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Abstract 

Optical spectroscopy is a powerful tool to study 
the electronic structure of an optically active transi- 
tion ion in the condensed phase media and conse- 
quently to study the interactions between the central 
ion and its environment. Up to now a great deal of 
effort has been made in interpreting the energy levels 
of the 3+ actinide (An) ions diluted in different single 
crystal matrices using the successful parametric 
approach developed for the 3+ lanthanides (Ln). The 
emphasis on An4+ . IS more recent and is partly due to 
the development of new host materials such as ThBr4, 
ThC4 and the already known ThSi04, that are 
characterized by a rather weak crystal-field strength 
which makes possible the use of the same theoretical 
approach as for Ln3+. Following this parametric 
model, the main interactions that are essential for an 
understanding of the energy level distribution of an 
f” ion in solids are briefly examined and the deduced 
free-ion and crystal-field parameters for Pa4+, U4+ and 

NP“+ are compared to those of the lanthanide ions 
with isoelectronic configuration. 

Finally, the actinide series offers an interesting 
situation since the 5f electrons in the metals are 
delocalized in the light actinides and localized in the 
heavy actinides, which could affect the nature of the 
chemical bonding in the two parts of the series. Is this 
trend reflected in the An4+ spectroscopic parameters? 

Introduction 

The most important feature that characterizes the 
lanthanide (Ln) and actinide (An) elements is the 
small spatial extension of the open f shell which is 
under completion and contains the optically active 
electrons. If these elements are engaged in com- 
pounds, the f electrons which belong to inner orbitals 
are well protected from the ligand interactions by the 
closed ns2np6 external orbitals (n = 5 for lanthanides 
(4f) and n = 6 for actinides (5f)). Accordingly, the f 
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electrons interact weakly with the electrons of 
neighbouring atoms and the electronic properties are 
only slightly affected by the environment. In particu- 
lar, the solid state spectra of the 4f and 5f ions retain 
more or less their atomic character, which is of great 
help in interpreting their level structure. In turn the 
small perturbation can be used to investigate the 
surrounding of the ion which then acts as a local 
probe. 

However, some differences exist between the two 
series. The 4f electrons are well localized and can be 
considered as core electrons with a small influence 
upon the binding, which explains the dominant 3t 
oxidation state in the lanthanide series. In contrast, 
in the early actinides: Pa, U, Np, Pu and Am, the 5f 
orbitals tend to have a greater extension and conse- 
quently the contribution of the delocalized Sf elec- 
trons to the bonding is increased. The delocalization 
gives rise to a large variety of oxidation states leading 
to a large number of possible lowest electronic con- 
figurations (Table I) which is a characteristic of the 
first half of the actinide series. As the atomic number 
Z increases, the nuclear attraction stabilizes the 5f 
orbitals and the 5f electrons become more and more 
localized with a reduction of their bonding ability. 
From this point of view, the 5f electrons can be con- 
sidered as an intermediate case between the 4f 
localized electrons and the 3d ‘extended’ electrons 
which are very sensitive to their ligand environment. 

A large fraction of our knowledge of the electronic 
states in solids has been obtained by optical spec- 
troscopy and many important developments come 
from studies of the rare earth ions Lr? embedded in 
crystalline hosts (LaXa, X = F, Cl, Br) [ 1,2]. In the 
crystal, the metallic ion gives up the field-free 
spherical symmetry and comes under the influence 
of the inhomogeneous electrostatic field generated by 
the electrical charge distribution of the ligands. The 
crystal-field interaction removes the degeneracy of 
the J states of the free-ion into a number of MJ 
crystal-field levels depending upon the symmetry of 
the environment which is the symmetry of the site 
occupied by the ion. 

Knowledge of the symmetry of the crystal field is 
very helpful in interpreting ion optical spectra. 
Through the group theory concepts based on sym- 
metry properties [3], the crystal-field levels are asso- 
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TABLE I. Lowest Electronic Configurations of Ano, An3+, An4’ and Ln3+ with LSJ Ground State 

Z Element Electronic configurations Element Z 

An0 An3+ An4+ Ln3+ 

90 Th 
91 Pa 

92 U 

93 NP 
94 PU 

95 Am 

96 Cm 
97 Bk 

98 Cf 

99 Es 

100 Fm 

101 Md 

102 No 

103 Lr 

6d2 Is2 

Sf2 6d Is2 

5f36d 7s2 

Sfl6d Is2 
5P 7s2 

5f7 Is2 

5f7 6d 7s’ 

5fa 6d 7s2 

5f’O 7sa 

5f” 7s2 

5f’Z Is2 

5f137s2 
5f’47s2 

5f146d 7s2 

5f’ (‘F5,2) 

5f2 (3H4) 

5f3 C419,2) 

5p (%) 
5fsVsHs,2) 

5f6 (‘Fe) 

5f7(*s7,2) 

5f8(7F,) 

5f!‘@H,s,2) 
5fr0&) 

5f” t4115,2) 

5f12 (3He) 

5f13 c2F7,2) 

5f’4(‘So) 

5f’ (2Fs,z) 
5f2 (3H4) 

5f3 t4r9,2j 

5@ P14) 

5f5 (6H,,z) 

5f6 (7Fo) 

5f7 t*s7,21 

5f8 (7Fe) 

5fg ?H 1~2) 

5fr0 &) 

5f” PIl5,2) 

Sf’2 (3H.5) 

5f’3 (‘F7,2) 

4f’ (‘F,,2) 

4f2 (3H4) 

4f3C419,2) 

4p (%) 
4f5 C6H5,2) 

4f6 (7Fo) 

4f’ C8S7,2) 

4f8 (7Fe,) 

4fg(6Hrs,2) 
4f” (‘La) 

4f” (4L 15/2) 

4f’2 (3H(j) 

4fr3 c2F7,2) 

4f’4 (‘So) 

Ce 58 

Pr 59 

Nd 60 

Pm 61 

Sm 62 

ELI 63 

Gd 64 

Tb 65 

DY 66 

Ho 67 

EI 68 

Tm 69 
Yb 70 
LU 71 

ciated with irreducible representations (r,) belonging 
to the symmetry group under consideration. In 
addition to the number and degeneracy of crystal- 
field levels coming from each J level of the free-ion, 
the group theory methods permit one to establish the 
selection rules which govern the transitions between 
these levels. With respect to the polarization proper- 
ties of the light and the crystal orientation, the 
optical spectra reveal the nature and the multipolarity 
of the transitions (the dipolar electric transitions are 
the most intense unless an inversion centre exists as a 
symmetry element of the group). 

For Ln3+, An3+ and An‘?+, the lowest electronic 
configurations due to the lone non-closed f-shell are 
respectively 4f” and SF (1 Sn < 14). Then, most of 
the observed transitions in the optical spectroscopy 
energy range occur between crystal-field levels within 
f” configurations. They are rather weak and sharp. 
This is a consequence of the Laporte selection rules 
stating that the electric dipole transitions between 
two states of the same parity are forbidden. There- 
fore the observed zero-phonon transitions in a non- 
centrosymmetric lattice site are forced electric dipole 
transitions (an inversion centre causes the matrix 
element (u]P]u’) to be zero). This means that the f 
wavefunctions are not pure and contain a contribu- 
tion from excited opposite parity configurations. 
However, this admixture, achieved through the odd 
terms of the Hamiltonian describing the crystal-field 
interaction, is small enough to preserve the f charac- 
ter of the levels. Because of the decrease in configura- 
tion spacings due to the greater extension of the Sf 
orbitals, the configuration interactions which mix 
wavefunctions with the same L and S is more pro- 
nounced in actinides than in lanthanides and the 
effect is expected to be more important for tri- 
positive than for tetrapositive actinide ions. 

