (contrary to Gd for example). 

The exchange integral J is found to be about 0.13 eV. A value J ~ 0.23 eV was 
found 88) using de Gennes spin disorder theory 89). 

The resistivity of antiferromagnetic UN (TN = 52 K) was measured on a single crystal 
along the (100) easy axis 90) (Fig. 14). Below TN, the spin disorder resistivity is propor- 
tional to 1 - m~, where mn is the reduced sublattice magnetization, over nearly the 
whole ordered region. A small but distinct peak is observed at 0.25 K below TN, being 
ascribed to new Brillouin zone boundaries introduced as a result of antiferromagnetic 
ordering 91). The large non-linear increase above TN confirms previous observation 92). It 
was ascribed to crystal field effects 93). On the other hand, assuming UN is an itinerant 
antiferromagnet, this increase may be ascribed to thermal broadening in interband scat- 
tering. 

Ferromagnetic US and USe single crystals were also recently studied 94' 9s). While for 
US a T 2 dependence of the resistivity was observed up to 130 K (To = 180 K), in the case 
of USe, for T < Tc = 160 K, the resistivity may only be fitted by a T 2 exp( -  A/T) term. 
The quantity A = 180 K is tentatively correlated with a q = 0 magnon energy. 
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Fig. 14. Temperature dependence of the electrical resistivity of UN along the (100) direction. (Du 
Plessis and Van Doorn 9°)) 
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b) Specific Hea t  

As in the case of electrical resistivity, the experimental specific heat may be written as a 
sum of several separated contributions, leading to the same difficulties for interpreting 
data96). 

Cp = C d q- C n + Clatt + Cel -4- Cmag + CSchottky (22) 

The dilatation term Cd is due to anharmonic forces; at high temperature, it may reach 
several percent of Cp. The nuclear term Cn is usually negligible above 1 K. The lattice 
term Clatt is normally predominant above 10 K. At low enough temperature (T < 0D/50 
when 0D is the Debye temperature), the Debye model fits well and leads to QattaT 3. The 
conduction electron contribution is Cel = yT the coefficient y being proportional to the 
density of states at the Fermi level. Thus, plotting C/T versus T 2 at low temperature 
(typically below 10 K) will lead to the determination of y. When the density of states is 
very high, N0XF) will be temperature dependent due to thermal broadening as for the 
susceptibility and the electrical resistivity and y(300 K) may be as low as 50% y(0). 

The magnetic term is associated with changes in internal energy related to magnetic 
transitions. Its thermal dependence leads to the magnetic entropy and enthalpy determi- 
nation. The Schottky term comes from the excitation of higher lying crystal field levels in 
compounds with localized 5 f levels. 

For non-magnetic actinide metals, specific heat data have been employed very use- 
fully to corroborate 5 f localization starting with Am, as indicated by the sudden drop in y 
val ues97) (YI% ~ 12 mJ/mol K 2, "~gm "~" 2 mJ/mol K2). It allowed also the discovery of 
superconductivity in Pa and Am metals 97' 98). 

For spin fluctuation systems, the best example is again UA1254). In fact as shown in 
Fig. 3 it is the unique example where T 3 • In T dependence at low temperature, predicted 
by spin fluctuation theory, has been in practice observed (very recently, such behaviour 

Fig. 15. Electronic specific heat Cz of 
NpIr2. The dashed line for T < TN is 
CE/T = 100 + 1800 exp (-6.6/T). 
(Brodsky and Trainor 1°1)) 
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seems to have been observed in UCo2 also99)). The obtained ~/value is huge (y(0) = 
142 mJ/mol K 2) approaching values observed in some valence fluctuating compounds like 
CeA13100). 

Figure 15 displays specific heat data for itinerant antiferromagnetic NpIr21°1) 
(TN = 7 K) while results for NpSn33°1 are presented in Fig. 2, showing the BCS-like 
specific heat anomaly; the entropy change at the transition is almost 0. In the case of 
hip Irz, the saturation is less clear: bad fitting below TN is attributed to second phase 
contamination. 

In the case of itinerant ferromagnets NpOse, results 38) are shown in Fig. 16. ~/(0) is 
again extremely large (205 mJ/mol K 2) while above Tc = 7.5 K it is reduced to 92 mJ/mol 
K 2. The entropy change at the transition (AS = 0.2 Rln 2) was interpreted within the 
frame of weak itinerant magnetism 381. 

Going to more localized systems, the case of UAs is particularly interesting and has 
been studied in details. The surprisingly high y value of 53 mJ/mol K 2 is not so sure since 
no data were taken below 5 K. In zero field the complete Cp versus T curve for both UAs 
and isostructured non-magnetic ThAs are reported in Fig. 171°2) showing the two magne- 
tic transitions. By contrast with reported first order transitions, rather long tails extend 
the sharp peaks, mainly around TN. 

Temperature dependence of the total magnetic entropy is shown in Fig. 18. Its max- 
imum value 0.8 R In 4 at 250 K is in between F8 (Rln 4) and a F6(Rln2) crystal field levels 
values leading to a 17" 8 ground state with a F 6 first excited level in agreement with magnetic 
susceptibility analysis 67). Measurements under magnetic field 1°3) (up to 80 kOe) applied 
along the (001) axis of a single crystal are reported in Fig. 19. In higher field the peak 
splitting around TN corroborates the occurrence of the ferrimagnetic state (see Fig. 6). 

The last results we shall discuss concern antiferromagnetic UO2 (TN -- 30.5 K) which 
is a semiconductor, and for which precise data exist as well as for ThOz 1°3' 104). The spin 
wave low temperature predictions fit the experiment data at low temperature with 
reasonable agreement and an excess found in the temperature range 30 K - 120 K is 
attributed to the Jahn-Teller effect. The entropy change at the transition is within 9% of 
the Rln 3 value expected for the F5 triplet ground state. 
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Fig. 16. Specific heat of NpOsz plotted as C/T versus T. The solid line is derived from the non 
magnetic isostructural NpRua. (Brodsky and Trainor 1°~)) 
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V. Microscopic Properties 

I. Neutron Scattering 

Neutron scattering experiments play a crucial role in elucidating the magnetic properties 
of actinide compounds: elastic scattering allows to determine magnetic structures, to 
measure form factors and spatial correlations in the critical regime, while inelastic scat- 
tering is needed to study magnetic excitations. 

a) Magnetic Structures 

The elastic coherent cross section for nuclear and magnetic neutron scattering may be 
written 

d o  
df~ - K(bz + 2 bp(~-  0) + pZq2) (23) 

where b is the coherent nuclear scattering amplitude, !5 is the neutron polarization, ~ the 
magnetic interaction vector and the magnetic scattering amplitude p is equal to p = 0.27 
x 10 -12 x~tx f(~) where ~t is the magnetic moment of the atom in Bohr magnetons and f(f~) 
the magnetic form factor. 

Using unpolarized neutrons, ~ • 0 averages to zero and the study of the elastic 
magnetic cross section p2q2 allows, in principle, to determine the magnetic structure. 
However, this determination may not be complete (for example the phase between the 
different harmonics cannot be determined from neutron diffraction experiments). Differ- 
ent magnetic structures, with different domain population may also lead to the same 
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Fig. 20. Effect of an uniaxial 
pressure on the relative magnetic 
Bragg peak intensities associated 
with the three equivalent It-vectors 
for UN, UAs and USb single crys- 
tals. The uniaxial pressure is applied 
along the (001) direction. Full cir- 
cles correspond to magnetic peaks 1±, 
associated with a wave vector per- 
pendicular to the stress and open cir- 
cles to magnetic peaks Iip, associated 
to a wave vector parallel to the 
stress. (Rossat-Mignod et al. 1°5>) 
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diffraction pattern: the best example is given by the unusual "multi-re" magnetic struc- 
tures found in uranium monopnictides UP, UAs and USb 1°3' 105). Experiments under 
unaxial stress were necessary, inducing domain motion, to establish the true magnetic 
structure without ambiguity (Fig. 20). Other types of complex magnetic structures are 
also found, such as a sinusoidal modulation of the magnetic moments along the (001) 
propagation axis in NpP a°6) or incommensurate structures as in NpAs27°) (Fig. 21). 

b) Magnet ic  Form Factors 

Since the magnetic interaction vector ~ is known, it is possible to deduce the magnetic 
form factor f(fc). Although possible when using unpolarized neutrons, its measurement is 
much more precise using polarized neutron diffraction by a (single domain) ferromagne- 
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Fig. 21. Sine-wave modulation observed above Tic = 18.5 K in NpAs2. (Rossat-Mignod et al. 69~) 

J. M. Fournier 

tic crystal: in this case the cross term (2 bp(?: 1 • 15) in Eq. (23) is non zero and the 
sensitivity comes from the fact that it is linear in p. Form factor measurements can give a 
detailed picture of the electronic structure since f(~) is directly involved. Thus an accu- 
rate low temperature measurement allows in principle to go back to the 5 f electronic 
ground state in a compound under study. Moreover, the results may be Fourier trans- 
formed to obtain a spatial map of the spin density in the studied system. In the case of Pu 
compounds, even poorly resolved experiments are useful due to the very unusual shape 
of the 5 f5 form factor which has its maximum away from sin 0/X = 0. Such an experiment 
was carried out on PuP 68) and the result is displayed in Fig. 22, showing that Pu ions are 
effectively trivalent in this monopnictide. In the case of USb, a more precise experi- 
ment 1°7) showed through the anisotropy of the form factor that the ground state was the 
F~ crystal field quartet of the 5 f3 configuration, contrary to the analogous lanthanide 
compound, NdSb, where F] is the ground state 1°8). 

Another feature of magnetic form factor measurements is that the extrapolated value 
at sin 0 = 0 give the localized part of the magnetization, while bulk magnetization 
measurements include also diffuse contributions, especially that which is due to conduc- 
tion electron polarization. For uranium monochalcogenides, which are all ferromagnets 
at low temperature, this polarization is negative in sign and increases in absolute value 
from US to UTe (Table 9). 
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Fig. 22. Experimental points for the magne- 
tic cross section from ferromagnetic 242puP 
at 4.2 K. The so l id  and dashed  curves  are 
the best fits to the data with 5 f5 and 5 f4 
configurations, respectively. The arrow on 
the ordinate axis gives the total magnetic 
moment as determined by magnetization ex- 
periments. (Lander and Lam 25}) 
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Table 9. Conduction electron polarization effect in uranium ferromagnetic monocompounds ~tc¢p: 
conduction electron polarization moment; g~at: saturation moment from magnetization studies; ~tord: 
ordered magnetic moment as determined by neutron scattering 

Compounds Magnetic moment Spin Polarization 
P % e  

~sat ~'l'ord ~l'cep = ~ord -- ~sat 

US "'b 1.55(2) 1.70(3) -0.15(4) -31 
US c'e 1.81(2) 2.0(1) -0.2(1) -26 
UTe ° 1.91(5) 2.25(5) -0.34(7) -19 
USb0.sTe0.z e 2.58(5) 2.64(5) -0.06(6) - 

a Gardner and Smith125); b Wedgwood126); c Wedgwood and Kuznietz127); d Busch und Vogt128); 
Busch et al. 70 

c) Critical Scattering 

Diffuse magnetic scattering just above the ordering temperature allows study of spatial 
correlations. Such measurements on UAs 1°9-111) confirmed ideas about anisotropic 
exchange. In UAs, for example, it was found that correlations are much weaker along the 
(001) direction (more diffuse scattering), than perpendicular to it. Since the magnetic 
structure consists of ferromagnetic sheets stacked along the (001) axis in the + - + - 
sequence, this means that within each sheet the spins are strongly correlated, but that 
there is only weak correlation between the sheets. Another interesting result, in the case 
of UAs, is that the critical scattering, around the (1, 1, 0) reciprocal lattice point, is 
centered at (1, 1, 0.3) while the ordering is of type I, i.e. the elastic magnetic peak 
develops at (1, 1, 0) (Fig. 23). 

Fig. 23. Schematic representation of 
the diffuse scattering in UAs at 
TN + 1,2 K. (Sinha ct al. 1°~)) 
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d) Inelastic Scattering 

Up to now, neutron inelastic scattering has not played a major role in the study of the 
actinides and there are good reasons for this: a large amount of material is needed 
(0.5 cm 3 crystals) so that studies started only recently and are confined to uranium 
systems. Moreover, the complexity of the results obtained has made interpretation of the 
experiments difficult. 

While it was thought that transitions between crystal field levels could be seen easily 
in actinides, in the same way as in lanthanide systems, this has not been the case. In fact, 
the only system in which crystal field levels have been clearly found so far is UPd3 n2). A 
rather detailed investigation of the collective excitations has been performed on USb113): 
phonons and magnons dispersion curves are shown in Fig. 24. This is one of the fe~ 
materials that exhibit well-defined spin waves. However, these excitations vanish b 3 
about 100 K, which is less than 0.5 "IN, into a continuum of magnetic scattering. Such 
diffuse magnetic scattering was, in fact, the only one observed in UN m) and UAs 114) 
where no spin waves were found. 

2. MOssbauer Spectroscopy 

M6ssbauer spectroscopy yields important information about the magnetism of actinide 
compounds and has been used with success concurrently with other techniques. 
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Fig. 24. The dispersion curves for USb; energy 
plotted against wave-vector transfer Q (in units 
of 2 n/a). The dashed lines represent the phonon 
dispersion and are based on the measured open 
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NaC1 structures. The magnetic modes are repre- 
sented by solid squares (the collective excita- 
tion) and the hatched area (excitonic level). 
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While the bulk of work has been made on Np compounds, since 237Np is a favorable 
isotope for M6ssbauer effect measurements, such studies have also been made on 234U 
and Z36Un5' 116), 238Ul17) ' 243AmnS) and more recently on 231pan9), 

a) Isomer Shift 

This shift in the M6ssbauer line is related to the valence of the studied ion and is very 
large for 237Np (40 mm/s). However, most compounds of interest for magnetism are not 
ionic, and covalency affects the isomer shift. Thus, although one observes some grouping 
into valence states, it cannot be used alone to assign uniquely a valence state - if a n y -  for 
Np in non-ionic compounds 12°). 

b) Electric Quadrupole Interaction 

This contribution, through the electric field gradient at the Np nucleus gives information 
about quadrupolar interaction and is useful in identifying non-equivalent sites of magnet- 
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Fig. 25. M6ssbauer spectra of NpAs 2 at various temperatures against a 24aAm metal source. The 
solid lines are fit to the data points (which have been omitted in this figure). (Bog6 et al. lz2)) 
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ically ordered systems. In NpP, for example 121), the hyperfine spectrum at 4.2 K could 
only be fitted on the assumption of two non-equivalent magnetic sites; neutron diffrac- 
tion measurements gave a magnetic structure with a varying longitudinal modulation. 
But it is only a combination of the two techniques which allowed the spatial arrangement 
of the two magnetic moments to be obtained. In the case of Np As2122), a satisfactory 
fitting of the spectrum could be obtained using seven equivalent sites as deduced from the 
magnetic structure consisting of a pure sine wave modulation along the 100 axis of the 
tetragonal structure with a wave vector k = (0.14, 0, 0) 69) (Fig. 25). 

c) Magnetic Interaction 

This is the most directly useful hyperfine interaction for magnetic studies: the magnetic 
hyperfine field, Hh.f., lifts the 2 1 + 1 degeneracy of the Iz component of the nuclear spin 
(in the case of 237Np, I = 5/2, yielding 6 levels and sixteen allowed transitions). The value 
of Hh.f. may be used to evaluate the ordered moment ~t0, since it has been found experi- 
mentally that ~t0 is proportional to Ha.~. even for weak magnets like Np Mna 12e). This is 
particularly interesting for compounds where the ordered moments are too small to be 
observed by neutron diffraction as, for example, in NpOs2 ~°8) or NpSn3123). For the same 
reason, the temperature dependence of sublattice magnetization in antiferromagnets 
may easily be measured up to very near TN (if TN is not too high) and the magnetization 
curve compared with Brillouin functions as was done, e.g., for NpSn3 by Gal et al. 123) 
(Fig. 26). 

M6ssbauer effect measurements under high pressure are very interesting to study the 
pressure dependence of both Ty or Tc and ~t0. Results for NpOs2 and NpAI2124) are very 
similar: both the hyperfine field and isomer shift decrease proportionately with decreas- 
ing lattice constant, thus with increasing 5 f delocalization. By contrast, no change of 
hyperfine field was found in NpCo2Si2 where 5f  electrons are expected to be well 
localized 124). 

O 
0) 

J Np Sn 3 
0 L :E I~ = go Heft h 500 

L, O0 
300 J =1/2 

200 

100 
i i ! i i i i i 

O0 1 2 3 /. 5 6 7 g 9o-~0 11 
temperature, K 

Fig. 26. Temperature dependence of the hyperfine magnetic field and of the longitudinal relaxation 
parameter in NpSnv The J = 1/2 BriUouin curve for the temperature dependence of H~, is shown. 
(Gal et al. 1~)) 
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VI. Magnetic Data Tables 
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In this section, magnetic data for most actinide binary or ternary compounds are pre- 
sented. The table presentation seemed to us the most convenient form for this reference 
section. 

When an analysis of the paramagnetic susceptibility had been performed by the 
authors according to a M.C.W. (Modified Curie-Weiss) law, bare values for ~ten and ~0 
are given with an asterisk and renormalized values are given below. 

The symbols F, AF, mean that the compound under consideration becomes fer- 
romagnetic (antiferromagnetic) at low temperature, the Curie (Neel) temperature being 
labeled Tc(TN). 

The symbol P means that the compound follows a C.W. (Curie-Weiss) (or M.C.W.) 
law, but doesn't order magnetically. 

The symbol TIP means that the compound has an almost temperature independent 
paramagnetism. 

Finally, the symbol D means that the compound is diamagnetic. 
When no symbol is indicated in the column "magnetism" either no analysis has been 

made or the behaviour of the susceptibility is more complicated. 
~0 is the local ordered moment determined either by neutron diffraction or M6ss- 

bauer spectroscopy. 
~ts is the bulk saturation moment determined by magnetization measurements. 
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VII. Conclusions 

At this point, the reader has been able to appreciate the richness and the variety of the 
magnetic properties of the actinide metals and compounds. The importance of magnetic 
measurements for the study of the actinides is thus clearly evidenced and will not 
decrease in the future. 

On the contrary, new experimental processes are developping to obtain a deeper 
understanding of the particular properties exhibited by the actinides. 

One example is given by the measurements under high pressure. This follows from 
the large magnetovolume effects which have been both calculated 35) and already 
observed3°): in the case of UN, the pressure dependence of TN by magnetic measure- 
ments under hydrostatic pressure and that of ~ord by neutron diffraction measurements 
on a single crystal under quasihydrostatic pressure gave strong support for an itinerant 
antiferromagnetic state in UN. 

M6ssbaner spectroscopy under pressure has also been developped 126). Again results 
are decisive to test the 5 f delocalizafion and the itinerant aspect of magnetic order. 

As an example NpOs2 and even NpA12 display a proportional decrease of the hyper- 
fine field and isomer shift, indicative of increasing 5 f delocalization while no change is 
detected in NpC02Si2 where 5 f electrons are expected to be well localized 126). 

Among promising future developments we would like to introduce two problems: 
- In a band model, recent calculations 297) have shown that a large orbital moment could 
be induced by the spin-orbit coupling thus reconciliating calculated and experimental 
form factors. Those calculations predict large changes in the form factor shape under 
pressure through different variations of the spin and orbital contributions: this has to be 
checked experimentally and represents a challenge for the experimentalist. 

- On the other hand, recent measurements on UBe1329s) have shown this intermetallic to 
be a very special species of superconductor with a large density of electronic states at EF 
(--1000 mJ/mol K2). Such results will certainly motivate both theoreticians and 
experimentalists and the so called "heavy-fermion superconductors" family is already 
developing 299). 
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questions. In narrow band solids, like the actinides, the interpretation of results requires the use of 
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Recently a so called "Nearly Periodic Table of Transition Elements" has been published 1) 
that depicts the intermediate position of the actinides between the 4 f and 3 d series. 
Figure 1 shows this table. The crossover between electron bonding behaviour of the 
unsaturated shells and the formation of magnetic moments in atoms occurs at the begin- 
ning and near the end of the 4 f and 3 d series, respectively. In actinides, it occurs near the 
half filling of the actinide 5 f shell, i.e. at the middle of the actinide series. 

The exact position of the crossover depends however, on the type of compound that is 
formed from an actinide. It appears usually for the radioactive heavier actinides. In order 
to study it, therefore, compounds of Pu, Am, Cm have to be investigated. Compounds of 
elements preceding them in the actinide series present properties due to the itineracy of 
the 5 f electrons, which are somewhat similar to the d-transition elements compounds 
(especially 3 d). Heavier actinides are lanthanide-like although their properties may 
depart from a true lanthanide behaviour: unfortunately, their rarity and the difficulty of 
their handling is such that very few photoemission results are available for them. 

This chapter is devoted to photoemission spectroscopy and the related inverse photo- 
emission spectroscopy, which are well developed experimental tools to study occupied 
and empty electronic levels, respectively. Special emphasis is given to the 5 f electrons 
and their localized or delocalized character. 

The chapter deals with three main subjects: a survey of theoretical and practical 
aspects of photoelectron spectroscopy (Part II); an analysis of results on elemental met- 
als (Part III); and an analysis of results on oxides (Part IV). 

This chapter concentrates particularly on actinide compounds for which a large 
number of measurements have been performed in the vicinity of the crossover, i.e. the 
actinide metals and their oxides. They have in addition, the advantage that they display 
two different bonding types, opposite in nature, for what regards the localization vs. 
itineracy problem. The elemental actinide metals allow the study of f-f overlapping 
throughout the series without being disturbed by bonding effects from other atoms. The 
actinide oxides, which are known to have localized 5 f electrons, arc suited to the investi- 
gation of covalency effects (in contrast to metallic bonding) with the oxygen anions. 

Fig. 1. Modified periodic table showing 
the itinerant vs. localized character of 
unsaturated transition shells. Bonding is 
contrasted to magnetic moment forma- 
tion, to illustrate the band-like vs. 
atomic-like behaviour of wavefunctions. 
The dashed region represents the cross- 
over between the two situations (from 
Ref. 1) 
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Within other classes of actinide compounds, as, e.g. intermetallics or NaCl-type 
compounds, no data on highly radioactive actinides have been reported so far (with the 
exception of PuSb measured by Baptist et al. 2, 3)). 

II. General Concepts of Photoelectron Spectroscopy 

Photoelectron spectroscopy has been presented in many review articles and books. 
Therefore here only a brief description is given with special emphasis on actinides. For 
further reading, some selected literature is recommended 4-8). 

1. The Analysis of Binding Energies 

a, Methods of Photoelectron Spectroscopy 

a. Photoernission: Spectroscopy of Occupied Electron States in a Solid 

In photoemission spectroscopy monoenergetic (monochromatic) photons impinge on the 
sample to be investigated. The photon ejects core or valence electrons from the sample 
into the vacuum. This occurs when its energy fir is high enough to overcome the binding 
energy Eb of the electrons, In a simple picture, the kinetic energy Eki. of the photoemit- 
ted electrons in vacuum is given by 

Ekin = hv - Eb - EWF (1) 

wherein Ewv is the work function, i.e. the energy difference between the Fermi energy 
and the zero energy of the vacuum (vacuum level); (1) is the typical equation of the 
photoelectric effect. Thus, by analyzing the kinetic energy distribution of the photoemit- 
ted electrons, the binding energy of electrons can be determined directly. 

Since the binding energy of core electrons is characteristic of each element, photo- 
emission spectroscopy with X-rays (XPS : X-ray induced Photoemission Spectroscopy) 
has long been employed for chemical analysis. Its original name ESCA reflects this: 
Electron Spectroscopy for Chemical Analysis. E b is somewhat dependent on the specific 
chemical bond (ionic, covalent, metallic) of the solid, since even deeply bound energy 
states in an atom (or core) are affected by the nature of their environment. Therefore the 
energy shift A E  b of core fines gives additional information about the chemical bond 
(chemical shift) 9). 

In contrast to core electrons which occupy discrete energy levels (large Eb) , electrons 
taking part in the chemical bonding in a solid are distributed over energy bands (see 
Chap. A) (valence and conduction bands; E b only a few eV). The electrons in these 
bands can be examined both by XPS and by photoemission spectroscopy with exciting 
photons in the UV region (UPS: Ultraviolet induced Photoemission Spectroscopy). 

In Fig. 2, the two methods (XPS and UPS) are illustrated. Very often, a combination 
of the two methods is employed (XPS/UPS): the advantages of this combination will be 
illustrated later when the properties of photoemission cross-sections will be discussed. 
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Fig. 2. Schematic representation of occupied state and empty state spectroscopies 

[3. Inverse Photoemission Spectroscopy (IPS) or Bremsstrahlung Isochromat  

Spectroscopy (BIS): a Spectroscopy of Empty  Electron States in a Solid 

In inverse photoemission spectroscopy or Bremsstrahlung Isochromat Spectroscopy, the 
sample is bombarded with monoenergetic electrons and the Bremsstrahlung radiation is 
recorded at constant photon energy for varying kinetic energy of the incident electrons. 
The electronic process involved is just the inversion of the photoemission process, and 
therefore, instead of investigating occupied states as in UPS/XPS, empty states are 
examined in BIS. 

In Fig. 2, IPS or BIS is also described. 

b. The Binding Energies and the Conservation Equations in Photoemission 

In order to examine more deeply the information contained in the photoelectron proces- 
ses described above, we begin by representing the photoemission as a process in which 
the initial state of a system of N electrons, having wavefunction gin is changed by a 
photon of energy hv to a final state, having wavefunction ~fin 

~m(N, Ein(N)) h v  udri~( N _ 1, h, Efin(N - 1, h))- q~(Eki~(j)) (2) 

The process is accompanied by the emission of an electron j beyond the vacuum level 
of the system. The photoemitted electron has usually kinetic energy Eki n after emission, 



202 J.R. Naegele et al. 

and its wavefunction ~pJ in (2) is that of an unbound electron (a denotes the quantum 
number describing its motion in the unbound state). It leaves a hole (h), in the system, so 
that Wf~ describes a state in which N - 1 electrons and a hole are found. A large number 
of phenomena will depend on the rearrangement of the remaining electrons after the 
photoemission process. The rearrangement is usually referred to as the relaxation of their 
motion in the presence of the hole. Em and Eein in (2) are the total energies of the system 
at the initial and final states respectively. The energy conservation condition will there- 
fore be: 

Era(N) + hv = E~n(N - 1, h) + Eki n (3) 

which may be rewritten as: 

hv = Ef in(N - 1, h) - Ei~(N) + Eki~ = Eb + Ekin (4) 

in which we have defined: E b ("binding" energy) = E~, - Ein ( W e  have put "binding" in 
inverted commas, because we shall discuss its meaning later). (This is of course just 
Eq. (1), where EwF has been introduced in Eft. and Et,, which are now referred to the 
vacuum level.) 

In BIS, the process (2) is reversed, and we analyze, as said before, the photon 
spectrum yielded by the system as "Bremsstrahlung" when electrons occupy empty 
states. 

