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/ . INTRODUCTION

Actinides, the last known group of the Peri-
odic Table are the subject of a special interest,
both practical and scientific. Though their use is
mainly based on their unique nuclear properties,
the electronic structure is of no little interest
because it is of paramount importance in deter-
mining the physical and chemical properties of
the actinides and their compounds. Despite the
common tendency to consider the actinides group
as a new rare-earth group, similar to the lan-
thanides, numerous data show that this group
has a definite identity, evidenced mainly in the
first half of the group. At the beginning of the
actinides group, a contraction of the 5f electronic
shell takes place (actinide contraction), but this is

not so sharply manifested as the contraction of
the lanthanides 4f shell. In the actinide group the
energy separation of the 5f, 6d, and 7s electronic
levels is small, whereas for the lanthanides the
4f electrons are strongly localized. This leads to a
strong competition between the 5f, 6d, and 7s
electrons in determining the electronic properties
of the actinides and their compounds. Another
consequence of the weaker 5f contraction is that
the ionic radius of the actinide ions is greater
than that of the corresponding lanthanide ions. A
determinant factor for actinides is the increased
importance of the relativistic effects, mainly
shown in the increase of the spin-orbit coupling
(which is usually twice that of the lanthanides),
which combined with a decrease in the Coulomb
interelectronic repulsion, leads to a severe
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breakdown of the Russell-Saunders coupling.
These main factors together with other effects
due to the complexity of the atomic systems
under discussion lead to clear characteristics of
the actinides, as follows:

(a) A great variety of valence states.
Whereas with lanthanides the usual valence
state in compounds +3 and sometimes also
+ 2 and/or + 4, with actinides the whole
series of ions, from + 2 to + 6 (or even + 7)
is often found;

(b) The most stable valence state of the
actinides is usually larger than for lanthan-
ides, especially at the beginning of the
group;

(c) The crystal field effects are about
twice as strong as with the lanthanides;

(d) The extreme breakdown of the Rus-
sell-Saunders coupling makes it necessary
to consider fully intermediate coupling in
crystal field calculations.

These effects, shown especially with the
lighter actinides, lead to the interesting situation
that some of their properties are similar to those
of the 3d elements rather than to the lanthan-
ides. However, it would be incorrect to overem-
phasize this similarity, and the best way is to
consider the actinides not only as f elements, but
also to consider the whole electronic structure
and the effective radii of the electronic shells.
The stronger contraction of the 5f shell in the
second half of the actinide group allows closer
similarity with the lanthanides, but even here it
is not perfect.

The great variety of valence states of the
actinides makes it possible that the ions of a
given element span a wide range of 5^ configu-
rations. For example, uranium ions span all the
electronic configurations (from + 6 to + 2) at the
beginning of the series, where the identity of the
actinide group is chiefly manifested.

The very complex behavior of the actinides
combined with, in many cases, a lack of spectro-
scopic data of free ions, makes it necessary to
study their compounds by a multitude of physical
methods. It is not the aim of this review to dis-
cuss fully the electronic properties of the actin-
ides, but to show what results can be obtained by
the use of electron paramagnetic resonance
(EPR). This task is difficult since excellent
reviews on the subject have been given by Abra-
gam and Bleaney (1) and by Boatner and Abra-
ham (2). However, some new results obtained
since these reviews have been published, many
of them by the present authors, makes it useful
to present this review. A review of magnetic
resonance studies on uranium compounds,

related mainly to their use in nuclear energetics
has recently been published (3).

EPR has been very effective in the study of
uranium ions in crystals; the main results being
as follows:

(a) Determination of the nuclear spin, the
nuclear magnetic moment and electric qua-
drupole moment for the isotopes 233 and
235;

(b) Identification of the valence state of
uranium ions in crystals;

(c) Identification of the symmetry and
structure of different uranium centers in
crystals;

(d) Identification of the ground state of
uranium ions in crystals and of the influ-
ence of other electronic states on this. These
results show the importance of the interme-
diate coupling in the case of actinides;

(e) Crystal field studies, emphasizing the
role of covalency.

We hope that this review clearly shows these
results and also indicates that the EPR studies
of uranium ions in crystals have further poten-
tial.