A great deal of effort had been made in interpret- 
ing the spectra of the trivalent lanthanides [4-71 and 
the corresponding actinides [8-l l] in lanthanum 
halide crystals especially. But as the actinide series 
offers an interesting situation due to the various 
oxidation states of the ions, the extension of the 
previous work was of great interest to test the crystal- 
field model validity through the series for different 
ion charges and crystal-field strengths. 

To explore the systematic trends, one needs 
crystalline hosts which on the one hand are optically 
inactive in the investigated energy range, and on the 
other hand stabilize the selected oxidation state of 
the ion. Moreover, the radii of the mutually substi- 
tuted ions should be of the same size to avoid site 
distortions. In addition, the site symmetry should be 
high enough to facilitate the interpretation of the 
energy levels with the help of the selection rules. The 
development of new host materials offering these 
qualities, such as ThBr, and ThC14 [ 121, gave a new 
impulse to An4+ spectroscopy, unfortunately limited 
by the reducing properties of the melt during 
the crystal growth. ThSi04 seems more prom- 
ising. 

Optical spectra of the f ions in the solid state 
very often contain many more lines than expected 
from the splitting of the free ion J levels. Apart from 
the extra lines due to impurities and crystal lattice 
defects which change the site symmetry, some transi- 
tions called vibronics are generated by the coupling 
of electronic transitions with the vibration modes of 
the lattice. They are usually weaker and broader and 
they obey different selection rules according to the 
space group representation. Temperature experiments 
are helpful in revealing the vibronic nature of these 
transitions, especially for local symmetries showing 
an inversion centre. 
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TABLE II. Degeneracy off” Configurations 
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Configurations Terms zs + % Number of 
J levels 
2s + l& 

Maximum 
number of 
crystal-field 
levels 

f’ and f13 

f2 and f12 

f3 and f” 

P and f’O 

fs and P 

fi and f8 

f’ 

2F 

‘SDGI 

2PDFGHIKL 
2222 

‘SDFGHI KLN 

24 423 2 

2PDFGHI KLMNO 

457675532 

‘SPDFGHI KLMNQ 

4 64841342 2 

2SPDF G HIKLMNOQ 

257 1010997 54 2 

2 14 

jPFH 13 91 

4SDFGI 41 36412 

jPDFGH1 KLM %DFGI 107 1001 
3243422 

4SPDFGHI KLM 6PFH 193 200212 
2344332 

“PDFGHI KLMNO %PDFGHI KL ‘F 295 3003 

6 9796633 32322 

4SPDFGHI KLMN 6PDFGHI s+S 327 343212 
2 2657553 

For non-transparent compounds, neutron spec- 
troscopy, paramagnetic resonance, specific heat and 
magnetic susceptibility are useful methods to inves- 
tigate the splitting of the ground state multiplet, but 
they are very sensitive when a few crystal-field levels 
are involved. 

In the following section we shall stress the influ- 
ence of the crystal field which modifies the energy 
levels and wavefunctions of the free ion. However, as 
the free-ion levels are often unknown, the way of 
getting such information comes from theoretical 
considerations developed in the energy level calcula- 
tions. Comparison of the energy levels obtained from 
the optical spectra with those calculated is the usual 
procedure to test the validity of the model under con- 
sideration. 

Energy Level Calculations 

The energy level structure within the f” configura- 
tion in condensed media may be understood in terms 
of the free-ion levels with an additional interaction 
due to the crystal field. Then the centres of gravity 
of all crystal-field level sets may be related to the 
free-ion degenerate J levels, which are in turn related 
to the degenerate levels of the gaseous ion. 

Free Ions 
As a starting point, in the central-field approxima- 

tion, each electron is assumed to move independently 
in an undefined spherically symmetric potential 
which originates from the nucleus and other electron 
electrical charges. To overcome the difficulty arising 
from the unknown potential in the energy level 

calculation, one can use the parametric approach 
[13] based on the separation of the variables which 
characterize the acting potential. Following this 
procedure, the angular part of the interaction is 
totally evaluated from geometrical considerations, 
while the radial integrals depending on the unknown 
potential are treated as parameters. 

When the electrostatic and magnetic interactions 
between electrons are introduced, the Hamiltonian 
which describes the different interactions and then 
determines the f electron energy levels may be 
written as: 

where the first term Ho represents the kinetic energy 
of the f electrons and their coulomb interaction with 
the nucleus through an effective nucleus charge Z* 

Ho=- 

As Ho contains only spin-independent spherically 
symmetric terms, it does not remove any degeneracy 
within the f” configuration and therefore is not taken 
into consideration. 

For systems of two or more f electrons, the 
mutual electron-electron electrostatic repulsion, 
Hnn, splits the configuration into terms characterized 
by “+‘L according to the spin multiplicity and the 
total angular momentum I, (Table 11). The simplest 
form of this effective Hamiltonian into the frame- 
work of the parametric approach which considers the 
undefined radial part as a parameter, may be written 
as: 
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HER = F"% (with k = 0, 2,4,6 for f 
electrons; k < 21 and is even) 

where fk is the angular part of the interaction which 
can be evaluated from the symmetry of the system 
and Fk the Slater radial integral parameters deter- 
mined empirically via a fitting procedure of the 
experimental data. 

The spin-orbit interaction (between two magnetic 
dipoles), H,,, removes the degeneracy of the ““I, 
terms into J levels of the free-ion characterized by L, 
S, J quantum numbers (2s+1LJ). This Hamiltonian 
can be written: 

with for a hydrogen-like system: 

h2 1 &U(r) 
c(r) = - - - 

2m2c2 r Sr 

where U(r) is the undefined potential in which the 
electron moves. In the parametric approach the 
Hamiltonian describing the spin-orbit interaction 
may be expressed as: 

Hso = SrAso 

where As0 is the angular part of the spin-orbit 
interaction and cf the spin-orbit coupling constant 
adjusted to the experimental observed energies. 

The model developed above gives the right order 
of magnitude of the parameters but it is not able to 
reproduce accurately all the experimental data. Some 
discrepancies remain between calculated and observed 
values and therefore it is apparent that the Fk and 5 
associated purely with f” configuration, cannot 
absorb all the effects. A better fit requires the intro- 
duction of new terms in the effective Hamiltonian. 
They are regrouped in HCoRR which represents 
higher order correction terms. 

Rajnak and Wybourne [14] have shown that 
among the higher order electrostatically correlated 
perturbations, the dominant effects are the configura- 
tion interactions which occur between configurations 
of the same parity. It is a scalar two-body interaction 
which can be taken into account by additional two- 
electron operators through the following Hamilto- 
nian : 

HI = LYL(L + 1) + PG(G,) + yG(RT) 

where (Y, p and 7 are the parameters associated with 
the two-body interaction and G(G,), G(R,) are the 
Casimir operators for the groups G2 and R,. 