There is a condition of momentum conservation for photons and electrons which must 
also be satisfied in the photoemission process. For band electrons, for which the Bloch 
wavefunctions are characterized by the wavenumber k (proportional to the momentum p 
of the electron), the momentum conservation condition is important to determine the 
angular distribution of the photoemitted electrons. Angular Resolved PhotoEmission 
Spectroscopy (ARPES), schematized in Fig. 2, is potentially able to provide, and has 
been used to obtain, the E(k) dispersion curves for solids. 

c. The Binding Energies Within Koopmans' Theorem Conditions 

As a first approximation, it may be assumed that the photoemission of the electron j does 
not perturb at all the wavefunctions of the other N - 1 electrons, which are therefore 
"passive" to the process. Hence Win in (2) can be factorized as: 

Win = ¢inWfm(N - 1) (5) 

where Wnn(N - 1) is the same as in (2). 
In this case, the whole process is determined by the change of the wavefunction 

@in --* dpnn of the photoemitted j electron, and the energy conservation condition (4) can 
be written as: 

hv = - Era(j) + Eki.(j) (6) 

Eb = - Ein(j) (6 a) 
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This approximation assumes Koopmans' theorem (which has been discussed in 
Chap. A) to be valid. It is recalled that this theorem is valid for broad bands in solids, 
where electrons have a fully itinerant character. In this case, Eb as given by (6 a) is simply 
the one-electron energy E(k) of an itinerant electron in the E(k) band. 

Within Koopmans' theorem approximation, therefore, photoemission probes the 
occupied bands of a solid, establishing their relative position in energy; BIS in the same 
approximation probes its empty bands. The combination of the two methods is therefore 
a very powerful tool for the elucidation of the band structure. 

One has to be very cautious in interpreting, e.g., valence band spectra of actinides: 
generally a direct comparison of valence band spectra with the density of states as derived 
from band ground state calculations is not appropriate. 

For the photoemission of an electron from an ion core M +v, we have to consider a 
reaction of the type: 

M +v --~ *M +(v+l) (7) 

We have marked with a star the final state ion M +(v+l) to indicate that the photoemis- 
sion process leaves this ion in a state which is far from being its ground state. 

Actually, if we could apply Koopmans' theorem conditions also to the ion core levels, 
Eb would be the negative of the eigenvalue of the electron - enim (obtained, e.g., by a 
one-electron Hartree-Fock calculation - see Chap. A) in the initial state. In reality, the 
existence of a hole within the ion core implies that Eb is given rather by the expression4): 

Eb = -- Enlm - -  6Erel~x. + 6E~lat. + 8Eco~. (8) 

where the 5E's are corrections to Koopmans' theorem conditions, which arise from the 
quantum description of the final state *M +(v+l). 

6Er~lax. describes the relaxation of the (N - 1) "passive" electrons when a hole 
appears in the ground state electronic configuration (a hole may be viewed as a positive 
charge being added to the ion). This term will tend to give lower binding energies than 
the Koopmans approximation and is often evaluated by calculating Hartree-Fock energy 
schemes for the final state. 

~)E~l~t. describes relativistic effects (such as variations in spin couplings - see Chap. A) 
and 6Eco=. other electron-electron (and also electron-vibrational) many-body correlation 
effects (which are not included in Hartree-Fock calculations). 

d. Pho toemiss ion  From an A t o m  or an Ion  Core 

It is known (Chap. A) that Koopmans' theorem is not valid for the wavefunctions and 
eigenvalues of strongly bound states in an atom or in the cores of a solid, i.e. for those 
states which are a solution of the Schr6dinger (or Dirac) equation in a central potential. 
In them the ejection (or the emission) of one-electron in the electron system means a 
strong change in Coulomb and exchange interactions, with the consequent modification 
of the energy scheme as well as of the electronic wavefunction, in contradiction to 
Koopmans' theorem. 
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The photoexcitation process leading to photoemission is a very strong perturbation of 
the electron system. Therefore, after photoemission, one has to take into account the 
many-electron relaxation effects that follow. These effects do not permit the cancellation 
of ~fi, which we have performed previously. 

In the photoemission spectroscopic method, it is customary to distinguish between a 
core level region, which is probed in XPS (see Fig. 2), and which contains the response 
coming from the bound or core levels, and a valence band region, which is explored by 
both XPS and UPS, and which contains the response coming from the outer electrons: in 
a solid, those of the ground state energy bands. 

The two regions are usually distinguished by the binding energy ranges they cover: 
typically, some 50 eV (at most) from EF for the valence band region, the rest being core 
level region. 

In the valence band region the Koopmans' theorem conditions are usually satisfied, as 
long as broad band electrons are photoemitted. On the other hand, in open-shell solids 
such as the d-, 4 f- and 5 f-solids, the unsaturated d and f shells have, as we have discussed 
in other chapters, a very strong atomic-like (or localized) character, although their eigen- 
values may lie not very far from those of the itinerant (s, d) band electrons. It is therefore 
evident that the Koopmans' theorem approximation may fail also for these cases, 
although their energies fall in the valence band region. 

The 6E's are final state many electron effects, depending on the electronic configura- 
tion of the *M +(v+a) ion left by the photoemission process and which cannot be described 
in a one-electron picture. 

Final state effects particularly relevant in photoemission from actinide solids, are now 
briefly reviewed. 

e. Multiplet Splitting 

Very important final state effects are those which are described in the final state multiplet 
theory. They occur in cores containing unsaturated, localized shells (open-shell cores). 
The theory has been successfully applied, e.g., in the interpretation of the spectral 
response from the 4f levels of lanthanides 1°-1~). 

By making reference to this case, the photoexcitation is fN ~ fN-1, where fN (initial 
state) is an f-shell containing N electrons, and fN-1 (final state) is an f-shell containing 
N - 1 electrons. In a "sudden approximation", i.e. assuming the photoemission process 
to be so "sudden" not to leave time for the "passive" core electrons to relax to some 
lower energy (ground) state, the different coupling (see Chap. A and D) possibilities of 
orbital and spin moments of the remaining electrons in these cores may leave the core in 
a multiplicity of many-electron states (electronic configurations and levels). When these 
configurations and levels are non-degenerate, Eqs. (3) and (8) show that a peak is 
encountered in the photoemission curve for each of them. In order to evaluate the 
intensity of each peak, each emission has to be weighted according to its probability of 
occurring (see below the cross-section discussion). This is usually done in the so called 
fractional parentage scheme TM 13,14). 

Multiplet splitting occurs in the core-level region as well as in the energy range which 
we called "valence region": in this case it can be due to photoemission from a localized 
state, although this state may be not very far from the Fermi edge. A typical example of 
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Fig. 3. An example of final state mul- 
tiplet splitting interpretation of the 
XPS photoemission of actinide diox- 
ides (from Ref. 15) 
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this case has been considered to be the 5 f occupied state that is found in the main energy 
gap of insulating solids such as actinide oxides (the electronic structure of which has been 
discussed in Chap. C and D). Veal et al. 15) have tried interpreting the measured emission 
from the 5 f state in these solids by fitting a multiplet scheme, as obtained by intermediate 
coupling calculations (see Chap. A and D), to the details of the valence band spectrum 
(Fig. 3). More recent multiplet splitting calculations for 5 f~ states have been performed 
by Gerken 16). The valence band spectra of actinide oxides will be discussed later in this 
chapter in greater detail, and the two interpretations compared• 

Final state multiplet splitting is not only observed for the 5 f spectra in the valence 
band range but also in core level spectra of actinides. The main interaction giving rise to 
the final state effects is assumed to be the exchange coupling between core states and the 
outer incomplete 5 f shell• The multiplet splitting is considerable for interacting states 
with the same principal quantum number. Therefore this effect will be observed mainly 
for 5 s, 5 p and 5 d core levels of the actinides. It will cause very complex spectra which 
are difficult to analyse because of the superposition with screening effects• 

In inverse photoemission (and in case of high electron excitation energy) a final core 
state containing an additional electron (instead of a hole) may be created (for f-states: 
fN ~ fN+l). Thus, and in the same lines as for photoemission, a multiplicity of non 

Fig. 4. The photoemission and in- 
verse photoemission spectra of UO2 
(from Ref. 18) 
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degenerate configurations may arise for the final state and multiplet splitting may occur 
in the BIS response. This has been shown for lanthanide metals ~7) and also assumed for 
UO2 is) (Fig. 4). 

f. Other Many-Body Effects in Photoemission 

The apparent binding energies measured in photoelectron spectroscopy are affected by 
other many-body effects, which are not treated here ~9'2°). Only a few of them, relevant 
for open shell systems, hence for actinides, will be treated in Chapt. II. 3. 

2. The Analysis of lntensities 

a. Photoemission Cross-Sections 

In order to analyze the intensity of the various photoelectron peaks, it is necessary to 
know their associated transition probabilities, or photoelectric cross-sections. 

The photoelectric cross-section o is defined as the one-electron transition probability 
per unit-time, with a unit incident photon flux per area and time unit from the state ~ i ,  to 
the state ~nn of Eq. (2). If the direction of electron emission relative to the direction of 
photon propagation and polarization are specified, then the differential cross-section 
do/dr2 can be defined, given the emission probability within a solid angle element dQ into 
which the electron emission occurs. Emission is dependent on the angular properties of 
It/in and gtfm: therefore, in photoelectron spectrometers for which an experimental set-up 
exists by which the angular distribution of emission can be scanned (ARPES, see Fig. 2), 
important information may be collected on the angular properties of the two states. In 
this case, recorded emission spectra show intensities which are determined by the differ- 
ential cross-section do/dfL The total cross-section o (which is important when most of the 
emission in all direction is collected), is 

do 
o = f-5-A-~" df~ (10) 

Photoemission cross-sections are different for different orbital states of an atom. 
Furthermore, for a given orbital state, the photoemission cross-section depends strongly 
on the energy of the exciting photon. This provides a very useful tool in photoemission as 
we shall discuss later. 

As known from the basic quantum theory of transitions 21), cross-sections may be 
written as4): 

do 
(hv) = C[Min,fin[ 2 (11) 

dQ 

where hv is the incident photon energy and Min,fin are  matrix element of the transition 
operator 
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- ih e A0 exp (i q .  R) V (12) 

(where A0e exp (iq • R) is the electromagnetic field, e its polarization vector, q the 
momentum of the photon) between the final W~n and the initial It/in state. 

The evaluation of elements such as the Min,fin'S is a very difficult task, which is 
performed with different levels of accuracy. It is sufficient here to mention again the so 
called "sudden approximation" (to some extent similar to the Koopmans'  theorem 
assumption we have discussed for binding energies). The basic idea of this approximation 
is that the photoemission of one-electron is so "sudden" with respect to relaxation times 
of the "passive" electron probability distribution as to be considered instantaneous. It is 
worth noting that this approximation stresses the one-electron character of the photo- 
emission event (as in Koopmans'  theorem assumption). 

This approximation is valid when x/Xrel~. ~ 1, where x is a characteristic time required 
for the photoelectron to leave the perturbed system into the vacuum, and ~relax. is a time 
characteristic for relaxation of the "passive" electrons into possible final states. If 
E~n < E~in are energies for two possible final states, Xrdax. may be thought to be propor- 
tional to h/(E~, - E~.) by uncertainty arguments. A rough indication of X~l,~. is given by 
the broadening of the emission lines. 

In the "sudden" approximation, cross-sections are proportional to4): 

[<~n~(j)ltl~i~(j)> 12. ] (wn~(N - 1) lwi~(N- 1))12 (13) 

where t is the monoelectronic transition operator, qJ~n and It/in a re  the one-electron 
wavefunctions of the photoemitted electron j, and ~in(N - 1) is the wavefunction of the 
N - 1 "passive" electrons in the initial state from which qbin(j ) has been factored out 
(U2in(N - 1) is a non-unique representation of the "passive" electron remainder in the 
initial state, to be chosen appropriately). Notice that tIJn~(N - 1) and Wi,(N - 1) need 
not to be the same, as is supposed in the Koopmans'  theorem assumption. Thus, the 
cross-sections are proportional to: 
i. a one-electron transition probability (the first factor); 
ii. a (N - 1) electron overlap integral (the second factor). 

The first factor will dictate, from the properties of the one-electron wavefunctions, 
the characteristic dependence of the cross-sections on the initial orbital character of the 
electron and on the exciting photon energy. 

The second factor is at the origin of the so called "monopole" selection rule. Sym- 
metry requirements impose that the two W's must correspond to the same irreducible 
representation in order for the overlap integral not to vanish. 

b. Atomic Cross-Sections 

In the Koopmans'  theorem limit the photoemission of one-electron from an atom or a 
core in a solid is given by a single line, positioned at the eigenvalue of the electron in 
the initial state. The intensity of this line depends on the cross-section for the event, 
which is determined by the one-electron atomic wavefunctions Win(~,l,m)(-Eb) and 
It-tfin(n, l,,rn,)(Ekin) (where the atomic quantum numbers are indicated as well as the eigen- 
values En,l,rn = - E b  and Eki~ of the initial and final state) (the overlap integral of (13) 
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being 1 in the Koopmans'  theorem's conditions). The transition operator in (13) is the 
usual dipole operator (as in optical transitions2a)). Hence, the usual atomic selection 
rules, as for optical transitions, hold, the most important being: 

A1 = 1' - 1 = ± 1 (14) 

It is usually stated that the photoemission occurs via two "channels" in the energy 
continuum of the atom, meaning that the electron stays in two unbound orbitals having 
1' = 1 + 14). (The (1 + 1) "channel" is usually the most important in XPS.) 

The total cross-section for a photoemission event occnfing in an (nl) initial state is 
given by: 

On,(Ekin) = On,(hv - Enl) = A(hv) .  llR2_1(Ekin) + (i + l)R2+l(Ekin)[ (15) 

In (15), the dependence on the energy of the exciting photon hv (at a given eigenvalue 
Enl ) is stressed. A is a proportionality factor containing fundamental constants. R1-1 and 
R1+1 are radial dipole matrix elements: 

Rl_+l = ( R ~  0 ±l)lrlRin(~,0) (16) 

in which R~(n,0 and Rfin0ea) are the radial parts of the wavefunctions of the initial state 
and of the "channel" (I + 1) respectively. 

Evaluation of the o~'s requires detailed atomic calculations, with a good knowledge 
of the one-electron wavefunctions 22' 23) (the best results, especially for high 1 orbitals, are 
obtained by relativistic calculations). They are usually expressed as a function of the 
exciting photon energy hr. 

For energies typically used in XPS (1 - 1.5 keV) (see Table 1) the photoexcitation 
cross-sections have been calculated for the different orbitals and elements 22) and are used 
for quantitative chemical analysis. For the actinides the 4 f cross section is highest and 
consequently the entire photoemission spectrum is dominated by the spin-orbit split 4 f 
core level doublet. In the valence band region, the high 5 f cross section leads to a 
dominant 5 f emission if occupied states with 5 f character are present. For energies 
typically used in UPS (10 eV < hv < 50 eV) (see Table 1) the photoexcitation cross- 
section for valence band states with different quantum character is shown in Fig. 5 (see 23) 
and references therein). Simplifying, it can be said that, for low excitation energies the s, 
p cross-section is large but decreases with excitation energy whereas the f cross-section is 
small but increases with excitation energy; the d cross-section has a maximum around 
20 eV. 

It must be emphasized that these cross sections are only valid for an electron excita- 
tion into free-electron like final states (conduction band states with parabolic band 
shape) and not for resonance transitions as f ~ d or p ~ d excitations TM. If too low 
excitation energies (< 10 eV, see Table 1) are used in UPS, the final states are not free- 
electron like. Thus the photoemission process is not simply determined by cross-sections 
as discussed above but by cross-sections for optical transitions as well as a joint density of 
states, i.e. a combination of occupied initial and empty final states. 
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Table 1. A display of common X-ray and UV sources for photoemission (AE is the linewidth) 

XPS sources E (eV) AE (eV)" 

AI K~ 1486.6 0.85 
Mg K~ 1253.6 0.7 
YM; 132.3 0.5 
ZrM; 151.4 0.8 

UPS sources 

He I 21.22 ] 

L He II 40.82 
HeII* 48.37 r <0.02 
Ne I 16.67/16.85 | 

J Ar I 11.62/11.83 

a The X-ray linewidth can be reduced by the use of monochromating devices 

Fig. 5. Atomic cross-sections vs. photon 
energy in the ultraviolet range for differ- 
ent orbital states in various atoms (from 
Ref. 23); ETH: threshold energy 
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c. Cross-Sections of Itinerant Electrons 

The cross-sections for itinerant electrons, as, e.g., electrons in broad bands, are evalu- 
ated by taking into account that the electrons in the initial as well as in the final state may 
be represented by Bloch-wavefunctions • = uk(R) exp(ik • R) (see Chap. A). In these 
wavefunctions "atomic information" is contained in the amplitude factor Uk(R), whereas 
the wave part exp (ik • R) is characterized by the wavenumber k of the propagating wave 
(proportional to the momentum of the electron). 

The principal selection rule is provided as in optical transitions, by the momentum 
conservation condition21): 

k~, = ki~ + g + q (18) 

where g is a reciprocal lattice vector and q is the momentum of the photon (usually very 
small). This selection rule characterizes, as in the optical case, direct transitions (indirect 
transitions contribute also to the photoemission; they cause also phonon-assisted 
broadening of the emission bands). Equation (18) is important, together with Eq. (6 a) 
of a preceding section, since it allows (experimental difficulties being for the time neg- 
lected) the determination of band dispersion E(k) for a solid in angular resolved photo- 
emission. 

A somewhat simplified form of the intensity of itinerant electron emission is: 

I(hv) oc t3(hv)N(E) (19) 

where O(hv) represents the mean photoelectron cross-section for the states composing 
the band, and N(E) is the density of states of the initial state. The analogy with optical 
transitions and optical spectroscopy in (19) is evident, the intensity for optical spectral 
phenomena being given by a somewhat similar function where N(E) is substituted by the 
"joint density of states", (taking care of the density of states in the final as well as in the 
initial state). In photoemission, however, the final density of states is the smooth density 
of states of the continuum, so that N(E) determines the emission spectrum. This is why 
photoemission is presented as being a photograph of the occupied bands density of states 
(conversely, BIS yields the "photograph" of the empty bands density of states). 

d. Excitation Energy Variation of Photoemission Intensities and the Analysis 
of the Orbital Character of the Bands 

The initial state amplitudes Uk(R) of the Bloch-wavefunctions, carrying "atomic" infor- 
mation, introduce into the matrix elements (11) for the cross-sections of itinerant elec- 
tron emission the orbital character still retained by the energy bands of the solid. Hence, 
the variation of emission with the exciting photon energy hv can be assumed, in first 
approximation, to be described by the cross-section atomic dependence given in the 
preceding subsection. In (19), this is taken care of by 0(hv). (To which extent this 
assumption is valid, is still a matter of debate. In bands having a pronounced atomic-like 
behaviour (such as 5 f bands) the assumption is presumably fairly good.) 
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This is at the basis of much experimental work, in which the exciting hv is varied. The 
corresponding variation of intensities is correlated with the orbital character of the bands 
investigated. When comparing with theoretical band models, the energy dependent 
photoemission method is able to give therefore information about hybridization 
phenomena (giving rise to bands describable by means of partial degrees of mixing of 
atomic orbitals - see Chap. 4), provided the variation of cross-section with hv is known. 

Synchrotron radiation sources are ideal for this purpose, since they allow a continu- 
ous variation of excitation energy in a wide range. Usually a combination of UPS and 
XPS is employed, which allows a series of excitation energies in UV in the 10-48 eV 
range. Typical excitation energies for the laboratory case are presented in Table 1. 

The 5 f cross-section is particularly sensitive to the photon energy variation. This is a 
fortunate fact that has allowed a great deal of experimental and theoretical results to be 
obtained in actinides solids photoemission. In fact, due to it, 5 f states and 5 f character in 
bands are easily identified. 

3. Localization vs. Itineracy in Photoelectron Spectroscopy 

We now focus on relevant aspects of photoemission in actinides. For broad bands in 
solids (as, e.g., the (s, p, d) valence or conduction band in actinides), binding energies 
measured in photoemission (and in the strictly correlated inverse photoemission) are 
one-electron energies of the initial state, and the photoemission and inverse photoemis- 
sion spectral responses are good "photographs" of the density of state function N(E). 
Band dispersion may be obtained by employing ARPES: this has not yet been done as 
sufficiently for actinides, since good single crystal samples are needed (see, e.g., the 
NaCl-structure compound of uranium USb24)). If band dispersion is measured, the band- 
width W is determined. In the discussion of localization vs. itineracy of Chap. A, W has 
been shown to be one of a couple of parameters, the relative values of which determine 
localized vs. itinerant behaviour. 

By varying the excitation energy in direct and inverse photoemission, further impor- 
tant information is collected on hybridized states. Thus, it can be said that by photoelec- 
tron methods, the itineracy of open shells (in actinides 5 f) is well characterized. 

Photoelectron spectroscopy is however able to give valuable information on the 
localized behaviour of open shell electrons. The second parameter, the Coulomb interac- 
tion energy Urt, to be balanced (Chap. A) with W to give a judgement on the localization 
vs. itineracy problem, has been shown to be experimentally accessible when XPS and BIS 
are applied on the same compound. 

It should however be remarked that it is very difficult to measure both W and UH with 
sufficient precision on the same electronic system. ARPES is very inprecise when dealing 
with very narrow bands (levels), typical of localization; the method for determining Un, 
illustrated below, is best fitted when the photoemission response is treated within the 
atomic picture. This contradictory aspect is analogous with what is encountered in other 
physical measurements, and is particularly unsatisfactory when the state under observa- 
tion is intermediate between localization and itineracy (see, e.g., discussion in Chaps. A 
and D about magnetism). 
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a. The Measure of the Coulomb Energy UH 

We have discussed, in Chap. A, the Hubbard model for localization vs. itineracy in 
narrow bands. In this model, it was shown, for a simple case ("hydrogen" case) involving 
one uncoupled electron in a shell, that a splitting of the narrow band in two sub-bands 
occurs when the Hubbard condition (UH ~ W) is not satisfied. The two sub-bands 
describe two situations: 
i. one in which electrons are found in the cores in a localized state, with their magnetic 

moment duly aligned according to Hund's rules (~(N)); 
ii. one in which "polar states", exist in the solid: a fraction of cores is depleted of one 

electron (~(N - 1)) and a fraction of cores enriched by one electron (~(N + 1)). 
The difference between the two situations is UH in the Hubbard model, and can be 

associated, in a thermochemical way, with the process (for an f level, e.g.) 

fN + fN UH> fN-1 + fN+l (20) 

Equation (20) may be seen as the combination of the two processes of direct and 
inverse photoemission, when the 5 f shell retains a strong character of localization (in 
case of "itinerant" 5f's, the Hubbard model predicts that the kinetic energy due to 
itineracy creates statistical fluctuations between the polar states, so that the itinerant 
character is lost). 

Figure 6 shows the process in a schematic way. Baer 25) describes the two electron 
excitations of direct and inverse photoemission as two-step processes in which first EF is 
reached and then the emission of an electron (direct) or of a photon (inverse photoemis- 
sion) to vacuum occurs from EF. A_ and A+ are the energies associated with the two first 
steps. They are counted from EF, and they are to be considered as the minimum energies 
necessary to create the fN-1 and fN+l final state. If the localized level response is a final 
state multiplet, therefore, UH = A+ + A_ is given by the sum of the smallest measured 
energies of the multiplet. 

The method has been used with lanthanide solids, and the UH which is measured is in 
fair agreement with theoretical evaluations 26' 27). Figure 4 shows the method as applied 
for UO2, a solid in which the 5 f electrons have a good localized character (see Chaps. A, 
C and D). 

b. Core Level Response in Open-Shell Metals: the (Z + 1) Concept, and the 
Thermochemical Method for the Evaluation of Their Binding Energies 

We shall examine briefly the photoemission (XPS) binding energies (Eb, relative to EF) 
of core levels for open shell metals. An ample discussion 6, 28, 29) has been developed in 
this matter, leading to a satisfactory agreement between theoretical models and experi- 
mental spectroscopic results. For the purpose of this book, the theoretical model 
employed is relevant 
i. because it prepares the ground for a more detailed analysis of core levels peaks and 

their satellites, which is important in the localization vs. itineracy problem; 
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Fig. 6. Schematic representation of the 
final state model for the determination 
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the complete spectrum of a system 
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ii. because it has provided a spectroscopically derived further piece of evidence for the 
occupation of the 5 f shell in uranium metal, with the consequent rejection of the 
picture of uranium as a 6 d-transition metal (see Chap. A, Part I) 28, 3o). 
The core level binding energies have been calculated for many metals by two different 

theoretical methods: the "renormalized atom" method (Herbst et al.eT)), and the "ther- 
mochemical method" (Johansson et alY' 30)). The agreement between the results of the 
two methods and with experimental results (when available) is fairly good (for a com- 
prehensive review of the thermochemical method see JohanssonZS)). We shall now con- 
centrate on the last method, pointing out, however, that the basic assumptions of both 
are the same. 

The model employed for the core-level excitation runs as follows26): 
ct) the process of photoemission is a two-step process: one electron is photoemitted from 

a conduction state at the Fermi level, and one electron is promoted from a core to a 
valence state of the solid; 

~) the excitation takes place within a particular core of the metal; 
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y) when the electron is ejected, that particular core site becomes totally screened by the 
surrounding conduction electrons of the metal. 
The "efficient screening" approximation means essentially that the final state of the 

core, containing a hole, is a completely relaxed state relative to its immediate surround- 
ing 2s). In the neighbourhood of the photoemission site, the conduction electron density of 
charge redistributes in such a way to suit the introduction of a core in which (differently 
from the normal ion cores of the metal) there is one hole in a deep bound state, and one 
valence electron more. The effect of a deep core hole (relative to the outer electrons), 
may be easily described as the addition of a positive nuclear charge (as, e.g. in [3- 
radioactive decay). Therefore, the excited core can be described as an impurity in the 
metal. If the normal ion core has Z nuclear charges (Z: atomic number) and v outer 
electrons (v: metallic valence) the excited core is similar to an impurity having atomic 
number (Z + 1) and metallic valence (v + 1) (e.g., for La +3 ion core in lanthanum 
metal, the excited core is similar to a Ce +4 impurity). 

With these assumptions, Eb can be written: 

Eb = AEv,v+l + E~zP+l),(v+l)in Z,vmatrix (21) 

where the latter term, usually small, is due to the adjustment of the cell to the impurity. 
AEv,v+l is a thermochemical quantity, that can be evaluated from the cohesive energies of 
the pure (Z, v) and ((Z + 1), (v + 1)) metals, and/or from spectroscopic atomic data 
(relative to the change in electronic configurations of the non-excited and excited cores), 
in much the same ways as similar problems which were discussed in Chaps. A and C. 

The whole treatment turns around the efficiency of screening of valence electrons: we 
shall discuss this point more in detail. In light actinides, itinerant 5 f electrons may 
provide efficient screening. 

By this assumption and employing the above described (Z + 1) approximation, 
Johansson 2s) was able to provide further evidence for the occupation of 5 f states in 
uranium metal, via the analysis of its XPS-measured 6 P3/z peak. 

