
Distribution Category:
Physics--Atomic and

Molecular (UC-34a)

ANL-84-90

ANL--84-90

DE8 5 018310

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue

Argonne, Illinois 60439

OPTICAL SPECTRA AND ELECTRONIC STRUCTURE OF
ACTINIDE IONS IN COMPOUNDS AND IN SOLUTION

by

W. T. Carnall and H. M. Crosswhite

Chemistry Division

August 1985

DISCLAIMER

Sreprt was prepared as an ac mount of work sponsored by an agency of tGovernment. Neither the United States Government nord an agencyther he United State
plyes, mckes any warranty, express or implied, or assumes any legal liability or responsi-biliy fr te auray, oupletene s, or usefulness of any information, apprts rdco

proems disclosed, or represents that its use would not infringe patonppratus, product, or
ene herein to any specific commercial ng privately owned rights. Refer-
manoufctrer, or ot ecic o product, proves, or service by trade name, trademark,mn fat urr, or te ws does not necessarily o mstitute or imply its end rs mnt re n-meadation, or favoring by the United States Government or anyagecyi theeof.Te viewsand ioeState a tor p ed herein do not necessarily state or reflect those oftheUntdSae oenet or any agency thereof.th CISTIBUIION OF TIlS DOCUMENT IS UkLIM41T(0



iii

TABLE OF CONTENTS

Page

1.0. Introduction.................................................... 1

2.0. The Relative Energies of Actinide Electronic Configurations..... 3
2.1. "Free-Ion" 5fN-States in Condensed Media........................ 6
2.2. Media Effects on the Free-Ion States in Excited

Configurations .................................................. 6

3.0. Interpretation of Observed Spectra of Trivalent Actinides....... 9
3 . 1. Free-Ion Model1s. . .. ... ... .. . ... .. .. .. .. .. . . .... .. ... . .. . . .. .. ... 9

3.2. A Predictive Model for Trivalent f-Element Spectra.............. 12
3.3. Effective Operators for the Free-Ion Interactions............... 14
3.4. The Crystal-Field Hamiltonian................................... 24
3.5.1. Luminescence Spectra............................................ 33

3.5.2. Actinide Lasers ................................................. 34

3.6. Intensity Calculations for Trivalent Actinide Spectra

in Solution ..................................................... 34

3.7. Fluorescence Lifetimes.......................................... 37

3.8. Interpretation of the Intensities of fN + fN-ld
Transitions in Trivalent Actinide Aquo Ion Spectra.............. 40

3.841. Comparison of the Energies of Low-lying Free-Ion States
of the fN 'd-Conf urations with those Deduced for
An3+(aquo) and Ln (aquo)....................................... 41

3.8.2. Theoretical Considerations in Computing the Structure of
INl'-Configurations ............................................. 48

3.8.3. Comparison of An3+(aquo) Spectra with Model Calculations

of the Structure in Low-Lying 5fN16d States.................... 48
4.0. Correlation of Energy-Level Structures in Free-Ion and

Condensed-Phase ................................................ 56
4.1. Uranium ......................................................... 65

4.2. Plutonium ....................................................... 68

4.3. Californium. .................................................... 68

4.4. Suggested Future Research ....................................... 70

5.0. Spectra and Electronic Structure Interpretation in the
Divalent and Quadrivalent Oxidation States of the Actinides..... 70

5.1. Divalent Actinide Ion Spectra.................................. 72
5.2. Quadrivalent Actinide Ion Spectra............................... 83
6.0. Spectra of Actinide Ions in the (V), (VI) and (VII)

Valence States .................................................. 100

6.1. Binary and Complex Halides of An(V)............................. 105
6.2. Compounds of An(VI) and An(VII)................................. 121
7.0 Concluding Remarks................................... ........ 129

8.0 Acknowledgements................................................ 129

References .............................................................. 131



iv

LIST OF FIGURES

No. Title Page

1. Three-electron Configurations Beyond the Radon Core. From

Brewer (1971a,b)...... ......................................... ... 5

2. Absorption Spectra of 3+ Actinide Ions in Dilute Acid Solutions... 7

3. Absorption Spectra of 3+ Actinide Ions in Dilute Acid Solutions... 8

4. Comparison of the Overlap of 4f 3 -5s,p Configurations for
Nd3+ and 5f 3-6s,p Configurations for U as a Function

of the Atomic Radius .............................................. 13

5. Variation of Hartree-Fock (FR) Computed Values of F2(nf,nf) with

Atomic Number.................................................... 19

6. Variation of Hartree-Fock (HFR) Computed Values of F(nf,nf) with
Atomic Number ..................................................... 20

7. Variation of Hartree-Fock (HFR) Computed Values of F6(nf,nf) with
Atomic Number ..................................................... 21

8. Variation of Hartree-Fock (HFR) Computed Vaiues of Zeta (5f) with

Atomic Number ..................................................... 22

9. Free-ion Energy Level Structure fr U3+:LaCl 3 Showing

Crystal-Field Components for the 19/2,11/2 States. The Laser

Transition is Indicated by L, Crosswhite et al. (1980)........... 26

10. Portion of the Absorption Spectrum of U3+:LaCl3 Recorded at 4K,

Crosswhite et al. (1980) .......................................... 27

11. Free-ion Energy Level Structures for An3+. Energy Level

Parameters and References Given in Table 5........................ 28

12. Energy Spanned by the Complete 4 fN- and 5fN -Configurations,
N - 2-7. Cross-hatched Areas Indicate a High Density of Levels... 29

13. Absorption Spectrum and Intensity Analysis for Cm3+(aquo),

Carnall and Rajnak (1975). See Section 3.6....................... 38

14. Energy Level Schemes with Selected Branching Ratios for

Radiative Relaxation of Cm3+(&quo) Through Es3+(aquo).
J-values for fN with N Odd Are Given in Decimal Form, thus,

J . 5.5 Means J . 11/2 ............................................ 39



V

LIST OF FIGURES

No. Title Page

15. Energies of Low-lying An IV and Ln IV Configurations Relative

to the Ground State of the fN-Configuration. Only the Energy

of the Lowest Energy State is Indicated in Each Case, Brewer

(1971b,1983) ...................................................... 42

16. Absorption Spectra of Tb3+, Bk3+, and Ce3+ Aquo Ions in the
0-52000 cm-1 Energy Range. Dashed Lines Indicate Computed Levels

Lying Outside the Rangeof Observation............................ 43

17. The Lower Energy Configurations of U I and U II. Only the Ground

State is Indicated for Each Configuration......................... 66

18. Absorption Spectra of the Divalent Lanthanides, Ln2+:CaF2 ,

Adapted from McClure and Kiss (1963).............................. 73

19. The Absorption Spectra of CfCl2 and EsCl2 Adapted from

Peterson et al. (1978) and Fellows et al. (1978).................. 74

20. Predicted Energy Level Structure for f+f Transitions in An2 +
and Predicted Energies of First Excited States in fNIs and
f N-d Excited Configurations...................................... 81

21. Energy Level Schemes for U(IV) Species............................ 90

22. Solution Absorption Spectra of Np4+(aquo) and U3+ aquo)........... 92

23. Solution Absorption Spectra of Pu4+(aquo) and Np3+(aquo).......... 93

23. Solputon Abrpt-ion SeraLvl ofr ~aqu4+........................ 93
4+

24. Computed Free-ion Energy Levels for An .............. 95

25. Absorption Spectra of the Quadrivalent Actinides: U4 +:1 M

DC104 , [Cohen and Carnall (1960)], Np4 +: 1 M DC104 ,

Waggener (1958), Pu4+: 1 M DCIO4 , Cohen (1961); ---LiCl-KC1
Eutectic at 4800, Swanson (1964); Am4:15 M NH4F, Asprey

and Penneman (1961); Cm4+:CmF4, Asprey and Keenan (1958);

15 M CsF, Keenan (1961), BkF4, Ensor et al. (1981)................ 96

26. Absorption Spectrum of NpF4 and of Np4+ in CsF-HF Solution........ 99

27. Energy Levels of f1-Configurations. Ce3 :Cs2NaCeC16,

Richardson et al. (1985), Pa4+:Cs2ZrC16 , Axe (1960);
U5+:LiUF 6, Hecht et al. (1985b), Np6+:NpF6 ,

Goodman and Fred (1959)......t..................................... 103



vi

LIST OF FIGURES

No. Title Page

28. Solution Absorption Spectra of Np(V) (aquo) and Pu(VI) (aquo).

Pu(VI): 1 M HC104 , Cohen (1961); Np(V): iM DClO4 ,

Waggener (1958) ................................................... 104

29. Absorption Spectrum of CsUF6...................................... 106

30. Absorption Spectra of RbUBr6 (Top), Eichberger and Lux (1980),

and UC15-A12C16 at 596 K, Gruen and McBeth (1969)................. 107

31. Absorption Spectra of a-UF5 and S-UF 5............................. 108

32. Absorption Spectra of a-UF 5 '***.*.**.**.............*.*........... 109

33. Absorption Spectra of LiUF6 , a-NaUF6 and CsUF6 at 4 K in

the 1700-2100 nm Range............................................ 115

34. Absorption Spectra of LiUF6 , a-NaUF6 and CsUF6 at 4 K in

the 1200-1500 nm Range........................................... 116

35. Absorption Spectra of LiUF6 , a-NaUF6 and CsUF6 at 4 K in

the 600-800 nm Range .............................................. 117

36. Computed Energy Level Schemes for CsUF6 , CsNpF6 and CsPuF6.

Experimental Results for CsUF6 from Table 33. The Level

Structure at > 13000 cm. for NpF6 and > 11000 cm~ for
PuF6 is Dense Within the Energy Range Indicated................... 124

37. Absorption Spectrum of PuF6(g) from Kugel et al. (1976).

Bottom: Spectrum from Steindler and Gunther (1964) with

Arrows Indicating Regions They Reported as Showing Vibra-

tional Structure. Bars 1-| Indicate Regions Examined by

Intercavity Laser Absorption; 1:455-470 nm; II: 550-574 nm,

III: 697-729 nm; IV: 786-845 nm; V: 918-974 nm.
Top: Densitometer Tracing of the High Resolution Absorption

Spectrum of PuF6(g) in the 781-830 nm region obtained

in Multipass Experiments.......................................... 127

38. Computed Energy Level Schemes for NpF6, PuF6, and AmF6. Energy

Level Parameters from Table 37.................................... 128

39. Absorption Spectrum of U0 2  in 1 M HC104, Cohen and Carnall
(1960) ............................................................ 130



vii

LIST OF TABLES

No. Title Page

1. HFR Slater Integrals F2(5f,5f).................................... 15

2. HFR Slater Integrals F4 (5f,5f)................................... 16

3. HFR Slater Integrals F6 (5f,5f)................................... 17

4. HFR Slater Integrals (spin-orbit)............................... 18

5. Energy Level Parameters for An3+:LCl3 '........................... 30

6. Comparison of Energy Level Parameters Computed Using Hartree-
Fock Methods and Those Evaluated from Fitting Experimental Data

3+
for An .......................................................... 32

7. Intensity Parameters for An3+(aquo)(in cm2 )....................... 36

8. Free-ion Energy Levels for Ln IV.................................. 45

9. Free-ion Parameters for fNd-Configurations........................ 49

10. Free-ion Energy Levels for U IV................................... 50

11. Computed Levels and Eigenvector Components for Np IV, Pu IV,
Am IV ............................................................. 52

12. Computed Levels and Eigenvector Components for Bk IV, Cf IV,

Es IV ............................................................. 54

13. Free-ion Energy Levels and Parameters for Pr IV................... 58

14. Comparison of Frei-ion Pr IV Energy Levels and Parameters
with those for Pr in LaF3 and LaCl3 Hosts (units of cm1)....... 59

15. Parameter Shifts for Pr3+ Ions in LaCl3 ........................... 62

16. Free-ion Energy Levels and Parameters for Pr III (4f3 )............ 64

17. Parameter Values and Shifts for Uranium Spectra................... 67

18. Parameter Values and Shifts for Plutonium and Californium

Spectra ........................................................... 69

19. Free-ion Energy Levels and Parameters for Ce III (4f2)............ 75



viii

LIST OF TABLES

No. Title Page

20. Values for Fk and C4f for Iso-f-Electronic Trivalent

Compared to Divalent Lanthanides.................................. 76

21. Energy Level Parameters (all in cm1) for An2+ Based on

a Consistent Predictive Model..................................... 78

22. Co uted Energy Level Structures for the f+f Transitions in

23. Free-ion Energy Levels and Parameters for U V (5f 2)............... 84

24. Observed and Calculated Energy Levels for U(IV) in Cs2UCl6
(Oh-site symmetry) (in c m ) .. .................................... 85

25. Observed and Calculated Levels for U4 :ThBr4

(D 2d) - site symmetry) (in cm ).................................. 86

-1 426. Summary of Energy Level parameters (in cm ) for Pa4+ and
U in Various Hosts .............................................. 87

27. Energy Level Parameters (all in cm~1 ) for An4+ Based on

a Consistent Predictive Model..................................... 94

28. Comparison of the Magnitudes of the Electrostatic and Spin-
Orbit Parameters for An4+, An3+, and An2+ (in cm~1)............... 97

29. Iso-f-Electronic Penta- and Higher-Valent Actinide Species........ 101

30. Observed and Calculated Energy Levels for a-UF5, S-UF5, and

RbUF6 (all values in cm 1) ........................................ 110

31. Crystal-Field and Spin-orbit Parameter Values for a-UF5, S-UF5, and

RbUF6 (in cm 1) ................................................... 111

32. Observed and Computed Energy Level Structure for CsUF6
(in cm~I)......................................................... 113

33. Energy Level Parameters for MUF6 in D3d-Symmetry

(in cm )......................................................... 118

34. Energy Level Structures and Parameters (in cm-1 ) for

U(V) Compounds .................................................... 119



ix

LIST OF TABLES

No. Title Page

35. Energy Level Parameters (in cm 1) for CsAnF 6 Based on a
Consistent Predictive Model (D2d)......... ........... ............. 122

36. Energy Levels of CsAnF6 (D3d-Symmetry).........,.................. 123

37. Energy Level Parameters (all in cm 1 ) for AnF 6 Based on

a Consistent Predictive Model.......... ........... ................ 125

38. Energy Levels of NpF6, PuF6 , and AmF6 (cm ).........,............ 126



1

OPTICAL SPECTRA AND ELECTRONIC STRUCTURE OF
ACTINIDE IONS IN COMPOUNDS AND IN SOLUTION

by

W. T. Carnall and H. M. Crosswhite

Abstract

This report provides a summary of theoretical and experi-

mental studies of actinide spectra in condensed phases. Much

of the work was accomplished at Argonne National Laboratory,

but references to related investigations by others are in-

cluded. Spectroscopic studies of the trivlent actinides are

emphasized, as is the use of energy level parameters, eval-

uated from experimental data, to investigate systematic trends

in electronic structure and other properties. Some reference

is made to correlations with atomic spectra, as well as with

spectra of the (II), (IV), and higher valence states.

1.0. Introduction

This report serves several purposes. It provides a summary of experi-

mental and theoretical analyses of trivalent actinide spectra in sufficient

detail to constitute a useful reference as well as an indication of where

additional work is needed. Frequent detailed comparisons with lanthanide

spectra are included to support the analysis. In addition, it shows how
well a model for extrapolating energy level parameters across a series

reproduces the actual analyses of individual trivalent actinide-ion

spectra. This model is also used to systematically predict energy level

parameters for divalent and tetravalent actinide ions in cases where the

experimental data are very limited. The predictions of energy level

structure should be useful in suggesting and in helping to interpret new

experiments. The basis is provided for extending the model to higher

valence states of the actinides in binary or complex halide compounds.

However, further analysis of experimental data is prerequisite to the

development of meaningful extrapol.ated parameters in this ran e. This

report does not address the analysis of actinyl-ion, i.e. AnO2 , An02

etc., spectra.

One of the features that sets actinide and lanthanide spectra apart
from those of other elements in the periodic table is that the f-orbitals

can be considered both as containing the optically active electrons and as

belonging to the core of filled shells. As a result of this dominant char-
acteristic, the spectra of these elements, particularly of the trivalent
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state, are moderately insensitive to changes in the ionic environment. This
relative insensitivity of core electrons to external circumstances also

means that for these elements there is a close connection between energy

levels in compounds ani those in gaseous free atoms and ions. Examples of

this connection are discussed both for actinide and lanthanide spectra.

For the actinide valence states of most interest to chemists, 1+

through 7+, very few gaseous free-ion spectra have been sufficiently

analyzed to provide a basis for guiding theoretical interpretation. With

the experimental techniques used, highly-excited states belonging to many

different overlapping configurations are produced simultaneously. This

makes interpretation difficult and results in fragmentary analyses. The

situation is further complicated by the fact that configuration interaction

is more important in the actinides than in the lanthanides. As a result,
most of our structural information for the fN states comes from observation

of forced-electric-dipole absorption and fluorescence transitions in

optically clear crystals, and the best characterized spectra are those of

the trivalent actinides and lanthanides. The analysis of actinide spectra
in crystalline hosts is much simplified by the fact that except nor divalent

ions, the electronic transitions are restricted to those between nominal fN

levels in much of the accessible optical range. These transitions are

normally forbidden by the parity selection rule, but, for example, for
trivalent actinides doped into crystals such as LaCl3 , where there is no

center of symmetry, enough of the character of opposite-parity configura-

tions can be mixed in to induce such transitions, Dieke (1968). At the same

time, the admixture (of the order of 0.1%) is small enough that the

f-character of the levels is preserved and level calculations can be made on

the assumption of a pure fN configuration. Host single crystals such as
ThC14 and ThBr4 have also been successfully used in the study of some tetra-

valent actinide ion spectra. Theoretical analyses of higher valent (5+ and

6+) actinide spectra have been reported, but these experimental data are for

the most part obtained in transmission through thin films of multicrystal-

line pure compounds or in single crystals of the pure binary or complex

silts where detailed analysis is difficult.

The stability of f-orbitals against changes in the ionic environment in

the trivalent state and in part in higher valence states results in energy

levels of various compounds being closely correlated among themselves as

well as with those of the free-ion where known. Ab initio free-ion calcula-

tions have therefore proven to be very useful for interpreting the crystal

levels, and a parametric model based on these calculations has been

developed. This model can be applied in a consistent way to ions of both

the actinide and lanthanide series, Crosswhite and Crosswhite (1984a) and it
is used here to help systematize our overall view of actinide spectra.

A major complicating factor in the theoretical interpretation of 5f-

spectra is the extensive interconfiguration mixing, or configuration inter-
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action, Wybourne (1965), Goldschmidt (1978), Hcffner (1978). This effect of
mixing the character of other configurations into the 5fN-states involves

not only competing configurations with large overlaps but also cumulative
interactions with infinitely many distant electronic configurations. That

this is a serious problem is demonstrated by analysis of isotope shifts and

hyperfine-structure in actinide free-ion spectra, Fred (1967,1984). The

parameters that describe the energy level structure for a configuration
would show less variation if the independent-particle model were better

justified. In the method of analysis described here the effects of config-
uration interaction are partially compensated by the use o: effective oper-

ators in the atomic Hamiltonian for fN-shells, Trees (1964), Wybourne
(1965), Judd (1966), Judd et al. (1968), Goldschmidt (1978), Poon and Newman

(1983) Judd and Crosswhite (1984), Judd and Suskin (1984).

2.0. The Relative Energies of Actinide Electronic Configurations

In order to emphasize the systematic correlations to be found in the

energy level structure of actinide ions both as a function of atomic number,

Z, and for coafigurations with the same number of f-electrons but different
charge states, we begin by considering the types of interactions that have
been used successfully tc account for the structure. In the discussion of

atomic spectra, attention is focused on identification of the ground (lowest

energy) and excited electronic configurations of neutral as well as ionized

species. The relative energies of the various electronic configurations
thus established provide the basis for extending the interpretation of
spectra (and thus electronic structure) to condensed media. In free neutral

or ionic species, the energy level structure is attributed primarily to the
interaction between electrons in unfilled shells. In condensed media there
is superimposed the additional effect of the ligand field. Summaries of the

actinide atomic spectra literature have been given by Carnall (1971)

Crosswhite (1982), Blaise et al. (1983), and Fred (1984).

The progenitor of the actinide (5f) series is actinium; it is compar-

able to lanthanum in the corresponding lanthanide (4f) series. The elec-

tronic structure of zero-valent actinium, (Ac I)*, is represented as three
electrons (6d7s2) outside the radon core. This can be written [Rn](6d7s2),

but in the subsequent discussion the core symbol [Rn] will be omitted from

*The conventional spectroscopic notation for zero-valent actinium is Ac I.
Similarly, the singly ionized species is Ac II, and the doubly charged,
Ac III. The chemical notation for the latter is Ac2 + or Ac(II). When
referring to free-ion spectra we will use the spectroscopic notation. When
indicating the valence state of an ionic species in a condensed phase we will
use the chemical notation. We use the symbol An to represent any actinide
element, and Ln as the general symbol for the lanthanides.
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the notation. All of the actinide atomic and ionic species are built on the

radon core, but the nature of the electronic structure beyond the core is a

function of excitation energy, atomic number Z, and state of ionization,

Brewer (1971a,b, 1983). Thus within the energy range indicated in Figure 1,

in addition to configurations involving 6d and 7s electrons, there are thnse

containing 7p and 5f electrons.

Figure 1 is to be interpreted in the following manner. In Ac-I the

lowest-energy electron states result from the coupling of two 7s electrons

and one 6d in a manner consistent with the Pauli Exclusion Principle.

Further, an energy equivalent to ~9000 cm~- is sufficient to promote a
ground state 7s electron to the 6d shell, thus forming the lowest (ground)

level of the excited configuration (6d27s). Essentially the same energy is

required to promote a ground state 6d electron to the 7p shell, giving the

excited configuration (7s27p). Only the lowest energy state (relative to

the ground state) for each configuration is indicated in the figure. In

many cases large numbers of excited states exist within each of the con-

figurations so that the density of levels from overlapping configurations

increases appreciably with excitation energy. However, since the coupling

of two 7s electrons results in a filled subshell, we find that the ground

configuration in Ac I (6d7s2) is simple in structure, involving only the
states of a single 6d electron, 2D3/2 and 2D5/2. Such states, written in

terms of the quantum numbers S, L, and J, are subsequently referred to as

free-ion states.

In Th II, the ground state belongs to 6d27s. Figure 1 indicates that

the spectrum at lower energies is expected to be very complex because of the

number of electronic configurations with nearly the same energy relative to

the ground state. In Pa III, the three electrons beyond the Rn core in the

ground state belong to the 5f26d configuration. In U IV further stabili-

zation of the 5f orbital has taken place and excited configurations occur at

much higher energies relative to the ground state than was the case in

Pa III, Th II, and Ac I. Thus in U IV, the electronic structure in the

range up to ~30000 cm1 is that characteristic of the 5f configuration. A

recent extensive summary of systematic variations in the lowest-energy
levels of configurations for An I and An II is given by Blaise et al.

(1983).

Experimentally, free-ion spectra (both neutral and ionic species) are

usually observed in emission, and the energy-level structure is deduced from

coincidences of energy differences of pairs of spectrum lines, subject to

verification by isotope-shift, hyperfine-structure and magnetic g-factor

tests. In condensed phases, spectra are more commonly measured in absorp-

tion. Relative intensities associated with parity "allowed" and "forbidden"

transitions are reflected in the nature of two processes: transitions in

which the initial and final states belong to electronic configurations of

opposite parity (parity-allowed transitions, e.g. 53 + 5f26d), and those in
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which both states belong to the same configuration (parity-forbidden transi-

tions, e.g. 5f3  5f3). The latter are weak and sharp. The former are much

more intense and are associated with broader absorption bands. Both types

of transitions are apparent in Figures 2 and 3 which show the aqueous

solution absorption spectra of the trivalent actinides. Relative

intensities are discussed later.