By extension a three-body interaction (for system 
with n > 3) was formulated by Judd [15] and 
Crosswhite et al. [ 161, via the Tk parameters asso- 
ciated with three-particle operators: 

H2 = c Tktk 
k 

(with k = 2,3,4,6,7,8) 

In addition to these coulomb interactions, Judd 
et al. [17] introduced higher-order magnetic effects 
due to configuration interactions and based on the 
fact that the admixture of an f’ state into a particular 
f state is spin dependent. The corresponding param- 
eters are included in the following Hamiltonian: 

H3=CP& 
k 

(with k = 2,4,6) 

Further corrections of relativistic origin are 
namely the spin-spin interaction and the interaction 
between the spin of one electron and the orbital 
motion of another, called the spin-other orbit inter- 
action. They are both represented by the Marvin 
integrals Mk 

H4 = xMkmk 
k 

(with k = 0,2,4) 

In the last three Hamiltonians, Hz, H3, H4, the 
lower-case letters account for the angular part of the 
interactions. 

Since the .5f electrons in the actinides are more 
engaged in relativistic effects than 4f electrons in 
lanthanides, those parameters are expected to be 
larger for Sf than 4f ions. 

Crystal-field Hamiltonian 
The crystal-field interaction removes to a certain 

degree the degeneracy of the free-ion levels. The 
magnitude of the splitting of a J multiplet has been 
first parametrized in the simplest way assuming a 
static electrostatic field generated by the ion sur- 
rounding. In the crude charge point model (CPM) 
the ligand charges are assumed to be concentrated at 
the crystallographic position of the ions. A more 
realistic approach considers the charge density p(R) 
of the environment to calculate the potential energy 
of an f electron: 

V(r) = -J E 

when R is the distance to a particular point of the 
environment and r is the distance of the electron. 

According to the parametric approach, it is con- 
venient to write the potential V(r) in terms of B,k 
parameters with the Wybourne [I 81 formalism. The 
sum over the i electrons may be written as: 

&F= 2 B,kCZ(ei, PJ 
k, 9. i 

where Bt are the crystal-field parameters (radial 
integrals) 
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support analyses in which all the listed parameters 
are varying freely, the higher order correction param- 
eters can be held fixed (for Mk, identical to those 
computed using HF methods for example) or some 
parameter values can be constrained by fixing ratios 
to be held constant. The parametrization scheme of 
the total Hamiltonian reported here is able to 
reproduce satisfactorily the energy level structure of 
Ln3+ ions [ 19,201, but interpretative problems remain 
for the Sf electron systems, especially for An4+ for 
which the standard deviations are appreciably larger. 
This acceptable agreement nevertheless says nothing 
about the validity of the model. As has been already 
pointed out, the different parameters absorb a variety 
of combined effects and the BE values, for instance, 
describe the crystal field interaction only in a global 
way. The leading contributions such as electrostatic, 
covalency and overlap effects are difficult to evaluate 
separately. A priori calculations of crystal-field 
parameters are often carried out now using the super- 
position model developed by Newman [21]. This 
model is based on the assumption that the total 
crystal-field potential is a sum of separate contribu- 
tions from each of the ionsin the crystal. Introduction 
of the overlap [22] between f and ligand orbitals as a 
consequence of the non-orthogonality of the free-ion 
wavefunctions and the covalency effect [22,24] due 
to charge transfer processes has provided a better 
basis for the ab initio calculations. In addition to 
these contact interactions, contributions from closed 
shells, referred to as shielding effects [25] and the 
ligand polarizability [26] are also considered, as well 
as the ligand-ligand electron exchange potential. 

The superposition model calculations including all 
of these contributions provide crystal-field parameter 
sets which can be used to test the consistency of the 
experimentally evaluated parameters. 

For further details about the theoretical considera- 
tions outlined in this section, one can refer to a 
number of books: Dieke [l], Ballhausen [27], 
Wybourne [ 181, Hiifner [28], Judd [29], Nielson and 
Koster [30] and Jorgensen [31]. 

Tetravalent Actinide Optical Spectroscopy 

Among the tetravalent actinide ions, U4+ is the 
most widely studied ion for several reasons. First, the 
low-level radioactivity of uranium natural isotopes 
makes the doped single crystals easy to handle 
without any special precautions which is absolutely 
not the case for all the other actinides except 
thorium. In addition to this there is no limitation on 
the sample size and no noticeable radiation effects. 
These factors, added to the fact that the U4+ oxida- 
tion state in compounds is stable or easy to stabilize 
in selected optically clear hosts, set U4+ ions well 
apart from the other actinide tetravalent ions. More- 

over, the fa configuration of U4+ provides experi- 
mental features in sufficient details to be suitable for 
theoretical analysis and to constitute a useful basis 
for extending the interpretation of spectra in con- 
densed media. Recent Uv gaseous free-ion analyses 
[32,33], rather sparse for An4+ ions, increase the 
knowledge of U4+ energy level structure and provide 
instructive correlations between free-ion and crystal 
spectra. 

The situation has so far been less successful for 
the other An4+ ions. This results in a lack of suitable 
matrices into which the 4+ oxidation state can be 
stabilized. The promising ThCl, and ThBr4 single- 
crystal hosts (which have to be compared to L&l3 
and LaBr, for Ln3’ studies) brought interesting 
results for Pa4+ (5f’) and U4+ (5f*) but have failed for 
Np4’ (5f3) where both 4t and 3+ oxidation states 
were present, compromising the reliability of the level 
assignment. ThSi04 and ZrSiO, hosts (with some 
restriction due to the smaller Zr4+ radius) seem more 
appropriate for an investigation of the whole series, 
but a limitation arises from the flux crystal-growing 
technique which requires appreciable quantities of 
radioactive and expensive isotopic materials. As for 
Cs2ThX6 (X = Cl, Br) matrices, the presence of an 
inversion centre in the octahedral lattice symmetry 
makes the analysis of the almost pure vibronic 
spectra difficult, without the usual aid of the polar- 
ization effect. The actinide borohydrides X(BH4)4 
and borodeuterides X(BD4)4 with X = Pa4+, U4+, 
Np4+ etc., diluted in Hf(BH4)4 have also been success- 
fully prepared but their optical spectra show rich 
vibronic structure which may mask pure electronic 
spectral features. An attempt has also been made with 
PbMo04 host doped with Np4+, but as Np4+ sub- 
stitutes into a Pb*+ site, charge compensation is 
required and site distortion may occur. For the pure 
coloured An4+ compounds, part of the difficulty lies 
in the strong absorption of the photons, which can 
be overcome by adjusting the thickness of the sample 
prepared for transmission spectroscopy. Organo- 
metallic compounds [(Et4N)4An(NCS)s, Cp,AnCl 
(Cp = CsH,) etc.] fall into this category. 

Most of the optical results presented herein were 
obtained in &ThBr,, &ThC14 and ThSi04 host lat- 
tices. At room temperature the three crystals have a 
Di’, tetragonal structure (14,/a&) isostructural with 
UC14. In this structure the Th4+ ion is at a site of 
DZd symmetry and according to the higher value of 
the Th4+ radius, the other An4+ ion can substitute 
into this site without any site distortion. A displacing 
phase transition was observed in /J-ThBr, and &ThC14 
respectively at 95 K and 70 K [34] by Raman spec- 
troscopy. Neutron diffraction experiments [35] 
revealed that the low temperature structure is incom- 
mensurate along the C4 axis with a modulation of the 
halide-ion distances in a plane perpendicular to this 
axis. The sinusoidal distortion reduces the actinide 
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ion site symmetry from DZd to D2 with a continuous 
distribution of the different classes of site between 
the two limiting symmetries [36]. Laser selective site 
excitation experiments were able to sort out the 
respective absorption bands in DZd and Dz sym- 
metries [37,38]. 