For inverse photoemission, similar arguments lead to the interpretation of BIS struc- 
tures by an analogous Z - 1, v - 1 approximation. 

c. The Final State Screening Model 

A number of recent XPS results for core-level peaks in d- and lanthanide metals and 
compounds has triggered much interpretational effort. The 2p3/2 core level peak in Ni, Pd 
and Ni/Pd alloys, e.g., has a satellite accompanying the main peak at higher binding 
energies (shake-up satellite) 31-33). The 3 ds/z core level peak of La, Ce, Pr and Nd, and 
their intermetallic compounds has, on the contrary, a satellite accompanying the main 
peak at lower binding energies (shake-down satellite) 34-38) (see Fig, 7). The presence of 
this split core level response (main line + satellite) in solids with open electron shells has 
been interpreted by the so called "final state screening" model. 

Another important feature which is met in d-systems is an asymmetric tailing of the 
main peak at the higher binding energy side. 

The model employed for the interpretation of a split core level response is a two- 
electron process oecuring within an ion core, which may be schematized37-39): 
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Fig. 7 a-e. Schematic representation of final state screening models for lanthanide and d-metal core 
level responses (a) and e)) (c.b. means conduction band). In part b), the possible situations for light 
and heavy actinides (before and after the Mott-Hubbard transition) are also represented 
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excited state 

where: a q, [3 ~ and {B} m identify a core level, an outer level and a more band-like, 
hybridized state (e.g., Pu-metal: 4f145 fs{6 d7s}3), respectively. The two-electron pro- 
cess passes through an intermediate state, in which empty states lying beyond EF are 
pulled down below E F (indicated by an asterisk; such initially empty states beyond EF are 
seen in BIS measurements). 

In open shell metals, these empty states can be d- or f-states somewhat hybridized 
with band states (see Chap. A). In a metal, these states may be pulled down into the 
conduction band (as a virtual state, see Chap. A); in a compound, presenting a ligand 
valence band (insulator or semiconductor), they may be pulled down to an energy posi- 
tion coinciding with or very near to this valence band (as a true impurity level). The two 
possible final states (Eqs. 22 a and 22 b) explain the occurrence of a split response: one of 
the crystal band electrons occupies either the outer hole level [3 ~+v (Eq. 22 a) or the more 
bandlike hole {B} re+l* (Eq. 22b). 

The electron occupying the pulled down state screens the deep hole in the (Z + 1) 
core from its environment. The screening efficiency depends very strongly on the 
wavefunction describing the state: a charge in an outer atomic-like orbital screens better 
than one in a band state since the electron charge density is high at the atom (see 
Chap. A). In the core level split response, good screening is attributed to an observed 
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lower binding energy, since a gain in energy U is obtained, e.g., through an alignment of 
spins in the pulled down state and in the core level containing a hole (Hund's rule type 
coupling). 

If the atomic-like state hybridizes with band states, its eigenvalue broadens to a well 
defined bandwidth W. The electron becomes more itinerant (the U/W ratio being a good 
parameter to describe this trend - see Chap. A), and the screening becomes poorer. 
Moreover, the relative intensifies of the two peaks in the split core level responses 
depend on the occupation probability of the pulled down states, which is enhanced when 
hybridization becomes larger. In fact, attempts have been made to establish correlations 
between the intensity ratio of the two peaks of the split response and localization or 
hybridization of the open shell states in a transition series. 

In light lanthanides (La, Ce, Pr, Nd) the pulled down 4f state is nearly localized and 
hybridizes only weakly with conduction states. The bandwidth W4~ will be very narrow, U 
high and negative, and the occupation probability by conduction electrons rather low. 
This results in the occurrence of shake-down satellites at a lower binding energy for 
lanthanides, accompanying a poorly screened main peak (Fig. 7 a), When proceeding to 
heavier lanthanides, the occupation probability and the intensity of the shake-down 
satellite are depressed: the symmetric, poorly screened core level is left, i.e. the 4 f states 
are completely localized. 

In d-metals, the opposite is true: the d-wavefunctions hybridize easily with conduc- 
tion band states. The main peak can in this case be coordinated with the well screening 
outer d's, and the shake-up satellite, when observed, is due to the poorly screening 
process (Fig. 7 c). For d-metals, furthermore, the very high density of d-states at EF is the 
cause of many secondary electron excitation from just below Er to empty states just 
beyond EF which results in the asymetric high energy tailing of the main peak. Final state 
multiplet splitting, explained above, can in addition overlap the split response. 

In actinides, a very efficient screening is provided by 5 f electrons. As well known (see 
preceding chapters), they have a "d-like" character in the first half of the series and a 4 f- 
like character in the second half: the crossover occurring at about the half-filling of the 
shell. Hence, Johansson 4°) could predict for actinide core level response in actinide 
metals at the half-filling a changeover when passing the Mott-Hubbard transition 
threshold at Pu (Fig. 7 b). A good core level to be studied is, for actinides, the 4 f spin- 
orbit split doublet (4 f5/2 and 4 f7/2), due to its high cross section, and to the fact that its 
shape is only dependent on the screening process, because the mulfiplet coupling 
between 4 f-electrons and the electrons in the incomplete 5 f-shells is negligible. 

d. The 6eV Valence-Band Satellite in Ni 

A satellite is found in the valence band spectrum of Ni metal (and compounds) at about 
6 eV from Ev 32' 41). This satellite does not correspond to any feature in the calculated 
density of states. Therefore a brief discussion of this satellite is worthwhile, since its 
interpretation has inspired that of some structures found in light actinide metals photo- 
emission spectra. 

Despite the fact that there still remain unanswered questions, the 6 eV satellite can be 
explained in an atomic picture by two correlated d-holes on the same atom superimpos- 
ing on the band-like spectrum from the itinerant 3 d response at EF. 
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Assuming a ground state composed of atomic-like d 9 and d 1° configurations the satel- 
lite is thought to be due to the following process: 

3 d94 s - -  3 d84 s 2 (23) 
ground state Final state 

The energy involved in this excitation is easily obtainable from atomic spectroscopy (see 
Chapt. A) and is found to be about 6 eV; i.e. coinciding with the energy position of the 
satellite. 

The important point is that this interpretation introduces an atomic event in the 
interpretation of the photoemission from the metallic solid, which is in large part domi- 
nated by the band character of the 3 d electron emission. The underlying explanation is 
that 3 d-wavefunctions are, like 5 f, largely atomic-like in character (see Chaps. A, C, F), 
and that this partial localization makes the occurrence of the atomic event possible. In 
fact, similar satellites are encountered also in compounds where, the Ni atoms being far 
apart, no d-d overlapping, hence no band-like behaviour, is predicted: this proves the 
atomic character of the excitation process giving rise to the "6 eV" structures also in Ni 
metal. 

Such details in photoemission spectroscopy may therefore give indirect, but very 
useful hints towards the solution of the localization vs. itineracy problem of narrow band 
solids. 

4. Experimental Aspects 

Several practical aspects of the photoelectron technique will be discussed here. First, we 
shall concentrate upon the surface specificity of XPS and UPS. Then the sample prepara- 
tion procedures will be reviewed. Thereafter, the charging effect, the energy calibration 
and the problems of handling radioactive materials will be discussed. Lastly, a short 
review of similar topics applied to BIS will be given. 

a. Surface Sensitivity 

Figure 8 shows the attenuation length of electrons in solids as a function of their kinetic 
energy. The few theoretical calculations available 42) are in good agreement with these 
empirical data 43). Only unscattered electrons convey useful information, while scattered 
electrons contribute to a structureless background 44) (secondary electrons). From Fig. 8, 
it is clear that photoelectron spectroscopy probes at most a few tens of Angstr6ms. 

Because of this surface specificity of photoelectron spectroscopy, two kinds of prob- 
lems have to be taken into account: surface contamination by the residual atmosphere of 
the spectrometer, and the possibility that only surface properties are observed instead of 
the bulk ones. 

In order to avoid surface contamination by the residual atmosphere of the spectrome- 
ter, it is necessary to work under UHV conditions (10 .9 Pa). This is apparent from the 
Hertz-Knudsen relation: 
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Fig. 8. A "universal" curve (or band) of elec- 
tron attenuation length vs. electron kinetic 
energy, as resulting from an inspection of 
many experimental results on heavy metals. 
The energy of different laboratory sources, re- 
presenting the maximal kinetic energy of the 
electron, is drawn for comparison in the figure 
(from Ref. 5) 

v = p(2 n mkT) -1/2 

where 

v is the number of molecules impinging on the sample surface per unit of time and area, 
p is the residual gas pressure, 
m is the mass of the residual gas molecule, 
T is the temperature.  

Assuming a sticking coefficient equal to unity, a residual atmosphere (p = 1 0  - 9  Pa) 
composed of oxygen and nitrogen, and room temperature, about 103 sec are needed to 
build a hundredth of a monolayer, which corresponds to the detection threshold of 
photoelectron spectroscopy. 

The modification of the electronic states energy due to the surface has readily been 
observed by photoelectron spectroscopy, over a wide range of excitation energies 45-47). It 
manifests itself as a small shift of the electronic levels (a few tenths of an eV). It is at best 
detected by using a synchrotron radiation source, so tuned that the outgoing electrons 
have a kinetic energy corresponding to the minimum of the attenuation length curve 47). 
Furthermore, a valence change of the surface atoms is possible, as has been observed for 
Sm4S, 49) and as will be discussed below for Am (Sect. III.3.a). A review of photoelectron 
spectroscopy as a tool for surface investigation will be found in Ref. 8. 

In the case of the most common X-ray sources used for XPS (Mg and A1), and of the 
most widely observed core levels of the actinides (4 f), the photoelectron kinetic energy is 
of several hundreds of eV. This ensures an analysis depth large enough to reveal the bulk 
properties. 

For UPS, the access to bulk properties can be gained by using several radiation 
sources as e.g. H e I  and H e I I  (by = 21.22 and 40.82 eV, respectively), and taking 
advantage of the electron mean free path variation. As can be seen by inspection of 
Fig. 8, the mean free paths of He I and A1K~-excited photoelectrons are quite similar. 

The possibility of a continuous variation of the radiation beam energy is the main 
advantage of a synchrotron radiation source with respect to this surface vs. bulk problem. 



Localization and Hybridization of 5 f States 219 

However, even a single line source, say A1Ka or HeI ,  can be used successfully, if the 
analysis depth can be varied by performing angular-dependent measurements. 

b. Sample Preparation 

Before introduction into the spectrometer, a mechanical and/or electrochemical polishing 
of the sample surface has to be performed. While a good empirical knowledge has been 
gained for most current materials 5°), the right procedure to follow in the case of actinide 
compounds is still not well established. 

After introduction into the spectrometer, several in situ methods are available to 
achieve a clean surface. First, the ion sputtering of samples is used in order to remove the 
surface contamination (adventitious carbon and, in the case of metals, an oxide layer). 
Here again, much experience has been gained on lighter materials sl), but little is known 
of the right way to handle actinide compounds. Two difficulties are associated with this 
method: sputter-induced surface roughness, and preferential removal of lighter ele- 
ments 52). A second method, scraping of the sample surface, does not induce a deviation 
from the bulk stoichiometry 52), but results in a very rough surface. Both these problems 
are avoided if the examined material, in this case a single crystal, can be cleaved in situ: 
this results in a smooth crystalline surface and provides a composition similar to that of 
the bulk. 

c. Charging Effect 

In the case of conducting materials, each photoelectron leaving the sample is replaced, so 
that the neutrality of the sample is preserved. For insulators, on the contrary, there are 
no conduction electrons available to compensate for the lost photoelectrons. Therefore, 
a positive charge is built up on the sample surface. This charge alters the kinetic energies 
of the outgoing photoelectrons, which results in distorted spectra. 

A widely used technique is the so called flood-gun. An auxiliary electron gun is tuned 
so that the ingoing (from the gun) and outgoing (photoemitted) electron fluxes compen- 
sate. In order to achieve this equilibrium, it is necessary to record spectra during a large 
interval of time and to search for steady state conditions. Therefore, in view of the short 
time needed to build one monolayer of contamination on the surface of the sample, the 
use of this technique is made difficult in the case of UPS. One should mention, that very 
recently a similar compensation electron gun has been successfully used for electronic 
vibrational spectroscopy, which is even more surface-sensitive than UPS 53). 

d. Energy Calibration 

In XPS, the calibration of the spectrometer is achieved by measuring a series of core lines 
which are used as energy standards, viz. Au 4f5~, Pd 3 d5/2, Ag 3 d5/2, Cu 2p3/2, Cu 3 sl/2. 
These lines encompass the 100-900 eV binding energy range. Once the linearity of the 
analysing system has been checked, there is no problem of energy calibration, as long as 
conducting materials are measured. Indeed the Fermi edge is in this case clearly visible 
(see e.g. Fig. 9), so that the zero-point of binding energies is easily located. 
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For insulating materials, on the contrary, the Fermi level lies in the gap, so that it is 
not detected on the photoelectron spectra. A possible calibration method stems from the 
gold decoration technique: the binding energies can then be referred to the Au 4 f doub- 
let. This leads, however, to a poor reproducibility of the calibration 54~. Neither is the 1 s 
line of adventitious carbon a better energy standard. 

e. Problems Specific to the Handling of Radioactive Materials 

When handling radioactive materials, the operator as well as the apparatus, especially 
the electron detector should be shielded from radioactive contamination. 

On the basis of a commercial spectrometer (Leybold-Heraeus LHS-10) the system 
has been modified s5l for work with highly radioactive materials (the scheme is shown in 
Fig. 11 of Chap. B): 
- A new preparation chamber (Pch) was designed for a base pressure in the low 10 -~ Pa 

range and mounted into a closed glove box. It can be baked under glove box condi- 
tions without enhancing the temperature of the glove box atmosphere because of a 
water cooled shielding system. "In-situ" sample preparation is solely executed in the 
PCh. 

- The ~t-metal analysis chamber (ACh) is mounted in an open glove box frame making 
easy handling of the spectrometer feasible. The baking of the system is performed by 
commercial heating bands. 

- The UHV pumping systems are mounted similarly in an open glove box frame and 
connected with the roughing pumps by vacuum lines containing absolute filters to keep 
back potential radioactive contaminants. 

For maintenance or repair the open glove boxes are closed. After completing the work 
and potential decontamination, the glove box walls are removed and the system can be 
baked out easily. 

In the case of BIS, monoenergetic electrons from an electron gun impinge on the 
sample; the reponse to be analysed is constituted of photons. No heavy and sophisticated 
electron energy analyser is necessary. Therefore, protection against radioactive hazards 
can be easily achieved by inserting the complete spectrometer into a glove box system. 

III. The Photoelectron Spectra of Actinide Metals 

1. Introduction 

In this part, the photoelectron spectra of actinide elemental metals are reviewed. The 
organization of this part is the following: 
- the valence band spectra of light actinide elemental metals are presented and inter- 

preted through one-electron density of state calculated curves, focusing on the f-char- 
acter of the bands, but also on their general orbital compositions and on their charac- 
ter (as shown by energy dependent photoemission) due possibly to hybridization; 



Localization and Hybridization of 5 f States 221 

- indications of the localized or itinerant character of the 5 f's are discussed in the frame 
of the (Z + 1) theory and of the discussion of the Ni 6 eV satellite presented in 
part II; 

- a discussion of evidence from valence band spectra is presented for the Mott-like 
transition in the actinide series between Pu and Am (Chap. A), together with details 
of the spectrum of Am metal, which presents a well defined localized 5 f-character; 

- the 4f  core level lines of the metals are discussed, in the light of the final state 
screening model also presented in part II; the intention being to confirm from the 4 f 
features the Mott-like transition between Pu and Am. 
No photoemission spectra are unfortunately available for Np metal, in the light 

actinide 5 f itinerant side, and on Cm, Bk, Cf, etc. on the heavy actinide 5 f localized side. 
It is worthwhile to stress the need for good photoelectron evidence on these systems in 
order to shed more light on the elemental actinide metals series. 

2. The Valence Band Spectra of Light Actinides 

a. Thorium Metal 

a. XPS and BIS Results  

Figure 9 shows the photoemission valence band spectrum of Th metal. A comparison of 
the high resolution XPS valence band spectra of Th 41' 56) (resolving two distinct peaks at 
1.8 and 0.6 eV below EF) with a calculated total (s-d) density of states 57), (convoluted for 
broadening effects as lifetime and instrumental effects) 56) gives a nearly complete agree- 
ment. The two peaks are attributed to 6 d states. 

The empty states of Th have been investigated by BIS 56) and are also shown in Fig. 9. 
Besides a small intensity at EF, the spectrum is dominated by two broad peaks at 3.15 and 
4.5 eV. The calculated partial density of 5 f states s7) which takes into account the high 
cross section for f states, and is broadened for lifetime and instrumental resolution s6), 
agrees qualitatively well with experiments, though the two peaks are slightly less sepa- 

Fig. 9. The full photoelectron spectrum 
(direct and inverse photoemission) of 
the conduction band of Th metal (from 
Ref. 56) 
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rated in energy and about 0.7 eV closer to Er. From a comparison with the BIS spectrum 
of La having 14 localized empty 4 f states, it has been concluded 58) that the double peak 
structure is essentially 5 f like. But in contrast to La, this structure has to be attributed to 
broad band-like states hybridized with d states and thus even contributing at EF. 

~. 5 f-Mixing in the Valence Band 

The possible contribution of 5 f states to the BIS intensity at E F suggests that some 5 f 
character may exist (even in Th, with a 5 f0 configuration) in the composition of the 
occupied valence band. In fact a small tail of occupied 5 f states (0.5 states per atom, 
Ref. 57) is supposed to contribute to the intensity of the XPS experimental spectrum 56), 
the rather high intensity of which may be due to the high cross-section for 5 f excitation. 
Energy dependent photoemission should then be able to identify this contribution. 

The only UPS measurement on Th reported to date is for 40.8 eV excitation. This 
measurement surprisingly does not resolve the peaks at 1.8 and 0.6 eV from the emission 
at EF 59), notwithstanding the higher resolution of 0.2 eV 59) than for XPS (0.456) and 
0.6 eV 41), respectively). If there is a tail of 5 f states reaching into the occupied part of the 
conduction band of Th, the UPS valence band spectrum should at least show at EF some 
reduced emission, when compared with the XPS valence band spectrum. Therefore it is 
difficult to ascertain from the UPS spectrum for Th 59) whether a small contribution of 5 f 
states at 0.3 below EF is hidden in the slope of the main peak at 0.75 eV. The high 
intensity of this peak might in fact be attributed to some broadening of the Fermi edge by 
temperature effects and/or poor instrumental resolution. 

However, in Ref. 59 also the first valence band spectrum of U has been measured by 
UPS, and shows a very sharp and, compared with Th, about 10 times more intense 5f 
peak at 0.3 eV below EF. Thus the UPS peak at 0.75 eV and the XPS 0.6 eV peak for Th 
metal may be attributed to the same origin, namely 6 d, as suggested by density of state 
calculations, the small shift between the two being induced by the different contribution 
of a possible 5 f tail in the UPS and XPS spectra. 

The situation for Th metal can be summarized as follows: the occupied part of the 
conduction band is dominated by band-like 6 d states hybridized with 7 s states contribut- 
ing at the bottom of the conduction band; the empty part of the conduction band is 
formed by itinerant 5 f states, hybridized in a broad fsd band. Possibly (but not conclu- 
sively), there is a small contribution of f character even in the occupied part of the 
valence band. 

b. a-Uranium Metal 

Figure 10 shows combined XPS-BIS results for ct-U. All valence band spectra for U, 
(even if they suffer from poor resolution or if a slight oxygen contamination cannot be 
excluded) display a strong emission in a narrow band just below the Fermi edge EF. 

This emission is considerably enhanced as compared with the spectrum of Th metal 
(see Fig. 9). The comparison of XPS valence band for U and Th (with a 5 f0 configura- 
tion) provides a straightforward and direct identification of the 5 f emission. Conse- 
quently, the strong emission for U at EF can be attributed to itinerant 5 f states, hybrid- 
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Fig. 10. The full photoelectron spectrum 
(direct and inverse photoemission) of 
the conduction band of U metal (from 
Ref. 56) 
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ized with 6 d 7 s  states, in contrast to Th, where mainly 6d  states contribute to the 
spectrum. However,  the more detailed interpretat ion of the valence band spectra of a -U 
is not  so clearcut as for Th. Valence band  spectra for U have been  reported in a compara- 
tively large number  of papers in XPS 41' 56, 58, 60-65) and in UPS 59' 66). Also, spectra have 

been  measured using synchrotron radiation 67). All  the data have in common a narrow 
intense emission just at Ev, but  differ for structures around 2.5 eV (Fig. 12). Table 2 

summarizes the observations. 
Spurious effects due to incompletely removed oxides layers are very likely to be 

recorded and misinterpreted in photoemission experiments from the very oxidizable U- 
metal  surface. However,  considering only high resolution XPS and UPS data for clean 
surfaces 56'64'66) as well as the measurements  using synchrotron radiation 67), it can be 

Table 2. Summary of valence band structures of c~-U metal as reported by different authors (AE is 
the experimental resolution) 

Technique Resolution Type of structure Energy Remarks Ref. 
AE, eV and intensity below 
FWHM EF, eV 

XPS 1.0 broad shoulder, ca. 3.0 clean 
weak 

XPS 0.6 shoulder, ca. 2.5 slight oxidation 
pronounced 

XPS 0.6 small maximum 1.8 UO2 subtracted 
XPS 0.6 not detectable - poor stastisties 
XPS 0.4 shoulder weak ca. 2.7 clean 
UPS 40.8 eV 0.2 shoulder, very ca. 2.4 weak O 2 p 

weak contribution 
XPS 0.6 shoulder, weak ca. 2.8 clean 

UPS 21.2 eV 0.1 shoulder, ca. 2.4 clean 
pronounced 

UPS 40.8 eV 0.2 shoulder ca. 2.4 clean 
XPS 1.1 shoulder, weak ca. 2.3 clean 
XPS 0.6 maximum 1.8 clean, poor 

statistics 
variable 0.3 maximum 2.3 weak O 2 p 
synchroton contribution 
source 

Fuggle et al.60) 

Veal et al.60 

Verbist et a162) 
Nornes et al. 63) 
Baer et al.56) 
Norton et al. 59) 

Grohs et al. 64) 

Greuter et al. 66) 

Greuter et al.66) 
Schneider et a19  
Alien et al.65) 

Iwan et al. 67) 
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safely assumed that a broad structure at around 2.5 eV is genuine and not due to surface 
oxidation effects. In order to extract from the valence band spectrum all information 
about the electronic structure of a-U, three different lines of interpretation have been 
forwarded. Two of them are based on computed one-electron density of states func- 
tions68, 69). One considers in addition multielectron effects due to a beginning of a locali- 
zation of the 5 f electrons 3°), in analogy with the discussion of the Ni 6 eV satellite, given 
in Part II. They are: 
I. a comparison with the 5 f partial density of states; 
II. the study of the contribution of the 6 d partial density of states, which is added to I; 
III. the consideration of multielectron satellites due to localization of the photoexcited 

5f  hole, as an added effect to I and II. 
Lines I and II interpret the photoemission spectrum of ct-U in much the same way as 

we discussed the one of Th. 
Line III has a great interest, because it takes into account in the case of U partial 

localization effects of 5 f states. Such partial localization effects, if present in uranium 
metal, should be even more visible in the emission of plutonium metal. For this reason, 
line III  will be discussed after the analysis of the valence band spectrum of plutonium 
metal. 

The XPS valence band as shown in Fig. 11, and especially the narrow and intense 
peak just below EF (observed in all experiments) have been discussed following mainly 
line I. Theoretical partial 5 f density of states calculations 68' 69) agree in reproducing this 
feature, which can therefore be attributed to nearly pure 5 f states. But these density of 
states curves predict additional structures which, although differing considerably in their 
position, are not observed experimentally. A maximum, observed only once at 1.8 eV 65) 
might be qualitatively described by one calculation69); however, relatively poor statistics 
(only 100 c/s) may have artificially introduced this structure since it is difficult to under- 
stand why other XPS valence band spectra (of comparable 64) or even higher 56) resolu- 
tions) do not show it. 
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Fig. 11. The valence band spectrum of ct-U 
metal, as measured in XPS (a), from Ref. 56 
is compared with two one-electron density 
of states calculations (b) from Ref. 68, (c) 
from Ref. 69 
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Also the BIS results of Fig. 10 have been interpreted according to line I. However, 
the detailed agreement between experiment and theory becomes even worse when com- 
paring the BIS data to calculated partial density curves of 5 f states 6s' 69). 

This spectrum has been compared with the BIS measurement on Nd metal 2s), i.e. of 
the homologous lanthanide. Trivalent Nd has a localized 4 f3 initial state configuration. 
For U, a 5 f2 or a 5 f3 initial state configuration are usually assumed, with a tetravalent or 
a trivalent core respectively. While in Nd the 4f  N-1 and 4f N+I multiplet states, as evalu- 
ated in an atomic-like Russell-Saunders scheme, can be well recognized in the XPS/BIS 
combined results, and are well separated from a (weak) d-emission at the Fermi edge, in 
U the occupied states and the empty states spectra join in a continuous band at EF. 
Therefore, only the symmetry of 5 f states, given by the position of the main peaks in the 
joint spectrum, can be recognized with certainty. 

By summing up all these observations, and considering that theoretical calcula- 
tions68, 69), firstly, provide different results and, secondly, describe less well the experi- 
ments on U metal than those on Th, the conclusion can be drawn that a fully 5 f band-like 
description may not be completely suitable 56). An interpretation based on a localized 
behaviour (as for Nd) is, however, also unsuited (and not expected from other physical 
measurements and band-theory results). We conclude from this analysis, that the strong 
emission just below and beyond EF originates manifestly from itinerant 5 f states. 

Line II, based on the concept of 6 d-5 f hybridization, has been taken into considera- 
tion at the bottom of the valence band, where the 5 f density of states is low 56). Thus, the 
broad structure around 2.5 eV (Fig. 12) may be tentatively attributed to a 6 d emission, 
similar to what is found in Th metal. A second 6 d-derived emission closer to EF, as it is 
encountered in Th metal, may be hidden in the 5 f emission which is preferentially seen in 
XPS. 

Energy dependent UPS data 66), together with XPS results, support this description: 
the satellite intensity becomes less pronounced compared with the 5 f emission at EF 

Fig. 12. UPS spectra of uranium metal (the surface 
of the metal is perfectly clean, as shown by the ab- 
sence of an O2p signal in the spectrum; from 
Ref. 66) 
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when the excitation energy increases from 21.2 to 40,8 eV (Fig. 12) as expected for d vs. f 
emission, and the trend is respected when going to the 1486.6 eV of the X-ray excitation 
energy. The spectrum for 40.8 eV excitation (Fig. 12) is very similar to that for X-ray 
excitation (Fig. 11); but since the resolution in XPS is obviously less, the broad satellites 
are Smaller in comparison with the sharp 5 f emission when recorded with the same 
resolution. A more quantitative intensity analysis trying to normalize spectra for the 
same resolution and considering the energy variation of the photoionization cross-section 
for an adequate comparison with calculated 5 f density of states would elucidate interpre- 
tation line II further. 