2.1. "Free-Ion" 5fN-States In Condensed Media

For the trivalent actinides, as for the trivalent lanthanides, ligand-

field (crystal-field) effects are small relative to the predominant electro-
static and spin-orbit interactions between the f-electrons which determine

the electronic structure. In a number of instances, isolated bands in

condensed phases such as in Figures 2 and 3 can be interpreted as envelopes

which constitute a sum over transitions to the crystal-field components of

individual SLJ-states within a particular 5fN-configuration. The effect of

the environment is to remove the degeneracy of the free-ion state, but the

resulting crystal-field components in, for example, the trivalent state,

characteristically exhibit an energy spread of only 200-300 cm~1 . The

center of gravity of such absorption bands is often referred to as the
"free-ion state" energy in that particular medium. The energies of these

so-called free-ion states shift from one medium to another; the total

splitting of the crystal-field components that make up such states also

varies with the medium for a given valence state. As the crystal-field

splitting becomes larger, as observed particularly in higher valent acti-

nides, approximate free-ion states can still be assigned to some isolated

absorption features, but meaningful calculations must explicitly include the

modifying effect that the crystal-field interaction has on the electrostatic

and spin-orbit interactions.

2.2. Media Effects on the Free-Ion States in Excited Configurations

In Figure 1 the energy of the lowest state in the (excited) 5f 2 6d-

configuration of U IV relative to that of the ground state ( I9/2 of 5f0) is
estimated to be 30000 cm~1 whereas in Figure 2 the onset of intense absorp-
tion features indicative of the lowest energy f d transitions in U3 (aquo)

is nearer to 24000 cm~1 . This energy difference ( 6000 cm 1 ) is due to the

influence of the solvation energy of U3+(aquo) on the relative energies of

the 6d and 5f electrons, Schaeffer and J4rgensen (1958), J~rgensen (1962).

A similar E is found for the couple Np IV -Np3+(aquo), but the energy of

the lowest f d transition is greater in Np IV than in U IV. The magnitude

of E can vary significantly depending on the nature of the ligand and the
symmetry. Morrison (1980) attempted to compute approximate values for a

host-dependent energy separation between the lowest-energy states in fN and

fN-ld configurations which in turn was dependent upon the energy level

parameters of the host crystal. The model used focused on the contributions

to the crystal-field arising from polarizable ligands. The resulting shifts
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were of the same order as those actually observed in Ln(III) spectra. How-

ever, it was subsequently pointed out that a second contribution, referred

to as the ion-induced multipole contribution also gave contributions to the

crystal-field that were comparable to the first and made the suggested

approach unprofitable, Morrison et al. (1982).

From the regularities revealed in Figure 1 we can generalize. With in-

creasing state of ionization beyond U IV, a concomitant increase in the
energy gap between the ground states of the fN and higher-lying configura-

tions is expected. It is apparent from Figures 2 and 3 that this energy gap

also increases with atomic number (Z) across a series of ions of the same

charge state. However, there are half-filled-shell effects. Beyond Cm3 +

(5f ) the pattern of increasing energy of the f d transitions is seen to
repeat. The actual correlations have been tabulated by Brewer (1971a,b).
All free-ion energies recorded by Brewer for the various charge states must

be corrected for medium effects for direct comparison with observed con-

densed phase spectra.

3.0. Interpretation of Observed Spectra of Trivalent Actinides

A great deal of progress had been made in interpreting condensed phase

spectra of the trivalent lanthanide ions in terms of a physical model before
much was known about the transuranium elements, Dieke (1968). Since, except

for Th and Pa, each member of the actinide series exhibits a well charac-
terized trivalent state, the model developed in treating lanthanide spectra

has served as the basis for interpretation of trivalent actinide spectra as

well, and extensive reference to linthanide spectra is made here for

comparison.

In what follows in this section, we summarize the results of modeling
high-resolution spectra of An3+ in terms of the energy level structure for

the An3+ions. Regularities in the values of electronic-structure para-
meters that can be shown to exist for the 3+ actinides are then explored for
other valence states. It should be emphasized that the modeling approach is
independent of valence state, but the best data base for comparison is that

developed for trivalent ions.

3.1. Free-Ion Models

There are two complementary aspects of theoretical modeling of atomic-

electron systems, involving the radial parts of the atomic-electron wave
functions on the one han? angular parts on the other. Because the

angular parts can be tre' xactly, clear structural relationships can be
demonstrated for various .s of the Hamiltonian. The work of B. R. Judd

in particular has defined . mplete sets of generalized operators for several
classes of Racah tensor operators which can be individually parametrized as
needed to describe a particular atomic system. We have followed his lead in
much of the modeling described in this report and we refer to this approach
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as use of a parametric model. On the other hand, since by their nature

these genera-lized parameters absorb a wide variety of distinct effects, the

physical content of the parameters is not obvious. It is consequently

useful to relate them to ab initio calculations of specific effects, as

given by less exact but more physically meaningful integrals over the radial

wave functions. We find that a single-configuration Hartree-Fock method

gives valuable insight without undue computing requirements. The final

parametric determination comes from a least-squares fitting of the more

general parametric Hamiltonian variables to the experimental data.

The dominant interactions in the parametric model are (1) electrostatic

repulsion between pairs of electrons and (2) the mutual interactions of the

magnetic moments generated by the spin and orbital angular moments. We

begin with the Schr'dinger equation for the steady state of a many-electron

atomic system.

H T= E 'Y (1)

The actual form of the Hamiltonian (H) assumes that the nucleus can be

treated as a point charge. Since exact solutions, i.e. those based on an

explicit form of the Coulomb interaction, are only known in the one-electron

cases, some method of approximation must be utilized. This is usually the

central-field approximation. Each electron is assumed to move independently

in the field of the nucleus and an additional central field composed of the
spherically averaged potential fields of each of the other electrons in the

system. In other words, each electron is treated as if it moved indepen-
dently in a spherically symmetric potential.

The Hartree-Fock (HF) approach seeks the evaluation of this potential

using the variational principle, Hartree (1957), Slater (1960), Condon and

Shortley (1963), March (1975), Fischer (1977), Cowan (1981). Computed

values of the desired integrals can be obtained to varying degrees of

approximation depending upon the sophistication of the computer codes

used. The effects of configuration interaction, discussed later, can in

principle be introduced. This is normally not done except for application

to specific situations.

In the parametric model, each electron is assumed to move in a central

field satisfying an equation, Eqn. 2, similar to the Schrodinger equation

for the hydrogen atom, Wybourne (1965). However, the Coulomb potential

-I 2
/r is replaced by an implicit central-field potential U(r), which also

tacludes the electrostatic mutual interactions of the electrons, averaged

,ver their orbital motions:
2

-i i2 + U(r) 4 (ai)-E(aS$ (a ) (2)



11

Variables are separated as in the solution of the Schredinger equation for

the hydrogen atom, and the angular parts of the interaction are evaluated

explicitly. The total Hamiltonian can be written:

H H e + H + Ho + Hcorr

where Ho involves the kinetic energy of the electrons and their interaction

with the nucleus, He is the electron-electron electrostatic term, Hso the
sum of spin-orbit interactions, and Hcorr represents higher-order

interactions including configuration interactions and miscellaneous magnetic

effects.

More specifically,

6
H = 7 Fk(nf,nf) f (k eveli) (4)
e k=0 k

and H = nf (s o1) (5)
electrons

in which fk and (sot) are angular-momentum-dependent operators. The

Fk(nf,nf) are Slater radial integrals of electrostatic interaction, and nf
is the spin-orbit interaction radial integral with n = 4 or 5 for cases of

interest here.

If i is assumed that the difference in energy between the mean, E, of

all levels of perturbing configurations and that of any level i of the fN-

configuration, Ei(fN), is very large such that Ep - Ei(fN) is effectively

constant for all states i, then the closure theorem is valid and the effects

of configuration interaction can be represented, Rajnak and Wybourne (1963),

by

1) changes in Fk and C

2) additional 2,3---N body (effective) operators operating within the
fN-configuration.

Within the above context, the Fk integrals are not to be identified as the

integrals of the Hartree-Fock model; as parameters they also absorb some of

the effects of configuration interaction. This partially accounts for the
large differences between the parametric and Hartree-Fock values of Fk and

gives an estimate of the magnitudes of the required corrections to the basic

model.

A model that is limited to the Slater integrals, Fk(nf,nf) and the

spin-orbit interaction, Cnf, results in correlations between observed and

calculated free-ion states that are only approximate. The higher-order
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correction terms must be added to achieve a good agreement with experi-

ment. The nature of the corrections that refine the model suggests that the

problem can be treated as if the f-electrons spent some time in higher-lying

configurations where they move in larger orbits and interact less with each

other, but in a manner related to the particular class of configurations

occupied. These higher-order corrections to the simple model account in

large part for the effects of configuration interaction, and are discussed

in Section 3.3.

3.2. A Predictive Model for Trivalent f-Element Spectra

When the results of a Hartree-Fock calculation are compared to those of

a parametric analysis of experimentally identified levels for a given

element, the magnitudes of the computed energies, particularly those for Fk,

are generally found to be too high. For a more realistic Hamiltonian, using

the parametric approach, we show here that one can apply subtractive cor-

rections to the estimates derived from ab initio calculations. These

corrections turn out to be essentially constant over the series and in fact

almost identical for both 4fN and 5fN shells. The significance of this is

that mixing with high configurations can be taken as essentially a fixed

contribution to a global parametric model, Crosswhite and Crosswhite

(1984a).

Qualitatively, the radial wave functions for lanthanides and actinides

are very similar in that the f-shell is inside filled s and p shells of one-
higher principal quantum number, which partially shield it from external

influences. A comparison of the Nd3+ and U3+ analogues is shown in Figure

4, where the f-electron radial functions are multiplied by an arbitrary

factor for emphasis. Notice that for U3 the fN peak is considerably dis-

placed toward greater values of the atomic radius (r) with respect to the

shielding s and p shells, and the relative magnitude of the f-electron tail

at large r with respect to the rest of the core function is larger and more

exposed than for Nd .

Because of the greater extension of the 5f radial wave functions with

respect to those of the shielding 7s and 7p swells, they are more sensitive

to changes in the valence-electron situation than for the corresponding lan-

thanide cores. Nevertheless, their rigidity is remarkable as compared to

that for the valence electrons themselves. This can be seen quantitatively

in the plots for the Slater electrostatic interaction integrals Fk(5f,5f)

and spin-orbit radial integral C5f, which dominate the atomic Hamiltonian

for all cases of interest to us here, Figures 5-8.

We have noted in Figure 1 that there is competition between 5f, 6d and

7s orbitals for occupancy of low actinide configurations for lower ioniza-

tion states. However, if we confine our attention to the confiurations of

the elements beyond thorium we can limit the types to 5f -896d7s2  or
5fZ-887x2 for first spectra, 5fZ-897x2 or 5fZ-887s for second, 5fZ-896d or
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5f 3-6s,p Configurations for U3+ as a Function of the Atomic Radius.



5fZ-89 for third and 5fN for fourth spectra and higher. Tables 1-4 show the

results of ab initio calculations of the three Fk(5f,5f) and the CH inte-

grals for these types. Similar calculations were reported by Varga et al.
(1970). The Fk(5f,5f) and cSf results are displayed in Figures 5-8. The

heavy underlining in the tables and the filled circles in Figures 5-8

represent configurations that are lowest for those particular ions; open

circles represent selected competing (next lowest) configurations. For
instance, the ground configuration for neutral atoms is 5fZ ~96d7s2 for Pa I

through Np I; 5 fZ- 8 8
7 s2  for Pu I and Am I, 5fZ-8 9 6d7s2  for Cm I, and

5fZ-8 7s2 again for Bk I through Fm I. These calculations were made using a

version of a Hartree-Fock program written by Fischer (1969) and adapted for

use at Argonne by M. Wilson to contain an approximate correction for

relativistic contraction of s-electron orbitals, Cowan and Griffin (1976),

Cowan (1981). We designate this version as HFR, Crosswhite and Crosswhite

(1984a). For second spectra there is similar competition, this time between

5f and 7s orbitals, giving 5fZ-8 87s2 as the lowest configuration of Pa, U
and the half-filled-shell case of Cm. Similarly, for the neutral atoms the

ground configuration can be 5fZ-8 96d7s2 for Pa, U, Np or Cm and 5fZ-$87 s2

for all the rest.

Inspection of Figures 5-7 shows that the addition of a valence-shell

electron diminishes the Slater integrals for the SfN core slightly but not

seriously, and that the effects are additive: 5fZ-
8 8 III values are

enhanced twice as much compared to 5fZ-
8 8

7 s
2 I as compared to 5fZ-

88
7s II

(and nearly the same as the difference between 5fZ-
8 9 IV and 5fZ-

8 9
7 s2 II).

The 5 fZ-8 9 IV - 5fZ- 8 9 6d III difference is the same as that for 5 fZ- 8 9
7s2 I

- 5fZ-8 96d7s2 I. Similiar results are found for the other Slater and spin-

orbit interaction integrals which combine to dominate the atomic Hamil-

tonian. As a first approximation they can be taken to depend only on the

population of the Sf shell itself and to be independent of the distribution

over valence electron shells. When we compare these computed values with

experimentally-determined parameters, it will be seen that the needed

corrections correspond closely to the trends shown in Figures 5-8.

3.3. Effective Operators for the Free-Ion Interactions

The ab initio calculations are in error partly because of the assump-

tion of a single-configuration model. Multiconfiguration calculations,

which take configuration interactions into account, are more accurate, but

they are much too time-consuming for general application to the many

situations encountered in the analyses. However, a very useful result comes

out of the calculations which have been made, namely that the energy-level

shifts induced by these interactions can be mimicked by effecti-'e operators
acting only within the fN-configuration itself.

The angular momentum dependence of the conventional Slater

electrostatic integrals is given by the expression, Wybourne (1965),
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TABLE 1.

HFR Slater Integrals

F2(5f,5f)

Z-91 92 93 94 95 96 97 98 99 100

Pa U Np Pu Am Cm Bk Cf Es Fm

fZ-88 s2 I 57393 62891 67452 71461 75129 78531 81720

s II 58651 63691 68024 71900 75479 78821 81967

III 60122 64751 68843 72563 76031 79292 82379

fZ-89 ds2 I 64137 68684 72662 76279 79660 82843 85865

s2 II 65990 70110 73833 77274 80518 83596 86530

d III 65406 69573 73342 76820 80100 83211 86176

IV 67652 71442 74944 78223 81346 84331 87192

f Z90 V - 76724 79892 82908 85817 88625 91338

f Z91 VI - 84141 86982 89744 92428 95035

. 84766

84975

85340

88768

89361

89034

89964

93984

97590

87683 90499

87867 90662

88193 90958

91592 94294

92105 94774

91802 94494

92657 95284

96568 99099

100094 102555

- - - 90625 93280 95872 98402

W ,-

100888 103331 105739VII
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TABLE 2.

HFR Slater Integrals

F4 (5f,5f)

Z-91 92 9' 94 95 96 97 98 99 100

Pa U Np Pu Am Cm Bk Cf Es Fm

fZ-88 82 I 36564 40290 43381 46094 48572 50868 53016 55065 57025 58194

s II 37429 40845 43779 46400 48818 51071 53190 55212 57154 59028

III 38454 41587 44355 46868 49208 51405 53481 55471 57385 59238

fZ-8 9 ds2  I 41304 44396 47094 49543 51827 53975 56009 57961 59843 61668

s2 II 42621 45415 47935 50260 52447 54519 56491 58391 60230 62016

d III 42198 45024 47576 49926 52140 54235 56230 58150 60006 61809

IV 43808 46370 48733 50942 53044 55049 56969 58826 60629 62385

fZ-90 V - 50199 52330 54356 56307 58188 60003 61772 63497 65185

f Z91 VI - - 55445 57347 59195 60988 62729 64432 66100 67739

fZ-92 VII - - - 60037 61810 63538 65222 66876 68501 70101
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TABLE 3.

HFR Slater Integrals

F6 (5f,5f)

Z = 91 92 93 94 95 96 97 98 99 100

Pa U Np Pu Am Cm Bk Cf Es Fm

fZ-88 s2 I 26525 29304 31611 33638 35489 37204 38808

s II 27170 29718 31909 33867 35674 37357 38939

III 27938 30276 32343 34220 35968 37609 39159

fZ-89 ds2  I 30105 32417 34436 36268 37977 39583 41103

S2 II 31101 33191 35076 36815 38450 39998 41471

d III 30777 32892 34800 36558 38214 39780 11270
IV 32003 33918 35684 37335 38905 40403 41336

fZ-90 V - 36860 38452 39965 41423 42827 44181

fZ-91 VI - - 40865 42285 43664 45002 46299

fZ-92 VII - - - 44381 45702 46991 48246

40338

40449

40644

42561

42889

42704

43222

45500

47569

41801

41897

42073

43966

44262

44089

44567

46787

48812

43210

43296

43455

45328

45594

45435

45877

48045

50032

49474 50687 51878
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TABLE 4.

HFR Slater Integrals

c (spin-orbit)

Z-91 92 93 94 95 96 97 98 99 100

Pa U Np Pu Am Cm Bk Cf Es Fm

fZ-88 s 2 I

s II

III

fZ-8 9 ds2 I

s2 II

d III

IV

fZ-90

fZ-91

15

15

15

1E

V _f

VI

f Z-92 VII

345 1636 1929 2230 2542 2869 3209

367 1651 1941 2239 2551 2876 3215

396 1674 1959 2255 2565 2889 3228

551 1826 2119 24.2 2739 3070 3417

583 1861 2149 2449 2764 3093 3438

567 1846 2135 2436 2751 3082 3427

625 1898 2182 2479 2792 3119 3463

335 2110 2397 2697 3014 3347 3697

- 2316 2608 2914 3236 3575 3931

- - 2817 3130 3459 3805 4167

3566

3572

3583

3781

3800

3790

3824

4064

4306

4549

3940

3945

3956

4162

4180

4170

4203

4450

4699

4950

4333

4338

4348

4562

4579

4570

4601

4856

5112

5371

1?

1?

1V
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fk(191) = (l)L(qiC(k)1) 2  .ILt(6)

A triangle (selection) rule on the indicated 6-j symbol limits the range to

a maximum of 21 = 6, in this case. A similar sel kion rule on a 3-j

symbol which appears in the full expression for (tIC it) requires k to

be even. The central-field approximation, therefore, limits the operative

radial integrals, Racah (1949), Condon and Shortley (1963), Cowan (1981), to

k

Fk(nf,nf) = e2 r + IRnf(rl)I 2IRnf(r2)I
2drldr2  n = 4 or 5 (7)

r>

(or adjustable parameters Fk, if parametric fitting is being considered) to

the values k = 0,2,4,6. However, in the generalized description there arise
much more complex radial integrals associated with angular momentum factors

which also apply to the odd-k symbols, Crosswhite (1971). Because of the

orthogonality properties of the 6-j symbols, and because the seven possible
k values (0-6) are exactly equal to the number of electrostatic terms of the

f2 configuration, the three new effective operators defined in this way are
just the number needed to complete the set of parameters required for the

electrostatic description of the f2 configuration.

However, this is not the only way to generate three effective operators
independent of the four already in use. The most common convention for de-

fining them uses the operators

a L(L+1), sG(G2 ) and yG(R7 ) (8)

where G(G2) and G(R7) are Casimir operators, Casimir (1931), Wybourne

(1965), and a, 8, and y are adjustable parameters.

Multiconfiguration calculations have shown that similar values of these

effective-operator parameters are to be expected at both ends of the lan-
thanide sequence, Morrison (1972), and empirical evaluations are in agree-

ment with this for both the lanthanides and actinides. The same mechanism
will also generate corrections which project on the even-k operators.

However these are automatically absorbed by their parameters, contributing

to the nearly-constant correction discussed previously.

For three (or 11) electrons, similar arguments show the need for

additional (three-body) operators in order to completely parametrize the

electrostatic interactions. If consideration is limited to the interactions

arising from second-order perturbation theory, only six new operators are
needed, Judd (1966), and their experimental evaluation is consistent wi:th

results expected from first-principles calculations, Poon and Newman (1983).
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Similar arguments hold for corrections to the spin-orbit interaction,

as well as additional interactions of relativistic origin such as spin-

other-orbit and spin-spin. Hartree-Fock calculations give good estimates of
the Marvin radial integrals M(k) (k - 0,2,4) associated with spin-other-

orbit and spin-spin interactions, Marvin (1947). Experimental investiga-

tions are needed for evaluation of the magnetic corrections associated with

configuration interactions, but experience has shown that a single set of
parameters Pk (k = 2,4,6, with P4 - 0.75 P2 and P6 - 0.50 P2) accounts for a

large part of this class of corrections. Use of sets of all of the fore-

going parameters has been explored in detail for all of the trivalent ions
from U3+ through Es3+, and values are given in Table 5 for An3+:LaCl3 and

AnC13 . Each case, except that for Am3+, represents an independent fitting

of parameters to experimental data.

3.4. The Crystal-Field Hamiltonian

When a lanthanide or actinide ion occurs in a condensed-phase medium,

it retains a large part of its "free-ion" character, but energy levels are

shifted to a greater or lesser degree, depending on the nature and strength

of the interaction with the environment. A good part of this interaction

can be absorbed by the nominal "free-ion" parameters themselves, and a

measure of this contribution would give clues as to the nature of the

interactions. Unfortunately, due mainly to the different methods by which

the free-ion and condensed-phase levels are determined, there are very few

cases in which both sets of parameters are known well enough for meaningful

comparisons to be drawn. Some of the more useful of these and the means by

which they can be incorporated into a predictive model will be discussed in

Section 4.0.

In addition to modifications of the atomic parameters, there are

medium-related effects which must be taken into account explicitly. The

broken spherical symmetry that normally results when an isolated free

gaseous ion is placed in a ligand field gives rise to a splitting of the

free-in level into a maximum of (2J+1) components. A single-particle

crystal-field model has had remarkable success for lanthanides and somewhat

more qualified, but nevertheless satisfactory, success for the trivalent

actinides in providing an interpretation of the data, Dieke (1968),

Crosswhite (1977), HiYfner (1978). The additional splitting induced by the

crystal field can be described by the expression:

HCF : I Bk (Ck) (9)
k,q,i

k k
where the Bq are radial integrals treated as parameters, the C are

tensor operators dependent on the symmetry of the crystal lattice and the

sum over i represents the sum over the electrons.
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The most extensive investigations of actinide spectra have been carried

out for the +3 actinide ions doped into single-crystal LaCl3, since LaCd3 is

a well-characterized crystalline matrix in which polarized spectra can be

measured. Such investigations, supplemented by Zeeman-effect studies of the

influence of applied magnetic fields on the energy levels, provide the basis

for experimental characterization of the observed transitions in terms of

the free-ion SLJ and crystal-field quantum numbers.

The relative energies of some of the low-lying states in U3+:LaCl3 are

shown in Figure 9, Crosswhite et al. (1980). As indicated, each free-ion

state is split by the crystal electric field. When viewed at the tempera-

ture of liquid He (~4K), only transitions from the lowest state (taken as

the zero of energy and having a crystal field quantum number p=5/2 in this

case) are observed. Absorption bands, which are interpreted as arising from

transitions between the 4I9/2 (ground) and 4111/2 excited states are shown

in Figure 10 as obtained at ~4K in moderate resolution. Most of the experi-

mental results that have been reported were photographed using high-resolu-

tion grating spectrograph. Transitions to only three levels of 411/2 were

readily observed in absorption; that to a u=1/ 2  state (found by other

techniques near 4580 cm~1 ) was too weak to be apparent. Electric-dipole

selection rules in this case forbid transitions between the ground state

(u=5/2 ) and excited u=5/2 states, so levels that would have corresponded to
transitions at 4556 and 4608 cm~F were established by fluorescence

measurements.