Protactinium Ion: Pa4+ (5f') 

Beyond these matrix considerations, it should be 
pointed out before going into further details that for 
An4+, just as in An’+, the crystal-field interaction 
cannot be considered as only a perturbation and 
therefore the total Hamiltonian must be diagonalized 
simultaneously. The J-mixing of the wavefunctions 
is then properly accounted for. Furthermore, owing 
to the strong spin-orbit coupling, wavefunctions are 
no longer pure Russel-Saunders wavefunctions but a 
linear combination of them. However we will keep 
the Russell-Saunders designation to give the largest 
contribution to the total wavefunction even if some- 
times the mixing is so strong that the label is mean- 
ingless. Though intensity analysis will not be con- 
sidered here, it is interesting to note that the absolute 
oscillator strengths of 5f transitions of U4+ in ThBr4 
and hydrobromic acid solution were found to be two 
orders of magnitude larger than those of 4f transitions 
and ten times larger than for U3’ [39]. The absorp- 
tion spectra of An’+ in solution (Fig. 1) were of great 
help in interpreting the spectra in condensed media, 
especially in the weak field cases. 

Only a few works have dealt with the optical 
spectroscopy of Pa4+, the radioactivity of which 
represents a severe constraint. Data concerning 
optical and magnetic properties of Pa4‘ doped into 
CssZrCle were first reported by Axe [40] in an 
octahedral crystal-field symmetry. In the protactin- 
ium compounds (Net)?PaBr6 and (Net)aPaC16, 
Edelstein et al. [41] have fitted optical data in a 
similar octahedral field and Amberger et al. 1421 have 
reported data for PaC14 in DZd symmetry. But all 
these works were based on an insufficient amount of 
experimental data and least-squares fitting can be 
justified only when the number of energy levels to 
be fitted exceeds the number of parameters; other- 
wise the parameters will be overdetermined. 

In the case of Pa4+$-ThBr4 and Pa4’$-ThC14 
[43,44], strong fluorescence was used to determine 
the energy of the low-lying Stark levels of the ground 
state 2F,,2. Consequently all the seven doubly 
degenerate Kramer crystal-field levels into which the 
5f’ configuration of Pa4+ splits under the influence 
of the spin-orbit and crystal-field interactions, were 
experimentally measured in the infrared region 
(Fig. 2). The assigned spectra characterized by two 
irreducible representations Fe and F, of double group 
associated with Dzd symmetry, were fit by a least- 
squares routine to the parameters of the following 
Hamiltonian: 

Fig. 1. Absorption spectra of tetravalent actinides in solution 

or solid state (from ref. 11 and refs. therein). 

+ B:(C: + C64) 

The best fit is reported in Table V. Table VI shows 
the six corresponding parameter values. 

In the visible and near UV region, the intense 
emission spectra of Pa4+$-ThBr4 and Pa4+:@-ThC14 
when irradiated with the 337.1 nm nitrogen laser line 
were assigned to 6d -+ 5f parity-allowed transitions in 

Pa4+:ThU4 Pa4+: Th Br, 

N 

A\ 
la. NJ 

671 ICln 

6286 

5590 
5330 

1260 

423 
0 

-’ 7 r7 

r7 

r6 

r7 

r6 

r6 

r7 

r6 

6458 cm-’ 

6021 

5517 

5 344 

322 
0 

Fig. 2. Energy level diagram for Pa4+:ThBr4 and Pa4+:ThC14. 
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TABLE V. List of Experimental and Calculated Energies for 

Pa* in ThC4 and ThBr 4 

L-S Pa4+:ThC1 4 Pa4+:ThBr 4 Irreducible 

state 
Obs. Calc. Obs. Calc. 

representation 

(cm-‘) (cm-‘) (cm-‘) (cm-‘) 

2F s/2 0 21.8 0 19.9 Pe 

423 408.8 322 313.9 r7 

1260 1252.7 954 940.5 Fe 

2F7,2 5338 5312.4 5344 5324.3 L.6 

5590 5605.8 55 17 5522.6 I’7 

6286 6291.3 6021 6026.0 Ps 

6711 6715.1 6458 6464.8 r7 

TABLE VI. Spectroscopic Parameters of Pa”+ in ThC4 and 

ThBr4 in D2d Symmetry 

Spectroscopic 

parameter+ b 

Pa4+:ThC4 [44] 

(cm-‘) 

s 1524.2 (5) 

B: - 1404.8 (50) 

B;: 1749.4 (94) 

B:: -2440.3 (98) 

BE ~ 2404.2 (607) 

BZ - 194.5 (267) 

Pa4+:ThBr4 [44] 

(cm-‘) 

1532.8 (5) 

- 1046.5 (52) 

1366.3 (138) 

-1990.1 (102) 

- 1162.0 (541) 

623.1 (174) 

aRoot mean squared = 23.6 cm-r for Pa4+:ThC14 and 19.4 

cm-r for Pa4+:ThBr4. bThese sets of parameters are ob- 

tained for F” = 3658 cm-l for Pa4+:ThC4 and F" = 3516 

cm-r for Pa4+:ThBr 4. 

Pa* [45]. A tentative energy level scheme (Fig. 3) 
was derived from the spectra but the entire energy 
spread of the 6d band appears to narrow and a 
missing level in the higher UV range should be found. 

The radioluminescence (due to (Y and y activities) 
which occurs in these crystals resembles in its inten- 
sity distribution among its spectral lines that observed 
in UV excitation, suggesting that the primary excita- 
tion in radioluminescence takes place in the lattice. 

Uranium Ion: U4+ (Sf 2, 
New interest in the study of U4+ in the solid state 

started with the successful parametric analysis of U4+ 
in /I-ThBr4 [46] dealing with D2d symmetry. On this 
basis, the new interpretation of the energy level struc- 
ture of U4+ at a site of DZd symmetry in the iso- 
morphic ThSi04, /I-ThC14 and UC14 has led to con- 
sistent sets of parameters when earlier published fits 
[47-571 were all quite tentative without any sys- 
tematic trends. 

Among the operations of the D2d group of sym- 
metry, there is no inversion centre and then zero- 
phonon transitions are expected. The a(ELC4 and 

cm-’ 

33300 - _.I 

5635 

425 

6d 

aD 312 

Fluorescence tronsitlons in Pa4+: ThBr4 

Fig. 3. f-d transitions in Pa4+:ThBr4. 

5f 

a@, HLC4) spectra were checked to be the same, 
which according to the transformation properties of 
the electric-dipole operator, requires the use of elec- 
tric-dipole selection rules. In all the investigated com- 
pounds with a D2d site, a I’4 ground state for U4+ was 
assigned, which is consistent with the selection rules 
and MCD experiments which proved the ground state 
to be a nondegenerate level [58]. r4 -+ I’, transitions 
are then observed on a n spectra (&C4) and r4 + rs 
transitions on u spectra (EIC4). 

Among the four systems, the U4+:ThSi04 spectra 
[59] are the simplest with narrow lines and few 
vibronic components. The spectra get more complex 
with U4+:ThBr4 [46], U4+:ThC14 [60] and UC14 
[61]. In j3-ThBr4 and /%ThC14 the presence of an 
infinity of very close environments for the U4+ ions 
due to their incommensurate structures at low temper- 
ature, induces a broadening of the spectroscopic lines 
which can reach an appreciable width (up to 100 
cm-r for some r4 -+ I’S transitions). In UC4, the 
broadening comes from the interactions between 
uranium ions and a marked vibronic structure. 
Despite the above mentioned differences the simi- 
larity of these spectra is a striking feature (Figs. 4,5). 
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ThSiOa-lJ*+ 

” 

Fig. 4. Polarized spectra of U*+:ThCb and U4+:ThSi04 in 
the visible region. 