From the comparison of the spectra with calculated one-electron density of states 
curves (lines I and II), therefore, the valence band spectra of U, from phetoemission and 
BIS, are interpreted as due to a hybridized (d, f) continuous band, with a much large 
itinerant 5 f contribution than in Th for the occupied part 57). As for the broad structure at 
about 2.5 eV, qualitative agreements point to a 6 d character. 

c. Plutonium Metal 

Within the actinide series Pu is the most intriguing element. On the basis of the Hubbard 
model, and taking into account an unhybridized bandwidth Wf (due only to f-f overlap- 
ping), the UH/Wf ratio is 0.7 for U and 3 for Pu27): in fact, one would have expected 
already for Pu a 5f electron localization, since UH > Wf. However, a hybridization of 5 f 
with (6d 7s) states broadens the 5 f bandwidth and delays the Mott-like transition 
(see Chap. A) from Pu to Am 4°). This influences many properties of Pu metal TM n) 

Only a few photoemission results (no BIS result) have been reported for this 
metal 73-76). Figure 13 and Fig. 14 report the XPS and high resolution UPS spectra of 
a-Pu. 

From a detailed analysis of the spectrum of Fig. 13, including a comparison with the 
calculated partial 5 f density of states (broadened to take into account life-time effects 
and spectrometer resolution), it was concluded that the results could not be fully under- 
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Fig. 13. The valence band spectrum of a-Pu metal (from Ref. 75) 
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Fig. 14. Valence band spectra of c~-Pu metal for 
different excitation energies (from Ref. 76) 
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stood without taking into account Coulomb correlation effects. Since the experimental 
spectra are much broader than the calculated ones, ground state calculations cannot 
describe them properly; excited states should be accounted for. This is not surprising, 
since already for U the ground state density of states calculation fails to describe satisfac- 
torily the experimental spectra. Other valence band spectra of ct-Pu TM 74), even though of 
lower resolution, or presenting slight surface oxidation or bad statistics, all identify, as 
for U, itinerant 5 f states in a narrow band pinned at EF; high resolution UPS valence 
band spectra 76) (Fig. 14) confirm the above description. 

d. Localization Effects in the Valence Band Spectra of Uranium and Plutonium 
Metals 

Partial localization of the 5 f states in the light actinides (line III of subsection b) might 
cause the appearance of satellite structures at energies not very far from EF in their 
valence band photoemission spectra. If such structures could be convincingly demon- 
strated, important information would be added to the theoretical analysis of the localiza- 
tion vs. itineracy problem of the actinide metal series. 

The interpretation of features comes back to a very wide discussion already taking 
place for 3 d metals, and, in particular for the case of Ni 31' 32). Partial localization effects 
should be even more apparent in 5 f-metal spectra, since 5 f's are thought to be intermedi- 
ate, in behaviour, between the (fairly itinerant) 3 d of the iron group and the (fully 
locafized) 4 f of the lanthanides. (The ratios of the Coulomb energy UH to the bandwidth 
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Wd for Ni and Wf for U gives values of - 0.526) and - 0.727). This indicates that the U 5 f 
electrons are even farther from an itinerant description than the Ni 3 d electrons.) 

The interpretation is based on the assumption that the U 5 f states cannot be fully 
treated in an itinerant scheme, but many-electron effects have to be considered inducing 
satellites in the valence band 3°). The photoemission valence band spectrum is therefore 
considered as composed of three contributions: the itinerant 5 f hole state with f electron 
screening (line I), the itinerant 6 d 7 s hole state (line II) and the localized 5 f hole state 
(line III) screened by 6 d 7 s electrons. The first two contributions display the density of 
states as deduced from one-electron ground state calculations, whereas the third con- 
tribution results in final state multiplets typical for the specific 5 fN ~ 5 fN-1 transition. 
For U, selfconsistent band structure calculations 77' 78/and the measured position of the 
U6p3/2 core level (28); see Part If) suggest an electronic configuration 5 f2+~(6 d7 s) 4-~. 
Thus a satellite may be either due to 5 f3 ~ 5 f2 or 5 f2 ~ 5 fl or both final states. Photo- 
emission intensities for those states have been calculated in intermediate coupling I6'79) 
showing that only one broad line is expected in both cases. The energy position of the 5 fl 
final state has been thermochemically evaluated 3°) from the corresponding section: it is 
somewhat larger than 2 eV below Ev, i.e. exactly where the additional structure has been 
observed. 

The crucial experiment to identify whether this satellite structure is due to a localized 
5 f hole, is claimed to be photoemission spectroscopy, in which the excitation (provided 
by synchrotron radiation) is tuned through the 5d-5f threshold energy 67). At the 
threshold energy an empty 5f state just beyond Er becomes occupied 

(5 d 1° 5 fN hv.~ 5 d 9 5 fN+l) .  Consequently, the emission at Ev could be suppressed consid- 
erably. On the other hand, since the 6 d screening is still working 67), the satellite intensity 
is high enough to be detected. (This kind of experiment has been performed for the 6 eV 
Ni satellite 3~' 32). 

Resonance photoemission measurements have been recently made for U metal 67), 
and show indeed a resonant enhancement of the satellite at 2.3 eV only for the threshold 
energy (5 d3/2: h v  = 94 eV) (Fig. 15). In addition the main peak at EF shows the expected 
off-resonance behaviour. Further support for such an interpretation of the satellite is 
given by the analysis of the photon excited Auger emission. This is shown to be com- 
posed of two different bands also separated by 2.3 eV and due to the two screening 
channels by 5 f or 6 d states 67). 

There are, however, arguments, which contradict the partial localization interpreta- 
tion. This interpretation must assume that the 5 f emission at EF (itinerant state) and at 
the 2.5 eV satellite have different photon energy dependence of the cross section at the 
resonance. As recently discussed s°) this is difficult to explain since both structures are 
attributed to 5 f states. Furthermore, the main asymmetric 4 f core level should be accom- 
panied by a shake-up satellite, induced by 6 d screening of the localized hole, which has 
never been observed. 

Other resonant photoemission studies for uranium compounds 24' 81) show, regardless 
of the degree of localization, that suppression (off-resonance) and enhancement (on- 
resonance) of 5 f emission are always found for hv = 92 and 98 eV, respectively. On the 
other hand, localized 5f derived structures have been identified at 0.7, 0.9, 1.0 and 
1.5 eV for USb, UTe, UPd3 and UO2 respectively 81), i.e. for compounds in which 5f's 
differ considerably with respect to localization. 
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Fig. 15. Angle-integrated photoelectron energy distribu- 
tion curves of uranium in the region of the giant 5 d ~ 5 f 
resonance (90 eV -< hv < 108 eV). The 5 f intensity at EF 
is suppressed by more than a factor of 30 at the 5 ds/2 
threshold (see the spectra for hv = 92 and 94 eV) and 
resonantly enhanced above threshold (see, e.g., the spec- 
trum for hv = 99 eV). At an initial energy 2.3 eV below 
EF a new satellite structure is observed which is resonant- 
ly enhanced at the 5 d5/2 and 5 d3/2 onsets. At threshold the 
satellite coincides with the Auger electron spectrum, 
which moves to apparently larger initial energies with 
increasing photon energy (from Ref. 67) 
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The other possible assignment of the 2.3 eV structure to 6d excitation (line II, 
Ref. 56, 66) cannot be ruled out. Resonant photoemission on Ce compounds 8°' 82, 83) 

shows indeed that a resonant enhancement at the 4 d ~ 4 f threshold is not only present 
for 4 f but also for 5 d emission. Thus an easy identification of 4 f emission is not possible. 
Theoretical calculations of the cross section due to resonant enhancement result in a 2 eV 
shift to lower photon energy for the maximum 5 d enhancement compared with the 4 f 
enhancement 84). 

Because of the much reduced itinerant 5 f character of Pu one would expect a similar, 
but even more pronounced multielectron satellite structure as observed at 2.3 eV in U. 
In contrast to U, this satellite due to a localized 5 f hole state screened by (6 d7 s) 
conduction electrons should not be a single line but show three or even four separate 
components as calculated for the 5 f5 ~ 5 f4 final state multiplet 16). The fact that such a 
multiplet satellite is not observed in the XPS valence band spectrum is confusing. It could 
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be that the overall multiplet satellite intensity is too small compared with the main 5 f 
emission (itinerant 5 f hole, screened by 5 f conduction electrons) and that especially the 
high binding energy components of the 5 f4 final state multiplet are not resolved because 
of low instrumental resolution and/or life-time broadening stronger than assumed in the 
calculations 16) (The life-time broadening will be very probably stronger in Pu than in the 
related rare-earth metal Sm because of the much higher density of states around EF.). 
But even then one should observe the main 5I multiplet line that has about the same 
intensity as the 3H or 2F line in U 79) (2.3, 2.2 and 1.9 units, respectively; Ref. 16). Since it 
is difficult to understand that the intensity of the main multiplet satellite is reduced for 
the more localized case of Pu in comparison with U, the interpretation of the 2.3 eV 
satellite of uranium as being due to 6 d emission 56' 66) is favoured, the much increased 5 f 
occupation (from about 2.5 in U to about 5 in Pu) with respect to the nearly unchanged 
6 d occupation explaining the reduced 6 d emission relative to the 5 f emission. 

Recently low resolution XPS (AE ~ 1 eV) and high resolution UPS (AE ~- 0.15 eV) 
measurements have been performed on ot-Pu 76) in the low 10 -9 Pa range resulting in 
valence band spectra without any oxygen 2 p signal even for the extremely surface sensi- 
tive UPS (Fig. 14). The XPS data corroborate previous results. The UPS data show the 
same strong emission of 5 f states at EF as found in XPS but a much sharper Fermi edge 
and additional weak structures at 0.8, 1.5 and 2.5 eV. Because of the difficulty of 
separating contributions of conduction band states from multiplet satellite no attribution 
of these structures has yet been attempted. 

In conclusion, the partial localization effects in the valence band spectra of the light 
actinides, although extremely important if convincingly verified, still need much experi- 
mental and theoretical investigation. It is expected that the situation will improve consid- 
erably when resonant photoemission studies become available for actinide compounds in 
which the 5 f and 6 d emissions do not overlap. In addition, theoretical calculations of 5 f 
and 6 d cross sections near the 5 d threshold will be very helpful. 

3. Evidence from Photoemission Spectroscopy 
for the Mott-Hubbard Transition 

a. The Valence Band Spectrum of Americium Metal 

Am is known to be the first lanthanide like metal in the actinide series (References 27, 
77, 85 and preceding chapters of this book). 

The only UPS/XPS photoemission study of Am 55' 76.86) shows a lanthanide like val- 
ence band feature as displayed in Fig. 16. The 5 f emission is nearly completely with- 
drawn from EF except possibly for some very weak 5 f contribution seen only in high 
resolution He-I-spectra (AE = 0.12 eV) as a very sharp peak just at Er. The 5 f intensity 
is concentrated in a structured peak around 2.8 eV binding energy (for MgK~ excitation, 
upper curve, the structures are not resolved) as deduced from the excitation energy 
dependence of the spectra. If one compares with Sm metal, the peaks at 1.8, 2.6 and 
3.2 eV are attributed to the 6H, 6F, and 6p states, respectively, of the 5 f5 final state 
multiplet originating from the initial 5 f6 ground state of "trivalent" Am. 
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Fig. 16. UPS and XPS valence band of Am metal a) hv = 
21.2 eV (HeI); b) hv = 40.8 eV (HelI); c) hv = 48.4 eV 
(Hell*); d) hv = 1253.6 eV (MgK~) (from Ref. 86) 
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There is a deviation of the multiplet shape from the one found for Sin. This is 
explained by the change of the main quantum number and the strong spin-orbit coupling; 
surface effects as broadening and shift of the multiplet as well as a contribution from a 
divalent surface can also be invoked. 

The most recent calculations, however, of the photoemission final state multiplet 
intensity for the 5 f6 initial state 16) show also an intensity distribution different from the 
measured one. This may be partially corrected by accounting for the spectrometer trans- 
mission and the varying energy resolution of 0.12, 0.17, 0.17 and 1.3 eV for 21.2, 40.8, 
48.4, and 1253.6 eV excitation. However, the UPS spectra are additionally distorted by a 
much stronger contribution of secondary electrons and the 5 f emission is superimposed 
upon the (6 d 7 s) conduction electron density of states, background intensity of which 
was not considered in the calculated spectrum 16). In the calculations, furthermore, in 
order to account for the excitation of electron-hole pairs, and in order to simulate 
instrumental resolution, the multiplet lines were broadened by a convolution with 
Doniach-Sunji6 line shapes (for the first effect) and Gaussian profiles (for the second 
effect)• The same parameters as in the case of the calculations for lanthanide metals were 
used for the asymmetry and the halfwidths 13). 

Since the asymmetry parameter is dependent on the conduction band characteristics, 
i.e., specifically, on the density of states around EF, it can be expected that the broaden- 
ing effect is stronger for those actinides which still have some weak itinerant 5 f character, 
i.e., 5 f electrons at EF even in the nearly localized situation. 
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Surface-induced effects can be expected to distort considerably more the spectra 
measured for excitation energies of 40.8 and 48.4 eV than for an excitation energy of 
21.2 eV (and also 1253.6 eV) since surface sensitivity is higher for these exciting ener- 
gies. Two different surface effects can contribute to the photoemission spectrum: 
1. A 5 f6 ~ 5 f5 multiplet structure can be observed, produced by photoemission from a 

trivalent Am surface layer; this structure could be slightly shifted to higher binding 
energies and broadened (as observed in the rare-earth metals). 

2. A valence change at the surface may occur as is observed for example for Sm 
metal4S, 49) 

To decide whether a surface effect is present and, if so which, the experimental 
spectra shown in Fig. 16 have been corrected for the spectrometer transmission. The 
secondary electron contribution and the emission from conduction band states have also 
been subtracted. Comparing this spectrum with calculated multiplet intensities it seems 
that a contribution from a divalent Am surface resulting in a broad structureless 
5f7---~ 5f  6 fine at 1.8 eV is the most suitable explanation of the measured intensity 
distribution. Theory also supports this interpretation, since the empty 5 f7 level of bulk 
Am lies only 0.7 eV above EF within the unoccupied part of the 6 d conduction band (as 
calculated from the difference of the Coulomb energy Un and the 5 f6 __~ 5 f5 excitation 
energy A_ 27' 40, 87)). Any perturbation inducing an increase of EF by that amount will 
cause an occupation of this 5 f7 level, thus changing the occupation from 5 f6 to 5 fT, i.e., 
the valence of the surface layer. The reduced coordination number of surface atoms may 
be just such a perturbation, resulting finally in a narrowing of the 5 f band which enables 
its electrons to flow into the 5 f7 stateSS). 
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Fig. 17. Valence band spectra of Am, a-Pu, and Sm 
for He II excitation (40.8 eV) (from Ref. 86) 
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b. The Mott-Hubbard Transition in the Actinide Metal Series 

Figure 17 is a clear illustration of the Mott-Hubbard transition in the actinide series: the 
5 f emission occurs, for ct-Pu, at E F ,  indicating a high 5 f-density of states pinned at the 
Fermi-level, whereas the 5 f emission occurs at lower energy for americium metal. In this 
case, therefore, a theoretical concept deduced indirectly from the physical properties of 
the two metals, finds direct (one might even say: "photographic") confirmation in the 
photoemission spectra. 

c. a-Pu ~ d-Pu: a Search for  a Mott-Hubbard Transition 

A sign of the onset of a localized behaviour of 5 f states is considered to be the appear- 
ance of a compact structure, such as hcp, fcc or dhcp. These structures are encountered in 
lanthanides and in heavy actinides (starting from Am). c~-Pu is monoclinic, but 6-Pu has 
already the fcc structure. 5 f electron localization is then expected to occur for this phase. 
In this case, the UPS valence band (e.g., for 40.8 eV excitation) of the 6-phase should 
change considerably from that of the ct-phase, and a final state multiplet structure (simi- 
lar to the one for bulk Sm) might be expected 86). 

Figure 14, shows the valence band spectrum of Pu metal 76), measured by UPS at 
different excitation energies. Similar UPS measurements at different temperatures, for 
which different allotropic forms of Pu are present, show two effects occuring in the 
spectrum when 6-Pu is reached: a breakdown of strong emission at EF (due to 5 f band 
states) and an increase of the emission at higher binding energies. Neither the broadening 
of the Fermi edge at higher temperatures nor oxidation effects provide an explanation for 
the strong effect at EF. Hence, it can be attributed to a decrease of 5 f character of the 
valence band, i.e. of a decrease of itineracy of 5 f electrons. This as well as the increase of 
the emission at higher binding energies can be explained in terms of a narrowing of the 
5 f-band and a reduced hybridization with (s, d) states. 

Since the interactinide distance in 6-Pu is larger than in c~-Pu a narrowing of the 5 f- 
band is expected. The increased Pu-Pu distance leads naturally to a narrowing of the 
unhybridised 5 f-band (which can be interpreted as an increased 5 f-localization). The fcc 
structure (as opposed to the very directional monoclinic structure of a-Pu) is, on the 
other hand, an indication of a lower degree of hybridization. Recent band calculations, 
taking into account spin-orbit coupling sg~, give a much narrower 5 f-bandwidth (pinned at 
EF) and therefore a very high 5 f-density of states (double than that of ct-Pu). 

Recent measurements of the electronic 7 from low temperature specific heat in (A1- 
stabilized) 6-Pu phase show, in agreement with theory, a very high enhancement of the 
5 f-density of state at EF (for pure 6-Pu phase leading to an extrapolated ~ = 53 + 10 mJ/ 
g-atom • K 2 vs. 22-25 +- 1.0 mJ/g-atom • K 2 for (I-pu9°-92)). This apparent contradiction 
with the decrease of 5 f emission at EF seen in the spectra is, however explained, if one 
accounts for final state effects in 6-Pu due to the narrowing of the band, as is the 
increased emission at higher binding energies. One has to recall the discussion concern- 
ing the emission from band states, interpreted as a one-electron emission, evoked for the 
2.3 eV satellite in U-metal as well as for the 6 eV satellite in Ni (line III). 

From the photoemission viewpoint, the narrowing of the 5 f-band favours emission 
from a localized 5 f hole state (screened by (6 d 7 s) electrons) (as in line III) at the cost of 
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the emission from an itinerant 5 f hole state (screened by 5 f electron) (as in line I). 
Emission following line I then would be dominant in a-Pu, emission following line III  in 
6-Pu. 

However, no fingerprint such as a final state multiplet structure, as expected for fully 
localized 5 f electron and found in Am metal, is observed. The localization of 5 f-states is 
only weak (band-narrowing and widthdrawal from hybridization) in 6-Pu. This in fact is 
also consistent with the absence of a magnetic moment formation in 6-Pu (rather, a spin- 
fluctuation regime is observed 71' 72)). 

Thus, Am and not 6-Pu remains the first actinide metal showing the characteristics of 
a fully localized, lanthanide-like, 5 f behaviour. 

4. Core Level Spectra 

As outlined in Part II, core level spectroscopy is helpful in the determination of the 
bonding properties if the core levels are well chosen. Specifically, the actinide 4 f levels 
contain important information on the character of the conduction electrons because the 
line shape is almost exclusively influenced by the screening mechanism. The superposi- 
tion due to coupling of the 4f  hole to the unfilled 5 f shell and leading to multiplet 
splitting is negligible. On the contrary, the multiplet splitting is strong for other core 
levels: e.g., for the 5 d core levels, producing complicated structures which are difficult to 
interpret. 

a. The 4 f Core Levels of Th and U Metals 

4f  core level spectra have been reported in a number of papers for Th 34' 58~4' 93) and 
U58-66, 93). Despite some minor scatter, the binding energies are 333.1 and 342.4 eV for 
Th and 377.3 and 388.1 eV for U for the 4f7/2 and 4fs/2 levels respectively. Figure 18 
shows for Th as well as for U a strong asymmetry that is attributed to simultaneous 
excitations of electrons just below EF to empty states just beyond EF: this mechanism is 
strong for metals with a high density of itinerant states around EF 94). 

The main difference between the 4 f core levels of Th and U is the presence of a 
satellite, appearing as a shoulder at about 2.2 eV higher binding energy from the main 4 f 
lines of Th. On the basis of the conduction electron screening model, discussed in Part II, 
this satellite has been attributed to a screening process in which empty 5 d states above EF 
are pulled down into the occupied part of the conduction band and filled (poorly 
screened peak). The main asymmetric peak at lower binding energy is associated instead 
with a better screening (well screened peak) by an occupation of an empty 5f  I state, 
which is known, from BIS experiments, to lie around 4 eV above EF 56) (Fig. 9) and is 
pulled down into the occupied part of the conduction band. Therefore, starting with an 
initial configuration 4 f14(6 d 7 S) 4 5 f0 for Th, the final states are 4 f13(6 d 7 s) 4 5 fl (well 
screened) and 4 f13(6 d 7 s) 5 5 f0 (poorly screened) 34) (the screening level is filled by one 
conduction electron). 

Final state screening effects have been described generally, although qualitatively, in 
Part II. A more quantitative model interpreting the relative intensities of the different 
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Fig. 18 a, b. 4 f core level photoemission spectra (hv = 
1486.6 eV) of (a) Th metal; (b) U metal (from Ref. 59) 
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peaks caused by screening effects in a core-level excitation of an open-shell rnetal, has 
been developed by Sch6nhammer and Gunnarson for adsorbates 95). Recently, Fuggle et 
al. 34) have applied to same ideas to compare the relative variation in intensity between 
the well screened and the poorly screened peak in lanthanide and d-transition bulk 
metallic systems. 

The model predicts that the relative intensity varies in a continous way with the ratio 
Wscr/A+ between two parameters. A+ is the energy separation from Er of the quasi- 
localized pure empty state, which can be measured by inverse photoernission (a 5 fl state 
in Th metal). This state is pulled down and its occupation provides the best screening. 
The Coulomb interaction UH, which governs the localization property of this state is, as 
we know from Part II: UH = A+ + A_. At least in principle 34), the greater is A+, the 
greater is the localization character of the empty state. 

Wscr is the width of the empty state, which is considered to be essentially determined 
by its degree of hybridization (or coupling) with other states of the metal. The two 
parameter picture, therefore, tries to separate the two main phenomena occuring in 
open-shell systems, and which have been discussed elsewhere in this book: the localiza- 
tion character of the state (as determined by Coulomb and exchange interatomic correla- 
tion) and its hybridization with other states. 

When pulled down from beyond Er, the quasi-localized state may be seen as being a 
"virtual state" in the conduction band (e.g., a 5 f state in the (s, p, d) conduction band). 
In this situation, the probability of occupation of the state by a conduction electron, is 
dearly related to the Wscr/A__ ratio. 

When Wscr ~ A+, this probability is small, and the relative intensity of the well 
screened peak is small; when Wscr >> A+, the contrary occurs. The d-transition and 
lanthanide metal pictures represented in Fig. 7 are therefore generated. 

Applying this model, the 4 f doublet of Th metal would appear to be a typical 5 f- 
transition metal spectrum (i.e., with a split doublet where the 5 f's play the screening role 
of the d electrons in a d-transition metal). This is consistent with strong hybridization of 
5 f and (d, s) states as predicted by theory 57' 68). 
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However, the 4 f7/2 core level response of U metal does not show a poorly screened 
satellite, but only a pronounced asymmetry. This is somewhat in contrast with the greater 
localization predicted by theory 3°, 68) when proceeding across the actinide series. 

It is possible that the correlation between A+ and the localization of the empty state is 
not as straightforward as indicated above. In fact, the BIS measurements of Th and U s6) 
display a shift of the empty 5 f states of about 2.7 eV towards EF for U, i.e., the A+ is for 
U smaller than for Th. Due to this decrease for A+, Wscr/A+ has become probably larger 
for U even if Ws~r has become slightly smaller due to a lesser degree of hybridization of 
slightly more localized 5 f states. 

b. The 4 f Core Levels of a-Pu 

4 f core level spectra have been reported only in a few papers 73' 75, 76, 86, 96) and are dis- 
played in Figs. 19 and 20. All published results agree very well and show the 4f5/2,7/2 
doublet at binding energies of 435.1 and 422.2 eV; the strong asymmetry is again a clear 
indication of the very high density of band-like 5 f states just around EF; the dominant 
screening mechanism is the occupation of 5 f screening levels (well screened) 75' 86). Weak 
shoulders are observed on the high binding energy tail of the 4 f5/2 and 4 f7/2 lines (as for 
d-transition metals in Fig. 7). However, the doublet structured shoulder on the 4f7/2 tail is 
obviously induced by a satellite of the 4f5/2 line originating from the MgK~3,4 satellite 
doublet of the Mg X-ray excitation source. The other one on the 4f5/2 tail has been 
attributed to a 6 d screening (poorly screened), although a very weak oxide contamina- 
tion of the sample was not completely excluded 75). 

Recent measurements in our laboratory under improved vacuum conditions s6) 
showed that this shoulder becomes more pronounced with increasing oxidation of the Pu 
surface, finally ending up with a Pu203 layer. Even for repeated extensive sputtering, the 
shoulder could not be removed completely. But one has to keep in mind that the record- 
ing of a 4 f spectrum needs an extended time (for which UPS spectra show already a weak 
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Fig. 19. The 4 f spectrum of ct-Pu 
metals (arrows indicate probable 
satellites). The structure appearing 
around 426 eV is also influenced by 
the Pu 4 fs/a level excited by the 
MgKct3, 4 radiation (from Ref. 75) 
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Fig. 20. XPS 4 f core level of Am and Pu metal 
(from Ref. 86) 
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oxygen 2 p signal, while in XPS no 1 s signal can be detected)• Thus the origin of the 
shoulder on the 4f5/2 line at about 2.5 eV higher binding energy is not quite clear at 
present• Even if it is not induced by an oxygen contamination but due to (6 d 7 s) screen- 
ing (poorly screened, 5 f electrons localized) the dominant screening occurs by 5 f states 
hybridized with conduction electrons, i.e., the 5 f electron localization is poor. This is 
consistent with the information from the valence band emission (Fig. 14). 

c. The 4 f Core Levels of Am 

As already described above and deduced from valence band spectra (Fig. 16) Am is the 
first rare-earth like metal in the actinide series. This is also well reflected in the 4 f core 
level spectrum reported recently s6). The 4 f core level spectrum as shown in Fig. 20 is no 
longer dominated by asymmetric well screened peaks but by nearly symmetric lines 
which are attributed to (6 d 7 s) screening (poorly screened, 5 f electrons localized). The 
well screened peaks appear as satellites at 3.9 eV lower binding energy, their weak 
intensity being a clear indication for the poor 5 f hybridization• Therefore, the 5 f states 
are almost completely localized. The spectrum is very similar to the 3 d core level spec- 
trum of light lanthanide metals 34, 37, 97, 98) for which 5 d screening is also dominant (poorly 
screened)• The spectra may however be slightly distorted because the coupling of the 3 d 
hole to the incomplete 4 f shell produces a stronger multiplet contribution than in the case 
of the 4f  levels in Am. An energy separation of 3.8 eV between the poorly and well 
screened peaks has been recently calculated TM, in good agreement with the experimental 
result• 
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IV. The Photoelectron Spectra of Aetinide Oxides 

1. Introduction 

a. The Actinide Oxides: General Description 

Under the name "actinide oxides" a large number of compounds is included correspond- 
ing to the many possibilities of bonding and crystal structures offered by the large spread 
of oxidation states displayed by these elements (see Fig. 1 of Chap. A). In contrast to the 
lanthanide-oxygen system, where (with the exception of Ce, Pr and Tb), the LnzO3 
sesquioxides are the stable oxides (in correspondence with the stable trivalent state of 
these elements), all actinides form the fluorite-structure AnWO2 dioxides ~ (the only one 
for thorium). The light actinides form oxides with higher oxidation states: for instance 
uIVo2, U409, U308, uVIo3 are known for U, covering the range from tetravalency to 
hexavalency. In U409 and U308, U +5 and U +6 ions are copresent with U +4 (see the U-O 
phase diagramme in Chap. C). Sesquioxides become stable from Pu on in the series, 
following the general trend to a lanthanide-like behaviour of the heavier actinides. 