As the energies of the components of various groups are established ex-

perimentally, the model free-ion and crystal-field parameters that reproduce

the splitting can be computed by a suitable (least-squares) fitting proce-

dure. The computed values are then used to predict the splitting patterns

in other groups where not all the allowed components can be observed. Thus,

in the analysis of such spectral data there is a continual interplay between

theory and experiment. When large numbers of levels have been experimen-

tally confirmed, most (in some cases all) of the parameters of the model can
be varied simultaneously to establish the final values, Table 5. The

differences between the Fk and tnf integrals computed using Hartree-Fock

methods and those evaluated (from Table 5) are shown in Table 6. The para-
meters for Bk3+ and Cf 3+ were evaluated from data obtained from pure samples

of BkC13 and Cf C1 3, not doped LaCl3 . The consistency of the parameter

differences over the series for each independently determined parameter is

apparent.

In typical analyses of actinide and lanthanide spectra in condensed

phases, the range of observation may extend well into the near ultraviolet

to 30000-40000 cm~1. The number of assignments made to different multiple s

and states is usually sufficient to determine most of the energy level para-

meters. However, as indicated in Figures 11 and 12, the actual observations
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TABLE 5.

Energy Level Parameters for Ana :LaCl3a,b

U3+LaCl3C Np3+:LaCl3d Pu3+:LaCl3e,f Am+LC3' Cm3+:LaCl3f'h BkC131 Cf C13j Es3+:LaCl3k

19544

39715(218)

33537(302)

23670(211)

1623(4)

27.6(0.9)

-722(33)

[1000]

217(90)

63(13)

255(23)

-107(49)

617(78)

[350]

[0.67]

1276(104)

260(64)

-532(139)

-1438(113)

1025(88)

29989

44907(161)

36918(245)

25766(221)

1938(2)

31.5(0.3)

-740(18)

899(70)

278(22)

44(7)

65(7)

-361(18)

434(22)

353(17)

0.68(0.17)

894(14)

163(26)

-632(48)

-1625(52)

1028(35)

39631

48670(154)

39188(294)

27493(153)

2241(2)

29.7(0.4)

-671(15)

1067(79)

186(11)

48(13)

38(21)

-364(22)

364(15)

332(18)

0.95(0.21)

822(44)

226(25)

-543(48)

-1695(45)

1000(40)

53667

51800

41440

30050

2580

29.0

-660

1000

200

50

40

-360

390

340

0.99

850

230

-610

-1590

980

64125

55109(129)

43803(328)

32610(168)

2903(4)

28.4(0.8)

[-650]

935(107)-

200

50

40

-360

390

340

1.09

922(37)

244(42)

-710(84)

-1383(113)

929(77)

54953

57015(120)

45698(165)

33552(154)

3216(6)

29. 9(0.4)

[-674]

[913]

200

40

65(63)

-326(50)

442(40)

380

1.19

523(73)

[250]

-922(82)

-1324(76)

910(44)

49530

61014(223)

44483(517)

36168(323)

3568(3)

27. 7(0.8)

-681(41)

1082(137)

[300]

86(23)

54(32)

-350(57)

281(40)

364(27)

1.3

578(60)

476(36)

-1108(73)

-1367(79)

963(63)

44709

62766(273)

48003(200)

35309(326)

3962(6)

[20.9]

[-500]

[700]

[200]

[50]

[50]

[-360]

[400]

[340]

[1.0]

825(184)

363(101)

-1264(249)

-1466(167)

749(124)
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C

Y
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Table 5. (continued)

U3+:LaCl 3  Np3+:LaCl3  Pu3+:LaCl3  Am3+:LaCl 3  Cm3+:LaCl 3  BkCl3  CfC1 3  Es3+:LaCl3

No Levels 51 150 155 - 88 60 90 36

a 26 20 18 - 27 22 28 33

a. The data for U3+ through Cm 3+ were obtained in absorption and fluorescence using doped single crystals of

LaCl3 ; while spectra for Bk3+ and Cf3+ were measured in absorption with thin films of the pure halide.

Preliminary data for Es3+ were obtained from excitation spectra of Es3+ doped into single crystal LaC13 .

b. Values in brackets were assigned and were not varied; the values in parentheses are the r.m.s. errors.

Values for a were divided by 1000.

c. Crosswhite et al. (1980).

d. Carnall et al. (1980).

e. LI1mmermann and Conway (1963), Conway and Rajnak (1966), Carnall et al. (1970).

f. Hessler and Carnall (1980).

g. Values of parameters obtained by extrapolation. Experimental data given by Pappalardo et al. (1969), Conway

(1964b).

h. Gruber et al. (1966), Carnall and Rajnak (1975).

i. Carnall et al. (1973a).

j. Carnall et al. (1973b).

k. Paszek (1978), Hessler et al. (1978), Hessler (1984).

1. In establishing values for M(0), M(2), and M(4), the following ratios were maintained, M(2)/M(0) - 0.56,

M(4)/M(0) - 0.38. When M(0) was varied, the established ratios were maintained constant.

m. The procedure for establishing values of P(K), K - 2,4,6, was identical to that cited above: P(4)/P(2) -

0.75, P(6)/P(2) - 0.5.

I.A
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TABLE 6.

Comparison of Energy Level

and those Evaluated

Parameters Computed Using

from Fitting Experimental

Hartree-Fock Methods

Data for Ana+.

U Np Pu Am Cm Bk Cf Es

71442

39715

31727

46370

33537

12833

33918

23670

10248

1898

1623

275

74944

44907

30037

48733

36918

11815

35684

25766

9918

2182

1938

244

78223

48670

29553

50942

39188

11754

37335

27493

9842

2479

2241

238

81346

51800

29546

53044

41440

11604

38905

30050

8855

2792

2580

212

84331

55109

29222

55049

43803

11246

40403

32610

7793

3119

2903

216

87192

57015

30177

56969

45698

11271

41826

33552

8274

3463

3216

247

89964

61014

28950

58826

44483

14343

43222

36168

7054

3824

3568

256

92657

62766

29891

60629

48003

12626

44567

35309

9258

4203

3962

241

a. Computed using Hartree-Fock methods and including

tic correction, (HFR), Cowan and Griffin (1976),

(1984a).

b. Computed by fitting to experimental data, Table 5.

an approximate relativis-

Crosswhite and Crosswhite

F2 (HFR)a

F2 (FIT)b

AP

F4 (HFR)

F4 (FIT)

DP

F6(HFR)

F6 (FIT)

AP

C(HFR)

r(FIT)

AP
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may be limited to less than 50% of the total extent of the fN configura-

tion. The accuracy of predicted level energies in the ultraviolet range

clearly remains to be thoroughly tested; however, it was possible to show
for Gd +:CaF 2 that parameters determined based on assignments at <50000 cm~1

very adequately predicted the levels later observed in the vacuum ultra-

violet range at >50000 cm-1, Crosswhite et al. (1969).

The reduction in the overall range of energy for transitions character-

istic of the 5fN-configurations compared to the 4fN-configurations in An3 +

and Ln3+ is also indicated in Figure 12. The Slater electrostatic para-
meters in An3+ are typically only two-thirds as large as those of the Ln3 +

but C5f is a factor of two larger than 4f1 so in comparison to the 4f case,
the energy range of the 5fN-configurations is reduced, and the states are

significantly more mixed in character because of the increased spin-orbit

interaction.

In discussing Figure 9 it was pointed out that each free-ion state is

split by crystal-field interactions into some number of components. Assign-

ing energies corresponding to the centers of gravity of these components,

thus defining the "free-ion" levels for the ion in a particular medium,

yields the energy level scheme indicated at the left in Figure 9. While the
levels are shifted to somewhat lower energies than those of the true gaseous
free-ion states, the basic structure appears to be preserved and is usually

only moderately changed from medium to medium for trivalent lanthanides and

actinides. For example, the center of gravity of the 4111/2 state in

U +:LaCl3  in Figure 10 is ~4544 cm' . An isolated band in U3+(aquo),

Figure 2, near this same energy can be similarly identified. The "free-ion"

states deduced for the 3+ actinides in LaCl3 are shown in Figure 11 with the

extent of the observed crystal-field splitting indicated where experimental

measurements have been made.

While the spectra of several organometallic 3+ actinides (and lanthan-

ides), such as plutonium tricyclopentadienide, have been measured, the

analysis of data is still quite incomplete. Nevertheless, it seems apparent

that the energy level parameters in this case, and indeed for most other

matrices can at least be approximated by those characteristic of the

actinides in the LaC13 host, Carnall (1979a).

3.5.1. Luminescence Spectra

Several excited states from which luminescence can be observed at low

temperatures can be found in most crystal lattices into which the 3+

actinides have been doped. Prominent emitting states for An3+:LaC1 3 are

indicated in Figure 11 by pendant semi-circles. The crystal-field struc-

tures of the ground state and most of the excited states which occur in the

far infrared range are usually defined via fluorescence measurements. For

specific references see Table 5 and Hessler et al. (1978).
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3.5.2. Actinide Lasers

Laser action from an actinide ion, U3+, was reported in 1960, the same

year that the first ruby (Cr3+ in A1203) laser was described. Stimulated

emission from U3+:CaF 2 at 4016 cm~- could be detected even at 25 C, Sorokin

and Stevenson (1960). The corresponding transition is indicated in

Figure 9. Since that time, a huge literature describing different lasing

ions and media has grown up. In the area of solid-state lasers, the rare

earths are the dominant activators used; no further successful experiments

with actinide ions have been reported. Nevertheless, the similarities in

electronic structure of the 3+ lanthanides and actinides suggests that

analogies to the demonstrated lasing properties of U3+ can probably be

found.

The f+d transitions in the 3+ actinides occur at lower energies than in

the lanthanides and the 6d appreciably overlaps the 5f configuration. In

principle this should make it possible to pump the intense f+d band with the

expectation of rapid non-radiative transfer of energy to the 5f-states.

However the presence of strong absorption bands in the ultraviolet range,

and in some cases low-lying charge transfer bands, increases the probability

that intense excited-state absorption with non-radiative relaxation may

occur. The net effect is the probable restriction of potential lasing

transitions in the +3 actinides to the infrared region of the spectrum,

Weber (1980).

3.6. Intensity Calculations for Trivalent Actinide=Spectra in Solution

A systematic understanding of the energy level structure for An3 +

serves as a foundation upon which to base the interpretation of other

physical measurements. Considerable success has now been achieved in

developing a parametrized model of f+f transition intensities.

The intensity of an absorption band can be defined as the area under

the band envelope as normalized for concentration of the absorbing ion and

the path length of light in the absorbing medium. A proportional quantity,

oscillator strength P, has been tabulated for trivalent actinide ion absorp-

tion bands in aqueous solution. The experimentally determined oscillator

strengths of transitions can in turn be related to the mechanisms by which

light is absorbed, Condon and Shortley (1963);

2F
P- 8w2mco L[-2 + n2 (10)

3he (2J+1)

where F and M are respectively the electric-dipole and magnetic-diole

operators joining the initial state J to a final state J', X - (n2 + 2) /9n

and n is the refractive index, a is the energy of the transition (cm~1), and

the other symbols have their usual meaning.
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Only a few transitions observed for the 3+ actinides have any2 signifi-

cant magnetic-dipole character; however, the matrix elements of M can be

evaluated directly from the knowledge of the eigenvectors of the initial

(4J) and final (*'J') states. The Judd-Ofelt theory, Judd (1962), Ofelt
(1962), has Tuccessfully addressed the problem of computing the matrix

elements of F , and can be written in the form:

F2 = e2  nE"(Jnu(k) ,,J 2  (11)
k=2,4,6

where U(k) is a unit tensor operator of rank k, the sum running over the

three values k = 2,4,6 and Ak are three parameters which in practice are

evaluated from measured band intensities. These parameters involve the

radial parts of the fN wave functions, the wave functions of perturbing

configurations such as 5fN-16d, and the interaction between the central ion

and the immediate environment.

Judd was able to show both that the theory could successfully reproduce

the observed intensities of bands throughout the optical range for
Nd3+ (aquo) and Er+(aquo), and that intensity parameters, k, computed

from first principles, were consistent with those derived in fitting experi-

mental data, Judd (1962). A later systematic treatment of the intensities
observed in the spectra of all Ln (aquo) ions confirmed and extended the

original correlation, Carnall et al. (1968), Carnall (1979b), Carnall et al

(1983). Recently it was shown that a similar, systematic treatment of band

intensities for An3 (aquo) spectra could be successfully carried out with

only f4 and A6 treated as variables, Table 7. The emphasis on aquo-ion

spectra stems from the ability to identify many relatively isolated bands

with single or very limited numbers of SLJ-states, the corresponding

unambiguous quantitative nature of the oscillator strength calculation, and

the wide range of data available; i.e. most members of the 4f- and 5f-series
can be readily obtained as trivalent aquo ions in dilute acid solution.

Intensity correlations for Ln3+ in a great many different host crystals, as
well as in vapor complexes, have been developed. For the actinides, syste-

matic and quantitative examination of transition intensities is presently

restricted to An3+(aquo) data.

Examination of Figures 2 and 11 shows that, particularly for U3+, Np3+,

and Pu3+, the density of states is high and few of the observed aquo-ion

bands can be uniquely identified. Both the relative intensities of observed

transitions and the density of states decreases in magnitude with increasing
atomic number. Starting with Cm3+(aquo), the heavy actinide aquo ion

spectra, Figure 3, are all amenable to intensity analysis with excellent

correlation found between observed oscillator strengths and intensities

computed using the Judd parametrization, Carnall et al. (1985). While the

oscillator strengths of An (aquo) bands tend to be a factor of 10-100

greater than those observed for the lanthanides, one of the most striking
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TABLE 7.

Intensity Parameters for An3+(aquo) (in cm2).a

Number of

n4 x 1020 t6 x 1020 transitions fit

U3+ 19 (13) 165 (37) 6

Np3+ 79 (60) 145 (47) 5

Pu3+ 12 (9) 67 (4) 6

Am3+ 7.6b 48b

Cm3+ 17.9 (.6) 38.6 (2) 17

Bk3+ 18.8 (1) 18.3 (2) 14

Cf3+ 16.3 (1) 16.5 (1) 15

Es3+ 15.8b 18.5b

aThe value of i2 was fixed at 1 x 10-20 cm2 and only 114 and S6

were freely varied; errors indicated in parentheses. See

Carnall et al. (1985).

bEstimated values.
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features in Figures 2 and 3 is the change in intensity across the actinide

series. With Bk3+(aquo), (f 3 (aquo), and Es3+(aquo) there is an apparent

transition to a heavy lanthanide-like character in the spectra with no bands

being disproportionately intense, Carnall et al. (1984). Analysis reveals

that the trends in the intensity parameter values over the series can be

correlated with the extent to which hi her-lying opposite-parity configur-
ations like fN-ld are mixed into the f -configuration. There is much less
mixing of fN-ld states into 5f8 (Bk3+) than in 5f3 (U3+) even though the

proximity of the fN-ld to the fN configuration is very similar in these two

cases. An example of the type of correlation obtained between experiment

and theory for An3+(aquo) is given for Cm3+(aquo) in Figure 13, Carnall and

Rajnak (1975). The intensity parameters for the series are given in

Table 7.

3.7. Fluorescence Lifetimes

One reason for the interest in computing intensity correlations in ab-

sorption is that once the parameters of the Judd-Ofelt theory are evaluated,

they can in turn be used to compute the radiative lifetime of any excited

state-of interest via the Einstein expression

A(4J, 'J') = 3h(2J+1) (X'F + n3M2) (12)

where IJ> and |$'J'> are the initial and fingl states,A is the rate of
relaxation of 'VJ by radiative processes, and F and M are the terms

defined in Eqn. (10). The observed lifetime of a particular excited state,
TT, is usually determined by non-radiative rather than radiative relaxation

mechanisms. Thus we write

(TT) = AT($J) + W(qJ) (13)

where AT(4J) is the total radiative relaxation rate from state |CJ>,
that is, the sum of the rates of radiative decay to all states with energy
less than that of | W>. If TR(calc) is the (computed) total radiative

lifetime of IJ>, then TR(calc) - A($J)]I1. Similarly, WT(iJ) is a total

rate summed over all non-radiative relaxation processes. The magnitude of

the energy gap between a fluorescing state and the next lower energy state

appears to play a major role in determining the non-radiative lifetime of

that state; shorter lifetimes are correlated with narrower gaps.

On the basis of the existence of relatively large energy gaps in the

spectra of some of the heavier actinides, Figure 11, experiments were initi-

ated and fluorescence lifetimes were successfully measured in solution for

excited states in Bk3+ and Es3 +, Beitz et al. (1981), as well as Cm3 +(aquo),
Beitz and Hessler (1980). As indicated in Figure 14, which shows the lower
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energy-level structure for the heavier An3+(aquo) ions, only in the case of

Cm (aquo) does the observed lifetime of 0.94 ms in D20 compare well with

the computed radiative lifetime, TR - 1.3 ms. With smaller energy gaps, the

non-radiative relaxation rate clearly becomes rate determining. Inability

to observe a fluorescing state for Cf 3+(aquo) in preliminary experiments

suggests that lifetimes may be in the nanosecond time range, Beitz et al.

(1981).

In addition to computing radiative lifetimes, it is instructive to

establish the most probable pathway for fluorescence from a given state.

The latter is clearly indicated by a comparison of branching ratios, where

the branching ratio, SR, from a given relaxing state to a particular final

state is

R (*J,4'J')) -A(

R- ' ')(14)

As indicated in Figure 14 for Cf3 +, O = .47 for emission from an excited
(J-5/2) state to a lower-lying (J-11/2) state, while OR = .14 for emission

to the ground state. In the case of the J-5/2 state, it would be

appropriate to monitor for fluorescence near 13000 cm~1 as well near
20000 cm~-.

The identification of the mechanisms of non-radiative relaxation of

actinide ions in solution as well as in solids, Hessler et al. (1980),

remains an important area for further research. Extensive experimental

results for lanthanide systems are available for comparison with those

obtained for actinide ions. It should be possible to explore with consider-

able sensitivity the bonding differences between selected actinides and

lanthanides by examining their excited-state relaxation behavior. For

example see Beitz and Hessler (1980).

3.8. Interpretation of the Intensities of fN + fN-ld Transitions
in Trivalent Actinide Aquo Ion Spectra.

In the preceding sections we have dealt mainly with transitions within

the 4fN and 5fN-configurations, and referred to the energies of the lowest-
lying level in a given fN-1d-configuration. In this section we extend our

model calculations to gain some insight into the actual structure expected

in the fN-ld-configurations and compare these calculations to observations

of aquo ion spectra. In some cases the energy of the lowest-lying fN-ld

state in the aquo ion is not well established, and arguments based on the

apparent effects of hydration on free-ion spectra of neighboring ions are

ex mined. The availability of iso-f-electronic ion spectra such as that of

Bc+(aquo) and Tb3+(aquo) provides opportunities for comparison of the
effects of the environment on the fN-ld-configuration in two series as well
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as the behavior of the excited fN-ld-relative to the (ground) fN-configur-

ation for a given ion.
NN-For present purposes we restrict attention to the f and fNldd-

configurations, since, as indicated in Figure 15 for An3+ and Ln", Brewer

(1971b, 1983) the fN-ld is consistently the lowest-lying excited configur-

ation of opposite parity to the ground fN-configuration. For the light

actinides, the energy of the ground electronic state in the 5fN-16d-

configuration is considerably lower than that of the corresponding

4fN-15d. In addition, the curve shapes (AnIV and LnIV) are quite different
in the first half of the the two series but similar at N>7.

3.8.1 Comparison of the Energies of Low-lying Free-Ion States of the

f-'d-Configuration with Those Deduced for An (aquo) and

Ln (aquo)

The absorption features observed in the spectra of Ce3+, Bk3+ and Tb3 +

aquo ions at > 30000 cm~f 1, Figure 16, represent a particularly interesting

contrast. In each case the spectroscopic features are effectively those of
an excited d1-configuration. Extensive analysis of the free-ion spectra of

both Tb IV and Ce IV has been reported, Martin et al. (1978). Spin-orbit

coupling in Ce IV ives rise to two free-ion states in the 4fl-configur-

ation, 2F5/2 (0 cm ) and 2F7/2 (2253 cm~1). We assume that the crystal-

field splitting of the 4f N free-ion states for any Ln3+ aquo ion is small

with respect to the crystal-field splitting in the 4fN-15d-configuration,

and thus we neglect effects that might arise from populating excited

crystal-field components in the ground state. We also neglect such effects
for An3+ (5fN) since the crystal-field splitting, while larger than for

Ln3+, is still relatively inconsequential for present purposes.

2 Transitions from the ground 4f 1(2F5 /2) state to excited 5d1 (2D3/2 and

D5/2) states in Ce IV occur at 49737 and 52226 cm&, respectively. The

next higher-lyi free-ion state (651/2) is at 86602 cml. The structure we
observe for Ce +(aquo) in the 32000-52000 cm-F range (the UV-limit for

observation of aquo ion spectra), must therefore be interpreted in terms of

the states available to a single 5d-electron.

The absorption spectrum of Ce3+ doped into La(C2H5SO4)3 .9H20, where the

symmetry is approximately D3h, Okada et al. (1981), and that of Ce 3 (aquo)

appear to be very similar in the 37000-52000 cm 1 range. While the broad
weak band centered near 34000 cm~1 in Ce3+ (aquo), Figure 16, was not

observed in absorption in the crystal, two bards observed in fluorescence at
77 K at 30000 and 32000 cm" could reasonably be assigned as transitions

from a band origin at 32000 cm' to the two F-states of 4f1l which are

separated by ~ 2000 cm 1. For Ce3+ in single crystal CaF2, SrF2 and BaF2 an
excited state near 32000 crJ' has been reported by several authors including

Ka lyanskii et al. (1963), Crozier (1965) and Loh (1967), as well as for
Ce :LiYF4, Ehrlich et al. (1979). Extensive structure was noted by Loh who

observed a relatively intense band in the 30000-40000 cm range and at
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least three bands or absorption features in the 40000-60000 cm~ range in

each matrix. He also found evidence for additional structure at higher

dopings of Ce3+ attributed to cluster ion absorption that was distinct from

the single isolated ion absorption, although as Schlesinger and Szczurek

(1973) point out, such added structure may result from the existence of two

or more different site symmetries.

An interesting example of the sensitivity of the 5d states in Ce3+ to

medium effects is illustrated by the structure observed for Ce3+ doped into

Y3A15012 where the lowest energy f+d transition occurs near 22000 cmF1,

Weber (1973). It should be noted that the energies of the 4fN-states in

Ce+: and Pr : Y3A150 12 agree well with those in the ethyl sulfate crystal

matrix, Okada et al. (1981), Dieke (1968). It is the energies of the d-

states with respect to a relatively fixed fN-electronic structure that vary

markedly.

If we identify the lowest f + d band for Ce 3 + aquo) with the weak band
centered near 34000 cm~ comparable to the Ce :CaF2, Ce :LiYF4  and

Ce3+:La(C2H5SO4)3.9H20 cases, then the energy difference between this state

and that of the f + d transition in the free-ion is AE = 49737 - 34000 or

~16000 cm~1 .

If we adopt a spin-orbit parameter, , - 2/5 (52226-49737) = ~1000 cm1,

consistent with the free-ion results, then it is necessary to assume a very

large crystal-field to account for the 2D-structure. Jrgensen has
suggested that the 34000 cm~1 band may be due to the presence of more than

one complex in solution, i.e. Ce3+(H20)8 as well as Ce'+(H 20)9 , Reisfeld and

Jorgensen (1977), and this interpretation was accepted by Okada et al.

(1981). However, the fact that there are apparently five absorption
features in the Ce3+(aquo) spectrum (37000-51000 cm 1), Jrgensen and Brinen

(1963), does not necessarily imply five corresponding zero-phonon origins.