I I 
300 6375 5850 5325 

B 
48OC 

Fig. 5. Absorption spectra of U4+:ThC4 and UC4 in the 
visible region. 

The experimental levels were fitted by simulta- 
neous diagonalization of the free-ion and crystal-field 
Hamiltonians characterized by the parameters of: 
interelectronic repulsion: Fk (k = 2,4,6); spin-orbit 
coupling: 5; configuration interactions: q /I, y; elec- 
trostatically correlated spin-orbit interactions: Pk 
(k = 2,4,6); spin-spin and spin-other orbit inter- 
actions: Mk (k = 0,2,4); crystal-field interactions: 
B$,Bi,Bi,Bf, andB$. 

The better fit led to the parameters listed in 
Table VII. It should be noted that the energy levels 
are not very sensitive to the value of the B$ 
parameter and it appears always poorly determined. 

TABLE VII. Spectroscopic Parameters of U4+ in ThSi04, ThC4 and ThBr4 in D,, Symmetry 

Spectroscopic 
parametersa 

F2 

F4 

F6 

F4/F2 

F6/F2 

t 

(Y 

P 

-Y 

BE 

BZ 

B”4 

B60 

BG 

Nv(4r)-1’2 c 

Qd 

fld 

ThSi04:U4+ 

[591 

43110 (245) 

40929 (199) 

23834 (639) 

0.95 

0.55 

1840 (2) 

32.3 (0.4) 

-663 (144) 

(1200) 

- 1003 (127) 

1147 (281) 

-2698 (251) 

-2889 (557) 

-208 (333) 

1342 

25 

71 

ThC14:U4+ b 

16’31 

42752 (162) 

39925 (502) 

245 19 (479) 

0.93 

0.57 

1808 (8) 

30.4 (2) 

-492 (84) 

(1200) 

-1054(117) 

1146 (200) 

-2767 (147) 

-2315 (404) 

-312 (227) 

1256 

25 

46 

UC4 b 
I611 

42561 (235) 

39440 (634) 

24174 (185) 

0.93 

0.57 

1805 (8) 

30.9 (1) 

-576 (168) 

(1200) 

-903 (151) 

766 (220) 

-3091 (185) 

-1619 (482) 

- 308 (280) 

1224 

26 

60 

ThBr4:U4+ b 

[461 

42253 (127) 

40458 (489) 

25881 (383) 

0.96 

0.61 

1783 (7) 

31(l) 

-644 (75) 

(1200) 

- 1096 (80) 

1316 (146) 

- 2230 (85) 

-3170 (379) 

686 (246) 

1340 

26 

36 

aAlI parameters except y vary. bMo = 0.99;M2 = 0.55 ;M4 = 0.38;P2 = P* = P6 = 500. 
dr.m.s. D = (I$= oaf/n - VI)“~ 

cNv(47r)-1’2 = (Z&k + 1)(B;)2)“2. 

where Ai is the difference between the calculated and observed energy level, n is the number of 
observed levels and m the number of varying parameters. 
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TABLE VIII. Spectroscopic Parameters of Uv free-ion and U 4+ in ThBr4 and ThC4 in DM and D2 Symmetriesa 

Spectroscopic 

parameters 

UV 1331 
free-ion 

D2d symmetry 

ThBr4:U4+ 

I461 
ThC14:U4+ 

1601 

D2 symmetry 

ThBr4:U4+ 

1461 

ThC14:U4+ 

1601 

F2 51938 (39) 42253 (127) 

F4 42708 (100) 40458 (489) 

F6 27748 (68) 25891 (383) 

5 1968 (2) 1783 (7) 

Q 33.5 (0.4) 31(l) 

P -644 (25) -644 (75) 

r 744 (26) [1200] 

MO [0.99] 

M2 (0.551 

M4 [0.38] 

P2 573 (66) [5001 
P6 524 (144) [5001 

P4 1173 (321) [5001 
B; - 1096 (80) 

&I 1316 (146) 

B44 -2230 (85) 

BX -3170 (379) 

B: 686 (246) 

& 

B; 

B; 

BE 

n 13 26 

0 10 36 

aAll parameters in square brackets are held constant. 

42752 (162) 42264 (84) 42736 (175) 

39925 (502) 41159 (407) 39821(589) 

24519 (479) 26018 (237) 24438 (470) 

1808 (8) 1774 (5) 1805 (9) 

30.4 (2) [311 31.6 (2.2) 

-492 (84) i6441 I-4921 

[1200] [ 12001 [ 12001 

[ 0.991 [0.99] [0.99] 

[0.55] [0.55] [0.55] 

IO.381 [0.38] (0.381 

I5001 (5001 15001 

15001 I5001 I5001 

I5001 15001 15001 
-1054(117) - 1108 (65) - 1037 (137) 

1146 (200) 1358 (137) 1121(303) 

- 2767 (147) -2219 (76) - 2948 (169) 

-2135 (404) -3458 (267) -2120 (419) 

-312 (227) 694 (195) -315 (356) 

-78 (30) - 77 (48) 

318 (122) 356 (167) 

136 (101) 158 (171) 

123 (125) 424 (220) 

25 38 34 

46 39 56 

In D2 symmetry, which is encountered also in 
U4+:ThX4 (X = Br, Cl) at low temperature, supple- 
mentary crystal-field parameters have to be added to 
account for the symmetry lowering: Bz, B’: and Bz. 
The obtained parameter values are reported in 
Table VIII. 

It should be emphasized that ThX4 (X = Cl, Br) 
is one of the few matrices along with ThSi04 where 
U4+ is known to fluoresce in the solid state. 

Special interest was shown in UC14 which has been 
studied in more detail [_52,53,60]. In particular the 
‘H4 ground manifold splitting was investigated by 
different methods (magnetic susceptibility [62] and 
neutron inelastic scattering [63,64]) in order to 
establish the energy of the low-lying crystal-field 
levels. A priori calculations of the crystal-field param- 
eters performed according to the superposition model 
have shown the importance of nonorthogonality and 
covalency effects [65]. The difference between the 
experimental and calculated value of the Bi param- 
eter suggested that the electrostatic polarization of 
the whole crystal-lattice cannot be ignored. 

One has to mention the recent work on a-ThBr, 
host (space group 14i/u) in which U4+ ions in S4 
local symmetry fluoresce strongly [66]. 

More extensive analysis of the spectra of U4+ have 
been published in higher symmetries, Td and Oh, 
respectively in U(BD4)4/Hf(BD4)4 [67] and crystals 
containing UXZ- (X = Cl, Br) complexes such as 
Cs2UCl, [68]. The largest crystal-field splitting and 
the consecutive higher B,” parameter values 
(Table IX) found for these two symmetries stand in 
contrast with the parameter values determined for 
U4+ in the Dzd y s mmetry of ThBr4, ThC14, ThSi04 
and UC14, which are characterized by a rather weak 
field interaction (Fig. 6). 