The dioxides (and, in some measure, also the sesquioxides) are nonstoichiometric 
compounds: oxygen-rich AnO2+x for light actinides; AnO2-x from Pu (or Np) on; the 
nonstoichiometry being related to the relatively close oxygen potentials of An +4 and 
An +5 or An +6 in light actinides and of An +4 and An +3 in heavy actinides. 

This is a source of difficulty in photoelectron experiments since the surface or even 
the bulk composition may be easily perturbed. In the high vacuum conditions (or under 
the perturbation of ion impact) typical of photoelectron experiments, they are very easy 
to form through reduction of the dioxides. 

When more than one oxidation state of the actinide is present in the oxides, superim- 
position of the spectral response due to the different ions occurs. 

This causes e.g. very complicated 4 f spectra, which show for each specific ion the 
chemically shifted spin-orbit split doublet and its accompanying satellites. These in addi- 
tion, depend on deviations from stoichiometry. Therefore an easy analysis is seriously 
prevented. 

Other remarks concerning experimental difficulties in the photoemission of actinide 
oxides must be made. Actinide oxides are insulators or semiconductors. Charging effects 
therefore are usually compensated by flooding the sample with low energy electrons 
during the measurement. Since it is difficult to control the electron intensity necessary to 
compensate exactly the photoemission induced charge, reported binding energies have to 
be handled with caution; but relative binding energies, e.g. for satellites, are more 
reliable. 

Another effect making the measurement of absolute binding energies difficult, stems 
from the easy variation of the stoichiometry of the sample, which changes the type of 
electronic conduction and the work function, i.e. the difference between the zero energy 
level of the vacuum and EF. Such changes of EF (EF is usually taken as the reference zero 
for binding energies) can be caused also by sputter cleaning procedures and even by the 

1 The Roman numeral superscript indicates the oxidation state 
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impinging X-ray beam. Small amounts of surface contamination also often change the 
work function. 

All these effects are probably responsible for the discrepancies of reported photoelec- 
tron results in actinide oxides. Often, especially for the more radioactive and rare heavy 
actinides, dioxide samples are prepared for photoemission by growing oxide layers on top 
of the bulk actinide metal. These samples may then display features of trivalent sesquiox- 
ides since the underlying metal acts as a reducing medium. 

b. The Chemical Bond in Actinide Oxides, and the Research Directions 
of  Photoelectron Spectroscopy 

In this chapter, the discussion will be limited to the actinide dioxides, and, in lesser 
extent, sesquioxides. Also, no special attention will be given to nonstoichiometry effects, 
except by indicating when they may be responsible for serious errors in the measure- 
ments or in their interpretation. In order to understand, however, the directions of 
research for the photoelectron spectroscopic technique, a short digression will be made 
on the nature of the chemical bond in these systems. 

As already discussed in the preceding chapters of this book, actinide oxides are 
mostly ionic solids: this is shown by their physical properties, e.g. magnetism (Chap. D). 
In dioxides, due to the high electronegativity of oxygen, the An +4 ion is formed through 
the charge transfer to oxygen of 5 f electrons together with the s and d electrons of the 
outer configuration of the actinide atom (see Table 1 of Chap. A). This leaves in the 
actinide ion a 5 P shell. Magnetic measurements are explained for all dioxides by assum- 
ing a magnetic moment of the ion as expected by a 5 f~ ionic configuration: this is strong 
evidence of a full localization of the 5 f orbitals in these compounds. Trivalent sesquiox- 
ides also display an analogous charge transfer and are explained within an ionic, 5 f- 
localized picture. 

Photoelectron spectroscopy verifies, as we shall see, this description. According to 
the fully localized picture of the 5 P shell, therefore, great emphasis is laid, when analys- 
ing photoelectron spectra for the 5 f response, to all those phenomena, (shortly described 
in Part II, as e.g., final state multiplet splitting) which are typical of the response of 
localized states. Also, typical characteristics of 5 ff atomic states, already known from 
atomic considerations, such as their high energy position, and their spin-orbit (or j-j) 
splitting, are expected to be seen in the valence band region of photoemission spectra. 
Another important application of photoelectron spectroscopy, permitted by the localized 
behaviour, is the measurement of the Coulomb correlation energy UH, by combined 
XPS-BIS techniques, as we have seen in Part II. 

Metallic bonding, due to the f-f overlap (as found, e.g. in NaCl-structure actinide 
compound), is consequently to be excluded in oxide systems, as already shown by Hill 
plots (see Chap. A). Brooks and Kelly 99) have recently calculated ground state proper- 
ties for UO2 in a LDA scheme by taking the hypothesis of an itinerant character of 5 f 
electrons (see Chap. C). This hypothesis leads to an excessive 5 f attractive contribution 
to cohesion, leading to an equilibrium volume for UO2 35% lower than the experimental 
one. 

The basic band scheme of oxides, in the most simplified picture, is the typical one of 
oxide insulators or semiconductors: an occupied oxygen 2 p-valence band and an empty 
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actinide conduction band of, essentially (7 s 6 d) origin. In oxides of light actinides (as it is 
also the case for d shells in transition metal oxides), the 5 fn occupied state will lie 
somewhere in the band gap. 

Thus, oxides are chosen in this chapter as an example of localized 5 f behaviour, and 
the confirmation of localization obtained from photoelectron spectroscopy is em- 
phasized. 

If metallic bonding does not contribute to the ground state properties of oxides, it is 
possible however, that the outer orbitals of the actinide atom might form hybridized 
bonds with the 2 p orbitals of oxygen atom. Brooks and Kelly have calculated the ground 
state properties of UO21°°' 101), by including only d-p hybridization. They found a relevant 
contribution of the d-p covalent bond energy to the cohesive energy of this oxide. In the 
above cited paper 99), besides considering (and excluding) band-like 5 f states, they have 
included Mott-Hubbard localized (see Chap. A) 5 f states in the set of hybridized orbi- 
tals. They found a small amount of f-p mixing in the valence band, certainly less than the 
d-p mixing quoted above, and very little f contribution to the ground state properties of 
the oxide. 

Cluster molecular calculations, a number of which has appeared on actinide 
oxides 1°2-1°5), are very sensitive to covalent mixing of the actinide-oxygen external orbi- 
tals which has a "local" bonding character. This is emphasized by these calculations 
which take into account a finite number of shells around the bonded species. It is just 
possible that the cluster method has a tendency to overestimate covalency. 

This type of covalency (not to be confused with the metallic, itinerant 5 f-behaviour) is 
a departure from the simple ionic picture of oxides, and is important when considering 
some properties of the solids: e.g., mechanical properties such as shear properties which 
will depend strongly on the directionality introduced by the covalent bond 1°6), or defect 
formation, defect clustering and phase formation, a field particularly important for these 
oxides 1°7), of which we have previously recalled the nonstoichiometric behaviour and the 
richness of phases (see also Chap. C). Photoelectron spectroscopy can detect the orbital 
character of the occupied bands when energy dependent measurements are performed. 
Unfortunately, this method is less suited to identify d-p mixing, than f-p mixing, due to 
the large f cross section variation. Consequently, we will dedicate some space to the 
discussion of indications of f-p hybridization resulting from photoelectron experiments. 

2. The Valence Band Spectra of Actinide Oxides 

a. Photoelectron Spectroscopy of WhO  2 and U02 

Here, the main features of the valence band results for T h O  2 and U O  2 will be illustrated. 
Since a large number of publications exists in this field (especially for uranium oxides), 
reference will be made only to a few selected investigations, chosen for the purpose of 
highlighting those aspects of the oxide bond discussed previously. A very comprehensive 
review of these results can be found l°s) (and references therein; electronic and spectro- 
scopic properties in Refs. 109-111). Figure 21 shows the photoemission spectrum of 
ThO2 and UO2 up to Eb = 45 eV 61). The valence band region extends to about 10 eV. 
The marked difference is the appearance in UO2 of a sharp and intense peak at E b = 
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Fig. 21. XPS spectra of UO2 and ThOz 
within 45 eV of the Fermi energy 
(from Ref. 108) 
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1.4 eV which is lacking in the ThO2 spectrum. In an ionic picture, g +4 has a 5 f2 state and 
Th +4 a non-occupied 5 ff state: hence the clear attribution of this peak to 5 f emission. 
The insulating character of the two oxides is indicated by the lack of emission at EF. 

The broad band centered at about 6 eV and following this peak in the UO2 spectrum, 
and appearing also in the ThO2 spectrum, is much the same in the two oxides: hence, the 
attribution to emission from an essentially 2 p occupied band, which, in an ionic picture, 
is the ligand valence band of the two oxides. There is some discrepancy between the 
results of different investigations about the detailed shape of this band. In Table 3 we 
have listed the main features of the valence band spectrum. 

The 5 f character of the peak at 1.4 eV in UO2 is evidenced by varying the excitation 
energy in the UPS/XPS technique, as well as by other techniques such as ARPES and 
resonant photoemission (see Table 3). 

Recent UPS/XPS measurements have been performed in our laboratory on UO20 
single crystals m/, the surface of which had been prepared in different ways (Ar+-sputter - 
ing; in situ scraping). These results are shown in Fig. 22 and illustrate the 5 f character of 
1.4 eV peak. When comparing the different methods of surface preparation, it is noted 
that very probably sputtering (a widely used method) reduces the UO2 surface to a 
UOz-x composition and modifies the relative intensity of the 2 p-valence band to the 5 f 
emission. A certain number of discrepancies between different investigations about this 
relative intensity might be attributed to stoichiometry deviations on the surface. Another 
important difference between in situ scraped and Ar+-sputtered spectra is the disappear- 
ance in the former of the 10 eV weak satellite (see Table 3). 

Figure 23 shows the different oxides of uranium 1°8). As expected in an ionic picture, 
the 5 f emission decreases with decreasing occupation number of the 5 f shell, to disap- 
pear completely in [3-UO3 (5 ff configuration of the U +6 ion). 

Figure 4 shows the combined XPS/BIS results for UOv The main peak in inverse 
photoemission, centered at approximately 5 eV above EF is attributed to a 5 f state, in 
part because of its dominating intensity (high cross section of states at 1500 eV electron 
excitation energy), in part by a comparison with the measured spectrum of Th 
(see Fig. 9), in which the 5 f states are well separated from s and d states. Thus, the peak 
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Fig. 22. Valence band of UO2 (single crystals) by UPS/XPS measurements (from Ref. 112) 

Fig. 23. XPS valence spectra of different uranium oxides (from Ref. 108) 

is attributed to excitation to a 5 f3 final state (process: 5 f2 __~ 5 f3) and is analyzed in terms 
of multiplet lines of the 5 f3 final state in the LS-coupling scheme, for which the 419/2 state 
is the most intense one. (Considering the more appropriate intermediate coupling 
scheme for actinides, the 419/2 s tate  should become even more intense.) 

BIS experiments may also be performed by varying the energy of the impinging 
monoergetic electrons (energy dependent BIS). On UO2, these experiments have been 
made, with low energies between 20.6 and 49.6 eV by Chauvet and Baptist 114). The low 
energy dependent BIS experiments have generally the same complementary character to 
high energy BIS, as UPS energy dependent measurements have to XPS measurements, 
since they may be used to analyse the orbital character of the empty states. The spectra 
show a gradual increase with excitation energy of the main peak at 5 eV confirming its 
attribution to 5 f states. 

The shoulder at 2 eV in the BIS results of Fig. 4 has been attributed to the onset of 
the empty, predominantly d-like, conduction band. From the combined XPS and BIS 
spectra the p-d band gap, i.e., the energy difference between the upper edge of the 
mainly 2p valence and the lower edge of the mainly 6d conduction band, has been 
determined to be 5.0 + 0.4 eV. This agrees with the value of 5.35 eV calculated in band 
calculations 1°1). It agrees also with the optically determined band gap by Schoenes 11°) for 
UO 2. 
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b. Photoelectron Spectra of Other Actinide AnO2 and An203 Oxides 

The XPS valence band spectra for the dioxides of the transuranium elements (from Np to 
Bk) have been presented in an extensive and pioneering work that also includes core 
level spectra and has been for a long time the only photoemission study on highly 
radioactive compounds. High resolution XPS spectra (AE = 0.55 eV) were recorded on 
oxidized thin metal films (30 ~)  deposited on platinum substrates with an isotope 
separator. (The oxide films for Pu and the heavier actinides may contain some oxides 
with lower stoichiometry, since starting with Pu, the sesquioxides of the heavier actinides 
begin to form in high vacuum conditions.) 

Figure 2415), shows the spectra together with previous results for ThO2 and UO2. The 
dominating peak next to EF in all oxides but ThO2 is attributed to the emission from 
localized 5 f states. The mainly oxygen 2p derived valence band emission is observed 
around 5 eV and is clearly separated from the 5 f emission only in the case of UO2. In 
fact, for heavier actinide oxides, the 5 f emission shifts towards higher binding energy as 
the atomic number increases, finally overlapping the valence band in energy. 

This is to be expected for 5 f orbitals having a localized, atomic-like behaviour: the 
increasing binding energy with increasing Z reflects the actinide contraction. The grow- 
ing 5 f emission intensity with increasing atomic number (compared with the 6 P3/2 emis- 
sion around 18 eV) reflects the increasing occupation number of the 5 f states. 

Due to the localization of the 5 f electrons in the oxides a final state multiplet struc- 
ture is expected. Therefore, these spectra have been compared with final state intensities 
calculated in an intermediate coupling scheme which accounts for the strongspin-orbit 

Fig. 24. XPS spectra for oxides of 
the actinides Th-Bk (from 
Ref. 15) 
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interaction. They were also broadened to simulate the experimental resolution; crystal 
field effects were excluded because of computational restrictions (Fig. 3). 

This calculation leads to a much larger number of intense 5 f photoemission multiplet 
lines than observed. (Also, previously calculated final multiplet intensities for the related 
4 f systems v-13), have a lesser number of intense multiplet lines.) The multiplet manifold 
extends, e.g. to binding energies as high as 15 eV in the case of CmO2 (5 f6 ~ 5 fs). Even 
allowing for an additional phonon broadening, this multiplet structure should be 
expected to appear, at least in PuO2 and AmO2, with additional peaks on the high 
binding energy side of the main broad 5 f emission. Recent intermediate coupling calcula- 
tions16, 79) disagree strongly with those used for the interpretation of the spectra of Fig. 3, 
mostly because they predict that the multiplets at high energy would have almost no 
intensity in photoemission. Hence, they describe much better the observed spectra. 

Despite this controversial part concerning the final state multiplet description the 
importance of this pioneering work on highly radioactive actinide oxides must be 
emphasized: XPS valence band spectra recorded afterwards for NpO2116) and 
PUO273,116-118) confirm these early results. 

Figure 25 shows one of these recent XPS results together with the valence band 
spectrum of Pu20 3. The two spectra are compared with results of a theoretical calculation 
employing a relativistic extended Hiickel method by Lohr et al. 11s), applied to a PuO~ 2- 
cluster, considered to be representative of the dioxide lattice. The electronic diagramme 
is in good qualitative agreement with the experimental results. Only the satellite at about 
9-10 eV is not explained. The slightly enhanced 5 f emission in Pu20 3 reflects the 5 f 
occupation which is higher in the sesquioxide (5 fs) than in the dioxide. (For this experi- 
ment, Pu20 3 and PuO2 films were grown by oxidation of a Ga stabilized 6-Pu substrate.) 

High resolution UPS valence band spectra for thin films of NpO2 and PuO2116) are 
shown in Fig. 26; for comparison UO2 is added. In contrast to XPS results, exhibiting 
only an intense broad asymmetric structure near to EF, the UPS spectra separate the 
oxygen (mainly 2 p) valence band from the actirlide 5 f level (closest to Ev). From the 
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Fig. 25. Valence band of PuO 2 and Pu203 by 
XPS (from Ref. 117). (REX: Relativistic 
Extended Hiickel method) 
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usual cross-section consideration, the f character of the latter is identified. In UPS, the 
predicted multiplet structures 1°8) should be observed, given the much higher resolution of 
the method, but are not. On the contrary, the results of the recent calculation of mul- 
tiplet intensities 16), convoluted with a Lorentzian and Gaussian distribution to account 
for phonon broadening and the (known) instrumental resolution, reproduce very well the 
experimental results shown in Fig. 26. The width of the Lorentzian distribution has been 
chosen so as to reproduce the width of the 5 f main peak in UO2 (practically, the only 
emitting 5F5/2 component of the spin-orbit split initial state). The same width has been 
used for the other oxides, a justified procedure since the phonon frequencies are about 
the same throughout the actinide dioxides series 119). 

Valence band spectra of Pu203 by UPS for different photon excitation energies, taken 
in our laboratory, show an enhancement of the 5 f peak with increasing excitation energy, 
identifying clearly the 5 f character of this peak. 

Figure 27 shows the valence band emission for different oxidation stages up to PuO2. 
The mainly O 2 p derived valence band shows a double structure with a maximum emis- 
sion around 6.5 eV for Pu203 and 5.0 eV for PuO2; the energy shift of the 5f emission 
observed already in XPS (Fig. 25) is clearer in UPS (He II, hv = 40.8 eV) and amounts 
to 0.9 eV. The change of the maximum 5 f emission intensity follows quantitatively the 
occupation of the 5 f level in its initial configuration, as required in an ionic picture. 

However, this is not the only factor influencing the emission intensities. In fact, 
already PuO2 shows a smaller 5 f emission intensity than NpO2 (Fig. 26). This can only be 
explained by different final state multiplet intensity distributions for NpO2 and PuO2. 
This kind of considerations makes a more quantitative analysis of the experimental 
results difficult. 

Fig. 26. UPS valence band spectra for UO2, 
NpO2 and PuO2 a) 21.2 eV (He I); b) 
40.8 eV (HelI); c) 48.4 eV (HelI*) 
(from Ref. 116) 
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Fig. 27. Valence band spectra of ox- 
idized Pu metal and sintered PuO2 for 
HelI  excitation (40.8 eV), curve 1: Pu 
metal + Pu203; curve 2: Pu203; curve 3: 
Pu203 + PuO2; curve 4:PuO2 (all for 
oxidized Pu metal); curve 5: sintered 
PuOz (Argon sputtered) 

The only UPS/XPS valence band spectra for Am203 were taken in our laboratory and 
are displayed in Fig. 28. The XPS valence band spectrum is very similar to the one 
previously reported for AmO215' 120). The spectra in Fig. 28 are very similar to those for 
Pu203 (Figs. 25 and 27). The oxygen 2p valence band and the Am 5 f emission around 
2.8 eV are again identified from their emission intensity variation with photon excitation 
energy and are found separated in UPS whereas in XPS the 5 f emission dominates 
completely the spectrum. A comparison with the broadened multiplet intensities for the 
5 f6 initial state of Ref. 16 explains again why also for Am203 no multiplet components 
are resolved. 

3. Localization of the 5 f States in Actinide Oxides 

The localization of 5 f states in actinide oxides is well illustrated by the experimental 
evidence that has been reported above. From the photoemission results, this is suffi- 
ciently proved by 
i. the intensity and shape of the main peak (Pa in Table 3), its clear separation from 

Ev ,  its f-orbital character evidenced from the intensity variation when changing the 
excitation energy; 

ii. the fact that the 5 f emission follows the 5 f~ occupation; 
iii. the fact that the 5 f emission wanders to higher binding energy in dioxides when the 

atomic number of the actinide is increased. 
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Fig. 28.UPS/XPS valence band spectra of 
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A further argument was advanced by Veal et al. 12]). A linear relationship was found 
to exist between the XPS intensity of the main oxygen valence band and the oxygen-to- 
uranium ratio of the different uranium oxides investigated (Fig. 23). This was interpreted 
as indicating that this band consists entirely of 2 p states (perhaps 6 d hybridized) with no 
5 f contribution, as expected in a localized 5 f picture. (The 5 f contribution, if present, 
would have caused deviations from this linear relationship, especially because of the very 
large photoionization f cross-section.) 

Schneider and Laubschat 122) have introduced another argument in favour of the 
localization of the 5 f state in UO2 based on a discussion of the final state screening 
mechanism already discussed in the previous sections. Itinerant 5 f states, due to f-f 
overlap, may hybridize with the 6 d-states of the actinide (as they do in U metal) and, in 
compounds, with outer electron states of the other component. The photoionization 
process, leaving a hole in the open shell core, pulls down quasi-localized empty states 
from above EF to the valence band region. Their occupation depends on the degree of 
hybridization with other itinerant states. The pulled down state if occupied, screens the 
hole, the screening efficiency being a function of the detailed form of the screening 
charge density (see Fig. 7). If, however, the degree of hybridization is very small, the 
virtual level may also not be filled at all, so that no screening occurs. The final state of the 
photoionization process is in this case a two-hole state (one hole induced by the photo- 
ionization, one hole being constituted by the empty pulled down virtual state). To the d- 
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and f- ("poor" and "good") screening represented in Fig. 7, the possibility of a "no 
screening" (or two-hole) satellite should be added. Such a satellite should occur at higher 
binding energy than the emission due to screened states. 

Schneider and Laubschat attribute to a two-hole satellite the - 10 eV structure which 
has been observed (see Table 3) by some authors. This structure is at 7 eV higher binding 
energy than the main 5 f peak, in the spectrum of UO2. It disappears, however, for in situ 
scraped single crystals. A similar satellite structure appears in PuO2 at - 9 eV 117). 

A process can be assumed: 

5f  2 __ 5f15f  3. 

where by 5 f3* is indicated a 5 f empty state (hole) in the new energy position after the 
excitation process. Schneider and Laubschat correlate the intensity of the satellite as 
found in the spectra of a series of uranium compounds in Table 4 with U-U distances and 
the ~eff from magnetic measurements. It is evident that the satellite appears at its max- 
imum where the localization is the greatest and where the magnetic moment is a true 
atomic moment,  as in ionic UO2 and UF4. If the interpretation of the satellite is correct, 
the emission should have an almost pure 5 f character. Resonance experiments, however 
(see Table 3), fail to evidence this character. Therefore, a 2 p attribution is preferred for 
the satellite, and the two-hole interpretation rejected by 8a~. Since, in our experience, the 
satellite is present in UO2 for Ar+-sputtered samples, but not in scraped single crystals, 
and also weakens for bulk sintered PuOz after annealing or scraping, a possibility exists 
that it may simply be due to departures from stoichiometry (oxygen deficient surface 
oxide) induced by the Ar+-sputtering. 

We turn now to more direct evidence of 5 f localization, as provided by more refined 
experiments, such as the combined XPS/BIS method and ARPES. 

Table 4. Nearest interatomic U-U spacings, effective paramagnetic moments, and estimated 7 eV 
XPS satellite intensities for various binary uranium compounds (from Ref. 122). The references for 
the intensities and distances are given in m) 

Material U-U distance (/~) ~off (~tB per formula unit) Satelfite 
intensity 
(%) 

U F  4 4.52 3.3 10 
U O  2 3.86 3.2 10 
UGa2 4.01 3.2 10 
UAI2 3.38 2.9 5 
UAs 4.08 3.4 5 
UPd3 4.81 2.6 5 
UCu5 4.96 2.3 5 
UAu3 (5) 
UPt 3.61 2.6 w 
UPtz 3.81 2.0 w 
UPt3 4.12 2.6 w 
UPt5 5.25 2.7 w 
UNi5 4.80 - - 
a-U 2.75 - - 
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The most important information (by Baer and Schoenes is)) obtained when using the 
combined XPS/BIS method is the Coulomb interaction energy UH that we have discussed 
in Part II. For UO2, UH = 4.6 + 0.8 eV has been obtained. This large separation 
between the two final states (2(5 f2) ~ 5 fl + 5 f3) is in itself a hint to the localized 
character of the 5 f states in UO2. Baer and Schoenes compared the value for UH with 
theoretical values: they found an agreement with UH = 4 eV as calculated by Herbst et 
al. 27) for a U +4 metal core. As discussed in Chap. A, intraatomic calculations of UH in 
metals possibly underestimate screening by conduction electrons; nevertheless, they 
should be valid in the case of an insulating solid as UO2. 

A localized 5 fl final state, as observed in photoemission, should be spin-orbit split 
into two components: 2F7/2 and 2F5/2, the 2F5/z level being the more intense 2. The 2F7/2 
weaker line is usually not observed in photoemission (see Table 3), possibly because of 
different broadening effects, englobing it in the main 2F5/2 emission. In a UPS-ARPES 
study la3), however, a shoulder was seen at 2.3 eV when taking the second derivative of a 
photoemission curve for excitation energy hv = 40.8 eV (Table 3). In ARPES, the 
intensities of all minima (corresponding to well defined peaks in the photoemission 
curve) and shoulders of the second derivative curve were monitored as a function of 
electron emission angles. The results (Fig. 29) show the dispersion of all these features 
along a FX direction in the Brillouin zone. It can be seen that not only Pl (i.e. the ZFs/z 
emission) but also the shoulder at 2.3 eV (P2) show practically no dispersion, as expected 
by localized states. Thus an attribution of P2 as the second component 2F7 /2  of the spin- 
orbit split 5 fl state was suggested. If confirmed, this is clear evidence of 5 f localization. 
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Fig. 29. Dispersion curves of some features 
of the valence band of UO2 (see Table 3) as 6 
obtained by angular resolved photoemis- 
sion. The Brillouin zone plane examined is 
the FXF'X' plane. Data are for an excita- 7 
tion energy hv = 40.8 eV (He II); squares 
are for an excitation energy hv = 21.2 eV 8 (HeI) (from Ref. 15) 
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4. Indications of Hybridization From the Valence Band Spectra 
and Core Levels in Actinide Oxides 

The possibility of revealing f-p mixing by photoemission in valence band spectra (hence, 
the possible covalent bonding ensured by 5 f electrons in oxides) has been briefly discus- 
sed in the introduction of this part. 

Some evidence for this point is here briefly reviewed. 

a. Analysis of the Valence Band 

The best testing for f-p mixing is the analysis of the main valence band for f-character. 
In a23), Cox has compared the 2 p/2 s XPS valence band emission intensities in UO2 and in 
a non-f oxide, A1203. Whereas in A1203 these intensities have roughly the ratio which is 
expected from cross section calculations (I2p/Izs = 0.16), the two intensities are roughly 
equal in UO2, a fact that should be explainable only through the very high emission of f- 
character at X-ray excitation energies. Cox fortifies his suggestion of a relevant 5 f 
character in bonding, by discussing the effect of 5f  screening on the 4f  core levels 
response. 