Turning to Tb3+ (4f 8), the structure in the ultraviolet-visible range

offers a considerable contrast to that observed for Ce3+ even though the

promotion of an f to a d-electron gives the 4f75d-configuration, which is

treated as a single d-electron built onto the stable core (4f7) of a half-

filled shell. One interpretation would be that the accessibility of the
fNld-shell to bonding orbitals is quite different from that in Ce3+. The

4fN-configuration in Tb3+ is assumed to be well shielded from the environ-

ment. One expects the same to be true of the excited fd-configuration, and
this could be responsible for the apparent reduction in crystal-field split-

ting relative to the Ce3+ case.

An analysis of the free-ion structure in the 4f75d-configuration of Th

IV has already been reported, Table 8, Carnall et al. (1984). We assume

electric dipole selection rules J+J, J 1; AL - 0, 1. Transitions from the
ground 7F6 state of 4f8 to low-lying 9 D and 7 D-states must be considered.

Transitions to a 9 D-state will be highly spin-forbidden, but if we assume a
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TABLE 8

Free-ion Energy Levels for Ln IVa,b

Free-ion Energy Levels for Ce IV

Configuration Term J

4f1  2F 5/2

7/2

2D 3/2

5/2

2S 1/2

Level

(cm 1)

0

2253

49737

52226

86602

Free-ion Energy Levels for Pr IV

Configuration

4f2

4f 5d

Term

1G

3F

3G

3H

3F

3H

J

4

5

4

2

3

4

3

5

Level

(cm~ 1 )a
0

2152.09

61170.9

61457.4

63355.9

63580.5

64123.5

65239.3

Fit Energy

(cm~ 1 )c

0

2106.7

61171

61459

63355

63577

64121

65239

Eigenvector

-0.986 3H - 0.166 1G

1.0 3H

0.789 1G + 0.549 3H

-0.830 3F - 0.542 1D

-0.874 3G - 0.417 3F

0.826 3H - 0.481 1G

-0.904 3F + 0.424 3G

0.999 3H + 0.039 3G

Free-ion Energy Levels for Tb IV

Configuration

4f8

4f7(8S)5d

4f7(8S)5d

Term J

F 6

5

9D 2

3

4

5

6

7D 5

4

3

2

Level

(cm 1)a

0

2051.6

51404.0

51800.8

52399.6

53316.6

54882.5

62680.6

63281.4

63746.2

64081.4

Fit Energy

(cm~1 ) d

0

2047.7

51707

52057

52585

53389

54737

62605

63188

63631

63950

Eigenvector

0.978 7F - 0.145 5 G1

0.985

0.980

-0.973

0.965

0.962

0.985

-0.952

0.951

-0.957

0.964

- 0.100

+ 0.149

+ 0.144

- 0.184

- 0.201

+ 0.173

- 0.215

+ 0.199

- 0.155

+ 0.120

5 G1

7P

7D

7D

7D

7F

9D

9D

9D

5P

. _
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TABLE 8 (cont'd.)

aExperimentally established free-ion levels, Martin et al. (1978). For Pr

IV see Crosswhite et al. (1965), Sugar (1965a). Sugar's parameters for Pr

IV were revised by Crosswhite and Crosswhite (1984a), but the interpretation

of the lowest energy fd-states was not changed significantly.

bSpin-orbit coupling parameters are:

Cf 72'C _2-2253 = 644 c -1 2489 96c -1
C4 = 7/2 4 cm, c5d 37 i 996 cm

cThe energies and eigenvectors fit to the levels of the 4f 2 -configuration are

results for Pr3+:LaF 3 , Carnall et al. (1983); The parameters used in the

fit to the 4f5d-configuration are from Crosswhite and Crosswhite (1984a):

= 

= 853.2, Cd = 1064.0, F2(fd) = 22362, F4(fd) -18263, G1(fd) -10526, G3 (fd) = 12000, G5 (fd) - 8043, all in cm 1 .

dThe energies and eigenvectors quoted for 4f 8 ( 7 F 6 , 5 ) are results fit to

Tb3+:LaF 3. The parameters used in the fit to the 4f 7 ( 8 S)5d-configuration are

given in Table 9.



47

small mixing-in of septet character, weak transitions from the ground 7F6 to
J=5 and 6 states at 53316 and 54882 cm~ could result in observable bands.

In this case we assume J=6 + J' = 2, 3, and 4 will exhibit lower transition
probability. The J=2 state at 51404 cm~1 is the level recorded by Brewer

(1983). A weak band attributed to an f + d transition is observed at
38000 cm~', Fig. 16. For comparison with the Ce3+ case this gives a host

dependent energy separation, AE = 53300-38000 = 15300 cm~1.

The lowest energy septet states in Th IV are those of 7 D-character at

62680 cm- (Table 8), and a corresponding ba in Tb+ aquo centered near

46000 cm~1 Aives E = 62680-45000 - 16680 cm . The spin-forbidden band at

~ 38000 cm~ (9D) exhibits apparent structure which can be quite accurately
accounted for by assuming that 4f 8-states are superimposed on a structure-

less Gaussian curve, Carnall et al. (1983). While f -states also overlap
the more intense broad band at 46000 cm~1 , they are too weak to observe and

the single absorption band exhibits no apparent structure, but sans

approximately 4000 cm-1. The intensity of the band in Tb3+ at 46000 cm~ I

actually much reduced compared to that of the 2D states in Ce3+, Figure '.6,

possibly suggesting lesser coupling of vibronic states to the more shielded

D-states. Schlesinger et al. (1976) also report a single band in Tb3+:CaF2
centered near 46000 cm-.

In contrast to the above, the spectrum of Bk3+ in the ultraviolet range
is more like that of Ce3+, Figure 16. Two factors need to be considered.

Our analysis of the Bk3+ spectrum Carnall et al. (1984) suggested that more

than one excited state in the 5f 6d-configuration may be accessible whereas

this was not true for Tb3+. There is also evidence for a much larger
crystal-field interaction in Bk3+ than in Tb3+, and a greater overlap be-

tween the f and d-configurations as reflected in the relatively more intense
f + f transitions. We attribute th'3 extensive structure at > 36000 cm1

primarily to crystal-field splitting of 5f 76d states that are more exposed

to the environment than are the tf 5d-states of Tb3+.

Along with Tb3+ and Ce , Pr3+ is the only other Ln3+(aquo) ion to

exhibit an absorption feature attributable to f + d transitions. We observe

a weak shoulder near 46500 cm~ . The intensity here has some of the same

character as for the f 8 +f7 d (D) transition in Bk or the 34000 cm band
in Ce (aquo) relative to that expected for allowed transitions. Jdrgensen

and Brinen (1963) reported a further maximum in Pr3 (aquo) at 52910 cm 1

with e ~ 400. The excitation spectrum of Pr (aquo) very closely reproduces

the absorption features in the 40000-50000 cm' range, Svetashev and Tsvirko

(1981).

The free-ion analysis of Pr IV placed the lowest 4f2 + 4f5d state
(nominal 1G4) at 61170 cm ', Martin et al. (1978). The next accessible

states are ~ 2000 cm~- higher in energy. A transition from 4f 2 (3H4) to
4f5d ('G4) would be formally spin forbidden, but as indicated in Table 8,

there is also considerable triplet character in the latter state. The
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energy difference, i.e. free-ion energy less that estimated for the lowest

energy Pr3+(aquo) band, 61200-46500 15000 cm~', is of the order of the

other AE values deduced here.

3.8.2 Theoretical Considerations in Computing the Structure of

t'-Configurations

As indicated in Wybourne (1965), the calculation of matrix elements for

the electrostatic interaction in configurations of the type ONt', in this

case fNd, proceeds in two steps: first, the calculation of matrix elements

within the fN-core, and then calculation of the matrix elements for the

interaction with the added 5d electron. See also Crosswhite and Crosswhite

(1984a).

In addition to the usual Slater-Condon FK integrals encountered in

treatment of the 4fN-configuration, we add the GN- or exchange integrals

where N = 1,3,5, and FK(fd) (direct interaction) where K = 2,4, for the fd-

configuration. Spin-orbit coupling parameters for both the f and d-config-

urations must be defined, Crosswhite (1971).

As in calculations involving the fN-configuration, a systematic set of

energy level parameters was developed and the energies calculated for lower-

lying states of An IV (fN-ld). Since there is very little free-ion data

that has actually been interpreted to yield reliable values for the required

parameters, extensive use was made of available Hartree-Fock results com-

puted using an approximate relativistic correction (HFR), Section 3.2. As a

reasonable approximation, we used the results for U V, Wyart et al. (1980)

and Van Deurzen et al. (1984), as the basis for estimates for An IV. The

parameter sets are given in Table 9.

3.8.3 Comparison of An3+(aquo) Spectra with Model Calculations of the

Structure in Low-Lying 5fN-16d States

In U+(aquo), Figure 2, we observe a broad very strong absorption at

>23000 cm~- which appears to reach a maximum and decrease such that much

weaker transitions occur in the ~ 44000-50000 cm~1 range. A model energy

level calculation for the lower energy region in the U IV (f2d)-config-

uration adjusted to bring the computed lowest energy computed state to ~
24000 cm~1 is given in Table 10. Spectra of U3+:LaCl3 in the 23000-50000

cmI range, Crosswhite et al. (1980), show absorption features at 77K
similar to those observed for U3+(aquo). The structure observed in this

energy range in U3+:LaCl3 at 4 K is attributed to crystal-field splitting in

the f d-configuration, but we assume that vibronic as well as electronic

features are superimposed. We note from Figure 15 that the fN-ls-config-

uration is nearly coincident in energy with the fNld. Strong configuration

mixing is expected so that the designations fN-d or f -s are only formal

and transitions (involving d-character) to boL should be observed.
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TABLE 9

Free-ion Parameters for fNd-Configurationsab

U IV Np IV PuIV Am IV CmIV Bk IV Cf IV Es IV

42900

39900

25600

1780

22552

23121

14627

14565

9929

2455

46100

42000

27200

2070

22593

22945

13873

14119

9625

2629

49100

44000

28700

2370

22605

22769

13207

13718

9348

2801

52000

46000

30200

2690

22596

22596

12613

13353

9093

2972

54800

47900

31600

3020

22565

22422

12085

13020

8859

3136

57500

49700

32900

3370

22513

22246

11565

12709

8638

3300

60200

51400

34200

3740

22447

22071

11160

12420

8430

3462

62700

53200

35500

4120

22365

21896

10752

12149

8234

3622

Tb IV

98500

68000

49500

1800

21000

11500

8500

9000

6000

1300

aAll values in cm-1 . For U IV, N-2; For Np IV, N=3, etc.

bThe FN(ff) parameters are those characteristic of An IV or Ln IV compounds;

45f are obtained by reducing the HFR-values for An IV(5fN6d) by 280 cm-

the remaining parameters were obtained from the same HFR-results but correc-

tions were based on experimental results for U V. Similar results for LnIV

are discussed by Crosswhite and Crosswhite (1984a). The following parameters

were also included in each individual calculation, all in cm 1:

a -

Y =

P2 =

23

800

1200

500

T2 s 250

T3 - 50

T4 - 100

-300

400

350

F2 (ff)

F4 (ff )

F6 (ff)

Cf

F2 (fd)

F4 (fd)

G1 (fd)

G3 (fd)

G5 (fd)

Cd
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TABLE 10.

Free-ion Energy Levels for U IVa,b,c

J

0 9/2

LS-TERM

>85% 4 I

f3 f 2 f -- parent states both 3H and 3 F.

EIGENVECTORS

CALC.1
LEVEL(cm 1 )

24050

25854

27868

30192

30330

31535

31718

32704

35105

36508

36304

36644

37823

37836

38521

38975

39265

40781

41012

J

11/2

9/2

7/2

11/2

9/2

7/2

11/2

9/2

9/2

11/2

7/2

9/2

9/2

7/2

7/2

7/2

11/2

11/2

9/2

LEADING COMPONENT
CORE LS

LEVEL MAGNITUDE STATE

( 3 H)

(3H)

( 3 F)

( 3 H)

( 3 H)

(3 F)

(3H)

(3 F)

(3F)

(3 H)

(3d)

(3H)

(3 H)

(3H)

( 3F)

(3F)

( 3H)

(3F)

( 3H)

0.864

0.787

-0.672

-0.521

0.553

0.534

0.865

-0.718

-0.544

-0.483

0.404

0.650

-0.611

0.645

-0.631

0.545

0.635

0.537

-0.513

41t

4I

2H

2H

4G

4I

4H

4G

2H

2F

4H

4G

4G

2F

4F

4H

4G

4F

NEXT COMPONENT
CORE LS

LEVEL MAGNITUDE STATE

(3H)

(3H)

(3H)

(3H)

(3H)

(3H)

(1G)

(3H)

C3F)

(3H)

(3H)

( 3 F)

(3F)

(3F)

(3H)

(3H)

(3F)

( 3 F)

(3F)

-0.331

-0.548

-0.502

-0.404

-0.462

0.489

0.274

-0.552

-0.366

0.396

-0.391

-0.493

0.432

0.534

-0.303

-0.422

-0.451

-0.521

0.467

21

2H

4H

41

4H

4H

2H

4H

4H

4G

2G

4H

4G

4G

4G

4F

4G

.H

4F

OBS.
LEVEL

f3

f2 d

aadjusted to an energy consistent with the lowest-lying fd-band observed for U3+(aquo).

bParameters for the calculation given in Table 9.

CThe L-S term for the f 3 ground state is taken from calculations for An3+(aquo).
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For U IV (5f 3) + 5f26d the allowed states will include 5f22(3H,3F) +

D + 4'K, I, H, G, F, D, P and the relevant transitions can be identified

assuming electric dipole selection rules, J + J, J 1; AL - 0, 1. Thus,
since the ground state in 5f3 has J - 9/2, the stronger transitions are

assumed to be limited to J = 9/2 + 7/2, 9/2, 11/2. Numerous allowed

transitions from the ground 5f3 (419/2) to 5f2 6d-states built on the 5f2-

core, H and 3F are indicated in Table 10. However above 40000 cm , the
excited states increasingly exhibit appreciable doublet character. The much

reduced absorption intensity actually observed is consistent with the

increasingly spin-forbidden character of the transitions. No attempts have

yet been made to analyze the crystal-field structure in the f2d-configur-

ation, although in appropriate host crystals a great deal of structure can

be observed. As in the d-configuration in Ce3+, we interpret the extensive

structure over a large energy range as indicative of a strong interaction

with the environment.

In Np3+, Pu3+, and Am there is evidence for a progression of the
fN-ld-configuration to higher energies with respect to the ground state

energy of the corresponding fN-configuration. In Np3+:LaCl3 , resolved

structure in the fd-bands is observed, Carnall et al. (1980). There is also

an apparent shoulder as the lowest-energy feature of the spectrum, Figure

2. In each case Np3+, Pu3+, Am3+, the approximate energy level calculations

for the fN-ld configuration do predict one or two lower-lying states
separated by 4000-6000 cm-1 from a higher energy group that spans a very

wide region of energy, Table 11. Except for Am , the low-lying states are

expected to exhibit normal intensities so the weaker shoulder may simply

result from a lower population of levels. Any perceived structure is

attributed to crystal-field splitting of states that are relatively exposed

to the environment and thus expected to be sensitive to changes in bonding

character, as observed in the 4d and 5d-transition elements. It is

interesting to note that these 6d-states are the analogs of those expected
in the ground configurations of elements beyond 104! In the case of Bk3+

(5f76d), the next higher Z-element in which a 6d electron could occur in a

ground configuration, (the analog of Re 6+) would be element 107. With the

observed trends, we would not ex ect, nor do we observe, at <50000 cm~1 any

structure in the spectrum of Cm' (5f) attributable to f + d transitions.
Incidently, the value for Cd in Bk IV is similar to that for Re6+ (6d1).

In Am3+ (aquo) there is an apparent marked decrease in the f + d

transition intensity. This observation appears to be consistent with the
special case posed by transitions originating in 5f6  (7F0). Allowed

transitions can only occur to J-1 states of 5f 6d (7F, 7G). The computed
free-ion energy level structure, Table 11, gives significant energy

differences between the lowest-energy states in the 5f 56d-configuration.

The Bk3+ (5f8 + 5f76d) transitions, Table 12, were discussed earlier

and compared to the results for Tb +. Beginning with the structure observed
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TABLE 11.

Computed Levels and Elgenvector Components for Np IV. Pu IV. Am iva,b,c

OBS.

LEVEL J LS - TERM

Np IV(f4 ) 0 4 >80%

EIGENVECTORS

LEADING COMPONENT NEXT COMPONENT

CALC.

LEVEL (cm )

37438

43639

46010

46625

47489

47935

48010

48887

49264

CORE

J LEVEL

5 (4I)

4 (4I)

5 (4I)

4 (4I)

4 (4I)

3 (4F)

5 (4I)

3 (4I)

4 (4G)

MAGNITUDE

.814

.770

-. 484

.499

.375

-. 630

-. 914

-. 422

. 789

LS

STATE

5K
5H

3

5H

3G

5H

5I

5H

5

CORE

LEVEL MAGNITUDE

(4I)

(4I)

(4I)

(4 F)

(4I)

(4I)

(4I)
( 4 F)

(4I)

.393

.476

.445

.452

-. 366

.440

-.242

-.294

.253

OBS.

LEVEL

Pu IV(f 5 ) 0

J LS -TERM

5/2 >65%

EIGENVECTORS

CALC.

LEVEL (cm 1)

40569

41453

45585

46236

46342

LEADING COMPONENT

CORE LS

J LEVEL MAGNITUDE STATE

7/2

5/2

7 /2

3/2

7/2

(5I)

(SI)

(51)
(SI )
(5I)

C(5F)

-. 653

-.534

.421

.610

-.491

61

4G

4G

6G

6H

NEXT COMPONENT

CORE LS

LEVEL MAGNITUDE STATE

(5I)
(5I)

(5I)
(5F)

(5I)

.499

-.352

. 365

.543

.460

5I

f 3d

LS

STATE

3I

3H

5K

5H

3H

5G

3H

3F

3G

f 4 d 4H

6G

6G

6G

6H
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TABLE 11 (cont'd.)

Computed Levels and Eigenvector Components for Np IV, Pu IV, Am IVa,b,c

EIGENVECTORS

CALC.

LEVEL (cm 1 )

46429

47657

48045

49977

LEADING COMPONENT

CORE LS

J LEVEL MAGNITUDE STATE

5/2

5/2

7/2

5/2

( 5 F)

(5k)

(5I)

(5 F)

-. 561

.497

.559

.402

NEXT COMPONENT

CORE

LEVEL MAGNITUDE

(sI)
(SI)
(SI)

CSI)

-. 383

.299

-. 347

.390

OBS.

LEVEL (cm )

Am IV(f6 ) 0

J LS - TERM

0 >47% 7F

CALC.

LEVEL (cm 1)

44000

46567

47758

51248

EIGENVECT

LEADING COMPONENT

CORE LS

J LEVEL MAGNITUDE STATE

1

1

1

1

(6H)

( 6 F)

(6H)

(6 F)

-. 624

-. 700

. 502

.487

NEXT COMPONENT

CORE LS

LEVEL MAGNITUDE STATE

(6H)

(4F)

(6F)

(6H)

-. 419

-. 344

5G

5F

-. 420 7G
-. 394 G

aParameters for the calculation given in Table 9.

bThe energy of the lowest f + d transition was adjusted to be consistent with

that of the lowest-lying fd-band observed for Ana (aquo).

cThe LS term for the 5fN-ground states was taken from calculations for

Ana+(aquo).

LS

STATE

6H

4G

4H

6G

f5 d 5F

7G

7G

7F
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Computed Levels

TABLE 12

and Eigenvector Components for Bk IV, Cf IV, Es IVa,b

J LS - TERM

Bk IV(f8 ) 0 6 >64%

EIGENVECTORS

CALC.

LEVEL (cm 1 )

34000

38756

46847

53067

LEADING COMPONENT

CORE LS

J LEVEL MAGNITUDE STATE

5

6

5

5

(8 s)

(8s)

(8s)

(6I)

-. 779

.882

-. 679

-. 385

NEXT COMPONENT

CORE

LEVEL MAGNITUDE S

(8 s)

(6P)

(8s)

(4H)

. 358

.434

-. 472

.332

J LS - TERM

Cf IV(f 9 ) 0 15/2 >64%

EIGENVECTORS

CALC.

LEVEL (cm 1)

35000

37561

44700

45828

45909

48032

LEADING COMPONENT

CORE LS

J LEVEL MAGNITUDE STATE

13/2

15/2

13/2

15/2

17/2

13/2

(7 F)

( 7 F)

( 7 F)

( 7 F)

( 7F)

( 7 F)

.602

.709

.569

.520

-.850

.566

8G

8G

8H

8G

8H

8F

NEXT COMPONENT

CORE LS

LEVEL MAGNITUDE STATE

(7F)

(5G)

(7F)

(7F)

( 5G)

(7F)

.444

-.358

-. 483

.515

.449

.408

8F

6H

8F

6H

6I

8H

OBS.

LEVEL

f 7 d

LS

TATE

OBS.

LEVEL

f8 d

7D

7F

9D

5K



55

TABLE 12 (cont'd.)

LS - TERM

Es IV(f10) 0 8 >74%

EIGENVECTORS

LEADING COMPONENT

CALC.

LEVEL (cm 1)

57000

57425

61104

67722

67998

68557

CORE

J LEVEL

8

7

9

8

7

9

(6H)

(6H)

(6H)

( 6 H)

(6H)

( 6 H)

LS

MAGNITUDE STATE

-.650

.551

.574

-. 535

.587

.609

NEXT COMPONENT

CORE LS

LEVEL MAGNITUDE STATE

(6H)

( 6 H)

( 6 H)

(6H)
(6H)

( 6 H)

-. 395

.456

-. 445

.344

-.416

.509

aParameters for the calculation are given in Table 9.

bThe energy of the lowest f + d transition was adjusted

that of the lowest observed fd-band in An 3+(aquo).

to be consistent with

cThe L-S term for the 5fN-ground states was taken from calculations for

An (aquo).

OBS.

LEVEL J

f9 d 7H

7G

5K

7I

7G

5K
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in the 5fN-16d-configuration in Bk3+, all the heavy 3+ actinides will have

low-lying states of both the same spin as the ground state and one spin unit

larger, i.e. for Bk3+:5f8  (7F) + 5f 76d (9 D, 7 D). The formally spin-

forbidden F + 9 D-transition in Bk3  (aquo) is clearly identified even

though it is very weak. It is apparently not resolved in Cf3+ (aquo).

At least partial structure attributable to the (5f86d) states is

observed in Cf 3+, but assignments based on the observed spectrum alone would

be difficult to justify. In his tabulation of energy levels, Brewer (1971b)

cites the energies of the lowest spin-forbidden states in the heavy half of
both the 4f and 5f series for the lowest fN + fN-1d transitions. For Bk IV,
this would give AE = 52000-34000 = 18000 cm~1 . If we use this latter value

together with Brewer's tabulated f8d-state energy for Cf IV we obtain

E( G1 5/2 ) -AE = 64000-18000 = 46000 cm~-. Referring to Figure 3 we observe

a broad feature in the spectrum of Cf 3+(aquo) near this energy. The

computed level scheme for Cf in Table 12 was correspondingly adjusted to
place levels expected to show some intensity in the 46000 cm~ region. This

locates a (relatively weak) transition to a J = 15/2 state near 37561 cm ,
but suggests that much of the observed intensity increase in the ultraviolet

range is probably due to radiation induced solvent decomposition.

The absorption spectrum of Es3 (aquo) is strongly perturbed by the

rapid generation of H20 due to solvent decomposition in the presence of the
intensely radioactive Es isotope. It is, therefore, unclear from the

observed spectrum where f + d transitions might occur. As an estimate, we
use the result AE = ~18000 cm~1 and locate the lowest energy spin-forbidden

transition at 75000-18000 = 57000 cm - using Brewer's estimate. This places

f + d bands outside of the energy range accessible with aqueous solutions,

Table 12, and indicates that all observed general absorption in the ultra-

violet range for Es3+ (aquo), Figure 3, can quite reasonably be ascribed to

solvent radiation decomposition products.