To compare the magnitude of the different crystal- 
field strengths, it is convenient to use a scalar crystal- 
field parameter introduced by Auzel and Malta [69] 
and expressed as: 

I 
l/2 

NJ(47r)‘n = 2 (B$‘/2k + 1 
k, q 
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TABLE IX. Spectroscopic Parameters of U4+ in Oh and Td 

Symmetriesa 

Spectroscopic U(BD&/Hf(BD.& UC&- 

parameters Td site symmetry Oh site symmetry 

1671 [681 

FZ 

F4 

F6 

5 
01 

P 

llro 

M2 

M4 

P2 

P4 

P6 

B40 

B60 
No. of levels 

LJ 

Nvt4n 

41280 (175) 

40013 (826) 

22554 (625) 

1782 (12) 

38 (2) 

I6481 

[ 12001 

19.991 

(0.55] 

[0.38] 

[5001 

I5001 
l5OOl 

-2445 (124) 

-5371(81) 

19 
52 

4346 

41175 42266 (760) 

40838 39604 (3331) 

28858 26360 (2017) 

1792 1760 (28) 

1311 

16441 
[1200] 

[0.99] 
[0.55] 

[ 0.381 

15001 
15001 
15001 

7656 7797 (394) 
1472 1344 (230) 

23 23 
> 150 189 

3562 

*All parameters in square brackets held constant. For Td or 

Oh symmetry, Ba = (5/4)1’213$, B$ = -(7/2)1’2B$. 
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Fk. 6. Energy levels diagram for U4+:ThBr4 (from ref. 98). 
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NV is a number which characterizes the crystal-field 
strength in any kind of site symmetry and then 
permits cross-comparison between different crystals. 

In an octahedral crystalline field, since the dipolar 
electronic transitions are forbidden because of an 
inversion centre, the U4+ absorption spectra are 
essentially vibronic with several weak magnetic dipole 
transitions. As actinides couple much more than 
lanthanides with the lattice, actinides generally 
display rich vlbronic spectra. The observed pure 
electric transitions are associated to a local distortion 
caused by lattice imperfections. The parametric 
analysis results in a r.m.s. deviation greater than 100 
cm-’ (one order higher than those obtained in 
lanthanides). The parameters obtained by Satten ef 
al. [68] for the hexachloro complex are listed in 
Table IX. 

Uranium organometallic compounds have, up to 
now, never been really successfully assigned [70- 
72]. The general disagreement could be attributed 
to a lack of oriented crystals or to a use of approxi- 
mate symmetries to characterize unequivalent sites 
which arise in salts containing large cation com- 
plexes . 

Neptunium Ion: Np& (Sf’) 
Formally, the Np4+ crystal energy level structure 

is equivalent to its lanthanide analogue Nd3+ (4f3) 
but the interpretation of optical data has led to the 
conclusion that the comparison is not so straight- 
forward. The larger spin-orbit coupling combined 
to larger crystal-field interactions on one hand mix 
strongly the SU character of the levels and, on the 
other hand, induce important overlappings of the 
excited crystal-field levels as the energy increases 
(Fig. 7). Because of this high density of states, only 
the Stark components of the four lowest manifolds, 
41 912 9 41i1,2 4Fs,2 and 4I13,2, which are well-isolated 
can be reasonably assigned and fitted for parametric 
analysis in condensed media. As the crystal-field 
splitting is smaller than the quadruplet separation, 
J can be considered as a good quantum number for 
these four manifolds. Fluorescence occurs generally 
from quadruplet 4111,2, therefore the ground state 
structure, which cannot be found through absorption, 
can be well determined as was shown for the Np4+: 
PbMo04 [73] and Np4+:ThSi04 [74] systems. 
Exceptionally, in the visible region, the relatively 
pure 4G,,2 manifold situated on one side of an energy 
gap can be accurately assigned, thus increasing the 
small amount of reliable experimental data to be 
fitted. 

In Np4+:ThSi04, the Did crystal-field symmetry 
splits the free-ion J levels into Kramer doublets 
designated by F6 and F, irreducible representations 
of the DZd group. They are associated respectively 
with the crystalline quantum numbers /J = l/2 and 
1_1= 3/2. The diagonalization of the full Hamiltonian 
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ref. 99). Fig. 7. Energy levels diagram for Np4+:ThSi04 (from 1 

including the three-body configuration interaction 
parameters Tk (k = 2,3,4,6,7,8) followed by the 
usual least-squares fitting procedure has provided the 
parameters listed in Table X. Twenty-nine levels were 
assigned with a r.m.s. of 46 cm-‘. The comparison 
with the crystal-field parameters obtained for U4+: 

J. C. Krupa 

ThSi04 shows some discrepancies, especially for Bg, 
but the positive sign accounts for the polarization of 
the 4Fa,2 manifold. 

In an earlier work, the energy level structure of 
Np4+ in PbMo04 [73] was investigated in an S4 local 
symmetry which is a subgroup of Dzd. The absorp- 
tion and emission regions are quite similar in both 
crystals but ThSiO,, provided more detailed spectra. 
Calculations involving only the five lowest multiplets 
were based on a first-order crystal-field model with 
initial free-ion parameter values proposed by 
Conway [75] (interpreting Np4+ spectra in solution 
[76]) and without including J mixing. However, this 
attempt represents the first important contribution 
to Np4+ spectroscopy in the solid state. 

An Np4+:ZrSi04 study was also recently under- 
taken, in Dzd symmetry [77]. Though the main 
features are identical to those recorded on Np4+: 
ThSi04, the fitted parameters (Table X) are surpris- 
ingly different. The large discrepancies in the BE 
values reveal the difficulties encountered with Np4’ 
ion spectroscopy which will remain for a while, an 
open field for further investigation. 

An example of higher symmetry cases was pro- 
vided by the extensively studied Np(BD4)4/Zr(BD4)4 
system [78]. In the Td symmetry, the Np4+ ion levels 
are designated by Fe, r7 and rs irreducible represen- 
tations with respective degeneracies 2, 2 and 4. As 
has been already pointed out for U4+ ions doped in 
the same host, the large number of vibronic transi- 
tions give rise to many ambiguities in the identifica- 
tion of pure electronic transitions. Nevertheless, a 
very coherent determination of the parameter values 
was carried out by adopting comparative approaches. 
The first-order free-ion parameter ranges were deter- 
mined by assuming that the same differences exist 
between Us+ and Np ‘+ in L&l, on one side and U’+ 
and Np 4+ in U(BD4)4 and Np(BD,), on the other 
side. Constant differences were also assumed between 
the pseudo-relativistic Hartree-Fock calculated 
values and the parameter values determined from 
U(BD4)4 and NP(BD~)~. A total of 46 zero-phonon 
transitions were assigned and fitted with a r.m.s. of 
84 cm-‘. The obtained parameters are listed in 
Table X. 

In octahedral and cubic crystal fields, data have 
been published for CszNpCle [79], [(&H&N],- 
NpCl, ]SO] and ThO:! [81] where Np4’ ions occupy 
a site of inversion symmetry. The recent Np4+:Th02 
analysis [74] has shown the vibronic character of the 
spectra in contradiction with the previous work [81], 
where small distortions removing the inversion centre 
were supposed in order to allow weak forced electric 
dipole transitions. Only 16 accurate levels were con- 
sidered, which is not far enough, with regards to the 
parameter number, to describe fully the energy levels 
of Np4+. Thus, only a tentative fit which is certainly 
not unique, was proposed (Table X). 