/ / . URANIUM IONS IN CRYSTALS

A. Electronic Structure of Uranium and its
Ions

1. General Properties

Uranium was discovered in 1789 by M. H.
Klaproth in pitchblende. In 1841 E. Peligot
showed that the semimetallic substance sepa-
rated by Klapworth was in fact the uranium
dioxide. At the formulation of the periodic system
of elements by D. Mendeleeff, uranium was the
heaviest known element. In 1896 H. Becquerel
discovered the radioactivity of uranium. This
discovery gave a strong impetus to studies on
uranium, and in 1939, when nuclear fission was
discovered (Hahn and Strassman) uranium
became one element of the greatest scientific and
practical interest. This is because 2 3 5 U is the
only natural nuclide which undergoes nuclear
fission in a reaction with slow neutrons.

Uranium has fourteen isotopes, with mass
numbers from 227 to 240. Only three of these,
namely 234, 235, and 238 isotopes occur in
nature with abundances of 0.006%, 0.71%, and
99.28% and with lifetimes for a-decay of
2.45X105 y, 7.1X10" y, and 4.51X10' y, respec-
tively (4). For nuclear power, of great impor-
tance are the natural isotopes 235 and the syn-
thetic isotope 233 (a-aetive, lifetime of 1.6X105
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y) as fissile materials and the isotope 238 as a
fertile material. The nuclei of the even isotopes
have zero nuclear spin and magnetic moments,
while the odd isotopes have half-integral values
of the nuclear spin quantum number and non-
zero nuclear magnetic moment.

The electronic structure of atomic uranium
and its ions or compounds is still not completely
clear. The optical spectra of neutral [U(I)],
singly ionized [U* or U(II)], four-fold ionized
[U** or U(V)], and five-fold ionized [U5+ or
U(VI)] uranium are known, and there is no
reported analysis on the free-ion spectra of the
other ions. On the other hand, in the condensed
state only the ions U ' + to U2 + have been stabi-
lized.

The ionic radii of the different uranium ions
are not very large (1.03 A for U3 *, 0.93 A for
U**, 0.88 A for U 5 \ and 0.82 A to 0.73 A for
U' + (5), and they can easily substitute in crys-
tals the alkali or alkaline-earth ions as well as
other diamagnetic cations such as La3 *, Y3 *, or
Th4 *. Uranium ions can substitute for cations of
a much lower valence in crystals; the electric
charge difference being compensated by different
means such as substitutional anions of higher
valence, interstitial anions, cationic vacancies,
substitutional cations of lower valency and so on.
Thus a great variety of uranium centers in
diamagnetic crystals can be obtained and
detailed information on the electronic structure of
the uranium ions can by inferred from these
studies. However, much care must be exercised
because the covalency in crystals may severely
alter the properties of the ions in crystals as
compared with the free ions.

The electronic structure of uranium has been
the subject of a long debate. Though as early as
1923, Bohr (6) suggested that the filling of the 5f
shell must begin around the element 91, early
arguments in favor of uranium as a 6d element
have been raised (7). This controversy lasted
almost two decades until firm data on chemical
properties of the uranium compounds, emission
spectroscopy, optical absorption spectra in solu-
tions and crystals, crystallographic, and mag-
netic studies have clearly established some of the
main electronic properties of uranium and its
compounds. The findings have subsequently been
confirmed or completed by refined physical
methods such as neutron diffraction, photoelec-
tronic emission spectroscopy, and EPR.

2. Brief Theoretical Account

A theoretical study of the atomic structure of
uranium is a very difficult task due to the

inherent complications which arise in the study
of large quantum systems (8-10). Many calcula-
tions have been performed in order to ascertain
the electronic structure, spectroscopic parame-
ters, and other parameters of interest such as
the radial integrals for crystal field studies. Due
to the complex interactions in such systems, the
wave equation can be solved only approximately.
We consider here a free atom without nuclear
spin.

In a non-relativistic theory, the main terms
in the Hamiltonian are the kinetic term ? Pj/2m,
the electron-nuclear electrostatic interaction
2 -Ze2/rj, the interelectronic repulsion 2, e r r -
and the spin-orbit coupling ?f $i*sy The main
part of this Hamiltonian is composed of the first
three which are of an order of magnitude of 10'
cm" *. Because of the lack of spherical symme-
try of the interelectronic repulsion, the wave
equation for these three terms cannot be solved
exactly. For this reason the interelectronic
repulsion is divided into two parts: the spherical
symmetric part (the most important) is intro-
duced together with the first two terms in the
zeroth-order Hamiltonian H, while the asymme-
tric part H2 (of order 104-105 cm"1) acts as a
perturbation on the states of H, . The wave
equation with the Hamiltonian H1 is solved by
Hartree or Hartree-Fock methods (12), which
lead to the transformation of the multielectronic
equation in a sum of unielectronic equations with
central potential.