A study of the 5 f character in the (mainly) 2 p valence band has been made by two of 
the authors m) through the analysis of the feature of the UPS/XPS valence band results of 
UO2 obtained on in situ scraped UO2 single crystals (Fig. 22). They calculated the ratio 
of 5 f, 6 d, 2p intensities from known (atomic) cross sections at different excitation 
energies, by assuming the number of 5 f, 6 d, 2 p states as given by non self-consistent and 
self-consistent band calculations 1°°' 101). These values are reported in Table 3. The UPS 
experiment resolves (Fig. 22 and Table 3) two distinct structures at 4.2 and 4.9 eV. The 
first one is the peaking emission of the (mainly) 2 p valence band at the lowest excitation 
energy (21.2 eV), and therefore can be assigned a predominant 2 p character. The second 
one is the peaking and growing emission at higher UV excitation energy and also in XPS, 
therefore showing a 5 f character (although not as marked as the main 5 f peak, which is 
purely 5 f). 

Based on the results of Fig. 22, the admixture of f character in the valence band can 
also be indicated by the relative total emission intensities of the valence band and the 5 f 
state at 1.5 eV in XPS. If one assumes the valence band to be purely 2p like and the 5 f 
state purely 5 f like, the emission ratio Isf/Iw as calculated from the XPS uranium 5 f and 
oxygen 2p cross sections 22) for 12 valence band and 2 5f  electrons yields Isf/Iw = 5.5. 
The experimental ratio as calculated from the areas of the 5 f and valence band emission 
is on the contrary Isf/Iw = 1.4 + 0.3. Only in part, this considerable discrepancy between 
the theoretical and the measured intensity ratio may be induced by the fact that the 
atomic oxygen 2 p cross section is not strictly applicable to band states. However, the 
assumption of a total number of 1.4 5 f electrons contributing to the valence band, as 
determined in non self-consistent band structure calculations including 5 f hybridization 
gives an intensity ratio of I s j I w  (10.6 p and 1.4 f electrons) = 1.2 which is in surprisingly 
good agreement with the experiment. 

The 5 f contribution in the valence band is however, probably less than one state, 
which is equivalent to 8% f character in the valence band. This type of contribution is 
obtained by later, self-consistent calculations 1°1). A contribution of a total number of 0.6 
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f states to the valence band has also been evaluated, from molecular cluster calcula- 
tions 1°2-1°5). However, in XPS a predominantly p emission is very sensitive to even a small 
f contribution: this is illustrated enough by the Isf/Iw ratio evaluated from the measured 
results. 

An attempt of identification of 5 f character has been recently reported for UO2 by 
resonant photoemission 81) of the valence band region with excitation energies of 92 eV 
(off-resonance) and 98 eV (on-resonance). The core absorption edge used was the 5 d 
ionization threshold, corresponding to a process: 

5d105f N hv~ 5d95fN+l 

The main peak at 1.5 eV (Pl in Table 3) disappears completely for off-resonance, 
thus confirming its 5 f character. However, the structure at 4.8 eV, to which our UPS/ 
XPS studies attribute also some 5f character, shows significant resonance character. 
Therefore, the attribution from the UPS/XPS study discussed above may be questioned. 

In general, the UO2 valence band spectrum shows very little resonance behaviour in 
comparison to that of other compounds also studied in the same experiment (UThl-x, Sb, 
UTe and even UPd3, where 5 f states are considered to be localized). It is concluded that 
a 5 f contribution to the valence band, if any, must be uniformly distributed over the 
entire valence band. 

In conclusion, photoelectron spectroscopy evidences only a weak 5 f character in the 
valence band of UO2, substantially in agreement with theory. The alleged much stronger 
6 d character of the valence band, especially at its bottom, has not yet been demonstrated 
by this method. 

For heavier actinide oxides, the important XPS results of Veal et al. 15), confirmed 
later by other investigators for PuO2 and AmO2 (see Figs. 25, 26 and 27), have prompted 
a number of theoretical investigations (band as well as cluster molecular ones). As it has 
been already told, all calculations reproduce the shift to higher binding energy of the 
main 5 f peak, due to localization and actinide contraction. The 5 f peak overlaps the 
valence band in PuO2. Courteix et al. 117) interpret the XPS spectrum of PuO2, and 
especially the two shoulders B and C of Fig. 25 (resolved in UPS, Fig. 26) as indicating 
strong 5 f hybridization with the two mainly 2 p valence band F15 and F25. The energy 
dependent UPS measurements of Fig. 26, which split the emission in three structures, do 
not seem to support this point. Only the 5 f character of the peak closest to EF is clearly 
indicated. 

Increasing f-p hybridization when the 5 f states overlap in energy the main valence 
band of the oxide cannot of course be excluded, even though there is no doubt (see 
above) about the increasing localized character of these states with increasing atomic 
number. In fact, the radial extension of the 5 f wavefunctions as well as the matching of 
symmetry between 2 p and 5 f states, together with the overlapping in energy, are good 
conditions for the establishing of ligand-type hybridization, especially in PuO2 and 
AmO2. Cluster molecular calculations for dioxides ~°5' 124) particularly able to treat this 
kind of "local" covalent bonding (transferring 5 f charge over some interatomic distance), 
have estimated that, when increasing atomic number, the cation ionic charge should go 
from + 2.5 in ThO2 to only + 1.3 in AmO2, to increase again to + 1.8 in BkO2 (where the 
5 f states are supposed to be at higher binding energy than the 2 p states). The departure 
of the cation ionic charge from the formal one is usually considered to be a good sign of 
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covalency (already in UO2, band calculations indicate a cation charge of + 2 99-101), 
mostly due to d-p mixing). Hence, in AmO2 the covalency should be at its maximum. 

The problem is that photoemission spectroscopy may meet some difficulty in unravel- 
ing the f-p mixing in cases when the broad valence band emission and the 5 f emission 
overlap. The former, in fact, is described well by the ground state one electron density 
of states; the latter reflects, in general, not the initial state but rather the final state after 
the excitation. Band as well as cluster calculations yield at present, on the other hand, 
only ground state properties with sufficient precision. 

Therefore, whereas the investigation of f-p mixing has given results in the case of 
UO2, where the 5 f emission is well separated, one must content oneself at present with 
qualitative statements (such as those presented for PuO2) for the other oxides. 

b. Core Level Spectra 

Common features of the 4 f core level spectra of actinide dioxides are the symmetry of the 
main lines and the appearance of a satellite at about 7 eV in their high binding energy 
side (Fig. 30). Similar satellites have also been found for UF4, for which compound the 
intensity is even higher than for the dioxides. It is perhaps interesting to report some 
analysis of these features, on the basis of final state models. 

The satellites of the 4 f lines in dioxides have been first interpreted 18' 116, 117,125) as due 
to a shake-up process, in which an electron is pushed into a non-occupied 5 f level in the 
final state. 

Weber and Gubanov l°a) (see also Refs. 126, 127) have performed cluster molecular 
orbital calculations for the ground (initial) state and for the final state in a (UO,) 1E- 
cluster, considered to be representative of the UO2 lattice. They explain the structure as 
due to an excitation from an O 2 p to an U 5 f molecular orbital of the cluster in the new 
final configuration which includes a hole. The excitation should be accompanied by a 
charge transfer from the oxygen ligands to the uranium atom, i.e. be a change in the p-f 
mixing (which is found to be important in the bond by cluster calculations). 

COX 123) has commented instead on the 4 f7/2 main line binding energies in UO2, show- 
ing that the chemical shifts from their position in ct-U in a series of uranium compounds 
of increasing ionic character indicate a charge transfer which is much less than that 
expected in an ionic picture. This implies of course a strong p-f covalency. 

Contrary to these two interpretation, emphasizing p-f mixing, Schneider and Laub- 
schat 122) have employed the two-hole picture for the 4 f satellites in UO2 as they did for 
the 10 eV satellite of the 5 f main line in the valence band region, to emphasize localiza- 
tion. The binding energy difference between satellite and main line (about 7 eV) in both 
cases is an argument for the two-hole model. The interpretation (as we have seen) points 
to a 6 d-5 f dehybridization in UO2, i.e., confirms the strong localization picture (without 
saying much, however, on f-p mixing). 

If the 4 f core level spectra of the sesquioxides are taken into account (Figs. 31, 32), 
an interpretation may be forwarded based on a comparison with the spectra of the 
metals. As we have seen in Part III,  to the main 4 f line of Am metal a 6 d screening, and 
to its low binding energy satellite a 5 f screening are attributed. For Pu metal, the main 
line is attributed on the contrary to 5 f screening (in consistence with the good itinerant 
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Fig. 30.4 f core levels spectra of 
actinide dioxides measured by 
XPS, from ThO2 to CfO2 (from 
Ref. 15) 
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character of 5 f's in this system) and a 6 d screening is assigned to the (somewhat dubious) 
satellite at 438 eV. 

In the sesquioxide Am203 the 4 f main lines occur almost at the same energy as in the 
metal: hence, it is reasonable to assign to them a screening similar to that of Am metal. 
The higher binding energy satellites may then be tentatively explained as being due to a 
two-hole state, on the lines of Schneider and Laubschat. However, because of the screen- 
ing character assumed for the main peak and since the degree of localization of the 5 f 
states when increasing their atomic number becomes higher, as showed by their moving 
to higher Eb, it is perhaps more likely for the screening level to be a pulled down 6 d state 
rather than a 5 f state. In this picture, the critical hybridization governing the occupation 
of the screening level is perhaps the 2 p-6 d (which band calculations have shown to be 
considerable in UO299)). The change in intensity of the satellite can be taken as a measure 
of this hybridization. 

If we apply the same model to the 4 f main line and its 7 eV higher binding energy 
satellite in the dioxide spectra, the growing satellite to main line relative intensity from 
ThO2 to PuO2 would be in this picture a sign of decreasing 6 d-2p hybridization. In 
Table 5 the attributions of the 4 f response according to this screening model are listed. 
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V. Conclusions 

J. R. Naegele et al, 

In the chapter, we have illustrated some results of photoelectron spectroscopy on two 
classes of actinide materials, elemental metals and oxides, which we thought particularly 
relevant as they represent metallic and almost completely ionic bonding. Our interest 
having been focused on the localization vs. itineracy problem of the 5 f states, as well as 
on their hybridization with other electron states, we have particularly concentrated on 
those results which could throw light on these two aspects. 

Photoelectron spectroscopy has long be considered as to be able to provide a "photo- 
graphic" picture of the one-electron density of state of solids. In reality, the spectra of 
actinide solids (as of other narrow band solids) need very often more than this naive 
interpretation. In the case of 5 f response, final state effects are found to provide useful 
information even in the case of metals, as illustrated in this chapter. The general conclu- 
sion that the photoelectron spectroscopic response depends on many-electron excited 
final states as much as it depends on the initial states, when narrow bands are involved, 
must be emphasized. This points to the necessity both of better final state models and of 
band calculations giving reliable pictures of conduction bands. 

On the basis of the known electronic properties of actinides (which have been discus- 
sed elsewhere in this book), theoreticians had distinguished the 5 f itinerant behaviour of 
light acfinide metals from the 5 f localized behaviour of heavy actinide metals from Am 
on. The crossover, presented often as a Mott transition, had been predicted to occur 
between Pu and Am metal, due to the localized character of the 5 f state in the latter. 
Photoemission spectroscopy demonstrates this phenomenon directly with the observa- 
tion of a 5 f multiplet away from the Fermi level. The detailed description of this peak is 
certainly complicated, as often happens for response of localized states in photoemission; 
on the other hand (Fig. 17) the contrast to the emission of Pu metal is convincing. 

The 6 d-5 f hybridization of the conduction bands of light actinide metals, which is also 
predicted by theory, is also demonstrated in photoelectron spectra of Th, U and Pu. In 
Am metal, on the contrary, the emission at EF is found to be non-f-like, as expected for a 
lanthanide-like actinide. 

Turning to the mostly ionic oxides, the localized character of the 5 f emission in the 
valence band spectrum is illuminated by a series of experimental results. Direct and 
inverse photoemission for UO2 gives the Coulomb energy UH, which governs together 
with the bandwidth the localization vs. itineracy double aspects of the open shells. 

It is worthwhile to mention the ample use of screening final states models in under- 
standing core levels as well as valence band spectra of the oxides. The two-hole models, 
for instance, which have been described here, are certainly of relevance. Interpretational 
difference exists, for instance, on the attribution of the 10 eV valence band peak 
(encountered in other actinide dioxides as well), whether due to the non-screened 5f  
final state, or to a 2 p-type characteristics of the ligand, or simply to surface stoichiometry 
effects. Although resonance experiments seem to exclude the first interpretation, it 
remains a question as to what extent a resonance behaviour other than expected within 
an atomic picture is exhibited by a 5 f contribution in the valence band region, and to 
what extent a possible d contribution may modify it. In fact, it has been shown that, for 
less localized states (as, e.g., the 3 d states in transition metals) the resonant enhance- 
ment of the response is less pronounced than expected. 
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As for the matter of f-p (or d-p) ligand hybridization in oxides, adding a covalent part 
to the bonding, a coherent and convincing picture has not yet been developed from 
experimental evidence. 

Two final remarks which concern predictable future developments of photoelectron 
spectroscopy with regard to actinide solids, should be added. 
- As we have seen, the most advanced photoelectron techniques, especially those which 

necessitate the use of synchrotron radiation sources, have been applied until now only 
to U and Th systems. Application on Pu and Am systems as well as to heavier actinides 
is to be expected in the future. The same development is likely to occur as for neutron 
experiments, where more and more these hazardous actinides are investigated at high 
levels of instrumental sophistication. Difficulties arising from handling and protection 
problems are, of course, much greater for photoelectron spectroscopy. 

For valence band studies, for instance, energy dependent UPS in the 30-300 eV 
excitation range is certainly of interest, and would be available in synchrotron radia- 
tion sources. This experiment, however, is difficult to realize, since it would involve 
the construction of safely enclosed systems, in which to handle dangerous c~, [3 (and 
sometimes 7 or neutron) emitters in considerable quantities. This systems must be well 
separated from the main beam lines. And all of this must be done in the laboratories of 
a storage ring, which are usually not adapted for radioactive hazards. 

- Mixed valence phenomena, such as studied by photoelectron spectroscopy in lanth- 
anide systems, are expected to become important especially (but not only) in the 
second half of the actinide series. It is to be expected that much of the photoelectron 
spectroscopic effort will be in the future devoted to the study of these phenomena in 
actinides, especially as soon as measurements on hazardous actinides will become 
more feasible. 
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I. Special Properties of Transition Metals 

1. Introduction 

Figure 1 shows the potential and the 3 d and 4 d wave functions of an isolated zirconium 
atom. Also shown is the wave function for a state with positive energy and angular 
momentum equal to 2. The 3 d state is well bound, has no nodes, and is spatially 
restricted. The 4 d state is loosely bound, has one node and is more extended. The state 
with positive energy (a scattering state) is, of course, not bound and extends to infinity. If 
we avoid the problem of normalizing a scattering state by using a constant, A, its wave 
function has the asymtotic form 

(r) o~ A sin (k r -  1~= + 61) (1) 
r - - ~  oo 

at large distances. Here r is the wave vector. 61 is the 1-wave phase shift, representing 
completely the effect of the potential at large distances. It is now possible to imagine a 
situation in which the zirconium atom is inserted into a simple metal matrix, for example 
aluminium. In Fig. 2 is shown how the potential and wave functions of Fig. 1 are mod- 
ified in the solid. The energy E0 is the 'muffing tin zero' of the aluminium matrix onto 
which the potential of the zirconium atom is smoothly joined. It is also approximately the 
minimum of the conduction band of A1 since it is the energy at which free electrons begin 
to propagate. The wave functions of the zirconium atom are found by integrating the 
wave equation outwards to S (the radius of the atom) and joining them onto the solutions 
for A1. The nature of these solutions in the interstitial region depends upon whether or 
not E <> E0. If E > E0 the solutions, for a given angular momentum 1, are linear combi- 
nations of spherical Bessel and Neuman functions 

~l (kr) = cos 6jl(kr) + sin 6~h(kr) (2) 

where 6x is the 1-wave phase shift. 
However, for E < E0 they are exponentially decaying if there is no atomic A1 bound 

state in the neighbourhood of E. 
The 3 d wave function is unchanged although its energy may be changed slightly due 

to a constant shift in potential. In order to understand the change in the nature of the 4 d 
wave function it is necessary to observe the 1-dependent effective potential (Fig. 1) which 
differs from the potential felt by s-states by a term 1(1 + 1)/r 2 Ryd. - the centrifugal term 
entering the wave equation I). In the free atom both 4 s and 4 d wave functions are bound 
but the centrifugal potential is responsible for a decaying 4 d wave function at both small 
and large distances. The 4 d charge density is therefore concentrated in a narrow region 
of space inside the atom. In the A1 matrix the 4 d state is not bound because its energy is 
greater than E0 but its wave function decays in the region where E 4 d < E0 + 1(1 + 1)/ 
r 2 Ryd. Consequently it appears very much like the atomic 4 d wave function but has a 
small tail at large distance since it can tunnel through the centrifugal potential barrier. 
Although the probability of finding a 4 d electron inside Zr has been reduced it is 
nevertheless very much greater than the probability of finding a 4 s electron inside Zr. 
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V(r) = vIr)÷ I(1+1) 
r 2 

Vlr) L ~ . ~  ' 

V(r) = v(r)+ I(M) 

V(r) /,d 
o) ~ E0 

o) 

r e  (r) r ~  It) 

b) b) 

r@(r) r ~ l r )  - ~ - - - " - - -  ~ 

c) 
c) 

IA E>O I,-, E,o 
r@ (r) ~ ' ~  - -  

Fig. 1 Fig. 2 

Fig. 1. (a) The total potential of a free zirconium atom, which is the sum of potential and centrifugal 
parts. (b) The I = 2 radial wavefunction (multiplied by r z) for an energy equal to the 3 d energy. (c) 
The 1 =2 radial wavefunction (multiplied by r a) for an energy equal to the 4 d energy. (d) The 1 = 2 
radial wavefunction (multiplied by r 2) for an energy greater than zero 

Fig. 2. (a) The total potential of a zirconium atom in an A1 host. (b) The 1 = 2 radial wavefunction 
(multiplied by r 2) for an energy equal to the 3 d energy. (e) The 1 = 2 radial wavefunction (multiplied 
by r z) for an energy equal to the 4 d energy. (d) The 1 = 2 radial wavefunction (multiplied by r 2) for 
an energy greater than zero 

Such a state is called a resonant  d-state. The  phase shift of the 4 d electron with energy 

E4d is given by 

tan 6d = Fd2 (E-E4 el) (3) 

where Fa is the resonance width. Thus 6 d changes by n as the energy passes through the 

resonance energy and the magnitude of the oscillatory tail is related to F. All  transition 

metals have broad sp-conduction or nearly free electron bands with d-resonances which 

broaden into narrow bands pinned to the Fermi  level. It was suggested some t ime ago by 

Friedel  2) that the light actinide metals form another  transition metal  series, but with 

resonant  f-electron states. Recent  advances in the study of actinide metals have demon-  

strated that this hypothesis is correct 3-5). 
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The trends in several ground state properties of transition metals have been shown in 
Figs. 2, 3 and 15 of Chap. A and Fig. 7 of Chap. C. The parabolic trend in the atomic 
volmne for the 3-6 periods of the periodic table plus the actinides is shown in Fig. 3 of 
Chap. A. We note that the trend for the actinides is regular only as far as plutonium and 
that it is also broken by several 3 d metals, all of which are magnetic. Similar anomalies 
for the actinides would probably be found in Fig. 15 of Chap. A -  the bulk modulus - and 
Fig. 7 of Chap. C - the cohesive energy if more measurements had been made for the 
heavy actinides. 

The three basic ground state properties of the heavy actinides are more likely to 
follow those of the rare earths (Fig. 2 of Chap. A). The atomic volumes of the rare earth 
metals decrease monotonically with atomic number. This suggests, as will be explained 
more fully below, that the 4f  electrons make little or no contribution to cohesion. They 
are said to be on the low density side of a Mott transition - with the notable exception of 
one of the phases of cerium 6). This is believed to be also the case for the second half of 
the actinide series 5,7), 

It was noted earlier that the charge density of a narrow resonance band lies within the 
atoms rather than in the interstitial regions of the crystal in contrast to the main conduc- 
tion electron density. In this sense it is sometimes said to be localized. However, the 
charge density from each state in the band is divided among many atoms and it is only 
when all states up to the Fermi level have contributed that the correct average number of 
electrons per atom is produced. In a rare earth such as terbium the 8 4 f electrons are 
essentially in atomic 4 f states and the number of 4 f electrons per atom is fixed without 
reference to the Fermi level. In this case the f-states are also said to be localized but in a 
very different sense. Unfortunately the two senses are often confused in literature on the 
actinides and, in order not to do so here, we shall refer to 'resonant'  states and 'Mott- 
localized' states specifically. 

2. The Actinides as Transition Metals 

In 1956 Friedel 2) suggested that uranium was a transition metal with an f-resonance at the 
Fermi level. However, until a much later date, a chemical viewpoint based upon errone- 
ous arguments concerning metallic radii s) was pre-eminent. In this scheme the 5 f-elec- 
trons did not contribute to chemical bonding but were thought to be analogous to the 4 f- 
electrons in rare earths. More recently a rapid theoretical development 4' 5) has produced 
a convincing theory of the light actinides (Ac-Pu) in which the f-states form a narrow 
band. 

It is possible to characterize f-electron states in the actinides in quite a simple manner 
and to compare them with the states of other transition metal series. To this, we employ 
some simple concepts from energy band theory. Firstly, it is possible to express the real 
bandwidth in a simple close-packed metal as the product of two parts 9). One factor 
depends only upon the angular momentum character of the band and the structure of the 
solid but not upon its scale. Therefore, since we shall use the fcc structure throughout, 
the scaling factor X is known once and for all. 

For d-electrons Xd = 23.4 For f-electrons Xf = 30.5. 
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The second factor does depend upon the particular atomic potential and must be 
computed. This factor is the band mass ~t~ and it is proportional to the reciprocal of the 

radius squared at the Wigner-Seitz sphere 

~1 = 2/$3?P 2 (4) 

where ~ is the radial wave function evaluated at the Wigner-Seitz radius, S. The width of 
a band with a constant (rectangular) density of states is then 

wl  = (x¢~ls  2) (5) 

in Rydbergs where the band masses and Wigner-Seitz radii are tabulated for the transi- 
tion metals, rare earths and actinides in Table 1. The masses for the transition metals 
were first tabulated by Andersen 9~ whilst the masses for rare earths and actinides were 
computed by the Author 1°) using overlapped crystal potentials and the X~ = 2/3 approxi- 
mation to exchange lt/. 

Also shown in the Table are the relative positions, Cb in energy of the different band 
centres (when hybridization is neglected) and the Wigner-Seitz radii in an assumed fcc 
structure. From Eq. (5) and Table 1 one estimates for iron, nickel, uranium, cerium, 
gadolinium and americium 

Table l a. Potential parameters for the d-transition series taken from Andersen and Jepsen 
(Ref. 9). C1 is the band centre and ~h is the band mass. S is the Wigner-Seitz radius in atomic units 

3 s23 p6 Sc Ti V Cr Mn Fe Co Ni 

S(A.U.) 3.427 3.052 2.818 2.684 2.699 2.662 2.621 2.602 
(Cp-Cs)S 2 7.42 7.36 7.31 7.20 7.14 7.01 6.96 6.91 
(Ca-Cs)S 2 3.18 2.28 1.67 1.17 1.29 1A1 0.92 0.75 
ixs 0.74 0.71 0.70 0.70 0.73 0.75 0.77 0.80 

0.85 0.83 0.82 0.83 0.84 0.88 0.90 0.92 
~t d 5.60 5.96 6.28 7.14 8.27 9.87 11.3 13.2 

4 s23 d1°4 p6 y Zr Nb Mo Tc Ru Rh Pd 

S(A.U.) 3.761 3.347 3.071 2.922 2.840 2.791 2.809 2.873 
(Cp--C~)S 2 8.52 8.61 8.63 8.53 8.37 8.23 8.04 7.81 
(Cd-C~)S 2 4.07 2.79 1.84 1.21 0.74 0.33 -0.04 -0.09 
txs 0.73 0.69 0.67 0.66 0.67 0.69 0.72 0.76 

0.81 0.77 0.76 0.76 0.77 0.79 0.81 0.85 
~td 3.62 3.60 3.68 3.96 4.44 5.13 6.21 7.57 

5 S24 d1°5 p6 La Hf Ta W Re Os Ir Pt 

S(A.U.) 3.624 3.301 3.069 2.945 2.872 2.825 2.835 2.897 
(Co-C~)S z 9.27 9.47 9.61 9.63 9.57 9.37 9.26 9.09 
(Ca-Cs)S z 5.39 4.36 3.55 2.95 2.42 1.97 1.51 1.36 
~s 0.78 0.73 0.71 0.70 0.71 0.73 0.76 0.81 
~o 0.80 0.77 0.76 0.75 0.75 0.79 0.79 0.82 
~d 3.29 3.24 3.22 3.40 3.71 4.10 4.82 5.74 
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Table 1 b. Potential parameters for selected rare earths (hcp structure assumed) and actinides (fcc 
structure assumed) at fixed lattice parameters equivalent to an fcc lattice parameters of 5.0 ~ and 
4.8 A, respectively 

4 d 1° 5 s 25 p6 58Ce 59pr 6ONd 62Sm 64Gd 65Tb 66Dy 68Er 

S(A.U.) 3.69 3.69 3.69 3.69 3.69 
(Cd-Cs)S 2 2.93 3.25 4.05 4.60 5.51 
(CrC~)S 2 -1.91 1.34 0.12 0.35 -0.69 
~s 0.62 0.63 0.67 0.69 0.72 
ix d 2.30 2.40 2.60 2.72 2.82 

43.0 56.40 108.0 152.6 205.6 

5 d x° 6 s 2 6 p6 90Wh 91pa 92 U 93Np 94pu 95Am 96Cm 97Bk 

s2d2f 0 s2d2fl s2d2f 2 f3sZd2 f5s2 d f6s2dl fTsZ d fSsZd 
(s2df 3) 

S(A.tJ.) 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 

(Cd-Cs)S 2 3.89 4.15 4.39 4.93 5.18 5.42 5.70 5.94 
(4.67) 

(Cf-C~)S z 4.24 3.77 2.56 4.01 3.43 2.79 2.23 1.61 
(4.62) 

~ts 0.60 0.62 0.63 0.63 0.64 0.66 0.67 0.69 
(0.61) 

IXd 1.76 1.85 1.94 1.89 1.96 2.02 2.08 2.12 
(1.82) 

12.00 15.98 21.00 19.02 23.78 29.80 36.76 45.42 
(15.04) 

iron Wd 
uranium Wf 
gadolinium Wf 

= 4.8 eV; nickel Wd = 3.7 eV; 
= 2.3 eV; americium Wf = 1.1 eV; 
= 0.2 eV; cerium Wf = 0.7 eV. 

Immediately notable is that nickel and uranium have similar bandwidths as do americium 
and cerium whereas gadolinium would form a much narrower band. Some of the trends 
that are summarized in Table 1 are: 
1. In the transition series the bands narrow and lower along any given series, 
2. For a given angular momentum (d or f) the bands broaden as the principle quantum 

number increases. Thus 5 d bands are much broader than the 3 d bands. The reason 
for this is that states with principle quantum number n + 1 must have an additional 
node (the orthogonality node) to the states with principle quantum number n. This 
pushes the wave function, relatively, further from the nucleus. Hence the 5 f wave 
functions are more extended than 4 f wave functions which leads to their tendency to 
form bands. 