Spectroscopy An(W) in Solids 

TABLE X. Spectroscopic Parameters of Np4’ in Different Matrices8 
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Spectroscopic Np4+:ThSi04 Np4+:ZrSi04 Np(BD&Zr(BD& Np4?Th02 
parameters Did Dzd Td Oh (cubic) 

I741 [771 I781 [741 

FZ 45 196 16) (7 46259 46689 (415) 49269 (968) 

F4 38032 (546) 44193 43239 (645) 37662 (1080) 

F6 28343 (791) 25463 26303 (722) 30937 (1434) 

5 2129 (7) 2076 2089 (10) 2175 (13) 

cx 15 (3) 40 (2) 18 (3) 
P [ -6001 [ -6001 [-6001 

7 [1200] [ 12001 (1200] 

BOZ 323 (185) -2104 

B40 1511(278) 4434 -2722 (182) - 854 (281) 

B:: -3559 (163) -5251 

88 - 1871 (372) -4879 - 5070 (69) -994 (142) 

BX -801 (197) -79 

No. of levels 29 37 46 16 

0 47 75 84 74 

% Td or Oh symmetry B: = (5/14)“‘8:, Bi = -(7/2)“‘B$. For all calculations, the values of the parametersM’ = 0.88,M2 = 
0.49, M4 = 0.34, P2 = P4 = P6 = 500, T2 = 278, T3 = 44, T4 = 64, T6 = -361, T’ = 434, and T8 = 353 cm-l were used. Values 
in square brackets were held constant. All parameters are in cm-’ 

Plutonium Ion Pu4+ (SF) and Heavier An4’ Ions 
While for tetravalent actinide, spectra of the aqua 

ions or in the solid state (usually XF4) have been 
obtained for many years up to CP’ (Fig. l), reliable 
parameter values for the heavier An4* ions are rather 
sparse, even for Pu&. 

Recently, Pu4+:ThSi04 and Am4+:ThSi04 crystals 
were grown with the flux technique and polarized 
absorption spectra were recorded for the Pu4+ ion 
(Fig. 8). Preliminary calculations, using parameters 
deduced from Np 4+:ThSi04, reproduce fairly well 
the main features as far as the absorption regions 
and the energy gaps. 

Furthermore, anhydrous solid americium tetra- 
fluoride, %lAmF4, has been prepa red [82] as well as 
CmF4 [83], BkF4 [84] and CfF4. Absorption spectra 
of these fluorides have been recorded and fluores- 
cence was recently observed for 249Bk4+ in CeF4 

PI. 
Attempts to interpret some of these spectra have 

been published [86,87] but the results should be 
considered preliminary and, certainly, many works 
remain unpublished because of a lack of valuable 
basis. For these reasons, the predictive model pro- 
posed by Crosswhite, Crosswhite and Carnal1 [ 11,13, 
88,891 is of great importance. 

The C. C. C. hedic tive Model 
The systematic interpretation of the trivalent 

lanthanide and actinide spectra has shown that the 

Th504 : Pu4+ 

42 K 

Fig. 8. Pu4+:ThSi04 polarized absorption spectra in the 
visible range - the absorption of Pu4+ in DC104 is reported 
in grey for comparison. 
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TABLE XI. Energy Level Parameters for Ar? Based on the Predictive Modela 

J. C. Krupa 

F’(HFR) b 

F’(FIT) c 

Difference 

F4(HFR) 

F4(FIT) 
Difference 

F6(HFR) 

F6(FIT) 

Difference 

r(HFR) 

sYFIT) 

Difference 

*From ref. 11. 

Us+ Np3+ PUS+ Am3+ Cm3+ Bk3+ cfs+ ESs+ 

71442 74944 18223 81346 84331 87192 89964 92657 

39715 44907 48670 51800 55109 57015 61014 62766 

31727 30037 29553 29546 29222 30177 28950 29891 

46370 48733 50942 53044 55049 56969 58826 60629 

33537 36918 39188 41440 43803 45698 44483 48003 

12833 11815 11754 11604 11246 11271 14343 12626 

33918 35684 37335 38905 40403 41826 43222 44567 

23670 25766 27493 30050 32610 33552 36168 35309 

10248 9918 9842 8855 7793 8274 7054 9258 

1898 2182 2479 2792 3119 3463 3824 4023 

1623 1938 2241 2580 2903 3216 3568 3962 

275 244 238 212 216 247 256 241 

bComputed using Hartree-Fock methods and including an approximate relativistic correction [6, 901. 
CComputed by fitting to experimental data. 

trend in the fitted values of Fk and { free-ion param- 
eter, as a function of the atomic number Z, follows 
roughly the variation of the corresponding calculated 
Hartree-Fock values [90]. The variations are not 
linear, but the difference between the two sets of 
values, versus Z, appears nearly constant over the 
whole series (Table XI). Thus, if the analysis of one 
element of the series has provided reliable parameters, 
the extrapolation procedure proposed by the model 
can predict the energy level structure of the other 
members. 

Fre&ion Energy Levels of the 4+ Actinides 
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This model was applied to calculate the An4+ ion 
energy level diagrams (Fig. 9) using the ThXJ:U4’ 
parameter values as a basis for the weak crystal-field 
case (Table XII). Concerning this point, one can 
notice that the U4+:ThBr4 absorption spectrum is 
well correlated with the observed spectrum for the 
U4+ aqua ion (Fig. 10). 
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This new approach is very useful to test the 
accuracy of experimentally determined parameter 
values or to provide first sets of parameters to initiate 
calculations. 
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Comparison Between Actinides and Lanthanides 
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When the parameters issued from the 5fn ion 
parametric analyses are compared to those obtained 
for the 4fn ions for configurations with the same 
number of f electrons (Table XIII), the striking 
features are: the reduction of the Fk Slater param- 
eters (Fig. 11); the large increase in the spin-orbit 
coupling constant (Fig. 12); the larger crystal-field 
parameters (Fig. 13). 

(1’) V’) V) (0 (19 
Fig. 9. An4+ energy level diagram based on the predictive 

model (from ref. 11). 

Because of the reduction in the electronic repul- 
sion, the energy ranges for 5f” configurations are 

reduced when the larger spin-orbit and crystal-field 
interactions shorten the energy gaps between J levels. 
Then, overlappings and density of levels increase 
considerably with excitation energy (Fig. 14) and 
consequently J level orderings for An4+ ions are dif- 
ferent from those for the corresponding In’+ ions. 
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Fig. 10. Energy levels diagram for Uv, U4+ aqua and U4+ in 
ThBr4 (from ref. 11). 

Furthermore, the larger { values mix the S,L 
character of the An4+ levels more. In addition, the 
admixing of J states due to larger Bz values becomes 
greater and reduces the selection rule effects. Simulta- 
neously, the odd crystal-field parameters induce 
comparatively larger admixing of opposite parity 
states into 5f” configuration, increasing the intensity 
of the forced electric dipole transitions. 

The dynamic crystal-field interactions and ion- 
phonon coupling will also be greater for the actinides, 
increasing the probability of vibronic transitions. 
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Comparison between the Hartree-Fock calculated 
values for Ln3+ and An* and those empirically deter- 
mined from optical spectra in the solid state shows 
also some more trends. The difference in F2 param- 
eter values (Fig. 10) is due essentially to the combina- 
tion of two effects: the configuration interaction and, 
to a less amount, the depression of high levels by the 
crystal environment [91]. But, as was already pointed 
out, the 5f orbitals are more extended than 4f ones 
and thus one can expect more configuration interac- 
tion and a greater sensitivity to the crystal field for 
An4+. These two factors explain the larger reduction 
of F2 for An4+ than for Ln3+, while F4 and F6 which 
are less affected by the configuration interaction are 
less reduced. The particular crystal-field effect under- 
lined above is expected to be magnified in the high 
symmetry cases, Oh and Td, where the crystal-field 
strengths are approximately twice as large as those 
found for the lower symmetry DZd. The Fk values 
determined for U4+ ions respectively in Cs2UX6 (X = 
Cl, Br), U(BD4)4 and ThX4 (X = Cl, Br) show this 
evolutive trend: the Fk values increase as the crystal- 
field strength decreases (Tables VII, IX). 