The experimentally observed transition intensities for the f + d

transitions in Bk3+ indicate that the lowest energy spin-allowed f + d

transitions may be a factor of ten less intense than similar transitions in

the light part of the series. This suggests qualitatively the same overall

intensity trend as exhibited by transitions in the 5fN-configuration, where

a very significant decrease in average transition intensity was apparent

from U3+ through Bk3+, Carnall et al. (1985).

4.0. Correlation of Energy-Level Structures in Free-Ion and Condensed-Phase

Spectra of f-Elements

A full quantum-mechanical description of the electronic states for

actinide ions in condensed-phase environments would include a detailed

treatment of the surrounding ions as well. However, because the f-shell

orbitals are relatively well shielded, a great deal of progress has been

made by taking the point of view of an isolated (free) ion perturbed by
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complex surroundings. In adopting a group-theoretical framework, the gener-

al aspects of the problem are formulated without regard to specific details.

In order to progress beyond a comparison of parameters for actinide

ions in various hosts, we describe here some preliminary attempts to compare

them directly with the unperturbed-ion situation. This will provide a basis

for understanding the physical processes brought into play when the ions are

introduced into the crystalline medium, and appropriately follows the dis-

cussion of modeling trivalent ion spectra because many of the comparisons

involve the 3+ valence state. In suite of the fact that these tentative

results are very fragmentary, the'; are suggestive enough to warrant

description in some detail.

As was pointed out earlier, because of the different techniques used in

studying condensed-phase and free-ion spectra, few configurations are

available for direct comparison of the two cases. When crystals or

solutions are cooled to near 4K so that only the lowest (ground) electronic

state is populated, the resultant absorption spectrum is directly interpret-

able in terms of energy levels. Except for complications of superimposed

vibronic bands and the added perturbations of crystal-field effects them-

selves, the analysis can proceed directly to the study of atomic parameter
variations. In free-ion emission studies, on the other hand, many over-

lapping transition arrays between the multiple configurations indicated in

Figure 1 are obtained simultaneously, and one must first disentangle

these. This can only be done with the aid of additional tags on the energy

levels such as isotope-shift, hyperfine-structure or Lande g-factor

information, which requires in fact that multiple experiments be carried

out. Of the many configurational analyses that finally result, most are too

heavily involved with s, p and d orbitals for easy comparison with the f-

shell cases with which we are concerned here. Nevertheless, with some

assistance from theory, cases are available from which a beginning can be

made to construct a useful interpretative and predictive model.

We consider first the analogous lanthanide situation, Martin et al.

(1978). Except for the uncertain assignment of the 1S state, all 4f2 atomic

states are known for the free-ion Pr IV, Sugar (1965a), Crosswhite, et al.
(1965), Table 13. The 1S state and most of the multiplet levels have also

been identified in the LaCl3-host Pr case, Rana and Kaseta (1983), Rana

et al. (1984) as well as in LaF3 , Carnall, et al. (1969), Yen et al. (1981),

Cordero-Montalvo and Bloembergen (1984). The corresponding parametric

results are given in Table 14. This is the only example yet available for

either the lanthanides or actinides for which this direct comparison can be
made. For this reason we examine this case in considerable detail beginning

with a reappraisal of the 1S assignment in Pr IV.

The 1So level value originally reported by Crosswhite et al. (1965) was

subsequently questioned on theoretical grounds, Morrison and Rajnak
(1971). Because of the importance of having the complete configuration for



58

TABLE 13.

Free-ion Energy Levels and Parameters for Pr IV ( 4 f 2 )a

Largestb Next Largestb Observed Fit Energy Calc G

Eigen. Component Eigen. Component Energy (cm 1 ) (cm 1 ) Value

0.985

1.0

0.999

0.988

1.0

0.806

0.798

-0.946

0.996

1.0

0.999

-0.958

0.996

0.167 1G3H

3H5

3H6

3F2

3F3

3F

G4

3i

1D6

32

3nO

-0.054

0.151

-0.579

0.591

0.288

0.092

0.054

-0.287

-0.092

116

D2S

1 G4

3F4

342

3S 
2

0.0

2152.09

4389.09

4996.61

6415.24

6854.75

9921.75

17334.39

21389.81

22007.46

22211.54

23160.61

50090.29

1

2150

4389

4998

6414

6853

9922

17334

21401

21989

22211

23169

50090

0.8056

1.0334

1.1665

0.6736

1.0835

1.1597

1.0848

1.0342

0

1.5012

1.0005

1.4592

0

Parameters (cm )c

Eave 10223

F2  72549 (49)

F4  53718 (137)

F6  36057 (55)

C4f 766.96 (4)

a

s

Y

P2

P4

P6

23.960 (0.5)

-604.48 (28)

727.82 (25)

123 (86)

92

62

M0

M2

M4

a

1.937 (.6)

1.08

0.74

14

Experimental data 'from Crosswhite et al. (1965), Sugar (1965a).

The largest and next largest eigenvector components are given with their

phases.

c. Parameter errors are shown in parentheses; P2 was freely

P6 were constrained by the relations P4 - 0.75 P2 and P6

similarly M0 was varied but M2 and M4 were constrained:

M4 - .38 M0 .

varied but P4 and

- 0.5 P2;

M2 - .56 MO and

a.

b.



TABLE 14.

Comparison of Free-ion Pr IV Energy Levels and Parameters

with those for Pr in LaF3 and LaCl3 Hostsa (units of cm~1)

Theoretical

a. Parameters

Eave
F2

F4

F 6

s

Y

HF

~13496

104089

65507

47192

0

0

0

Many-Body

11505

82270

52434

23874

27.94

-616

1612

Free Ionb

10223

72549

53718

36057

23.9

-604

728

Experimental

LaF3

10163

69305

50675

32813

[21Jc
-842

1625

b. Levels

3H5 2275

3F 3 8551

1G4  8553

1D2 24647

3p1 31581

16 29548

1S 68282
Crossvhite (1977)

bTable 13
cParameter not varied.
dObserved-calculated.

0-Cd

-123

-2136

1368

-7313

-9574

-7337

-18192

2311

7587

10586

18716

27074

24859

49907

0-C

-159

-1172

-665

-1382

-5067

-2648

183

2152

6415

9921

17334

22007

22211

50090

2303

6568

10001

17047

21514

21743

46986

2137-2283

6283-6357

9592-9926

16630-16780

21066-21096

21298-21521

46450

LaC13

9931

68441

50192

32974

22.8

-679

1453
w1

m
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comparison with the Pr3+ crystal levels recently been reported for LaC13 ,

Rana, et al. as well as for LaF3, Carnall, et al. (1969), Yen et al. (1981,

Cordero-Montalvo and Bloembergen (1984), it is worth while looking at this

question in more detail.

The two-body electrostatic operator G2(R7) is parametrized ay y in the

notation used here (Section 3.3, Eq. 8). Matrix elements are such that this

parameter and the 1S position are closely associated with each other, the
parametric values being 1453 and 1625 cm 1 for LaCl3 and LaF3 respective-

ly. Superficially, one could say from this that y should be somewhat higher

for the free ion.

Morrison and Rajnak (1971) used many-body theory to calculate correc-

tions to the atomic electrostatic parameters derived from a single-config-
uration Hartree-Fock procedure. Results for the uncorrected and corrected

radial integrals respectively are given in columns 2 and 4 of Table 14(a).

The correction calculations of column 3 also include parameter values for

the two-body effective electrostatic operators a B, and y discussed in

Section 3.3. Experimental determinations are given in column E for the case
in which the 1S value of 50090 cm~ is assumed to be correct. To judge from
the experimental F2 values, which dominate the Hamiltonian and determine the

overall scale of the energy-level spread, the scale reductions for the LaF3
and LaCl3 cases are roughly in a ratio 4/5. One might then expect the other

parameters to fellow this same trend. Some do, and others show scatter, but

the free-ion value for y of 723 cm~ would seem to be far out of line

compared to the relative consistency of y and S in the three cases. The

many-body calculation, on the other hand, gives a value for y of 1612 cm 1.

It was from this result that Morrison and Rajnak concluded that the 50090

cm~ 1 value must be spurious.

It must be remembered, however, that the Hamiltonian operators defined

in this way do not form an orthogonal set, Judd and Crosswhite (1984);

values for y in particular will depend on results for the Fk, which show

some large discrepancies. Rather than discussing the parameters in this

form, let us examine the energy levels themselves, as given in Table 14(b)
for the same five conditions. For convenience in consideration of these

electrostatic interactions we have only used the middle levels of the

triplet terms, since they are each close to their corresponding multiplet

centers. For the "theory" diagonalizations, a Hartree-Fock value of 820

cm~1 has been assumed for the spin-orbit interaction and the position of the
configuration center has been adjusted such that the ground 3H4 state has

the value 0 cm~1 . The scale of the level diagram corresponding to the

original HF calculation is far too large. The many-body calculations

correct this in large measure, predicting a 1S position of 49907 cm 1, but

with an uncertainty, as judged by the scatter of other levels, of some
2000 cm1. The high position of the postulated 50090 cm~ level would seem

to be in acceptable agreement with this and, particularly, with the assump-
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tion of a 4/5 ratio in the LaF3/LaCl3 shielding effects. On the other hand,

the residual errors of the many-body calculation (column 5 of Table 14(b))

show a pronounced energy dependence, reminescent of the proposal by Wilson

and Fred (1969), which would favor an even lower theoretical value. A more

accurate theoretical calculation is needed to clarify this question.

Two other points can be made in favor of the 50090 cm~ value for the

free-ion 1S state. (1) in the Hamiltonian which was used for the dia-

gonalization, operators for both the spin-other-orbit and spin-spin relativ-

istic corrections were included. These in theory should be parametrized by

the same Marvin integrals Mk, Marvin (1947). In the present case, they were

varied independently, but the experimentally-determined values were within

the estimated error of each other, bracketing the Hartree-Fock-calculated

value. On the other hand, if the 50090 cmI value was removed and y fixed

at the theoretical value of 1612 cm~1 , the spin-spin parameters dropped to

about 60% of their theoretical value. (2) The SO level of the actinide U

V Sf2 has been reported by Van Deurzen et al. (1984) on similar evidence

(three weak lines). The value for y reported for this case was 744 cm1 .

For the more detailed comparisons of free-ion/crystal parameters which

we will now make, we will carry out two parallel calculations, with and
without this determination of the 1S position.

In columns 2 and 3 of Table 15 are given the parameters found by a
least-squares fit for the two cases: (1) no ISO assumed but y fixed at

1612 cm~1, and (2) a ISO value of 50090 cm~ assumed but y varied freely.

Along with a variable configuration average, eleven parameters (column 1) in

all were used to fit the thirteen levels in the second case, and one less of
each in the first, with a mean error in each case of less than two cm"1.

The two sets of Marvin Mk parameters were varied independently, with M2/MO
= 0.56 and M4/M0 - 0.38 in each case. The pk were varied as a single

parameter in the customary ratios P4 /P2  = 0.75 and P6 /P2  = 0.50.
Experimental parameters for the LaCl3-host case are given in column 4. (No

spin-spin operator was used here because of the somewhat larger mean error,
8 cm~ 1.) The shifts of these parameters derived from the crystal environ-

ment from each of the free-ion sets are given in the respective columns 5

and 6, in cm~1 , and in columns 7 and R as a percentage change from the free-

ion values. Two points should be noted: (1) the shifts derived for a and S
do not depend greatly on the value used for y , and (2) the results for the
Fk do, the shifts found for the second case being much more consistent with
those found in the actinide spectra discussed below. From the foregoing we

conclude that the theoretical grounds for previously rejecting the
50090 cm~1 value for the ISO level are not as strong as first believed.

In passing, it is worth noting that this discussion might well have

been less convoluted had the recently-proposed orthogonal operators, Judd

and Crosswhite (1984), been used in the analysis instead of the conventional

ones.
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TABLE 15.

Parameter Shifts for Pr3+ Ions in LaC 3 a

Free Ion (in cm 1 )

no 1S2 with 'S

71585

51268

33199

23.90

-592

[ 16 1 2 j b

764.2

1.91

1.23

225

72549

53717

36057

23.96

-604

728

766.9

1.84

2.11

123

LaC1
3

(inc1)

68441

50192

32974

22.83

-679

1453

749

1.7

238

Medium Shift (cm1 )

no with_ 5

-3144

-1076

-225

-1.07

-87

-15

0

0

0

-4108

-3525

-3083

-1.13

+75

+725

-18

0

0

0

Medium Sh At (%)

no 1 with 1Sp

-4.39

-2.10

-0.68

-4.5

+15

-2.0

0

0

0

-5.65

-6.67

-8.55

-4.5

+14

+101

-2.0

0

0

0

aCrosswhite (1977).

bNot varied.

F2

F4

F6

a

Y

M (S00)

M*(SS)
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Returning to the comparison of free ion and crystal matrix results for

this unique 4f2 case, an examination of the parametric results in Table 15

reveals significant differences for the major pararnetere Fk and zeta, and

lesser ones for a and S. Here we refer to the columns showing shifts with

assignment of 1S0 in Pr IV. Any possible differences in the Mk and P
values are masked by the statistical uncertainties. The parameter shifts

attributed to the Pr3+ environment are given in column 6 and the relative

change of the crystal values, compared to those of the free ion, in column

8. The most striking change seems to be for beta, which shows an increase

in magnitude of some 10-15%. However, until this result is confirmed by

comparison of more complex cases (such as nf3), it must be regarded as

possibly spurious.

The 5f2 free-ion configurations are completely known for both Th III,

deBruin et al. (1941), and U V, Wyart et al. (1980), Van Deurzen, et al.

(1984), bu the Th2+ condensed-phase analoue is not known, and analyzed
data for U4+ arelimited in scope. The 4f Pr III configuration is nearly
completely known, Table 16, Sugar (1963), Crosswhite et al. (1968), but

there is no corresponding divalent crystal case for comparison. On the

other hand, both the Nd3+:LaCl3 , Crosswhite, et al. (1976), and U3+:LaCl3,

Crosswhite, et al. (1980) spectra are very well documented, but analysis for

the experimental spectra of Nd IV and U IV, Crosswhite :ad Crosswhite

(1984d) are both incomplete. In fact, except for th:;cium, there are no

doubly- or triply-ionized actinide free-ion analyses known.

Although we lack the appropriate free-ion data for direct comparison,

it nevertheless appears plausible that an indirect approach could be tried

to approximate the higher valent free-ion cases by making use of Hartree-
Fock estimates of adjustments to available lower-ionization analyses. Three

cases from first and second spectra of the actinides are known which yield

atomic parameters which are well enough defined that serious study seems

indicated: uranium, plutonium and californium, all derived from emission

experiments using microwave-excited discharge tubes containing microgram

quantities of specific isotopes. Instances in which the free ion contains

an additional 7s2 shell relative to the condensed-phase example form the

simplest case. A direct comparison of the spectra can in fact be made. The

shifts due to the crystalline environment and those due to the addition of

the 7s2 shell are found to be nearly the same. Thus for initial identifi-

cations, the crystal absorption lines can be directly related to the free-

ion energy levels themselves, at least in those cases for which the crystal

field can be treated in the weak-field approximation. For more complex

cases a more elaborate comparison of the appropriate atomic parameters is

necessary.
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TABLE 16.
Free-ion Energy Levels and Parameters for Pr III (4f 3 )8

LargestD obs. calc. LargestD obs. calc.
Eigen. Component (cm~ 1) (cm~1 ) A Eigen. Component (cm~ 1 ) (cm 1) A

0.986
0.995
0.998
0.995
0.973

-0.771
0.989

-0.965
0.975

-0.884
0.903
0.638

-0.993
0.869

-0.732
0.994

-0.666
0.699
0.972

-0.979
0.975

19/2

4 111/2
4113/2

4115/2
23/2
4H29 /2

4F5/2
4F 7/2
4F 3/2

F9,/2
2H292

4 G17/2

4 G5/2

4 G7/2

2G9/2

4K1 3 /2

2G9/2
4D13/2

2G 11/2
2K 15/2

P1/2

0.0
1398.34
2893.14
4453.76
9370.66

10032.92
10138.18
10859.06
10950.24
11761.69
12494.63

13887.60
14187.35

15443.48
15705.13
16089.14
16763.98
17095.63
17409.58
17642.06
18693.65

-2.6

1392
2888
4456
9369
10038
10138

10859
10948
11763
12513

13876
14194
15445
15708
16106
16767

17100
17407

17631
18666

2.6
7
5
-3
1
-5
0.5
0
2
-1
-18
12
-6
-2
-2

-17

-3
-4
2

11
27

0.989
0.721
0.905
0.887
0.975

-0.918
0.992
0.984

-0.996
1.0
0.894
0.934

-0.766
-0.833
-0.648
0.780
0.763
0.765
0.786
0.746

D1/2

4 P3 / 2

D3/2

4D5/2
2D1/2

4111/2
2 7/2

2113/2
2L17/2

2 D23/2

2 H 9/2

2 D25/2

2H111/2

2F25 /2
2F27/2

2 G29/2

2 G27/2

2F17/2

F5/2

19046.09
20856.86
23091.70

23245.99
23465.43
24357.98
24886.51
25244.61
25391.75
26477.88
26921.49
27178.80
27597.13
28101.77

31787.93
39225.60
39940.72
53092.80

54184.37

19025

20876
23098
23234
23510

24381
24852

25255
25391
26415
26910

27147
27626

28146
30610
31768
39208
39947
53130
54153

21

-19
-6
12

-45
-23
35

-11
0

33
11

32
-29

-44

20
18

-6
-37

31

Parameters (cm 1)c

19717

59946 (40)
39977 (159)
26454 (101)
665.05 (3)
30.686 (.36)
-814.04 (22)
2208 (27)

451 (13)
33.8 (7)
81.2 (10)
-222 (15)
309 (23)
258 (27)

Mo

M2

M4

P2
P4

P6

1.458 (0.4)
0.816
0.554
172 (58)
129
86

a - 24

Experimental data from Sugar (1963).

The largest eigenvector component is given with its phase.

Parameter errors are shown in parentheses; MO was freely varied, but M2 and

M4 were constrained by the relations M2 - 0.56 M0 , M4 - 0.38 MO; P2 was

freely varied, but P4 and P6 were constrained by the relations P4 - 0.75 P2

P6 - 0.5 P2. The mean error is given by a.

Eve
F'

F4

F6

C5f
a

01

I

a.
b.
C.
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4.1. Uranium

By far the most favorable case for these studies is uranium, both from

the point of view of the additional extensive body of experimental spectra
for the triply and quadruply-ionized cases, Crosswhite and Crosswhite

(1984d), which will in time yield the energy levels themselves for direct

comparison, and also from the point of view of computational complexity,
which is more modest that for the more central elements in the period. A

sketch of the low U I and U II configurations is given in Figure 17, in

which the solid bars represent the lowest levels, where known, of the

indicated configuration and the dotted ones the estimated positions of the

remainder, Brewer (1971b). Since we are interested in comparisons with the
levels of U3+:LaCl3, Crosswhite et al. (1980), we will concentrate particu-
larly on configurations containing T3 . The most straightforward cases are
5f37s2 and Sf 36d7s of U II, for which it is possible to diagonalize both

configurations simultaneously without truncation, and to include the
interaction with 5f 36d2 as well, Crosswhite and Crosswhite (1984b). Because

this group of three configurations is fairly well removed from the next-

higher ones, neglecting the effects of the latter should be a good approxi-

mation.

Parametrization of 5f37s2  would appear to be the most appropriate

choice, since one then has only to make allowance for the effects of the

closed 7s2 shell to obtain an estimate of the desired 5f3 free-ion para-

meters and levels. In practice, this is complicated by the configuration-

interaction perturbations. The 5f 36d7s problem is more involved, requiring

many additional parameters to accommodate interactions between the 5f and 6d

orbitals. However, partly because of the 20-fold redundancy of the 5f3 core

states, the final results turn out to be more extensive than those of the
5f 37s2 configuration itself.

One of the difficulties in dealing with atomic-spectra analyses of this
type is that because of the complexity of configurations containing inequi-

valent electrons, false minima can rather easily be generated by the least-

squares process, depending on the particular correlations of experimental
and theoretical levels assumed. One must then rely on additional experi-

mental characterizations of the levels, such as isotope shifts and Zeeman

splitting factors, to verify a particular solution. The results given in
Table 17 correspond to one such solution for which almost all such compar-

isons are in good agreement with experimental data, up to the point that
additional interference from levels of the incompletely-characterized 5f 3 6d2

configuration become important. These results were arrived at by beginning
with initial constraints suggested by the parametric model developed at

Argonne, Crosswhite and Crosswhite (1984a, 1984c).

A third possible configuration for study is U I 5f 36d7s2, which is

intermediate in complexity between the two discussed above, but requires

simultaneous solution with the companion configurations 5f 36d27s and
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TABLE 17.

Parameter Values and Shifts for Uranium Spectraa

HFRb U IV 5f 3 Medium Relative

Exp. (cm~1) Adjustment (estimated) U3+:LaC13c Shift Shift

-4418
-4926
-4730

-10%
-13%
-17%

-4743 -11%
-923 -3%

-133

-5897
-2841
-2403

-6909
-5340
-1089
(-7.8)
(-54)

-8%

-13%
-8%
-9%

-16%
-14%
-4%

(-22%)
(+8%)

-134 -8%
(780) (+157%)

aReferences given in Section 4.0.

bFrom Tables 1-4
CFrom Table 5

U II f3ds

F2

F4

F6

U II f3s2

F 2

F4

U I f3 ds2

F2

F4

F 6

U V f2

F2

F4

F6

a
8

41691
36718
27066

42826
33505

1719

42862
34404
24572

51906
42706
27701

35.4
-658

1969
496

2442
1753
1334

1332
955

37

2750
1974
1501

-5282
-3829
-2942

-212

44133
38463
28400

44158
34460

1756

45612
36378
26073

46624
38877
24759
(35.4)
(-658)

1757
(496)

39715
33537
23670

39715
33537

1623

39715
33537
23670

39715
33537
23670
27.6

-722

1623
1276
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5f 3 6d3 . The resultant problem is much too large for complete diagonali-

zation, but a very satisfactory approximation method has been worked out,

Crosswhite and Crosswhite (1984c). This configuration has the advantage of

having about twice the number of known experimental levels as the U II case

discussed above. The parametric results and the extracted estimates for the

5f3 free ion are also given in Table 17.

Another independent estimate of the free-ion U IV 5f 3 parameters can be

derived from the analysis of U V 5f2 levels, Wyart, et al. (1980), Van

Deurzen, et al. (1984), Crosswhite and Crosswhite (1984a), by applying the

HFR adjustments. Table 17 also includes comparison of these with the

U3+:LaCl3 crystal results. In deriving U IV 5f from U V 5f2 results, the

parenthetical uncertainties (the simple sum of those for free-ion and

crystal analyses) are much smaller, and the comparison more extensive, than

for derivations from U I and U II spectra. The real uncertainty in this

case might be the systematic errors inherent in the HFR adjustments. In

spite of these reservations, the magnitudes of the medium shifts are in

general agreement with those for the lanthanide case Pr IV/Pr3 + in Tables 14

and 15, including the increase in magnitude of beta for the crystal,

relative to that for the free ion.

4.2. Plutonium

The energy level structure of Pu3+:LaCl3 (and PuCl3) has been analyzed
in considerable detail. The closest approximation to the unknown 5f5 Pu IV

configuration now available is Pu II 5f 3 7s2 , of which seven levels are known
from the work of Blaise et al. (1984a, 1985). These levels are embedded in

the more complex 5f 56d7s configuration, but satisfactory simultaneous

diagonalizations of these two have been carried out, Blaise, et al. (1983),

using a truncation method similar to that for U I above.