3. In the d-transition series the conduction bands at the Fermi level are predominantly 
narrow d-bands superimposed upon a broad s-p band structure. In the actinides 
narrow f-bands at the Fermi level are superimposed upon an spd band structure, the 
d-bands now being broad conduction band states. The energy bands of the rare earths 
and heavy actinides are so narrow that it is energetically favourable for Mott-localized 
states to form. The reason is that polar states are present in bands and this costs 
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Coulomb correlation energy, U. The energy gain due to band formation is of the 
order of the bandwidth, W. Provided U can be calculated Table 1 can be used to 
examine the criterion U/W = 1 for Mott-localization 12). 

3. Relativistic Effects 

Until now we have described electrons states as obeying the wave equation without 
specifying which wave equation. In general it is necessary to solve the Dirac equation 13) 
even for a local potential. If the local potential is spherically symmetric the Dirac equa- 
tion reduces to TM 

× + 1  ( E - V  
- -  g~' - r g~ + cf~ 1 + (5.a) 

× - 1  
cf×, = (V - E)g~ + cf~ (5.b) 

r 

where g~, f~ are the major and minor components of 

\ - i f~  or ) ~ /  

itself the solution of the Dirac equation. × is the Dirac quantum number, )~x~ is a two 
component spinor and Or the radial component of the Pauli spin matrices. There are 
excellent reviews of the properties and solutions of the Dirac equation in a spherical 
symmetry available 14), and we shall restrict discussion to a few relevant remarks 15) for 
hydrogenic solutions in a pure Coulomb field. 
(a) the relativistic wave functions are contracted towards the origin compared with non- 

relativistic wave functions. This effect is greatest for low angular momentum and 
falls off as the angular momentum increases. 

(b) Zeros in the charge density do not occur since the nodes of the major and minor 
components overlap and the charge density is given by 
o(r) = g(r) 2 + f(r) 2. 

(c) the ratio of minor to major component is - a Z [ 2 n  where a is the fine structure 
constant, Z the nuclear charge and n the principal quantum number. Thus for 
actinides, Z = 90, f/g - 0.3/n which is not negligible, especially for deep lying core 
states. 

The pure Coulomb solutions only give a guide to the general behaviour for large 
atoms, however, since in all other cases than hydrogen the potential includes the field 
due to all other electrons 16) 

Z e  2 
v(r) - + S Q(r)v(r)dr + No(r) (7) 

r 

where ½c(r) is the exchange and correlation contribution which will be discussed later. 
Thus (5) must be solved self-consistently together with (6). Relativistic effects are 
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perhaps best seen in this case by examining self-consistent atomic solutions for a particu- 
lar heavy atom with, in one case, the velocity of light set equal to 1014 cm/s (non- 
relativistic limit). The outer energy levels for plutonium are shown in Fig. 3. The effects 
of relativity are 
(a) to shift the 5 f level up more than 0.8 Ry compared to the 7 s (or vice versa) and 0.2 

Ry compared to the 6 d. 
(b) to shift the 5f  up 0.6 Ry compared to the 6d. 

The origin of these very large changes may be traced to (a)-(c) above. Since penetrat- 
ing orbitals are contracted most severely, the entire core shrinks; this increases the 
screening of the nuclear change for the f-electrons and their charge densities actually 
expand and energies increase. This is the indirect relativistic effect 17), arising from the 
self-consistent field, which is actually the largest effect upon the valence electrons. The 
result is that, for actinides, the changes in energy levels are so large that non-relativistic 
calculations cannot yield even qualitatively correct results. This may be seen by studying 
Fig. 3 where it is clear that the low lying f-level would fill before the d and s levels (even 

0.0 

- -  - 1 . 0  

C 
LIJ 

-2.0 

Dirac (LDA) PauIi (LDA) Schr6dinger (LDA) DF 
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Fig. 3. A comparison of the eigenvalues of the outermost valence electrons for Pu using relativistic, 
semi-relativistic and non-relativistic kinematics and the local density approximation (LSD), Dirac- 
Fock eigenvalues after Desclaux I4) are also shown. The total energies of the atoms (minus sign 
omitted), calculated with relativistic and non-relativistic kinematics are also shown. HF means 
Hartree Fock 
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allowing for energy changes due to greater f-occupation) and the actinides would have 
too many f-electrons. 

In most atomic programs (5) is actually solved self-consistently either in a local 
potential n) or by the relativistic Hartree-Fock method 14). There is, however, an impor- 
tant time-saving device that is often used in energy band calculations for actinides where 
the same radial Eq. (5) must be solved 18). If (5.a) is substituted into (5.b) a single second 
order differential equation for the major component is obtained 

1 { 2 , I ( 1 M )  } × + 1  
2M g" + r g r 2 g~ - v'g'/4Mc2 + vg~ - - r  v'g~/4Mc2 = Eg~ . (8) 

The only term depending upon × is the last on the left hand side and this is just the spin- 
orbit coupling. If this term is dropped ×-independent solutions, corresponding to zero 
spin-orbit coupling, are obtained. However, the large relativistic shifts, the mass velocity 
and Darwin terms 19) are retained. In Fig. 3, for example, the relativistic levels remain in 
place but each of the spin-orbit split pairs is replaced by the average energy level 

El = (1Ex=l + (1 + 1)E~=1_1} / (21 + 1) (9) 

In energy band calculations this procedure has two practical advantages: 
1. The spin, in this case, is a good quantum number and spin polarized calculations are 

easy to perform, 
2. The number of states to be dealt with is halved, leading to considerable time-saving in 

matrix manipulation. 
The complete solutions to (5) will be referred to as 'Dirac' solutions whereas the 

solutions to (8) with spin-orbit coupling omitted will be referred to as 'modified Pauli' 
solutions. 

4. Schematic Models of Electronic Structure 

Armed with the band masses and relative positions of the band centres one may easily 
sketch the likely valence electron energies in actinide metals and compounds. This is 
useful because it is easy to understand, involves no computation and gives a rough idea of 
what to expect from large machine computations of electronic structure. 

From Table 1 the scheme for the actinide metals shown in Fig. 4 is arrived at. The 
valence band structure is evidently more complicated in detail than that of the d-transi- 
tion metals because there are now four different angular momentum states to deal with. 
However, the d bands are now broad conduction bands. This is not surprising since the 
broadening of d-bands is a systematic trend from the 3rd to the 5th transition metal series 
and has now passed a stage further. The reason for this is that the wave functions of each 
new d-series must be orthogonal to those of the earlier series. The necessary additional 
orthogonality mode extends the wave functions spatially and broadens the bands. Pre- 
cisely the same phenomenon occurs between the 4 f and 5 f series. Thus d-electrons play 
the role of the major conduction electrons in the actinides and the relative population of 
the sp conduction bands is reduced. The narrow f-bands are pinned to the Fermi level 
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Fig. 4. Schematic partial density of states scheme for light actinide metals (s and p states are 
counted together) with f electrons delocalized 

and are responsible for the transition-metal features of actinide chemical bonding. As the 
series is traversed from Ac to Am the f-bands narrow (and lower) taking the Fermi level 
with them. The number of electrons with f character increases almost monotonically in 
the process. Evidently an important change occurs at Am since its atomic volume is 40% 
larger than to be expected from the trend in the early actinides. The second half of the 
actinide series then follows from Am in a rare-earth-like fashion. In this case we expect 
the electronic structure to be represented better by Fig. 5 with the f-bands replaced by 
localized levels which are not pinned to the Fermi energy. The cohesive properties are 
then determined by the spd band structure as in the rare earths. 

We have so far omitted complicating features such as hybridization between the 
bands but these will be dealt with later. The same modelling may be used for compounds 
as long as their crystal structure is simple enough. The simplest actinide compounds are 
the NaC1 structured chalcogenides and pnictides which are also metallic. They are also 
particularly important since the U-Pu pnictides and chalcogenides are often magnetic 
whereas the metals are not. These compounds are the simplest light actinides systems in 
which magnetism occurs, therefore they have been the subject of intensive experimental 
and theoretical efforts. If UN is taken as an example we expect a valence band, derived 
from nitrogen 2p levels, to form below the uranium spdf band structure. The exact 
positions in energy depend upon the amount of charge transfer. The simple model in 
which three electrons are transferred to the nitrogen p states is incorrect as we shall see in 
detail later since UN will be our prototype for the NaC1 compounds. A new feature in the 
compounds is the hybridization between cation and anion states. Without this hybridiza- 
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Fig. 5. Schematic partial density of states scheme for heavy actinide metals (s and p states are 
counted together) with f electrons delocalized 
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Fig. 6. Schematic partial density of states scheme for an NaCl-type (binary) compound (with UN as 
an example) with f electrons delocalized and unhyhridized. Uranium is on the left and nitrogen on 
the right. In ascending order: nitrogen valence band; f-band tied to the Fermi level; the d conduction 
band. The Fermi level is at zero on the energy scale. The unhybridized band centres, Ctt, are shown 
on the right. This unhybridized model corresponds to the fully ionic model 
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tion the compound would be fully ionic but we shall see that this hybridization is strong 
and the f-p hybridization, in particular, has important effects. Once again, in a band 
model, the f-electrons are pinned to the Fermi level. If Table 1 is used together with 
similar information for the nitrogen p-states a first approximation to the electronic struc- 
ture energy diagrams should appear as shown in Fig. 6. 

II. Band Calculations in Metals and Compounds 

I. Density Functional Theory 

The simplest form of scattering theory is for a single particle moving in a local external 
potential. If we ignore relativistic effects and return to the Schrtdinger equation 

( -  v2/2 + V(r)- E} V(r) = 0 (10) 

where V(r) is the potential. The Green function is defined by 

f ) - T + V ( r ) -  E G(r, r'; E) = 6 ( r -  r') (11) 

In general, however, in the reduction of the many electron to single-electron equations 
there appears an additional, non-local potential. Then (10) is replaced by 

~2 
2 v(r) + V(r) ~p (r) + f U(r, r') V (r')dr' = Eap(r) (12) 

where U(5 r ' ) i s  the non-local potential. In this case (11)is replaced by the Dyson 
equation 

(- 7-~--2-E) G(r,r';E) + f dr"~(r,r";E)G(r,r";E)=6(r-r') (13) 

where 

~(r,  r"; E) = V(r) 6 ( r -  r') + U(r, r") (14) 

is the mass operator. Due to the non-local nature of the exchange potential the Hartree- 
Fock equations take the form (12), which is considerably more difficult to solve than 
(10). Furthermore, although the Hartree-Fock equations contain the exchange correctly, 
the Coulomb field due to the other electrons is treated in an average fashion after 
Hartree TM and Coulomb correlations are dropped. A theorem due to Hohenberg and 
Kohn n) and developed by Kohn and Sham 22) has placed the older Thomas Fermi 23) 
theory on a more rigorous basis. It was shown that the total energy of an interacting 
inhomogeneous electron gas in an external potential V(r) may be written in the form 
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n(r)n(r') 
E = fV(r)n(r)dr + ; [r-  rq drdr' + G(n} (is) 

where the second term is just the classical Coulomb repulsion energy and G(n} is a 
universal functional of the density. This expression for the energy is also a minimum for 
the correct density function n(r). The density G was then divided into 

G{n} =Ts{n} +Exc(n} (16) 

where Ts is the kinetic energy of a system of non-interacting electrons with the same 
density and Exc is the exchange and correlation energy for an interacting system with 
density n(r). Now if n(r) is sufficiently slowly varying 

Ex¢{n} = f n(r) ex¢(n(r))dr (17) 

where Ex~ is the exchange correlation energy per electron of a uniform electron gas of 
density n(r). Variation of energy with respect to the density then produces the local total 
potential 

V(r) = v(r) + f - -  

where 

n(r ' )  
rr - r'i 

d r ' +  ~txc (n(r)) (18) 

d(nexc) (19) 
~c - dn 

is the exchange and correlation contribution to the chemical potential of a uniform 
electron gas of density n. In this way, known as the local density approximation (17), the 
many body problem reduces to a set of single particle equations. If the density functionals 
e, ~t are known the set of single particle equations may be solved self-consistently since 
the density is given by 

N 

n(r) = 2 IVi(r)l 2 (20) 
i = 1  

where the api are solutions to (10) in the potential (18). In practice the density functionals 
are given in approximate, parametrized forms, derived from the many body theory of the 
free electron gas 24-28). From (15) the total energy of both atoms and solids and its 
derivatives may be calculated ab initio from self-consistent calculations. In magnetic 
systems the energy is a functional, not of the ground state density, but of the spin density 
matrix 25). This additional degree of variational freedom allows the spin magnetic moment 
to be calculated in spin polarized calculations. Spin polarized calculations must include 
twice as many states but, if spin-orbit coupling is neglected, the spin-up states are decou- 
pled from the spin-down states and matrix sizes are not doubled. Spin-orbit coupling, 
however, couples spin-up and spin-down states leading to very large matrix problems in 
an actinide system. 
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The spin density functional formalism has very successfully described a wide range of 
solid state problems even in cases where it appears to be pushed beyond its validity. A 
review of the reasons for this and the cancellation of errors involved has been given by 
Gunnarson 29). Formally, however, the rigorously computable quantities are all ground 
state properties and it is necessary always to remember that (10), in this context, is one of 
a set of 'effective' single particle equations. By this it is meant that the eigenvalues have 
no simple physical meaning, in particular they are not the excitation energies observed in 
experiments. 

In order to find the single-particle-like excitation energies it is necessary to investigate 
the structure of the Green function, given by the Dyson Eq. (14). Sham and Kohn 3°) here 
argued that 

(a) ~, is a short range Kernal, I r - r '  I - kF 

(b) if ~ = d p f ( r - r ' )  + M(r, r ' ;  E-(~) 

where qb is the electrostatic potential at r0 = (h + r2)/2, then the functional form of Y 
depends only upon the density in the vicinity of r and r' .  This immediately leads to a 
picture of excitations propagating with effective energy (E - ~(r)) where ~ is local and 
electrostatic, but acted upon by non local forces depending upon the density in the 
vicinity of r. 

2. Ground State Properties From Band Calculations 

The Hamiltonian 

U = - ~, V 2 --}- 2 e2/rij + E Vext (ri) (21) 
i i=j i 

contains kinetic energy, electron-electron interaction and external potential, respec- 
tively, and is usually written, as in (21), in Rydberg units. Through the local density 
approximation this is reduced to the sum of single electron Hamiltonians 

n(r)dr 
Hi = - V 2 + btxc(r) + f [7 7 rTW + Vext(r) (22) 

for which the eigenvalues E i and wave functions ~i(r )  are  to be found. The charge density 
is reconstructed from the wave functions and this is sufficient to recompute Hi. The 
process is iterated until the input and output charge densities agree to some specified 
accuracy. The total energy may also be written 

N 1 n( r )n( r ' )  
E = ~ ei- ~ f f  ir_ r'l drdr' + f n(r) {eexc(n(r)- ½¢(n(r))}dr (23) 

i= l  

For actinide atoms E is of the order of 60.000 Ryds. If the cohesive energy of a solid is 
required it is necessary first to compute the total energy of the atom, spin polarizing the 
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valence electrons to include spin polarization energy and then to compute the total 
energy of the solid in a band structure calculation. The difference is the cohesive energy if 
the configuration of the atom and the solid are the same. If the ground state of the atom 
differs from that of the solid, the energy of atomization is calculated. Although it is not 
strictly correct, it is common practice in solid state studies to refer to either as the 
cohesive energy. Cohesive energies of metals are usually less than 160 kcal/mol (7 eV/ 
atom) which is very small compared with the total energy of an actinide atom. Clearly 
this is because only a small number of valence electrons are involved in chemical bond- 
ing. There is a useful approximation, due to Gunnarsson et al. 31), which identifies that 
part of the total energy which changes - Ev - if the core charge densities are assumed to 
be frozen at their free atom values 

I x } Ev = Z f n E n - -  f dr nv(r) ~- q~(r) + ~c(r) - ex¢(r) 
n 

+ f dr nc(r) {ex¢ (n(r) - N~(n¢(r))} 

(24) 

Ev in an actinide atom varies typically from 3 Ryds for Ac to about 40 Ryds for Am. Even 
in this approximation very high standards of accuracy are required to obtain good values 
for the cohesive energy. 

The atomic volumes or, equivalently, lattice parameters may be found accurately by 
calculating directly the zero temperature equation of state without intermediate compu- 
tation of the total energy. The technique is based upon the virial theorem 32) which 
changes the volume integral for the energy into a surface integral for the pressure 33). It is 
in general not easy to apply this technique to non-spherical systems but in the atomic 
sphere approximation (ASA) to the linear muffin tin orbital (LMTO) techhique it may 
be shown that 34) 

3 PV = ~/8 Lns f En(r) dE = 3 V ~ PL 
1 

3 PIV = f S,~(a)nl(e)de {(Dl + L + 1)(D~-1) + (E-axc)S 2} (25) 

where qbl(E) is the radial wave function, evaluated at the sphere boundary and energy E, 
N1(E) the partial density of states with character 1; D the logarithmic derivative of ~ at 
energy E, and S is the Wigner-Seitz radius. There are several major advantages to this 
formula. Firstly it may be seen that (25) depends only upon the change of single particle 
energies and does not include electron-electron interaction terms that enter the total 
energy. Secondly all of the quantities entering the formula are normally computed in a 
band structure calculation. No extra effort or time are required - in fact the convergence 
of the pressure is an excellent test of the convergence of the entire band structure 
calculation. The bulk modulus is computed by calculating the pressure at several lattice 
parameters (equation of state) and taking the numerical derivative at zero pressure. 

In order to calculate the magnetic moment it is necessary to perform spin polarized 
band calculations. The extension of the local density approximation to cover the spin 
polarized case has been made by von Barth and Hedin 24) and Gunnarsson and Lund- 
qvist26). 
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If the modified Pauli equation is used, i.e. spin-orbit coupling is dropped, the spin-up 
and spin-down calculations are uncoupled. One may make separate band structure calcu- 
lations for spin-up and spin-down bands which are shifted with respect to one another. 
The system in filled to the Fermi level and the net magnetic moment is the difference 
between spin-up and spin-down occupation numbers. 

3. Band Calculations for Metals and Compounds 

a. Non-Self-Consistent Energy Band Calculations for Metals 

Early band structure calculations for the actinide metals were made both with 35) and 
without 36) relativistic effects. As explained above, at least the mass velocity and Darwin 
shifts should be included to produce a relativistic band structure. For this reason we shall 
discuss only the relativistic calculations 351. There were some difficulties with the f-band 
structure in these studies caused by the f-asymptote problem 37~, which have since been 
elegantly solved by linear methods 38). Nevertheless the non-self-consistent RAPW calcu- 
lations for Th through Bk indicated some interesting trends that have also been found in 
more recent self-consistent calculations: 
(a) superimposed upon the normal free electron (sp) band structure are broad d-bands 

which start about the bottom of the sp-bands. The f-states form a narrow set of 
bands at the Fermi level, 

(b) the f-bands narrow along the actinide series going from Th to Bk, 
(c) the f-bands also lower, being above the Fermi level for Th, 
(d) an examination of the band structure for different values of the Slater X~ parameter 

for exchange showed that the f-bands were particularly sensitive to changes in X~-  
which implies a sensitivity to the exchange-correlation approximation. 

In addition Freeman and Koelling 35) stressed the importance of the relationship 
between bandwidth and the Coulomb correlation integral. 

b. Non-Self-Consistent Energy Band Calculations for Compounds 

Early attempts to compute the band structures of actinide NaCl-type compounds by 
Kmetko and Waber 39) and Adachi and Imoto 4°) suffered from being non-relativistic and 
from tight-binding approximations that were too restrictive. More recent and extensive 
studies by Davis 41) (KKR) and Allen and Brooks 42) (LMTO) have thrown light on the 
kind of band structures to be expected from self-consistent studies. Davis 41) compared in 
detail the differences between the band structures of rare earth and actinide NaCl-type 
chalcogenides and pnictides. The valence p-bands of the monochalcogenide or pnictide 
were common to the energy bands of both series as was the overall spd conduction band 
structure arising from the cation. But the actinides are also expected to have a narrow set 
of f-bands at the Fermi level in contrast to the Mott-localized set of f-levels in the rare 
earths. Davis also pointed to the relatively large electronic specific-heat coefficients, y, 
for AnX compounds in comparison with those observed for rare earth compounds. The 
enhancement of y, it was suggested, was due to the increase in the density of states at the 
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Fermi level due to the appearance of narrow f-bands which are not present in rare earth 
compounds. 

There was a remarkable disagreement regarding the f-bandwidth between the tight- 
binding calculations of Kmetko and Waber 39) (. 3 eV), Adachi and Imoto 4°) (. 1 eV) and 
Davis 41) (2-3 eV). Allen and Brooks 42), in an effort to understand these different results 
varied the coefficient X~ in the exchange approximation and found that the f-bands 
narrowed as X~ was increased. For values of- 66 < X~ < 1.0 they obtained bandwidths of 
about 1-2 eV in agreement with Davis. The reason for the discrepancy appeared to be 
that the earlier fight binding calculations neglected hybridization between f and other 
band states which are responsible for much of the f-bandwidth. Of particular importance 
was the hybridization between cation-f and anion-p electrons. As in the calculations for 
the metals the f-bands were found to lie above the Fermi energy for thorium compounds 
but below for the later actinides. 

At a different level of approximation, some of the trends for the entire uranium 
pnictide and chalcogenide series have been studied through single-site scattering phase 
shifts 43). The number of states is given by 

1 
n(E) = no(E) + ~ ~ (2j + 1) 8~(E~ (26) 

J 

for the scattering of partial waves off a given site. Here 6~ are the ×-phase shifts and no(E) 
is the free electron contribution. The phase-shifts change very rapidly going through a 
resonance and this produces large peaks in the density of states in positions where bands 
are expected to form. The trends that were noted are: 
(a) Cation (f, d) and anion resonances (p) were close together: this should lead to 

extensive covalent bonding for both chalcogenides and pnictides. 
(b) Cation resonances became less sharp as the atomic number of the cation increased. 

Therefore the covalent bonding should be greater for the heavier cations. 
(c) The pnictides had broader p-resonances than the chalcogenides, therefore should be 

more covalent. 
(d) The uranium fs/2_fT/2 spin-orbit splitting remained more or less constant in all the 

calculations. 
Non-self-consistent cluster calculations 44), based upon assumed ionic configurations, 

have been performed for oxides for both NaCl-type (AnO) and fluorite (AnO2) struc- 
tures 4s). The manner in which the binding energy of the f-levels increases with atomic 
number of the actinide, becoming degenerate with the O-2p band at Am is a noticeable 
trend 44) that is in agreement with experiment 46). The same trend was also reproduced by 
non-self-consistent LMTO calculations for the actinide oxides 47). The band calculations 
also gave reasonable estimates of the valence bandwidths of the oxides - a property that 
cluster calculations are not able to reproduce as they do not include long range 
O(p)-O(p) interactions 47' 48). Spin polarized versions 49) of the molecule cluster calcula- 
tions demonstrated that the exchange splitting of the 5 f-levels is proportional to the 
unpaired spin. However, spin-orbit coupling should change the nature of the magnetism 
and, in order to include the effects of spin-orbit coupling and spin splitting simultane- 
ously, "moment polarized" calculations 5°) for the Dirac equations have been developed. 
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c. Self-Consistent Energy Band Calculations and the Equation of State of 
Actinide Metals 

Self-consistent energy band calculations for the actinide metals have been made by 
Skriver et al. 5), for the metals Ac-Am. The modified Pauli equation was used for this 
series of calculations but the corrections arising from use of the Dirac equation have 
recently been incorporated 51). An fcc structure was assumed for all the metals in both 
series of calculations. 

In the calculations of Skriver et al., the metals Ac-Pu were found to be paramagnetic 
(did not spontaneously spin polarize). The number of electrons in the f-bands was found 
to increase monotonically, being approximately zero for Ac and 5.2 for Pu. The mea- 
sured trend in lattice parameter (Fig. 7) was reproduced very well from the calculated 
equations of state. As the f-band fills, the electrons contribute an increasingly negative 
pressure which is responsible for the rapid decrease of lattice parameter throughout the 
series. The d pressures are also negative, although not so large, and the sp-pressures are 
positive. Thus the equilibrium lattice parameters arise from a balance between the attrac- 
tive d and f pressures and the repulsive sp pressures. This fact, that the f and d electrons 
would alone prefer a smaller atomic volume whereas the s and p electrons would prefer a 
larger volume, is basic to an understanding of chemical bonding in the actinide metals 52). 
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The f-band width was found to be about 5 eV in Ac, about 3 eV for Th-Np and 
around 2 eV for Pu. In Am it is down to 1 eV. The Stoner parameter, 1531, was calculated 
to be about 0.5 eV and almost constant throughout the series. At Am, however, the 
product I N(E~) of the Stoner parameter and the f-density of states at the Fermi level 
exceeds one and spontaneous spin polarization occurs in the band calculation. Since Am 
has about 6.2 f-electrons and the moment saturates, this leads to an almost filled spin-up 
band and an empty spin-down band. The result is that the f-pressure all but vanishes 
leading to a large "jump" in atomic volume - in agreement with experiment. This has 
been interpreted 51 as Mott-localization of the f-electrons at Am and the f-electrons of all 
actinides heavier than Am are Mott-localized. The trend in their atomic volumes is then 
similar to those of the rare earths. 

The trend in the f-pressure is almost parabolic with band filling and this is typical for a 
transition metal (with d replaced by f). The physical basis was given by the Friedel s4~ who 
assumed that a rectangular density of states was being filled monotonically and thus was 
able to reproduce the parabolic trend in transition metal cohesive energies analytically. 
Pettifor 55~ has shown that the pressure formula can similarly be integrated analytically. 

If spin-orbit coupling is introduced the 1 = 3 band is replaced by the j = 7/2 and 
j = 5/2 bands. If spin-orbit coupling is large compared to the bandwidth these bands split, 
the j = 5/2 band filling first. The parabolic trend in atomic volume is then replaced by a 
double parabola and minima are expected (for f electrons) at nf = 3 and n~ = 10 with 
maxima at n~ = 6 and 14. In fact spin-orbit coupling is not large enough to completely 

Fig. 8. The ratio of the number of 
electrons in the j = 1 - 1/2 and 
j = i + 1/2 bands (= 21/(21 + 2) for 
zero spin-orbit splitting) for both d 
and f electrons in the actinide 
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split the bands even at Am and it is small compared to the bandwidth for Ac-U. One way 
to measure the relative size of spin-orbit coupling is to plot the ratio (R) of f and d 
electron occupation of j = 5/2 and j = 7/2 bands and this is shown in Fig. 851). When spin- 
orbit coupling is zero the ratio R is 2/3 and 3/4 (degeneracy weighting) for d and f 
electrons, respectively. R does not vary much from the ideal ratio for d-electrons due to 
their relatively large bandwidth ( -  1 Ryd.) but it does change for f-electrons along the 
actinide metal series due to the narrowing of the f-band and the increasing of spin-orbit 
coupling parameter. The effect upon the Wigner-Seitz radii is shown in Fig. 7. For Np, 
Pu and Am there are noticeable changes in volume but for Ac-U the effects are negli- 
gibleS~). 

d. Self-Consistent Calculations for Compounds 

Self-consistent calculations for actinide clusters have been made using cellular multiple 
scattering techniques 56) and through linear combinations of atomic orbitals 44~. Band cal- 
culations have been made using the self-consistent RKKR 57), LMTO 38,5s) and 
RLMTO59, 60) techniques. 