For the parameters Fk and {, the difference be- 
tween their values for the free-ion and the ion in the 
solid state is often referred to as the nephelauxetic 
effect [92]. The ratio /I = F2,.rystal/F2fr_ion can be 
used as a measure of the effect and provides an 
indication of the degree of covalency in the ion- 
bonding. Indeed, the nephelauxetic series, in terms 
of the magnitude of the effect for inorganic com- 
pounds, can be expressed as: 

Free-ion < F- < 02- < Cl- < Br- < I- N 

S2-<Se’-<Te2- 

which is equivalent to the ionicity or covalency 
ordering (F- being the least covalent ion). 

This order is well reproduced for the p ratio found 
in U4**ThSi0 U4+:ThC14 and U4+:ThBr4 which 
takes rkspecti:ely the values 0.83, 0.82 and 0.81 
(Table XIV). The F2 reduction makes the 5f elec- 
trons of U4+ act more like 3d than 4f electrons. But 
according to Newman [93], the nephelauxetic series 
cannot be determined by the degree of admixture 
between ligand and f open-shell wavefunctions and is 
related only to the ligand polarizability. His demon- 
stration is based upon the fact that the spectro- 
chemical series where the ligands are ordered by the 
magnitude of the crystal-field splitting, due essen- 
tially to overlap and covalent 

K7 
is opposite to the 

nephelauxetic ordering. The B, values obtained for 
Pa4+:ThC14 and Pa4+:ThBr4 [Table VI] follow fairly 
well the spectrochemical series which can be ex- 
pressed as: 

Free ion < I- < Br- < Cl- < S2- < F < 02- 
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TABLE XII. Energy Level Parameters for An 4+ Based on the Predictive Model* 

J. C. Krupa 

IJ4+ Np4+ pu4+ Am4+ Cm’+ Bk4+ cP+ Model 
value 

F2(HFR) b 76124 79892 
F2(Est) ’ 42918 46090 
Difference 33806 33802 

F4(HFR) 50199 52330 
F4(Est) 39873 42000 
Difference 10326 10330 

F6(HFR) 36860 38452 
F6(Est) 25588 27180 
Difference 11272 11272 

S(HFR) 2110 2391 
_t(Est) la10 2095 
Difference 300 302 

82908 85817 
49110 52020 
33798 33191 

54356 
44030 
10326 

39965 
28695 
11270 

2697 
2395 

302 

56307 
45980 
10327 

41423 
30150 
11273 

3014 3347 3691 
2715 3045 3395 

299 302 302 

88625 
54825 
33800 

58188 
47860 
10328 

42827 
31555 
11272 

91338 
57540 
33798 

60003 
49670 
10333 

44181 
32910 
11271 

93984 

60185 
33199 

61712 
51440 
10332 

45500 
34230 
11270 

4064 
3165 

299 

33800 

10330 

11270 

300 

aFrom ref. 11. In addition to the free-ion parameters shown, the following parameter values (in cm-*) were used in all calcula- 
tions: (Y = 30.12;p= -660;~ = 1200;Bg = -1129, B$= 1793,Bt= -2617,&= 3016,Bz= 342;p2= 500,~~ = 375,p”= 250. 
For 5f” where n > 3, threebody parameters were included and the values assigned were: T2 = 200, T3 = 50, T4 = 100, 7’s = 
-300, T7 = 400, T8 = 350. bComputed using Hartree-Fock methods and including an approximate relativistic correction [6, 
901. CParameter value used to compute the energy level structure. The set for U4+ was estimated for U4+:ThC4 [60]. 

TABLE XIII. Comparison Between the Pr 3+ (4f2) and U* (5f2) Spectroscopic Parameters in D2d Symmetry 

Spectroscopic 
parameters 

ThCl.+:Pr3+ [ 94 ] 

Set 1 Set 2 

ThBr4:Pr3+ LuP04:Pr3+ YP04:Pr3+ ThBr4: U“‘ ThC14:U4+ 

f951 I961 [961 [461 1601 

F2 67947 67866 68354 67688 67779 42253 42752 

F4 50576 50219 50310 48633 49603 40458 39925 

P 33468 33322 33799 32151 32413 25881 24519 

r 742 142 739 744 139 1783 1808 

(Y 21 19 21 21 21 31 30 

P/12 -39 -43 -67 -55 -55 -54 -41 

7 1343 1343 1343 1534 1534 1200 1200 

& 545 20 260 21 78 - 1096 - 1054 

B;: -657 292 -644 280 321 1316 1146 

Bd 876 -964 929 -808 -849 -2230 -2767 

B! 1398 - 1525 1089 - 1658 -1377 -3170 -2135 

Bt 508 52 241 291 35 686 -(312) 

Number of levels 52 52 42 18 35 26 25 

0 (cm-r) 34 66 61 27 15 36 46 

TABLE XIV. Comparison of the p Ratio for Different Environments 

Complex p = F2 (crystal)/F’ (free ion) B (crystaI)/B (free ion) References 

U(BD& in UF(BD4)4 
CssUXe (X = Br) 

(X = Cl) 
ThSi04:U4+ 
ThX4:U4+ (X = Br) 

(X = Cl) 

UC4 
LaCIs:Pr3+ (4f2) 
Cr3’(3d3) in KsNaCrFe 

0.79 
0.80 
0.81 
0.83 
0.81 
0.82 
0.82 
0.93 

0.83 

67 
54 
54 
59 
46 
60 
61 

6 
91 
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60 

40 

20 
12345678 9 IO 

Nb of f electrons 

Fig. 11. Variation of the experimental values of the F’, 
Slater parameter for Ln3+, A@ and An4+ vs. 2. 

m 
0 
x4 
; 
E ” 

3 

2 

I 

0 

S’+ PF Nd” Pm’*.%,‘* Eu’+ Gd” Tb” Dy’*Ho” 

i i I I : : : : i ! 
I 2 3 4 5 6 7 8 9 IO 

Nb of f electrons 

Fig. 12. Variation of the experimental spin-orbit constant 
values vs. Z, for the An4+ and Ln3+. The pseudo-relativistic 
Hartree-Fock calculated values for AnV are reported for 
comparison. 

Unfortunately, this is not the case for U4+ in 
ThBr4, ThC4 and ThEGO where no obvious trend 
appears. 

For these reasons, as well as for the relatively 
important standard deviation found in reproducing 
the An4+ optical data, there is some evidence that 
the crystal-field model is not able to account for 
all the effects and some more refinements are 
expected. Special attention has to be drawn to the 
fact that the standard deviation increases when the 
crystal-field strength becomes larger. 

0 
cs” P.8 3’ 4+ Pr rid= +_ Np’+ 

f’(‘F 1 S/2 f2C3H 4 1 f3t41,,*) 

Fig. 13. Comparison of the crystal-field splitting of the 
ground-state manifold of lanthanide and actinide ions with 
the same f” configuration. 

f3 

m 
0 
- 
x 

‘E 
u 

15 

IO 

5 

0 

Nd3+ : Y PO0 J ’ Np4+ : ThSlO 4 
’ Dzd ’ ‘0~’ 

Fig. 14. Comparison of the splitting of the two lowest terms 
for the f3 configuration of Nd3+ and Np4+ in DM symmetry. 
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