Fortunately, as is characteristic of actinide spectra, the large spin-

orbit interaction generates enough mixing such that the nominal ground 6H
multiplet contains considerable character of higher SL states. As a result,

several electrostatic parameters can be determined as well as the spin-orbit

parameter itself, Crosswhite and Crosswhite (1984c). These parameters are

compared with those derived from an analysis of Pu3+:LaCl3 data in Table 18.

4.3. Californium

Eleven levels are known for the ground configuration 5f1 07s2 of atomic

californium, Cf I, Blaise et al. (1984b). A parametric analysis by

Crosswhite and Crosswhite (1984a), is listed in Table 18. Using HFR

differences, we get the estimates for doubly-ionized Cf III 5f1 0 given in

column 4. Parametric results for divalent Cf 2+ in CfCl2 are listed in

column 5, and the medium shift in column 6. The medium shifts for F2 , F4 ,

F6, and zeta are all similar to those encountered in the Pu case.
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Parameter Values and Shifts

HFRa

Exp. (cm~'l) Adjustment

49066
39640
26946

2275

949
682
520

30

TABLE 18

for Plutonium and Californium Spectra

Pu IV 5f 5  Pu3 +:LaCl3b Medium Relative

(estimated) exp. Shift Shift

50015
40322
27466

2305

48670
39188
27493

2241

-1345
-1134

+27

-35

-3%
-3%
0

-2%

HFRa Cf III 5f 1 0  Cf 2+ Medium Relative

Exp. (cm ) Adjustment (estimated) CfCl2  Shift Shift

Cf I f10s2

F2  56774 574 57348 56711 -637 -1%
F4  41713 405 42118 41172 -946 -2%
F6  35559 306 35856 35274 -582 -2%

C 3382 17 3399 3446 +47 +1%

aFrom Tables 1-4.

bTable 5

cEstimated from an analysis of the spectrum of Cf C1 2, Table 21.

Pu II f X2

F2

F4

F6
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4.4. Suggested Future Research

From the tentative nature of the above results, it appears that much

more work is needed before the desirable goal of quantitative findings

regarding the nature of electronic orbitals in the solid phase can be

reached. The most direct approach, and the one more likely to give defini-

tive results, would be to press ahead with the analysis of U IV. U VI and

U V are now known, and, from the work of Berg, et al. (1980), a number of

lines in the visible and near-ultraviolet have been characterized as being

resonance lines of U IV. Extensive uranium spark spectra have been

measured, Crosswhite and Crosswhite (1984d), but there is not yet enough

additional characterization of these lines that term analysis can be

attempted. Since it is unlikely that isotope-shift or Zeeman data of

comparable quality will be available in the forseeable future, a new

approach is needed. A very fruitful one would be to apply modulated-

absorption laser techniques to the lines in this region to see which lines

have common behavior as the lower level of one of them is depopulated. This

would then tie all the lines of this subgrouping to a common lower level,

leaving only a simple coincidence search to tie the groupings together into

an energy-level scheme. Current laser technology is such that experiments

of this type would be possible with equipment in place in a number of

laboratories.

The secondary source of such free-ion data, namely, the related config-

urations of lower ionization discussed above, could also be made more

significant by improved theoretical interpretations. New and planned

experimental work at Los Alamos and Berkeley (both in cooperation with Kitt

Peak) on U and Pu, respectively, promises extension of the neutral and

singly-ionized level characterizations.

Preliminary studies of crystals with other than a valence of three have

indicated a possible need for further extension of crystal-field theory to

better accommodate those cases with much larger local fields. While some

attempts have been made to extend the theory beyond the first-order approxi-

mation, it is likely that a much greater effort will be needed in this dir-

ection before the available spectra of higher valent actinides can be fully

analyzed.

5.0. Spectra and Electronic Structure Interpretation in the Divalent

and Quadrivalent Oxidation States of the Actinides

While spectra of compounds and solutions containing actinides in other

than the tripositive valence state are well known, similar systematic

analyses of the electronic structure have not yet been developed. Extensive

analysis is limited to a few isolated cases. In this context it is

important to use an effective method for the extrapolation from character-

ized cases to neighboring ones as means of extending the analysis as well as
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simply for predicting the energies of transitions in valence states not

previously observed.

In the discussion of trivalent ion spectra it was shown that the exten-

sive effective operator model was capable of satisfactorily reproducing the

experimentally observed spectra. A model for extrapolation of the energy

level parameters was not necessary since for practically every member of the

series the data were sufficient for a completely independent determination

of those parameters, Table 5. When plotted directly against atomic number,

the Slater and spin-orbit coupling parameters exhibit a regular but not the

linear dependence originally assumed, Carnall and Wybourne (1964). In fact,

as suggested by the results given in Table 6, the trend in the experi-
mentally determined parameters very closely matches that in the corre-

sponding Hartree-Fock values, since the difference AP is found to be nearly

constant over the series. From Table 5 it is apparent that the indepen-

dently determined values of the two-body and three-body effective operators

are to a first approximation essentially constant over the series, and the

magnitudes of these parameters for the actinides are very nearly those

deduced for the lanthanides, Crosswhite (1977).

In view of the consistency of the AP values for trivalent actinides,
Table 6, we have adopted an approach based on use of AP for extrapolation of

parameters where the data base is extremely limited, i.e. in the 2+, 4+, and

higher valent spectra. The Hartree-Fock values for the Slater and spin-

orbit integrals relevent to each valence state are given in Tables 1-4.

While these integrals were computed using a code with a relativistic cor-

rection, Section 3.2, consistent use of other published results such as

those tabulated in Varga et al. (1970) and spin-orbit integrals given by

Lewis et al. (1970), should also prove useful. In principle, for any given
valence state, we need a single case in which the energy level parameters

have been determined from experimental data. We then establish the approxi-

mate values of AP for the system and are in a position to extrapolate over

the entire series.

As we consider other than the trivalent actinides, the role of the two-

body and three-body correction terms is not known in detail. We assume in

every case a set of values for the correction terms consistent with those

established for the trivalent case, and these are included in the calcu-

lation. This appears to be a reasonable approximation. For the divalent

case, the electrostatic and spin-orbit integrals which we use are comparable
in magnitude to those established for the trivalent case. However, with

increasing valence, there is an increase in the relative importance of both

spin-orbit coupling and the crystal field interaction relative to the

electrostatic term. Since the electrostatic interaction in effect decreases

in importance, so does the importance of the attendent correction terms

which act primarily to correct the electrostatic interaction.
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5.1. Divalent Actinide Ion Spectra

Efforts to prepare divalent actinide compounds and analyze their

spectra have been less successful than was the case for the lanthanides, for
which the divalent ion for each member of the series could be stabilized in
CaF2 , McClure and Kiss (1963), Figure 18. In both Am2+:CaF2, Edelstein

et al. (1966), Edelstein et al. (1967), Baybarz et al. (1972), and

E CaF2, Edelstein et al. (1970), intense absorption bands were observed.
They could be attributed to either f+d or charge-transfer transitions. The

presence of divalent actinide ions in these cases was established by

measurements of the electron paramagnetic resonance spectra, not on the

basis of the observed optical spectra. In contrast to the more intense

absorption bands reported for Es2+:CaF2 , weak absorption bands consistent
with the intensities expected for f+f transitions have been identified in

the 10000-20000 cm~1 region in both EsC12 and Es 2+:LaCl3, Fellows et al.
(1978). The relatively narrow band structure exhibited by the Es2+ halides

was also found to be characteristic of the Cf2+ halides, Peterson et al.
(1977), Wild et al. (1978), Figure 19.

While it has not been possible to stabilize Cm2+ in CaF2 under the same

conditions that yielded evidence for Am2+ and Es2+, evidence for the forma-

tion of both Am2+ and Cm2+ in pulse radiolysis studies of aqueous solutions
has been obtained. Broad intense bands were observed near 33000 cm ;
however, the nature of the absorption process is not clear, and a charge-

transfer mechanism cannot be excluded, Gordon et al. (1978).

Since the available spectroscopic results for divalent actinides are
fragmentary, it is of particular interest to apply a consistent interpreta-

tive method which can account for observed spectral features and predict the

energies of characteristic bands not yet observed but accessible to observa-

tion. As a first approximation the parameters for a tentative model for
divalent actinides can be deduced from data for divalent lanthanide spectra.

The free-ion spectra of Pr IV, Pr III, and Ce III are known. The pub-

lished energies and the corresponding parameters are given in Tables 13, 16,

and 19, respectively. Initial estimates of Fk and C4f values appropriate to
Ln2+ in condensed phases can be made by assuming that the change observed in

these parameters for iso f-electron couples such as Ce III/Pr IV (both 4f2 )
will also be characteristic of the couple Ce2+/Pr3+ in condensed phases.

Parameters for Nd IV can be inferred from Pr IV by use of the Hartree-Fock

difference method already cited. As shown in Table 20, for both 4f2 and 4f3

couples there is a reduction of 20-30% in comparing values of Fk and C4f for
divalent compared to isoelectronic trivalent-ion cases. If we also compare

the results of Downer et al. (1983) for Eu2+:CaF 2 with those for Gd3+:LaF 3,
Carnall et al. (1971), we see that the parameters for Eu2+(4f 7 ) are 82-86%

of those for Gd (4f?). This latter result is similar to that for the
decrease in the arameters for Eu3+:LaCl3 necessary to approximate the first

few levels in Sm +:LaC1 3, Dieke (1968). The little information available on
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TABLE

Free-ion Energy Levels and Parameters for Ce III ( 4 f 2 )a

Largest Next Largestb Observed Fit Energy Calc G

Eigen. Component Eigen. Component Energy (cm~ 1 ) (cm 1) Value

0.985

1.0

0.999

0.989

1.0

0.778

0.771

-0.954

0.994

1.0

-0.965

0.999

0.994

0.167 1G43H5
3 5

3H6

16

3F2
3F3

3F

1G4

D2

3P

3p

3P2

11 6
ISO

-0.047

0.146

-0.615

0.627

0.262

0.110

-0.261

0* 47

-0.110

0.0

1528.32

3127.10

3762.75

4764.76

5006.06

7120.00

12835.09

16072.04

16523.66

17317.49

17420.60

32838.62

11 6

D2

G4

3F

3P2

D2

3H6

30

0.4

1528

3125

3766

4764

4999

7125

12836

16074

16520

17318

17421

32838

1.6667

0.6731

1.0835

1.1484

1.0961

1.0275

0

1.5011

1.4663

1.0003

0

Parameters (cm" )C

7631

54864 (20)

35301 (50)

21070 (20)

543.71 (1)

a

P2

P4

P6

42.179 (.2)

-1060.3 (11)

2705.3 (10)

150 (25)

112

75

a. Experimental data from Martin et al. (1978), Sugar (1965b), Johannson and

Litzen (1972).

b. The largest and next largest eigenvector components are given with their

phases.

c. Parameter errors are shown in parentheses; parameters in brackets were not

varied; P2 was freely varied but P4 and P6 were constrained by the rela-

tions P4 - 0.75 P2 and P6 - 0.5 P2.

Eave
F2

F4

F6

c4f

MO

M2

M4

[1.3931

[0. 7671

[0. 5181

a 5.4
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TABLE 20.

Values for Fk and C4f for Iso-f-Electronic Trivalent

Compared to Divalent Lanthanides

Pr IV ( 4 f 2 )a

72549

53718

36057

766.9

Nd IV ( 4 f3 )c

75819

54352

35712

896.4

Gd3+:LaF (4f7)e

85587

61361

45055

1503.5

% Reduction

3+ + 2+Ce III ( 4 f2 )b

54864

35301

21070

543.7

Pr III (4 f3)d

59946

39977

26454

665.0

Eu2+: CaF (4f7) f

70834

50902

38891

1228

Data from Table 13.

Data from Table 19.

Data extrapolated from

Data from Table 16.

Carnall et al. (1971).

Downer et al. (1983).

values for Pr IV.

F2

F4

F6

C4f

24.4

34.3

41.6

29.1

F2

F4

F6

4f

20.9

26.4

25.9

25.8

F2

F4

F6

;4f

17.2

17.0

13.7

18.3

a.

b.

C.

d.

e.

f.

-dm--dm _ w M
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divalent lanthanide ion crystal-field splitting within the fN-configuration

in Sm2+ and Eu2+ suggests a relatively small crystal-field interaction,

consistent with that for the trivalent case in similar hosts.

Based on a small crystal-field splitting for the divalent lanthanides,
we assumed as a first approximation that corresponding actinide crystal-

field splitting would be small. The fragmentary spectroscopic data for

An2+, Figure 19, do not appear to be inconsistent with this estimate. The

initial model was consequently limited to free-ion considerations, and the

Fk and C5f parameters for An2 + were estimated to be 85-90% of those for the
iso-f-electronic An3+:LaCl3 ion. The effects of configuration interaction

for An2 were assumed to be the same as those for An3, as indicated

earlier. The results of the initial calculations were slightly modified by
adjusting the computed levels to more accurately reproduce experimental data
where available. The final results are given in Tables 21 and 22. Reduc-

tions in the iso-f-electronic An3+ Fk and c5f parameters for comparison with

the results shown in Table 21 were in the 10-15% range except for F , which

approached the value for An3+. The "model AP values" for the difference

between the Hartree-Fock and deduced parameters shown in Table 21 can be

compared with values for the +3 series in Table 6. It must be emphasized

that each set in Table 6 corresponds to an independent determination, and

that we observe a small decrease in the AP values over the series. Any
attempt to average would cause distortion in some of the fits. Considering

the small amount of data available, results given in Table 21 may be

expected to undergo some adjustment as further experiments are carried

out. The model energy level schemes for An2+ are plotted in Figure 20 where

the lowest levels in the 5fN-ls and 5fN-1d configurations, Figure 15, are

also indicated. For Cf 2+ and Es2+, the correlation between calculated and

experimentally observed absorption features shown in Table 22 appears to be

quite satisfactory. Additional absorption features not previously reported
are predicted in the near infrared range in both Cf2+ and Es2+. The value

of the "predictions" for f+f transitions in other cases depends strongly on

the extent of the optical windows to be expected, i.e. the energy at which
the absorption due to f+d transitions will first be observed.

As noted earlier, the energies quoted by Brewer (1971b) are for the

gaseous free-ion. We need an estimate of the extent to which the free-ion
energy will be lowered by ligand-field interaction, as discussed in

Section 3.8.1. As with the trivalent spectra we refer first to observations

of divalent spectra of the lanthanides. In their survey of the spectra of

divalent lanthanides in CaF2 , McClure and Kiss (1963) identified the

energies of the lowest-lying d-states in most cases. Their estimates have
been confirmed by later investigations in which both the absorption and
fluorescence spectra of divalent lanthanides in CaF2, SrF2, and often in

BaF2 were measured at low temperatures. For example, Loh (1968) gives the
lowest energy f+d transition for Ln2+:CaF at approximately 15000 cm - in

Sm2+, 24000 cm 1 in Eu2+, 10000 cm~- in Dy 2 , 14000 cm~1 in Tm2+, and
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TABLE 21.

Energy Level Parameters (all in cm 1 ) for An2+ Based on a

Consistent Predictive Modela

Np Pu

68843

40210

28633

44355

30055

14300

32343

26970

5373

1959

1820

139

72563

43930

28633

46868

32570

14298

34220

28850

5370

2255

2118

137

Am Cm

76031

47400

28631

49208

34910

14298

35968

30600

5368

2565

2428

137

79292

50660

28632

51405

37105

14300

37609

32240

5369

2888

2750

138

Model

Bk Cf Es A-Value

82379

53750

28629

53481

39180

14301

39159

33790

5369

3227

3090

137

85340

56711

28629

55471

41172

14299

40644

35274

5370

3583

3446

137

88198

59569

28629

57385

43085

14300

42073

36700

5373

3956

3819

137

28630

14300

5370

137

a. Computed using Hartree-Fock methods and including

istic correction (HFR), Cowan and Griffin (1976),

in addition to the parameters shown,

an approximate relativ-

Crosswhite (1977), with,

a 30 T2 -=200 T6 -=-300 P2 - 500

8 -800 T3 = 50 T7 - 400 P4 - 375

y = 1200 T4 = 100 T8 - 350 P6 =250

b. Estimated parameter value used to compute the energy level structure.

F2 (HFR)a

F2(Est)b

AP

F4(HFR)

F4 (Est)

AP

F6 (HFR)

F6(Est)

AP

C(HFR)

C(Est)

AP



TABLE 22.

Computed Energy Level Structures for the f+f Transitions in An2+ a

Np2+ (5f5) Pu2+ (5f 6) Am2+ (5f7 ) Cm2+ (5f8)

Calc. Calc. Calc. Calc.

SLJ (cm 1) SLJ (cm l) SLJ (cm-) SLJ (cm~l)

6H5/2 0 7F 087/2 0 7 F6  0
6H7/2 2467 7 F1  1993 6D7/2 15504 7 F4  3840

6H9/2 4770 7 F2 3988 6P5/2 17925 7F5 4066

6F3/2 51777F3 5787 617/2 19548 7 F3 6357

6F1/2 5241 7 F4 7401 63/29744

6F5/2 5321 7 F5  8832619/2 20466

6H11/2 6845 F6  9996 6111/2 22354

7F0 10450 6117/2 22390

5D1 14325 
6D9/2 22653

6113/2 23123

6115 /2 23427

v0



TABLE 22 (continued).

Bk2 + (5f 9 ) Cf2 + (5f1 0) Es2 + (5f 1 )

Calc. Calc. obs.b Calc. obs.c

SLJ (cm1 ) SLJ (cm1 ) (cm~ 1) SLJ (cm 1) (cm 1 )

6H15/2 0 51 8  0 4115/2 0

6F11/2 5621 5F5 8368-F9/2 7102 -

4F9/2 5693 5I7 9271 9200 2H11/2 8682 9000?

6H13/2 6703 3D2  10284 - 2P3/2  10657 11100

6H11/2 9685 516 11183 11000 4113/2 11225

6F3/2 10360 5F4  13951 14000 4 F5/2  16718 17300

6H9/2 10984 514 15428 15400 4I9/2 17199J

6F7/2 11212 515 16038 16000 4111/2 18425 18500

6H7/2 12507 5G6 16896 17000 
4 F7/2  18824 18900

6F5/2 12897 3K8 17636 17600 4S3/2 20083

5S2 17662 -

5G4 17975 -

5F3 18669 -

a. The energy range shown in each case is that corresponding to the energy g-N between the ground state

and the onset of intense absorption.

b. Peterson et al. (1977).

c. Fellows et al. (1978).

00
0
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27000 cm~1 in Yb2+. See also Chase (1970) Eu2+:CaF Loh (1969) Eu2+ and

Yb2+:CaF2Loh (1973) Yb :CaF2 , and Eremin (1970) Yb :CaF2. All of these
results show that for Ln2+:CaF 2, the energy difference, (lowest energy free-

ion state) less (energy of leading edge of first f+d band in absorption in

the host CaF2 crystal), is AE ~ 8000 cm~l. There are several members of the
Ln2+ series in which the ground state is not in the 4fN-configuration, and

this is also indicated to be the case for An in Figure 15, but these

exceptions are not of primary concern here. We proceed to examine the
relevance of a medium shift of ~ 8000 cm~' for An2 +, Figure 20.

In Figure 15 we note that while 5fN-ld states lie lowest over fNor

the light half of the series, this changes at Cm2+. In the heavier members
the ground state of the 5fN-165 configuration is predicted to be lower in

energy than that of SfN- d. In Ce 3+:CaF2, Loh (1967), it was reported that
the fN + fN-is transitions were a factor of 100 weaker than those corres-

ponding to fN + 0N-d. We assume here that configuration mixing occurs

between 5fN-1d and 5fN-1s, but the transitions to formed 5fN-1s states may

still give rise to relatively weaker band structure. The effect of insert-
ing these two nominal fN-1s and fN-ld-configurations into a matrix may also

not result in identical medium shifts in the respective lowest energy

states. It is interesting to note that if we assume the f + d transitions
in Es2 and Cf2+ occur ~ 8000 cm~- lower in energy than that predicted for

the lowest free-ion f + d transition, then we would expect strongly increas-

ing absorption near 19000 cm~l and 16000 cm'1, respectively. In both cases

broad absorption features do appear to increase in intensity near these

energies, Figure 19. Of course transitions to fN-ls-configurations that are

not subjected to large medium-induced energy shifts would also be consistent

with the observations, Figure 20. If we examine the case of Am2+, the

correlation with experiment is even clearer since intense broad bands

earlier attributed to possible f+d transitions are reported in the expected

range, Edelstein et al. (1967).

We are left with interesting predictions for the An2+ not already

cited. In Bk2+ and Pu as in Am + we might be able to observe the first

excited state in the fN-configuration before f+d absorption becomes pre-
dominent, but in each case the only f+f transition expected to be observable

will lie well into the infrared range, Fiure 20. In Np 2+ and Cm2 +, the
ground configuration will probably be fN- d instead of fN because of the

stabilization energy. The Sf 36d-configuration lies lowest in U III; Th2+,

Pa2+ and U2+ have similar non-fN ground configurations. Consequently, they
are not considered here. The most interesting experiment to pursue- would
center on Am2+. Because of the predicted large energy gap between the

ground (8S7/2) and first excited (6P7/2) states, fluorescence near
14000 cm'- may be observable.

The lanthanide analog, Eu2+, is known to fluoresce in certain hosts.
Dieke (1968) shows the diagram comparing Eu2+ in CaF2 and SrF6--in both
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cases cubic sites. However the f + d transitions are shifted slightly
higher in energy in SrCl2  and the lowest 6P-state is observed via

fluorecence.

Weber (1980) discusses the broad band Stokes shifted 5d + 4f emission
of Eu2+ in many hosts. Fluorescence in the 400-500 nm range has a lifetime

of 1-2 usec. Attempts to observe laser action from Eu2+:CaF2 or Eu2 +
(glass) were unsuccessful, due either to excited state absorption or color

centers. Corresponding experiments with Am2+ should be carried out.

5.2. Quadrivalent Actinide Ion Spectra

The absorption spectra of tetravalent actinides, with features similar

to those observed for f+f transitions in the trivalent series, have been
reported in a number of different solvents and in the vapor phase as well as
in solid compounds. The observations are consistent with trends suggested

in Figure 1 that the 5fN configuration will lie lowest and that the energy
gap between the ground state (5fN) and the lowest energy state in the next

higher-lying configuration (5fN-16d), will be greater than in corresponding

cases for trivalent ions.

The lowest f+d transition in the atomic spectrum of U V was placed at
59183 cm~ 1, Wyart et al. (1980). Assignment of intense absorption in

U4+(aquo) beginning near 43000 cm-4  as indicative of the first f+d

transition in that condensed phase, Cohen and Carnall (1960), yields a shift
from the corresponding free-ion transition energy of ~ 16000 cm 1. The
lowest energy f+d transition in Pa :ThBr4 was found to occur at 20763 cm~I,

Naik and Krupa (1985). The identification of the free-ion energy levels in

the U V 5f 2-configuration is now complete, Table 23, Wyart et al. (1980),
Van Deurzen et al. (1984), nd provides a valuable basis for comparison with

the various analyses of An spectra in condensed phases. At present the
number of reliable detailed analyses of An4+ spectra is very small and

primarily involves the Pa4+ and U4+ ions i.e. 5f1 and 5f2 cases. An impor-

tant experimental deficiency is the lack of a suitable host lattice into
which a broad range of An+ ions can be doped. Excellent results with

ThC14/ThBr4  appear to end at neptunium doping where both the 4+ and 3+
oxidation states have been observed, Genet (1984).

Extensive and reliable analyses of the spectra of U4+ in both high-
symmetry (Oh) and in lower symmetry (D2d and D2) sites have been

published. Somewhat in contrast to observations made with trivalent ions,

the magnitude of the crystal field splitting in the two cases differs
significantly. A good example of the high-symmetry (Oh) case is that of U4+
in Cs2UC16 , Johnston et al. (1966a,b), shown in Table 24, where the state

labels in terms the major SLJ-component are included. The lower symmetry

(D2d) case is illustrated in the analysis of U4+:ThBr4 , Delamoye et al.