In the cellular multiple scattering model 61), finite clusters of atoms are subjected to 
condensed matter boundary conditions in such a manner that a continuous spectrum is 
allowed. They are therefore not molecular calculations. An X~ type of exchange was 
used to create a local potential and different potentials for up and down spin-states could 
be constructed. For uranium pnictides and chalcogenides compounds the clusters were of 
8 atoms (4 metal, 4 non-metal). The local density of states was calculated directly from 
the imaginary part of the Green function. The major features of the results are 61' 62): 
(a) the non-metal bands were mostly of s-p character with little d-f character, 
(b) conversely, the metals bands were mostly of d-f character; 
(c) an f-resonance around the Fermi level was split into spin-up and spin-down reso- 

nances separated by about 1 eV in UTe. The self-consistent moment in UTe was 
m = 2.16 ~B for UTe. 

(d) The f-resonance produced a dip in the d-density of states at the Fermi level which 
led to a net d-spin anti-parallel to the f-spin. 

In the finite cluster molecular orbital calculations, local exchange potentials were 
used 44) and embedding techniques have also been developed to simulate the crystalline 
environment 45). Furthermore attempts have been made to take account of spin-orbit 
coupling effects upon the magnetism by "moment polarizing" rather than spin polarizing 
the calculations. This involves the splitting of Kramers doublets (or removing time- 
reversal symmetry in the Dirac solutions) rather than the pure spin-up and spin-down 
states. The thrust of these calculations has been the actinide (U-Am) monoxides and 
dioxidesa4, 45) where they are particularly useful for studying defect clusters. AnOz was 
represented by the complex UO~ 2- and AnO by UO 1°-. The dioxides were found to be 
not particularly ionic with ionicity from a Mulliken analysis, of about 1.3. Moment 
polarized calculations yielded a moment of 2.2 ~tB compared with an experimental value 
of 1.74 ~B. The valence bandwidth varied from 7-11 eV. Similar calculations for U-Pu 
carbides 44) produced a very broad valence band of up to 16 eV and a large number of 
cluster states near to El, indicating metallic or semi-metallic character. 

A thorough series of calculations utilizing the fully relativistic KKR method have 
thrown considerable light upon chemical bonding in the uranium chalcogenides and 
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pnictides, alloys and mixed crystals 57). The frozen core approximation for the inner cores 
was adopted. The earlier calculations used an X~-type of local density approximation but 
more recently the Hedin Lundqvist 2s) parametization of exchange was used for US: Spin- 
orbit splitting was found to be appreciable compared with the small bandwidths (f- and d- 
like) lying near the Fermi level. A proper treatment of spin-orbit coupling therefore 
seems to be essential, especially if magnetic properties are to be described correctly. 
Charge transfer between anion and cation was also found to be significant 63), an effect 
which tended to cast doubt upon earlier non-self-consistent calculations. The f-bands 
were found to be particularly sensitive to exchange and correlation approximation, as is 
typical for very narrow bands. 

The results of the LMTO and RLMTO calculations 58-6°) are very similar to those of 
the RKKR calculations just described. The principle difference appears to come from the 
different exchange approximations used to create the potentials, rather than the band 
calculations themselves. The recent calculations by Podloucky and Weinberger 64) for US 
were made with a similar exchange and correlation approximation to the LMTO and 
RLMTO calculations. In Fig. 9 a and b we show the FX bands of the actinide nitrides 
NpN-PuN from self-consistent LMTO and RLMTO calculations, which may be com- 
pared with the RKKR calculations of Podloucky and Weinberger 64~. The agreement 
between the two sets of relativistic bands is very good. 

III. Equation of State of Uranium Mononitride 

Self-consistent energy band calculations have now been made through the LMTO 
method for all of the NaCl-type actinide pnictides and chalcogenides 58-6°). The equation 
of state is derived quite naturally from these calculations through the pressure formula 34) 
extended to the case of compounds 6°). The theoretical lattice parameter is then given by 
the condition of zero pressure. 

Before trying to understand the trends in the lattice parameter across a series of 
compounds, we will study one compound, UN, in order to illustrate the method. We 
begin by studying the unhybridized band structure, especially the f, p, and d bands. We 
further replace the unhybridized densities of states by rectangular densities of states of 
the same area. In KKR or LMTO theory the structure constants contain all the structural 
information or equivalently, the shapes of the energy bands. These bands are then scaled 
and distorted by parameters depending solely upon the potential. The width of an unhy- 
bridized band for an atom of type t and angular momentum character 1 is given; approxi- 
mately, by the simple expression 

Wa = (12 N~lMtt]) 1/2 Atl (27) 

where Nt! = (21 + 1)N t and Nt is the number of type t atoms in the unit cell. Mt~ is just the 
second moment of the structure constants. We have computed this, and other averages 
over the structure constants required in this section, and tabulated them (Table 2). These 
quantities are independent of the scale of the lattice, valid for any NaC1 compound, and 
the same p-d, d-d moments have already been used 69) for the 3 d-oxides. The quantity At1 
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Table 2. NaC1 canonical moments and averages over the densities 
of states in section 2: M = second moments; L = fourth moments 

Mn = 542 M~ = 270 Lpf= 106 
Mdd = 229 Mpf = 1209 Lpd = 5 x 105 
Mpp= 87 Mpa = 770 

M. S. S. Brooks 

is the width parameter  of the unhybridized tl band, depends upon the potential, and must 
be computed in a self-consistent band calculation for the compound under study. The 
width parameters of the uranium d and f, and anion p-states (in mRyds) are tabulated for 
all of the NaC1 pnictides and chalcogenides in Table 3. The unhybridized bandwidths in 
UN are then trivially calculated from the tables and: 

Wt = 70 mRyd; Wd = 680 mRyd; Wp = 370 mRyd. 

The centres, Ca, or the positions of the two bands are also potential dependent and 
must be computed. They are also given in Table 3. Figure 6 shows the rectangular f, p, 
and d bands and is drawn to scale so that the rectangles appear in approximately the 
correct places. Thus, we have a model unhybridized band structure (omitting, for the 
moment, s and p states) of a filled nitrogen 2 p valence band, an f-band containing about 
two electrons, and an almost empty d band starting around the Fermi level. 

The expression for the repulsion between two bands, in the weak hybridization limit, 
is given in 65). The shift in the position of the tl band, due to hybridization with the t T  
band, is 

6ti = N~lMttlr AtlAtT (Ctl-  Ct,l,) -l (28) 

Charge is also transferred by hybridization. The number of electrons with t T  character to 
be found in what was originally a filled tl band is 

N[!v = 2 6tiNtl(Ctl - Ct,l,) (29) 

Table 3. Potential and parameters for the uranium chalcogenides and pnictides. A is the band width 
parameters and C the band centre (in mRyd.) 

Af Ad Ap Cf Cp Cd 
mRyd. 

UN 2.2 29.1 20.0 48 - 270 403 
UP 1.1 18.2 30.7 56 - 79 347 
UAs 0.7 13.7 24.4 15 - 89 363 
USb 0.4 9.2 26.4 31 - 179 376 

US 1.1 17.7 21.1 49 - 387 355 
USe 0.8 14.4 23.1 40 -259 311 
UTe 0.4 9.4 21.9 42 - 320 359 
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Figure 10 is now replaced by Fig. 10. The valence band is predominantly of anion-p 
character but part of the charge density is to be found near the uranium atom with local d 
and f character. From (28), (29) and Tables 2 and 3 we estimate 

NF = 0.97 ; N~d = 1.99 ; fN~ = 0.14;  fN~ = 0.26. 

Here f is the fractional occupation of the unhybridized f band. At  the top of the 
valence band, tied to the Fermi level, is an f-band containing a small d and p admixture. 
The total number of f-electrons has changed from 2 to approximately 2.5 and the number 
of nitrogen p electrons in the valence band is reduced from 6 to about 3. 

The hybridization also broadens the bands to new widths W~I 

Wtrl  = W21 ± l t ' l '  ^ 2 A 2  T L,  tl LXtlZ.at' 1' ( C t l -  Ct ,1 , )  1/2 (30) 

where L~I l' is the fourth moment of the hybridization structure constants (Table 2). Most 
ineresting is the f-p interaction from which we find 

W~ = 180 mRyd ; Wp 400 m R y d .  

The f-bandwidth is increased by a factor of two by f-p hybridization, but it is changed 
little by the f-d interaction. Physically, itinerant f-electrons require the p-states on the 
anion to propagate throughout the crystal. The f-p contribution to bonding may also be 
estimated in this simple model. The change of total energy under compression - or 
electronic pressure - may be estimated from 32-34) 
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3 PV = ntl 2(Ctl- Exc)/mtl + (Etl-  Ca)(21 + 1), (31) 

where ntl is the number of electrons with angular momentum 1 on type t atoms, exc is the 
exchange and correlation potential at the WS sphere boundary (-600 mRyd) and mtl is 
the band mass. For UN mf ~ 9 and mp -~ 1.4. Equation (31) divides the pressure into a 
contribution from the change of band centre energy with Wigner-Seitz radius, St, and a 
contribution depending upon the difference between the centre of gravity of the occupied 
states, Etl, and the unhybridized band centre. The band contribution vanishes for empty 
and filled bands and is negative for a less than half filled band. Equation (31) is easily 
evaluated if Ep, Ef can be estimated. The p band is pushed downwards, 6p, by the f-band 
and has f(Np - Nf p) electrons in the anion spheres and N p electrons in the cation spheres. 
The f-band is pushed upwards by 6f and has f (Nf-  N~) electrons in cation spheres and fN~ 
electrons in the anion spheres. The centres of gravities of the p-projected bands are then 

N~ ( G  - c,) Ep bo~a = Cp + - ~ p  

and 

Wf 
Ep antibond = Cf -- (1 - f) 

2 

Hence, 

3PVp bond = 3 N p {(Cf -- Cp)-~-- ffWf ] (32) 

Similarly, the centres of gravity of the f-projected bonding and anti-bonding bands 
are 

Efbon d = Cp ; 

N I  f Wf 
gfantibond Cf ~ f f  ( C f -  Cp) - (1 - f) + 

2 

H e n c e  

3 PVfbond = - 7  {f  ~W@Nf + N~ (Cf-  Cp)} ( 1 -  f) • (33) 

The first term displays the usual parabolic behaviour with band filling. In UN it is 
about - 0.9 Ryd. The second part of (33) is the covalent f-contribution, is proportional to 
1 - f, and in UN is also about -0 .9  Ryd. 

The charge transfer to s and p conduction band states cannot be obtained with the 
same accuracy in first-order perturbation theory. From the band calculation we know 
that the number of cation projected p-electrons is about 0.56. The repulsive pressure 
from these electrons may be estimated 

3 PV = - n p  5 (Vp - Exc) - 2(Ep - Vp) . 
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Ep is -0.07 Ryd and the square well pseudopotential, Vp, for the p-electrons is 0.6 
Ryd, and Nc is 0.6 Ryd. Hence, 3PV = 2.8 Ryd. This is the largest single repulsive 
contribution to the equation of state and it balances most of the negative pressure coming 
from the d and f electrons. 

This simple modelling has its limitations but it at least allows the f-contributions to 
bonding to be estimated throughout the uranium pnictide and chalcogenide series, given 
the data in Tables 2 and 3. However, other factors involving strong hybridization are 
neglected and the densities of states are in reality not rectangular. In particular the 
valence p-band is actually pushed up by hybridization (an effect of the cation core) so 
that the anion p-electrons contribute, at the equilibrium lattice parameter, a net repulsive 
pressure. 

The band structure and electronic pressure for UN were computed in the lattice 
parameter range 4.75-4.90 ]~. The resulting decomposed equation of state is shown in 
Fig. 11. The sp-pressures are drawn as one group, as are the d pressures from the two 
atoms. The attractive contributions are from uranium d and f electrons and the Madelung 
contribution. The theoretical equilibrium lattice parameter is at 4.86 ]~ compared with 
an experimental value of 4.89 A. The accuracy of this result is probably fortuitous, as is 
seen by inspecting the trend of the lattice parameter across the uranium pnictide and 
chalcogenide series (Fig. 12). The trend in the lattice parameter is reproduced very well, 
but the theoretical lattice parameters fall progressively below experiment, the worst 
value being for USb which is 5.2% too small. The calculated bulk modulus for UN is 23% 
higher than the experimental value of 193 GPa and the high value may, at least in part, be 
due to our approximation of freezing the cores which include the nitrogen 2 s and 

Fig. 11. The equation of state of UN. 
The curve labelled 'total' is the equation 
of state. The uranium d and f contribu- 
tions are also shown. The curves labelled 
'spd' are the s and p contributions plus 
the contribution of d electrons on the 
anion. The Madelung contribution is 
shown separately 
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Fig. 12. The experimental (full black circles) and calculated lattice parameters of the uranium 
chalcogenides and pnictides 

uranium 6 p. These states would contribute small attractive pressures which increase in 
magnitude upon compression, thereby reducing the bulk modulus. 

The equations of state across the series are similar to Fig. 11, the principal change 
being that the f-contribution is progressively reduced. The f-pressure for USb is a little 
more than half the value for UN and the d-pressure is relatively more important. The sp 
repulsive pressure is similarly reduced as the anion size is increased. The bulk modulus 
also decreases approximately inversely proportional to the lattice parameter. 

Finally, we note that the lattice parameters appear to be computed relatively more 
accurately for the chalcogenides (ferromagnetic) than for the pnictides (antiferromag- 
net). This may well be related to the change of lattice parameter with magnetization 65). 
The increase is greater for antiferromagnets than for ferromagnets as has been shown 
convincingly in by Andersen et al. 65). 

Another way to approach the lattice parameter trend is to consider the actinide series 
of a given pnictide or chalcogenide. The f-p bond should then draw the minimum in 
lattice parameter towards the beginning of the series. A series of calculations 59' 6o) for the 
actinide nitrides has been made which illustrate this effect quite well. The results of these 
calculations made (a) with the Pauli equation, (b) with the Dirac equation and (c) with 
the Pauli equation spin polarized (for UN-AmN) are shown in Fig. 13. The calculated 
lattice parameter for ThN always lies about 2% above the experimental value - possibly 
due to the frozen core approximation (the core of Th is particularly large). The computed 
lattice parameter for PaN lies about 4% below the experimental value 66). The trend in 
Fig. 13 is then represented reasonably well by the theory until americium where the 
calculated lattice parameter is 4% too small. 

Figure 13 also shows the results from the Dirac equation. Here the trend is repro- 
duced very well as far as Pu with a minimum at UN. The reason that the theoretical 
lattice parameters have increased significantly for Pu and Am is that the fully relativistic 
f-bands consist of both j = 5/2 and j = 7/2 bands. Spin-orbit coupling is of the order of the 
band width and, with increasing atomic number, the j = 5/2 band fills preferentially. The 
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Fig. 13. Lattice parameters of the actinide nitrides from LMTO (labelled Pauli pramagnetic), 
RLMTO (labelled Dirac) and LMTO spin polarized (labelled Paull: spin polarized) calculations. 
The black filled circles are the experimental lattice parameters 

(negative) pressure from f-electrons is reduced when the j = 5/2 band is more than half- 
filled as occurs in PuN and AmN. However, a 2.5% difference between computed and 
experimental lattice parameters for AmN remains. 

The product INs(E 0 for the series is shown in Table 4. ThN and PaN should be non- 
magnetic and, as expected, self-consistent pure spin magnetic moments are obtained for 
UN-AmN. The effect of a moment upon the f band pressure is to change the first term in 
(33) to 65) 

-49  {f(1 - f) - m2/4} (30.5)Af 

where m is the fractional spin moment (= moment/n 0. Clearly a non-vanishing moment 
produces a repulsive term in the f-band pressure which then vanishes for complete 
polarization and a half-filled band. 

It becomes particularly, marked for AmN where the f-band is almost half-filled and 
polarizes completely. The result is that the lattice parameter of AmN from the spin 
polarized calculation is within 0.7% of the experimental value 5' 7) 

The trend in lattice parameter  across the actinide nitride series is reproduced by an 
energy band theory in which it is assumed that the f-electrons are itinerant. The results 
with and without spin polarization do not differ greatly until AmN is reached but in this 

Table 4. The product of the Stoner parameters and the density of states per spin at the Fermi level. 
INs(EF ) -> 1 for ferromagnetism. UN is antiferromagnetic 

ThN PaN UN NpN PuN AmN 

INs(EF) 0.09 0.18 1.8 3.6 1.9 3.8 
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case there is a sharp increase in lattice parameter due to the spin moment. This jump in 
lattice parameter  may be interpreted in two ways. In the first it arises simply from the 
magnetic moment of an itinerant electron system. In the second, one notes that the spin- 
up band is almost filled and the spin-down band almost empty since AmN has just over 
six electrons with f-character. Now the many electron ground state from a filled band is 
equivalent to a localized state, as was noted some time ago by Mott and Stevens 67). 
Therefore it is possible that the spin polarized calculation for a half or nearly half filled 
shell has produced the filled spin-up band required for a Mott-localized state. This is the 
same as the interpretation placed upon the sharp increase in lattice parameter for Am 
metal by Skriver et al. 5' 7), and, if this is correct, could also apply to AmN. High pressure 
studies of AmN would therefore be particularly interesting since a transition from the 
high volume low pressure phase to the low volume high pressure phase would be rela- 
tively easy to observe as no change in crystal structure is expected. 
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General Conclusions and Trends 
in Actinide Research 

It is worthwhile, as a conclusion to this book, to draw a balance of the to date under- 
standing of actinide solids, emphasizing the areas of cross fertilisation with the kindred 
lanthanide and transition metals fields, and pointing out the new trends and ideas. 

The actinide solid state properties are to a large extent based on the properties of the 
5 f wave-functions. Central to the actinide solid state research has been the co-existence 
of evidence and of concepts pointing clearly to the recognition of light actinides as being 
elements in which a metallic bond is enhanced by the overlapping of 5 f wave-functions. 
The narrow band, itinerant character of the 5 f's is similar to the one d-shells have: hencel 
the classification of these elements as 5 f-transition metals. 

However, much more than d-electrons in d-transition metals, in the actinides the 5 f- 
shells lose their metallic bonding character when the half filling is reached (after Pu in 
elemental metals). This is seen in all ground state properties (see, e.g., the atomic radii, 
Fig. 3 of Chap. A) and in magnetism: actinide metals' paramagnetic susceptibilities can 
be discussed in terms of atomic magnetic moments from Am on. The 5 f electron states 
become completely atomic (localized) states as for the 4 f's in lanthanides. This is seen 
also by photoemission, in a sort of photographic way (Naegele et al. 1), see Fig. 17 of 
Chap. E). 

The concept of a Mott transition in the 5 f shell arises almost naturally in the light of 
models first developed for d-transition metals (Stoner's and Mott-Hubbard's models, see 
Chap. A). This concept was first introduced by Johansson 2) and later even more clarified, 
through the refined and successful calculations of ground state properties (see Chaps. C 
and F) of actinide metals and compounds performed, within the frame of modern band 
theories, by many authors (e.g. Skfiver and Johansson 3), Brooks and G16tzel4)). The 
intraatomic energy gain leading to localization is attributed to spin-polarisation, i.e. to 
the same phenomenon which leads to the atomic Hund's rules and is at the basis of the 
Stoner's and Hubbard 's  models. Spin-polarisation energies, either calculated within the 
spin-pairing theory (JCrgensen 5)) or in an LSDA framework (Brooks and Johansson 6)) 
explain well the transition and give fairly good answers for most of the important ground 
state properties. 

Transitions from a localized to an itinerant state of an unfilled shell are not a special 
property of actinides: they can, for instance, be induced by pressure as they are in Ce and 
in other lanthanides or heavy actinides under pressure (see Chap. C). The uniqueness for 
the actinide metals series lies in the fact that the transition occurs "naturally" almost as a 
pure consequence of the increase of the magnetic moment due to unpaired spins, which is 
maximum at the half-filled shell. The concept has resulted in re-writing the Periodic 
Chart in such a way as to make the onset of an atomic magnetic moment the ordering rule 
(see Fig. 1 of Chap. E). Whether the spin-polarisation model is the only way to explain 
the transition remains an open question. In a very recent article by Harrison 7), an Ander- 
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son type "impurity" model of resonant states is used to explain the transition between Pu 
and Am. In this model, an energy U, separating localised from polar states, is invoked 
and is, in principle, not only the spin-polarisation energy, but may include other forms of 
atomic correlation effects. 

The great vivacity of the debate centered around the above ideas, has triggered a 
flourishing of experimental efforts in all fields, attracting on actinides the attention of 
non-actinide scientists. Uranium systems have been, of course, the most studied, since 
they do not present all the characteristics of hazards and the needs of special protections 
the other actinides do. Nevertheless, attention should be given and is given to Pu and 
Am, where the Mott-transition of the 5 f metallic bond occurs. 

A field in which the demand has constantly grown is the preparation of well character- 
ised samples, especially of large-sized single crystals. Also, to be emphasized is the fact 
that the growing interest in actinide solid state physics has pushed experimentalists to the 
use of very refined techniques, some of which have proved essential to the understand- 
ing: as examples, we cite the high pressure X-ray diffraction electrical conductivity, 
magnetisation and many refined neutron scattering experiments as well as photoelectron 
spectroscopy. 

It is in the metallic bond that the special character of the 5 f wave-functions, leading to 
an easy formation of 5 f bands, is better illustrated. However, since the early work of 
Friedel s), hybridisation of the 5f's with the 6d states already in metals was strongly 
emphasised. Practically because of this hybridisation light actinides do not present collec- 
tive band magnetism (as d-transition metals do) before Cm (the magnetism of which is 
due to the ordering of atomic magnetic moments): hybridisation broadens the 5 f band. 
The 5 f orbitals in compounds, however, hybridise also with nonactinide electron states: 
e.g. with p anion states in the metallic NaCl-structure compounds (see Brooks and 
G16tzel4)). 

In the much studied oxides, attempts have been made to modify the typical ionic 
models employed by assuming f-p covalent bonding 9~. Hints of f presence as predicted 
e.g. in results of molecular orbitals cluster calculations 1°) in the ligand valence band of the 
oxides are reported by authors studying electron spectroscopic properties of these solids. 
However, all evidence (magnetism and spectroscopy) points to a very localised non- 
bonding 5 f state (covalency is attributed by Brooks and Kelly 9~ to d-p mixing and not, or 
very little, to f-p mixing). The debate about covalency in oxides is not irrelevant: proper- 
ties related to "local" bonding and strongly affected by directional properties of the 
bonding charges such as shear properties 9' 21) or defect formation and clustering in non- 
stoichiometric oxides 12) (all of them of great practical importance) may find clarification 
in the light of an accurate description of the oxide bond. 

Future trends will be illustrated by two topics which are recent findings and that w6 
consider are able to produce new developments in the future. 

The two topics are quite different. The first is a purely theoretical result, which 
discovers a peculiar feature of actinides, and opens up new lines of research. The second 
is constituted by impressive experimental evidence, which is not yet fully understood by 
theory, and almost certainly will promote much theoretical effort. 

i) As it was discussed in the concluding remarks of Chap. D, the analysis performed 
by Brooks and Kelly 13) of the 5 f band magnetism of UN in the frame of local spin density 
approximation (LSDA), but adding a spin-orbit coupling term to the Hamiltonian matrix 
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of the band structure, reveals that in this solid a very large orbital moment exists, which is 
predominant over the spin moment. 

The values of spin and orbital moments at two different lattice parameters, bracketing 
(and very close to) the experimental (normal pressure) value of 4.89 ~,  are 

a (A) [lorbital (lilt) ~tspin (~B) ~ttotal (lilt) 

5.03 -1.83 1.1 -0.73 
4.78 -1.01 0.75 -0.26 

The Stoner product of UN (see Chaps. A and D) is greater than one, in agreement with 
the antiferromagnetic behaviour of this solid. The antiferromagnetism was attributed to 
itinerant band magnetism (as in some d-metals and compounds but unlike light actinide 
metals). In fact, cohesive properties of this solid have been well explained in a pure spin- 
polarised picture 3), and Fournier et al. 14) have shown that the magnetic uranium sublat- 
rice moment and the N6el temperature have a similar pressure dependence. Discrepan- 
cies existed, however, between calculations and experiments: 

- the calculated 13) spin only moment was about 30% greater than the experimental; 
- the calculated 13) form factor of the spin densities was very different from the measured; 
- the pressure dependence of the calculated reduced magnetic moment 13) was much 

smaller than the experimental one. 
The discrepancies are resolved when the spin-orbit coupling term is introduced in the 

band calculation and a large orbital moment is evaluated. Since the spin-orbit interaction 
is known to be particularly high in all actinides (see Chap. A), many actinide compounds 
may show the same large orbital moment as in UN even in a band model. A large orbital 
moment was usually considered as a sign of electron localisation. The results of the 
calculation of 13) is in disagreement with this conclusion at least for actinides, showing that 
an itinerant state, as described in LSDA, may be consistent with a large orbital moment. 

Furthermore, the orbital moment has a very marked directionality which is given by 
the angular properties of the wavefunctions. Its presence induces strong anisotropy in 
magnetic order and in the band structure of the magnetically ordered solid (in UN, the 
energy difference between the (110) and (111) ferromagnetic ground states is calculated 
to be 7 x 101° ergs/cm3!). 

Since the application of pressure may modify strongly the charge density distribution 
in a solid, and therefore affects the orbital more than the spin moment, magnetic form 
factors and magnetic anisotropy may become much more pressure-dependent than usu- 
ally assumed. 

All this opens a vast new field of research for actinide compounds. Besides encourag- 
ing high pressure experiments, a search may be foreseen of appropriate compounds of 
actinides with other elements for which the peculiar properties deriving from these huge 
actinide orbital moments, and, in particular, their magnetic anisotropy, may result to be 
enhanced. 

ii) Some actinide intermetallics show an unexpectedly high density of states, obviously 
of 5 f origin, at the Fermi level, as evidenced, e.g., by measurements of the electronic ~, 
(see Chap. A) in the low temperature specific heat. For one of them, UPt3, a y = 420 mg/ 
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mol K 2 is reported I5) (compare with the already high y's of elemental metals in Chap. A). 
"Heavy Fermions" is the name which is given to these conduction electrons of extremely 
high effective mass. 

In UPt3, a compound for which spin-fluctuations are known to exist, superconduction 
has recently been reported 16). There is an apparent contradiction with the classical Bar- 
deen-Cooper model for superconductivity, in which superconduction is hindered by the 
onset of ordered magnetic phenomena, and is usually not found in very narrow bands. 
UBe1317), which has a y of ~ 1000 mg/mol K 2, exhibits similar behaviour. 

This is an interesting ,,actinide" phenomenon which will call for more research, and 
which is already stimulating theoretical investigation for its understanding. 

We have tried, in this section, and in the whole book, to present the various and most 
stimulating aspects of actinide solid state physics. New lines and problems open up when 
old problems seem to be reasonably understood: this, which is valid for all scientific 
research, is certainly true for the field which we have been exploring in this book. 
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