(1983) which is summarized in Table 25. Energy level parameters for' both

the above cases are given in Table 26.
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TABLE 23.

Free-ion Energy Levels and Parameters for U V (5f 2)5

Largest Next Largestb Observed Fit Energy Calc G

Eigen. Component Eigen. Component Energy (cm 1 ) (cm1 ) Value

0.945

-0.929

1.0

1.0

0.706

0.973

-0.740

0.702

0.966

1.0

0.973

0.811

0.966

3H4

3F2

3F3
3F4
3H6
1D2
3F4

3P

116

32

3FO

0.314

-0.316

-0.649

-0.232

0.579

0.693

0.258

0.232

0.567

-0.258

1G4

116

32

1G4

iso

3H

D2

3p0

0.0

4160.65

6136.88

8983.53

9433.76

11513.58

16465.30

16655.73

17128.16

19818.58

22276.05

24652.91

43613.58

-9.7

4158

6146

8983

9442

1151.

16475

16651

17115

19838

22276

24637

43614

0.8231

0.7155

1.0334

1.0835

1.1086

1.1580

1.1294

1.1183

0

1.5011

1.0089

1.3220

0

Parameters (cm~1)c

12649

51906 (64)

42707 (171)

27702 (113)

1969.2 (3)

a

8

Y

P2

P4

P6

35.425 (0.7)

-658.44 (38)

764.98 (35)

496 (57)

372

248

a. Experimental data from Wyart et al. (1980), Van Deurzen et al. (1984).

b. The largest and next largest eigenvector components are given with their

phases.

c. Parameter errors are shown in parentheses; parameters in brackets were not

varied; P2 was freely varied but P4 and P6 were constrained by the rela-

tions P4 - 0.75 P2 andP6 - 0.5 P2.

Eave
F2

F4

F6

r5f

MG

M2

M4

[0.775]

[0.434]

[0.294]

a 17
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TABLE 24.

Observed and Calculated Energy Levels for U(IV) in

Cs2UC16 (Oh-site symmetry) (in cm 1)a,b

E E Largest E E Largest

r (obs'd) calc'd a SLJ r (obs'd) calc'd A SLJ

-57 3H

-47 3H

_ 3H4
- 3 H4

195 3F2
-114 3F

-52 3H5
-46 3H5
144 3H5
256 3H

77 3F

- 3F3

-142 3H5
_ 3F3

- 3H6

-13 3F3
-9 3H

_ 3H6

- 3H6

-93 3H6

5

1

4

1

3

4

5

1

3

5

4

1

4

5

2

5

3

5

3

1

1478^'

15213

15754

16797

18824

21814

22183

23329

24700

12875

13270

13276

14775

15491

15622

16205

16948

16982

17600

18742

19913

20096

20165

21013

21879

22029

23276

24741

41974

_ 3A6

- 3H6

- 3H6
13 3P 0

-278 3F

132 3F4
-1D2

-151 3P

-1D2

- IG4

81 3P1
- I1

- 16

- 16

- 116
-65 116
153 116
53 32

-41 1 D2

- 1SO

a. Experimental data of Johnston et al. (1966a,b); further interpretation of

similar spectra by Satten et al. (1983).

b. Energy level parameters are given in Table 26.

c. For the Oh-symmetry assumed here the values of

relationship B4 - 5//0~B4  and B6 - -/772 B64 0 4 0

B and B are fixed by the

1

4

3

5

3

5

4

5

4

3

1

5

4

2

3

4

5

3

5

2

0

924

5060

4899

6343

7011

7267

8197

8469

9232

10065

12128

57

971

1402

2295

4864

5013

6396

7056

7123

7941

8392

9314

9373

9946

10022

10078

10971

11335

11338

12221
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TABLE 25.
Observed and Calculated Levels

(D2d - site symetry) (in
for U4 *ThBr
cm 1 )a, 4

r Eobs Ecalc ,E r Eobs Ecalc

0
78

943

5730

6450

8246

8513

-34
105
197
587
729
895
967
3686
3867
3936
4041
5617
5724
5798
5961
6058
6414
6541
6552
8252
8304
8314
8406
8528
8834
8853
8970

4
5
1
3
2
1
5
3
5
4

1
3
5
2
4
5
5
1
2
5
3
2
4
5
1
5
4
2
1
3
5
4
1
5
3
5
4
3
2
1
5
3
4
1
5
1
1

5
2
1
4
5
3
2
5
1
5
3
4
5
2
5
1
3
4
3
5
1
4
1

15412 15397
15630
15827
15964

16003 16038
16743

16997 17008
17335 17330
19311 19268
19341 19344

19462
19975

19970 19997
20071

20382 20374
20460 20448

20846
20941
21588

21842 21826
22220 22249

22360
37542

15

-35

-11
5

43
-3

-27

8
12

16
-29

a. Results of Delamoye et al.
(1983). The energy level
parameters derived for
this data are shown in
Table 26, and are not the
same as the above refer-
ence since we have addi-
tionally allowed y and P2

to vary.
b. The mean error a - 27 for

a fit to 26 levels.

3 4
-27

-24

6

36

-6

-15

51

33

-14
-5

13
3

-15
-20

9111
9250 9199

9443
9530 9497

10570
10593 10607
10658 10663

10725
10928
11004
11072
11081
11416
11860
14296
14327

14368 14355
14654 14651
14899 14914
15204 15224



TABLE 26.

Summary of Energy Level Parameters (in cm 
1 ) for Pa4+ and U in Various Hostsa

Pa4+:Cs 2ZrC1 6b Cs2UC16 c Pa4+:ThCl4 d U4+:ThCl4e U4+:ThBr4  U4 :ZrSiO 4  U(BD4 )

Parameter (Oh) (Oh) (D2d) (D2d) (D2d) (D2d) (Oh)

1514.2 (22)

6932 (251)

239 (261)

12825

42562 (925)

38135 (2302)

30230 (1761)

1781.1 (23)

7271 (300)

1421 (293)

[1525]

-1408 (144)

1753 (275)

-2434 (275)

-2428 (1123)

-206 (508)

41
7

11901

42918 (80)

39873 (419)

25588 (267)

1810.2 (6)

-1129 (94)

1793 (154)

-2617 (94)

-3016 (323)

342 (246)

[30.12]
[-6601
[12001
[500]

rus
No. of Levels

88
5

156
21

36
20

11692

41821 (312)

39646 (872)

24674 (926)

1776.2 (4)

-1115 (52)

1167 (91)

-2154 (55)

-3784 (232)

733 (161)

29.67 (0.8)
-686.9 (47)
1704 (297)
403 (88)

27
26

44257

40293

31286

1740

-2000

2000

41121

38849

21711

1807

(236)

(1071)

(827)

(16)

-2486 (170)

5125

-5792

-427

22.8

112
30

-5287 (113)

40 (0.3)
[-648]
[1200]
[500]

71
19

Eave
F2

F4

F6

B2B0

4

4B
4

B



TABLE 26 (contd.)

a. The indicated parameters were derived as part of the present work except

where noted. Values in brackets were not varied; values in parentheses

are the rms errors in the associated parameter values; for Oh-symmetry

the parameters BO and B6 were freely varied but B and B6 were

constrained by the relations B/BO 5//7 and by B/B0  - ; P2

was freely varied but P4 and P6 were constrained by the relations

P4/P2 - 0.75, P6 /P2 - 0.5.

b. Data from Axe (1960); the r8 level was assigned the value 1900 cm in

the indicated fit.

c. Data from Johnston et al. (1966a).

d. Data from Krupa et al. (1983).

e. Estimated from Krupa and Khan Malek (1983), Genet (1984), Delamoye et al.

(1983), and Krupa et al (1983).

f. Data from Delamoye et al. (1983).

g. Data from Mackey et al (1975); the parameters are those determined by

Mackey et al.

h. Data from Rajnak et al. (1984a); parameter values are those determined by

Rajank et al., with, in addition to those shown, P4 - P6 - [500 cm~1 J

00
OD
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The recent extensive analysis of the d ta for U4 +:ThBr4 and the similar
crystal-field parameters deduced for Pa +:ThC1 4, Krupa et al. (1983),

Table 26, have provided a new basis for examining other An spectra. For

example, a reinterpretation of the spectrum of UC14, Gamp et al. (1983), has

led to energy level parameters quite similar to those for U4+:ThBr4. An

extrapolation of the new results for UC14  consistent with those for

Pa4+:ThCl4 , with some adjustment of the parameters .o fit partial data for

U4+:ThCl 4 , Krupa and Khan Malek (1983), Krupa et al. (1983), and Genet

(1984), leads to the estimate of parameters for U4'ThCl 4 also given in

Table 26. The parameters for several other cases are included for reference
in the table. The results for Pa4 :Cs 2ZrC16+Axe (1960), are related to

those for Cs2UC16 , while the parameters for U :ZrSiO4 refer to a D2d-site

symmetry, but with a much larger field than for the ThBr4 host, Richman

et al. (1967), Mackey et al. (1975). A large field is also revealed in

U(BD4)4 , Rajnak et al. (1984a), Bernstein and Keiderling (1973).

When comparing the magnitudes of different crystal-field strengths it

is convenient to use a generalization of Auzel's scalar crystal-field

strength parameter, Nv, Auzel and Malta (1983), where

Nv/(1 =/ N= k, (Bk)2/2k+1] /2
(4/ff2 v kq q

For example N' for U4+:ThBr 4  = 1617 cm~1 while for U3+:LaCl3 , N' =

605 cm~ . Since both can be considered relatively weak field cases, the

comparison is not unreasonable in indicating a much larger splitting in
quadrivalent compared to trivalent ions. Both Cs2UC16 with N' = 3363 cm -
and U(BD4)4 / Hf(BD4)4 with N' = 4283 cm~1 are strong field cases, as is
U :ZrSi04, N' = 3113 cm . As a group, they exhibit much more complex

structure with states of different J-values in close proximity in a given

energy range compared to the more isolated purer SLJ states characteristic

of U :ThBr4 , as indicated in Figure 21.

The energy level structure computed for U4+:ThBr4 appears to give a

relatively good correlation with the observed spectrum of U4 (aquo), as

represented in Figure 21 by centers of gravity of observed absorption bands;

the results for U4+:ThCl4  provide an even better approximation of the

U4+(aquo) ion level scheme. Actually Auzel et al. (1982) were able to show

that the band intensities in the spectrum of j+(aquo) could be usefully

interpreted based on the energy level structure in U4+:ThBr4. This type of

analysis would not have been expected to be successful in cases where more

extensive J-mixing is indicated, as in Cs2UC16. Jrgensen pointed out some
of the "enigmatic aspects" of the U4+(aquo) ion spectrum in a paper pub-

lished the same year as the Auzel analysis, Jrgensen (1982a).

Comparison of U(IV) spectra in aqueous solution and in molten LiCl-KC1

eutectic with that for single crystals of Cs2UC16 had earlier led Gruen and
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McBeth (1959) to suggest a change from 8-fold to 6-fold coordination as the

basis for the contrasting spectroscopic results.

If we examine the spectra of U (aquo) and Np4+(aquo), both 5f3 ions,

Figure 22, we find further evidence for interpretation in the weak field

limit based on the apparent similarities in the band structure. If it is
assumed that the crystal-field splitting in both U3+(aquo) and Np4(aquo) is

relatively small, the apparent shift of corresponding band structure to
higher energies in Np4+(aquo) compared to U3+(aquo) is consistent with the

expected greater electrostatic and spin-orbit interaction in the Np4+

case. That the similarities between band structure observed for iso-f
electronic An4+(aquo) and An3+(aquo) ions continues along the series is

evident in comparing the spectra of Pu (aquo) and Np3 (aquo), Figure 23.

Jjrgensen (1959) called attention to this type of correlation at a time when
much less was known about the extent of the ligand fields involved. While

difficult to rationalize in the strong field case, a weaker field in
An4+(aquo) similar to that in An3 (aquo) does provide a reasonable basis for

understanding the observed similarities in absorption features. Regions of

absorption in the spectrum of PuCl4 (g) at 928 C are similar to those found
in Pu +(aquo), Gruen and DeKock (1967).

If we adopt the approximate energy level parameters for U4+:ThCl 4 in

Table 26 as a basis for estimating parameters for the solution spectra of

all of the An4+ ions, the resulting model parameters are those shown in
Table 27. The free-ion energy level structure at <25000 cm' for the An4+
ions as computed using the parameters of Table 27 is then shown in
Figure 24. This structure in turn correlates well with the collected

solution absorption spectra of An4+ ions in Figure 25. An earlier estimate

of the interaction integrals characteristic of Are gave values of F2 much
smaller and values of zeta somewhat larger than those indicated in Table 27,
Conway (1964a). It can be seen from the results given in Table 28 that the
increase in the electrostatic and spin-orbit parameters estimated for Np4+
with respect to the iso-f electronic trivalent ion U 3 +, is of the same order
that was deduced for the reduction of trivalent ion parameters to approxi-

mate the data for divalent ions, Table 21, except for F6.

While in the case of the trivalent actinides t e spectrum of the aquo
ion of each member of the series from U3+ through Es+ could be obtained to

give a useful basis for comparison of band energies and inensities, such
aquo ion comparisons are limited for An4+. Starting with Am +, the spectra

in Figure 25 are of the ion stabilized in a concentrated CsF-HF solution or

for the pure tetrafluoride in the case of BkF4. Useful Am(IV) and Cm(IV)
spectra have also been recorded in H3P04 solutions with absorption features
in the visible range similar to those in the fluoride salt solution, Yanir

et al. (1969), Myasoedov et al. (1973). Nevertheless the correlation
between observed band features and those predicted by the model calculation
for the lower energy range is satisfactory. This is not unexpected since in
many systems F- and H20 coordination give rise to similar spectroscopic
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TABLE 27.

Energy Level Parameters (all in cam) for An4+ Based on

Consistent Predictive Modela

Model

U4+ NP4+ Pu4+4Am+ Cm4+ Bk4 + Cf 4+ 0-Value

F2(HFR)b 76724 79892 82908 85817 88625 91338 93984

F2(Est)c 42918 46090 49110 52020 54825 57540 60185

AP 33806 33802 33798 33797 33800 33798 33799 33800

F4(HFR) 50199 52330 54356 56307 58188 60003 61772

F4 (Est) 39873 42000 44030 45980 47860 49670 51440

SP 10326 10330 10326 10327 10328 10333 10332 10330

F6(HFR) 36860 38452 39965 41423 42827 44181 45500

F6(Est) 25588 27180 28695 30150 31555 32910 34230

AP 11272 11272 11270 11273 11272 11271 11270 11270

C(HFR) 2110 2397 2697 3014 3347 3697 4064

C(Est) 1810 2095 2395 2715 3045 3395 3765

0 300 302 302 299 302 302 299 300

a. In addition to

values (in cm-:

1200, B2 - -1

I

1

the free-ion parameters shown, the

) were used in all calculations:
4 429, B4 - 1793, B4 - -2617,

following par

- 30.12, B -

B - -3016,

B6 - P 500, P -375, P-250. For N

body parameters were included and the values assigned were: T2

50, T4 - 100, T6 - -300, T7 - 400, T6 - 350.

Lmeter

-660, y -

3, three-

- 200, T3 -

b. Computed using Hartree-Fock methods and including an approximate relativis-

tic correction, Cowan and Griffin (1976), Crosswhite (1977).

c. Parameter value used to compute the energy level structure. The set for

U4+ was estimated for U4+:ThCl4, Krupa and Khan Malek (1983), Genet (1984),

based on extrapolation of results for U4+:ThBr 4 , Delamoye et al. (1983) and

Pa4+:ThCl 4, Krupa et al. (1983).
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TABLE 28.

Comparison of the Magnitudes of the Electrostatic and Spin-Orbit Parameters

f or An4+, An3+, and An2 + (in cm 1 )

Np4+ (5f3 )

46086

42004

27180

2097

U3+:LaC1 3 (5f3 )

% Increase/Decrease

in An3+ Parameter

39715

33537

23670

1623

16

25

15

29

Pu3+:LaCl 3 (5f
3 )

48670

39188

27493

2241

F2

F4

F6

C5f

F2

F4

F6

45f

42300

30300

22300

1772

15

13

12

13
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observations. The spectra of NpF4 and Np4+ in a concentrated CsF-HF solu-

tion are shown for comparison in Figure 26. While there are some differ-

ences in band shapes and intensities, it is apparent that within the range

that can be compared there are strong similarities in the regions of

absorption.

In solid compounds such as Cs2UC16 where the 4+ ions occupy sites of

inversion symmetry the observed structure is almost exclusively vibronic in

character in contrast to the electronic transitions characteristic of most
3+ compounds. The energy level analysis of Cs2UCl6 has been described by

Satten et al. (1965) and Johnston et al. (1966a). More recently a corre-

sponding intensity analysis was reported by Satten et al. (1983). The

electronic origins were deduced from progressions in the vibronic structure,

since the electronic transitions were symmetry-forbidden. In some regions,

the spectra were too complex to be analyzed, or the transitions associated

with predicted states may have been too weak to be observed.

One might have expected the analysis of the spectrum of Cs2UC16 and its

precursor, Pa :Cs2ZrC16 , to serve as a model for Cs2AnC1 6 where An = Np or

Pu. While there is apparently no change in the crystal structure revealed

in X-ray studies of samples of the three compounds, An = U, Np, and Pu, it

is apparent that the spectrum of Cs2NpC16 does not exhibit the vibronic

structure patterns so characteristic of Cs2UC16. It has been suggested that

inversion symmetry has been lifted for many of the optical levels in the Np

compound, and that the crystal-field splitting is a factor of two smaller

than for the Pa4+ and U4+ analogs, Menzel and Gruber (1971). Further, it
was reported that the spectrum of Np4+ in [(C2H 5 )4N] 2NpCl6 is very similar

to that of Cs2 NpC16 , Menzel et al. (1972). It would appear to be profitable
to examine individual spectra in greater detail to determine whether a more

systematic analysis of Cs2AnC16 spectra can be offered. In each case the

crystal field interaction must be treated as an integral part of the

calculation of the energy level structure for An+.

With increasing valence state, the relative importance of the crystal-

field interaction increases. The magnitude of the crystal-field in An(IV)

compounds appears to intrinsically exhibit a larger variation with increas-

ing Z than that found in the Ana+:LaCl3 case. The latter is shown, for

example, in comparing the results for Cs2UC16  and Cs2NpC16 , Menzel and

Gruber (1971). The change in the magnitude of the crystal-field interaction

appears to be similar whether it arises as a result of increasing charge

state of the central ion while maintaining the same ligand environment, or

whether the charge state and identity of the central ion remains constant

and tlie covalency of the ligands is varied. In a comparison of the energy

level Earameters for [(C 2H5) 4 N] 2 AnX6 with An - Pa, U and X - F, Cl, Br, and
I, Wagner et al. (1977), a decrease in the Slater parameter F2 was noted for

An -U, but could not be established for zeta for either An - Pa or U. The

only marked change was between X - F and Cl, suggesting that structural
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differences may have been an important consideration in this instance. The
changes in the energy level parameters for a given ion and set of ligands
with structural (symmetry) changes, Figure 21, are considerably larger than
that referred to above with respect to changing ligands while maintaining
the symmetry.

The crystal field strength of the borodeuterides of U4+ and Np4+ is

considerably greater than that of the tetrachloride or tetrabromide and com-

parable to Cs 2AnC16 . This is a further example of a spectrum that is

largely vibronic in character, but in the Td symmetry exhibited in this case

the origins are allowed. The original U(BD4)4 optical data of Bernstein and

Keiderling (1973) was receinL ' reanalyzed by Rajnak et al. (1984a). It also

proved to be possible to interpret Np(BD4)4 spectra with parameters which

were consistent with those for the U-analog, Rajnak et al. (1984b). However

the resulting interpretation required the assignment of several weak origins

with stronger associated vibronics. An intensity analysis would be neces-

sary to confirm these assignments. If they are correct, the one-particle

crystal-field model is clearly adequate for the interpretation. If they are

incorrect, the borodeuterides would appear to present a case in which the

one-particle crystal-field parameterization is clearly inadequate to a

consistent interpretation of the structure.

It is remarkable that in studies of the 4+ actinides, the only reported

fluorescence from a U4+ compound has been that from U4+ in the ThBr4 host,

Delamoye et al. (1979). The fluorescence of Np in both ThCl4 and ThBr4

has also been reported, Gruber and Menzel (1969).

6.0. Spectra of Actinide Ions in the (V), (VI) and (VII) Valence States

The actinide ions with well-defined, stable, and readily accessible

valence states greater than IV are confined to the light half of the 5f-

series. A large number of stable compounds are known, and spectra have been

recorded in solutions, in the gas phase, as well as in solids. However,

there have been relatively few attempts to develop detailed energy-level

analyses except for the least-complex cases.

Two types of ionic structure are normally encountered in the higher
valent species: the actinyl ions AnO2+ and AnO2++, and binary and complex

halides such as UC15, CsUF6, and PuF6. Mixed oxohalide complexes are also
known. In the actinyl ions (An - U, Np, Pu, Am) the axial field imposed by
the two nearest-neighbor (-yl) oxygen atoms plays a dominant role in deter-

mining the observed energy level structure, Eisenstein and Pryce (1966),
Denning et a. (1980, 1985). The analysis of higher-valent actinide halide
spectra must incorporate a strong ligand-field interaction, but frequently

the analysis is made simpler because the symmetry is octahedral or can be

assumed to be approximately octahedral, Eichberger and Lux (1980),
Eisenstein and Pryce (1960), Goodman and Fred (1959), Kugel et al. (1976).
Typical iso-f-electronic penta- and higher-valent actinide species are noted

in Table 29.
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TABLE 29.

Iso-f-Electronic Penta- and Higher-Valent Actinide Species

Number of

5f electrons 0

U02 +2

Np(VII)

UF6

UC1
6

1

U02

Np02
2+

Pu(VII)

NpF6

UX6

UF
5

2

PuO2 +2

Np02+

PuF6

NpX6

3

Am02+2

PuO2

PuX6

X = is a halide ion.

4

Am02

.. ..
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While the results of the Hartree-Foc'h calculations given in Tables 1-4

extend through the hexavalent state, and can be carried out for any arbi-

trary state of ionization, the relative importance of the ligand field must

also be established in order to develop a useful correlation to experi-

mentally observed spectra. Some insight into the increasing magnitude of

the crystal-field and of the spin-orbit interaction with increasing chare

state can be gained from the comparison of energy level structures for f -
configurations shown in Figure 27. Ab initio models of the crystal-field

interaction that accurately reproduce, and offer a predictive interpretation

of the results of parametrized fits to experimental data, are very difficult

to construct and are not generally available. The available spectra of

Denta- and higher-valent actinides are strong crystal-field cases and the

development of correction terms for even the parametrized first-order

crystal-field model may well be essential to extensive detailed analysis.

For purposes of the comparisons shcrjn in Figure 27, the energy level

structures are all high symmetry Oh or near Oh-cases. Well characterized

comparable results for the An3+ member u she series, Th3, are of course

rot available. We assume that such results would evidence a splitting of a

factor of two larger than that shown for Ce3+, but this would still be

significantly less than that for the Pa case shown. Of course, two
effects are involved in the obvious increase in splitting with charge

state: the increase in magnitude of the spin-orbit coupling, and the

increase in the crystal-field itself. They are difficult to separate,

although it appears that increased magnitude of the crystal-field is the

principal effect.

Aqueous solution spectra characteristic of the Np02+, and PuO 2  ions,

both having the 5f 2-electronic structure, are shown in Figure 28. Some

qualitative similarities in band patterns for these i&o-f-electronic ions

appear to exist, but detailed analysis of the observed structure in terms of

a predictive model has not been published. Electron transfer bands for

NpO2+, PuO2  and AmO2+ apparently lie at such high energi+ that they have

not 2b+een reported, but this typ of transition in NpO 2  (20800 cm 1 ),

PuO2  (19000 cm ), and Am02  (~18000 cm ) has been identified,

Jorgensen (1970), Denning et al. (1982a). The spectra of all of the actinyl

ions and tabulations of the molar absorptivities of the more intense bands

in aqueous solution are given in existing reviews, Carnall (1971, 1982).

Attempts to interpret the spectra of the binary penta- and hexa-halides

of the actinides have been published, but the results should be considered
preliminary, and only U(V) and Np(VI) compounds, both 5f1, have been

analyzed in any detail. The magnitude of the spin-orbit interaction is

known for U VI. The free-ion spectrum has been interpreted in terms of a
coupling constant, C5f- 2173.9 cm~1, based on a 2F5/2 + 2F7/2 energy

difference of 7608.6 cm , Kaufman and Radziemski (1976).



103

Energy Levels of f'-Configuration

I -

Ce* +

Cs2NaCeCI6

4+

Pao+
Pa'*: Cs2ZrCI6

Fig. 27. Energy Levels of f -Configurations. Ce3+:Cs 2NaCeC16 , Richardson
et al. (1985), Pa4+:Cs 2ZrC1 6 , Axe (1960); U5+:LiUF 6, Hecht et al.
(1985b), Np6 :NpF6 , Goodman and Fred (1959).
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6.1. Binary and Complex Halides of An(V)

Although there are a number of published attempts to analyze An(V)
spectra dating back to the early 1960's, it has been pointed out that in

some instances experimental results and thus the interpretation must be

questioned because of the presence of impurities. Of the existing analyses,

with the exception of that for CsNpF6, all involve U(V).

One of the striking features of the spectra of many of the U(V) com-

pounds considered here is the great similarity in the pattern of the absorp-

tion bands. This similarity is apparent whether the spectra are observed in

the solid state, in solution or in the gas phase. Thus the spectrum of

CsiTF6 shown in Figure 29 can be recognized as characteristic of UC15

dissolved in SOC1 2 , Karraker (1964), of UC1 5 single crystals, Leung and Poon
(1977), and of the vapor phase (UC12)2 or UC15 .AlCl3, Gruen and McBeth

(1969). It is also recognized in (C 6 5 ) 4 As UX 6 where X = F~, Cl~, or Br-,
Ryan (1971), as well as in MUBr6 salts where M = Na, Cs, and N(C2H5)4 ,
Eichberger and Lux (1980). In each case the spectrum is attributed to the

UX6 entity in nearly octahedral symmetry. However the spectrum of KUO3 in

which U(V) is stabilized in a cubic perovskite site also bears a striking

resemblance to the spectra of the penta halides, Kemmler-Sack (1968).

Spectra of RbUBr6 , Eichberger and Lux (1980) and of UC15.A12C16 at 596 K,

Gruen and McBeth (1969), are shown for comparison in Figure 30.

There have been two recent analyses of U(V)-contaning compounds in

which the absorption band structure is quite different from that in CsUF6.

In a-UF5  the bond angles can be described in terms of an octahedron
subjected to a tetragonal elongation (D4h). The bonding in: S-UF5 is much

more irregular with a structure intermediate between a dodecahedron and a
square antiprism (D4d), Penneman et al. (1973). Spectra of the two

modifications are shown in Figures 31 and 32. Assuming a crystal-field

dominated by weak covalent rather than electrostatic interactions, both

spectra were analyzed using the angular overlap model relationships given by

Urland (1976). The results are shown in Tables 30 and 31, Hecht et al.

(1985a). Spectroscopic features attributed to UF5 molecules generated by

laser photolysis of UF have been identified in the 14000-29000 cm~F range,

and also near 8000 cmi, Kim and Laguna (1981), but there appears to be no

obvious correlation with the spectra of a-UF5 and 8-UF5. The second case

referred to above is that of RbUF6 in which a crystal-field analysis in

dodecahedral symmetry (D2d) irried out, Amberger et al. (1983). As was

the case for UF5 , the mo& orbital approach was taken. These results

are also included in Table and 31.

Interpretation of spectra of the CsUF6 type proves to be central to

further systematic analysis of energy level structures in An(V) compounds

since both CsNpF6 and CsPuF6 have been characterized as isostructural to

CsUF6 , Penneman et al. (1973). In principle, UF5 is the first member of
another series that could be examined systematically, but while milligram
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TABLE 30.

Observed and Calculated energy Levels for a-UF5 ,

S-UF 5 , and RbUF6 (all values in cm 1 )

a-UF5
8  B-UFg 5  RbUF6b

D4h D4d D2d

Assigned Calculated Assigned Calculated Assigned Calculated

Level LevelC Level Level Level Level

0 0 (r7y) 0 0 (r 1 j~) 0 0 (r6)

3650 3773 (rj6) - 1136 (r9 ) 1555 1549 (r7 )

6161 6030 (r7) - 3061 (Til) 4599 4598 (r6)

7579 7673 (r7) 6671 6671 (r1 ) 7087 7122 (r6 )

10730 10684 (r6-) 7474 7474 ( 8 ) 7952 7951 (r7)

15152 14919 (r7 ) 9434 9434 (r11 ) 11001 11005 (r6 )

17182 17399 (r6 -) 11601 11601 (r9-) 12500 12494 (F7 )

aHecht et al. (1985a).

bAjberger et al. (1983).

CThe parameters used to generate the levels are given in Table 31.
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aBLE 31.

Crystal-Field and Spin-orbit Parameter Values

for a-UF5 , S-UF 5 , and RbUF6 (in cm&)

a-UF5 a B-UF5 a RbUF6 b

B2  -5920 -1185 -5000
0

B4  16442 -15354 57200

B417786 10518

B6  -2986 3314 -43200

B6-6298 1212

c 1884 1926 1965

aHecht et al. (1985a).

bAmberger et al. (1983).
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amounts of NpF5 were recently prepared and fully characterized for the first
time, Malm et al. (1985), the successful synthesis and isolation of PuF5 has

not yet been reported. Because there have been a number of criticisms and
reinterpretations of the original published spectrum of CsUF6, extensive new

experimental studies were carried out, Hecht et al. (1985b). This compre-

hensive reinvestigation included preparation and spectroscopic characteri-

zation of the isostructural compounds LiUF6 and a-NaUF6 .

In their pioneering investigation of CsUF6, Reisfeld and Crosby (1965)

measured spectra at 298 and at 75 K. They assumed that the U-atoms were not

at true Oh sites, but that the distortion was small enough to make it

reasonable to model the spectra as if it were an Oh-case. The samples were
examined as fluorolube mulls, and some decomposition to U(IV) .as specifi-
cally cited; however, it was reported that corrections were made to the

spectra such that features attributed to U(IV) were subtracted out.

The authors were convinced that structure to the low energy of strong

absorption bands in the region near 2000 nm could not be attributed to "hot"

bands; they ascribed it to vibrational modes that would not be populated at

room temperature. They developed an interpretation which viewed the

observed spectral bands as the result of the coupling of normal vibrational

modes of the UF~ structure to zero phonon centers which themselves were weak

or unobserved. Thus, electric dipole transitions in this nearly

centrosymmetric environment were viewed as enabled by the simultaneous

change of electronic state and a quantum of an odd vibronic mode of the UF6
group. A search for electronic centers enabled by strong vibrational modes

led to the interpretation shown in Table 32.

Subsequent experimental studies of complex U(V) halides by others,

particularly Ryan (1971), noted discrepancies between the spectrum of CsUF6
as published by Reisfeld and Crosby, and that of other compounds containing

the UF6-entity. Of relevance to the new experimental studies cited here,

Ryan referred to work in progress by Morrey and Morgan on the spectra of

hexahalide complexes of U(V) at liquid N2 as well as at liquid He tempera-

tures. This projected investigation was actually not completed, and thus

was never published. In discussing the r7 + 8' + 1r6 spectral range,

Table 32, Ryan was apparently among the first to point out one of the most

serious experimental problems with the Reisfeld-Crosby study. By correcting

for UF 4, they apparently also removed absorption features characteristic of

CsUF6 "

Leung (1977) also addressed the CsUF6 spectrum and the necessity for

considering a D3d instead of the Oh site symmetry. He used the Reisfeld and

Crosby data with his own reinterpretation, finding as did Soulie (1978) that

the energy level fit was inconsistent with a r7 + r6 assignment near

14000 cm . He assumed the corresponding band to be near 16000 cm"1

(unobserved).
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"ABLE 32.

Observed and Computed Energy Level Structure for CsUF6 (in cmu 1)

Zero Phonon Statesa

Vibrational Modes OBS (cm 1) CALC (cm1 )

(Ref. a) (Ref. b)

v1 (Aig) 506 608 r7 0 0

V2 - 452 r8 4587 3989

v3 (Tlu) 503 505 r7, 6928 6928

v4 (Tlu) 150 130* r8, 12705 12107

v5 (T2g) 145 190 r6 14245 14840
213

v6 (T2u) 100 62*

Parameters for

E CALC (cm 1)a

= 1955

A4 - 2351 (B - -18808)

A6 - 208.8 (B - 3341)

aReisfeld and Crosby (1965).

bHecht et al. (1985b). Asterik denotes value obtained from excited-state

spectra.
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The analysis of the CsUF6 spectrum by Hecht et al. (1985b) is different

in a number of respects from any of the interpretations that preceded it;

nevertheless one recognizes that many of the concepts used in the analysis

are not new. They have been cited by others in their attempts to understand

certain aspects of the subject spectral type. The advantage of the reinves-

tigation lies in careful attention to the preparation of pure samples and in

the experimental measurements which included for the first time complete
spectra at ~ 4 K. The parallel interpretation of spectra of LiUF6 and

a-NaUF6 served to amplify the CsUF6 results.

A fund, mental difference between the reinvestigation and previous

observations is that structure at 4587 cm~1 was not observed. The r7 +r8

transitions, assuming D3d symmetry, but for convenience continuing to use

the labels of Oh-symmetry, were placed at 5107 and 5203 cm~1 , and charac-

terized as transitions due to a magnetic dipole mechanism, Figure 33. In

agreement with Drifford and Soulie (1977) and Soulie (1977), the r7, state
was placed at 7326 cm~- where a moderately strong (magnetic dipolo) transi-

tion is observed, Figure 34. In the region of the r8, and r6 transitions,

Figure 35, the spectrum of CsUF6 does not correspond with the results of

Reisfeld and Crosby undoubtedly for the reason cited by Ryan (1971).

Interpretation of the structure associated with the r7 + r8 ', r6
transitions follows directly from that for r7 + r7,, and r7+ r8. In both

cases the major features were found displaced from the zero phonon transi-
tions by ~ 130 cm~- and 505 cm~1, consistent with the v4 and v3 modes

proposed by others. A Raman spectrum of CsUF6 , together with an infrared

spectrum establishing v3, gave a set of vibrational mode energies that

contrasts with that assumed by Reisfeld and Crosby, Table 32. The assign-

ments to zero phonon transitions, and the computed results based on D3d~
symmetry for the three compounds LiUF6, a-NaUF6, and CsUF6  are given

together with the parameter values in Table 33, Hecht et al. (1985b).

The energy level structures and parameters for several U(V) compounds

are compared in Table 34. The ligand-field parameters in such analyses,

Eichberger and Lux (1980), are sometimes reported in terms of A and 0,

linear combination4s of th% normal fourth and sixth degree crystal-field

potential terms B0 and BO, together with the so-called orbital reduction

factors k and k', Eisenstein and Pryce (1966). The orbital reduction

factors provide a basis for discussing the covalency of the bonding. As

indicated in Table 34, the data for several U(V) compounds have been

analyzed in terms of a spin-orbit parameter of ~2200 cm~ consistent with

the free-ion results for U VI. However there has been considerable

variation in the ligand-field parameters deduced by different investigators

from absorption spectra in which the energies of observed features are

surprisingly consistent.

Both the spectra of CsNpF6, Hecht e al. (1979) and CsPuF6, Mors
et al. (1983) have been reported. The spectrum of CsNpF6 as originally
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TABLE 33.

Energy Level Parameters for MUF6 in D3d-Symmetry (in cm 1)a

LiUF6  a-NaUF 6  CsUF6

obs'd. cal'd.b obs'd. cal'd.b obs'd. cal'd.c calc.c

r6u 0 0 0 0 0 0 0
5010 5051 5081 5129 5104 5097 5209
7339 7344' 7364 7365 7396 7394 7440

13132 12972 13245 13062 12903 12924 12836

15439 15690 15517 15796 15697 15667 15667

r4u+r5u 5029 5052 5108 5131 5203 5201 5187

(13134) 13047 13250 13155 13098 13107 13186

ZETA 1915*62 1908*70 1905 7 1907*33

B2  7.8 687 11.8*766 426*85 -145 '50

B0  -14150*326 -14364*366 -14212*40 -14609 180

B63989 485 3939 530 3600*57 2934205

0 540 29' 54 26' 54 20' 530 23'

ad 1.63 182 20 87

aHecht et al. (1985b).

boh - 540 44'; the value of 0 used in this case was arbitrary, but the fit for the value indicated is

better than for 54 44', or 54 .

cThe crystal structure gives 0 - 53 23'--the arbitrary choice of 0 - 540 20' provides the best fit.

dMean error.

OD



TABLE 34

Energy Level Structures and Parameters (in an1 ) for U(V) Canqounds.

)Et4 )Jabb (1Et446b'cc,d 3r[1

Efit. Ca1c. E&pt. aWc. Calc.c Calc.e obs'd calc'd ( )

0 0

3649

6801 7157

10190 10154
10450J

11470 11742

1913

0

3670

6831
9435

9905

10605

2197c

51C

5676c

0.79

0.32C

12209(710)

39(776)

266

0

3715

7022

9627

10736

1761(31)

0

3800

6794

10137

11520

2219

826

5794

0.78

0.45

0

4386

6849

12500

1770

3920

4100

0.90

0

4300

6643
8970

>9371
9772J

11665

10953(350)

-1058(274)

123

0

4174

6413

9643

11218

1559(115)

13479(1125)

-158.6(745)

370

r7 ( a~4 )

r8

8,

r8,

r6

Ah
9 h

k

k'

Bg

4i



TabUa 34. (dcxmnd)

a. Fdelstein etal. (1974). The r8 stateiws assigned at 1730 a h las aniestmates from other studlies.

b. Ryon (1971).

c. Eichberger and tic (1980).

d. Selbin et al. (1968).

e. Iarack (1968).

f. 1i ig ad oa. (1977), nSulie ad Edelstein (1980).

g. Crystal-field parameters in On synetry were camputed in the present investigation. 1h ratios B4/B- 5/h6, B/B0 = - were fixed.

h. =-. [B 0 + *3 B]

h.2  [5 4 _ 2 10 B6 J
-{ [BO o0

i. Deviatin (a) - E[i2i/n"PJ1 2 where Ai is the difference between observed and calculated energies, n is the mer of levels used in the

fitting procesre, and p is then uaer of paraeters freely varied.
N-

0
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analyzed has also been reinterpreted, Poon and Newman (1982). Unfortun-

ately, more recent experimental studies have not been able to reproduce all

aspects of the reported band structure in CsNpF6 , Hecht et al. (1984).

Further experimental studies and theoretical analysis are clearly

required. However, consistent with the approach used in discussing the

spectra of other valence states, approximations can be made as a basis for

extrapolation. If we use electrostatic interaction parameters of the same
order of magnitude as those suggested by Poon and Newman (1982) for CsNpF6 ,

together with the D3d ligand-field parameters for CsUF6, and further

extrapolate these results to provide values for the CsPuF6 case, Table 35,

the resulting energy level structures are those given in Table 36 and

plotted in Figure 36. The general aspects of these predicted structures

appear to be consistent with available experimental data. Aside from the

structure of the ground state, we expect to observe a relatively isolated3F2
state in CsNpF6 . However, with the exception of this 3F2-state, neither the

spectrum of CsNpF6 nor that of CsPuF6 is expected to exhibit easily recog-

nizable isolated band structure. A relatively high density of excited

states is predicted and detailed analysis can be expected to be difficult.

6.2. Compounds of An(VI) and An(VII)

The actinide hexafluorides, UF 6, NpF6, and PuF6 form a unique group of

volatile actinide molecular species. They are not regarded as strongly

bonded since the metal-fluorine distances tend to be rather large (~1.98 A),

Claassen (1959). The combination of well-characterized spectroscopic,

Goodman and Fred (1959), Steindler and Gunther (1964), and magnetic,

Hutchison and Weinstock (1960), results for NpF6 has served to establish a

reasonable basis for the energy level analysis in octahedral symmetry. Sets

of F parameters can then be combined with the results for NpF6 to yield an
estimate of the parameter sets for PuF6 and AmF6 as shown in Table 37. Of

course, AmF6  has not yet been characterized. The corresponding energy

levels are given in Table 38. Energy level parameters similar to those

given in the table were earlier shown to reproduce a number of the principal

features in the absorption spectrum of PuF6, Kugel et al. (1976),
Figure 37. The detection of fluorescence in the selective excitation of

NpF6 and PuF6 and at energies consistent with the energy gaps between the

predicted ground and first excited states in both spectra, was recently re-

ported, Beitz, et al. (1982), and further structure in PuF6 was revealed in

subsequent excitation studies, Barefield, II et al. (1983). While the

estimated parameters given in Table 37 provide a starting point for the

actual energy level analysis, it would not be surprising to find that the

parameters for PuF6 are modified as the experimental energy level structure

is refined. The energies of some of the lower-lying states in NpF6 , PuF6
and AmF6 consistent with the estimated parameters are shown in Figure 38.

The computed energy level scheme for AmF6 suggests that detection of this

compound via emission of characteristic fluorescence will in general be very

difficult, except possibly at temperatures near 4 K, because of the narrow

energy gaps between excited states.
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TABLE 35

Energy Level Parameters (in cm 1) for CsAnF6
Based on a Consistent Predictive Model (D3d)a

CsUF C N F6 CsPuF6

C(HFR)b
C(Est)c
AP

B2

B9B0
B6

0

F2 (FR)

F2 (Est)

DP

F4 (HFR)

F4(Est)

AP

F6 (HFR)

F6 (Est)

AP

2316

1905

411

426

-14212

3600

540 20'

2608

2200

408

426

-14212

3600

540 20'

84141

48920

35221

55445

42300

13145

40865

27700

13165

2914

2506

408

426

-14212

3600

540 20'

86982

51760

35222

57347

44200

13147

42285

29120

13165

aIn addition to the parameters shown, for both the Np(V) and Pu(V) cases,

a=30, 0-660, y-1200, P2 -500, P4"375, P6=250; and in addition for Pu(V),

T2-200, T3-50, T4-100, T6-300, T7-400 and T8-350.

bComputed using Hartree-Fock methods and including an approximate relativistic

correction, Cowan and Griffin (1976), Crosswhite (1977).

cEstimated parameter value used to compute the energy level structure.
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Energy Levels

TABLE 36

of CsAnF6 (D 3d-Syuaetry)a

Cs UF 6  CsNpF6  Cs PuF6

Stateb Calc. Obs.c State Calc. State Calc.

Eu' 0 0 Aig 0 Eu0

Eu' 5097 5104 A2g 2550 Eu' 15

Eu" 5201 5203 E 2592 Eu' 1208

Eu' 7394 7396 E 2811 Eu' 2917

Eu' 12924 12903 E 4807 Eu" 2983

Eu" 13106 13098 Aig 4385 Eu' 6190

Eu' 15667 15697 Alg 8203 Eu' 6286

E 8228 Eu" 6342

E 8443 Eu' 9050

A2g 8481 Eu" 9070

E 8530 Eu' 9475

Aig 9231 Eu' 10096

A2g 10012 Eu" 10112

E 10092 Eu' 10392

Aig 12003 Eu" 11775

E 12163d Eu' 11785

Eu" 12094d

aThe parameters

Table 35. All

required for the calculated

values in cm .

energy levels shown are given in

bThe states are identified by labels as follows: Eu' -T6u and Eu" 4u +

r5u, for odd f-electron configurations.

cHecht et al. (1985b).

dAt higher energies the density of states is large and given the approximate

nature of the estimate, significant energy gaps between states are not

expected at < 20000 cm 1 .
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TABLE 37.

Energy Level Parameters (all in cma1 ) for AnF6 Based on a

Consistent Predictive Model.

NpF6 PuF6 6

C(HFR)a
?(Est)b

AP

2817

2448

369

44553

7991.7

F2 (HFR)

F2(Est)

DP

F4(HFR)

F4(Est)

DP

F6(HFR)

F6(Est)

DP

3130

2652

478

51400c0

10200c

90625

60001

30624

60037

50101

9936

44381

33161

11220

3459

2800

659

49000

10000

93280

56600

36680

61810

46800

15010

45702

31100

14602

a. Computed using Hartree-Fock methods and including an approximate relativ-

istic correction, Cowan and Griffin (1976), Crosswhite (1977).

b. Estimated parameter value used to compute the energy level structure.

c. Approximate crystal-field parameters for PuF6 were based on fitting the

results of Beitz et al. (1982), with in addition, a - 35, B - -700,

y - 500.
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TABLE 38.

Energy Levels of NpF 6 , PuF6 , and AmF6 (in cm I)a,b

NpF6  PuF6 m6
State Calc* Obs'd. State Calc. State Calc.

r7u -18 0 rig -206 r8u 0

r8u 7690 7711 r4g 4505 r6u 4139

r7u 9563 9515 r3g 4997 F8u 6179

r8u 23548 23500 r5 6329 r7u 6604

r6u 27912 28000 r4g 10004 r8u 8554

rig 10184 r8u 11665

r3g 11921 r7u 13514

r5g 12103 r8u 14998

r4g 16240 r8u 15416

r3g 17811 r6u 15451

ri 17832 r8u 17336

r7u 17690

aResults for NpF6 are complete with states labelled in Oh-symmetry.

bPartial calculated results for PuF6 and AmF6 . Energy level parameters given

in Table 37.
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The spectra of U022+, UF6, UC16 , complex fluorides or oxyfluorides con-

taining U(VI), and of Np(VII), Spitsyn et al. (1969) are atypical of other

members of the actinide series. In contrast to the transitions between

states within the fN-configuration which characterize most of the actinide

spectra discussed in previous sections, the above species contain no f-

electrons in open shells. Yet spectra of UF6 and of uranyl compounds with a

characteristic structure in the visible-ultraviolet range limited to the

region below 430 nm, Figure 39, are probably more extensively reported and

analyzed than those of any other actinide species.

While the data base is very large, and a number of ab initio calcu-

lations are available to aid the assignment of molecular orbital states, the

problem of competing interpretations is not easily resolved. Important

contributions to our understanding of UF 6 , U02n+ (n1,2) and related

spectra continue to be made, J4rgensen (1982b), Martensson et al. (1983),

DeKock et al. (1984), and new very extensive experimental analyses of

crystal spectra such as those for Cs2UO2C14 and CsUO2(NO3)3 , Denning et al.

(1985), are proving to be a particularly valuable basis for reexamining and

seleging among competing interpretations. For the closely related case of

NpO2  doped into single crystal Cs2UO2Cl4, detailed spectroscopic studies

have identified electronic transitions belonging to the 5f1 -configuration,

but also other structure similar in origin to that reported for U(VI), i.e.

transitions to molecular orbital states, Stafsudd et al. (1969) and Denning

et al. (1982a,b). Extensive analysis of the absorption and fluorescence

spectra of UF6 have been published and are covered in a recent review,

Carnall (1982).

7.0 Concluding Remarks

As this report was being written, new developments in analysis, new

insights into atomic spectra, and new condensed phase spectra were appear-

ing. We have attempted to assemble reference data, to survey some of the
growing edges of actinide spectroscopy, and to outline methods of analysis

that will be of continuing value to those working in the field.
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