In the Hartree method the total wavefunction
of the system is a product of unielectronic wave-
functions, with the only restriction given by the
Pauli principle. The central potential represents
in this case the spherical potential created at the
site of a given electron by the nucleus and the
other electrons. This potential does not include
the exchange effects, and there is no correlation
between the states of the different electrons. In
the Hartree-Fock method, the multielectronic
wavefunction is a totally antisymmetric determi-
nantal product of unielectronic wavefunctions
which leads to an additional exchange term in
the central potential. Because the exact calcula-
tion of the exchange potential by the Hartree-
Fock method is very difficult, different approxi-
mations such as the Slater potential (13), the
Kohn-Sham potential (14), the parametrized
Slater potential (15), the X a-potential (16) have
been used. The unielectronic energies depend
only on the quantum numbers n and 1, while the
unielectronic wavefunctions depend on n, 1, mj,
and ms. The energy state characterized by the
quantum numbers (nj, lj) specifies a 2(21j + 1)
degenerate electronic shell. The solution of the
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multielectronic equation is a series of energy
states specified by a sequence of quantum num-
bers

and called electronic configurations.
The nonspherical Hamiltonian potential H2

acts usually as a perturbation on the central field
wavefunctions within a given configuration. This
approximation which neglects the configuration
interaction may not be always correct, especially
in case of the heavy atoms. When the interaction
H2 is much stronger than the spin-orbit coupling,
it splits the electronic configurations in spectral
terms characterized by the total orbital momen-
tum L and total spin S quantum numbers (the
so-called Russell-Saunders coupling). In the cal-
culation of the effect of H2 in a given electronic
configuration (of equivalent or non-equivalent
electrons) or in the calculation of the configura-
tion mixing, two kinds of integrals (the electro-
static F^) and exchange G®) must be com-
puted. For a configuration of equivalent electrons
the effect of H2 can be completely described by
the electrostatic parameters F ^ , with k =
0,2,4, and 6.

The spin-orbit coupling of uranium is about
2X103 cm"1. This interaction couples the spin
and the orbital angular momentum, and in the
Russell-Saunders treatment L and S are coupled
to give a total angular momentum J. This causes
splitting of each spectral term into a number of
energy levels characterized by the quantum
number J which has values between |L-S| and
L+S. This splitting can be expressed with the
spin-orbit radial integral fn j . A level is (2J+1)
degenerate, each state being characterized by the
quantum numbers (n 1 L S J Mj). When the
spin-orbit interaction is very strong, it can couple
different spectral terms. This leads to a break-
down of the Russell-Saunders coupling, and the
only "good" quantum number is the total angular
momentum J. The wavefunction for each level
contains admixtures from different L and S
states but of the same J. This situation is called
intermediate coupling and each level is labeled,
besides the "good" quantum number J, by the L
and S of the main component of the wavefunc-
tions. The extreme situation when the spin-orbit
coupling is stronger than the interaction H2 ,
leads to a coupling of the individual spin and
orbital momentum to give the total angular
momentum j of each electron, then these are
coupled to give the total momentum J of the
atom. This coupling (j-j coupling) is a good
approximation only for some particular levels in

heavy atoms and does not describe well a general
situation even for the heaviest element known.

For heavy atoms, where the product Za
approaches unity (a being the fine structure con-
stant), the relativistic effects become very
important. These can be taken into account with
different degrees of approximation. The simplest
is to consider the intermediate coupling, due to
strong spin-orbit interaction and a reduced H2
interaction, both of these being relativistic
effects. Another approximation is to use a non-
relativistic theory and apply correction factors
obtained by comparing the relativistic and non-
relativistic calculations on simple systems.

However, many cases exist when a rigorous
relativistic theory is necessary. In this case the
unielectronic interactions are replaced by the
Dirac Hamiltonian and the interelectronic term is
corrected with the Breit interaction (17) which is
treated as a first-order perturbation. The wave
equation is solved in the same manner as in the
non-relativistic case. Many variants exist,
depending on how the exchange potential is
taken into account. Thus almost all the variants
found in the non-relativistic treatment have been
adapted for relativistic calculations, and we have
the relativistic Hartree (RH) method (18), the
relativistic Hartree-Fock, or the Dirac-Fock
method (DF) (19,20), the relativistic Hartree-
Fock-Slater or Dirac-Slater method (D-S) (21)
and so on (22). Since the Dirac Hamiltonian
contains the spin-orbit coupling, the unielectronic
wavefunctions are the eigenfunctions of the total
angular momentum j = I + s. The unielectronic
states are labeled by the quantum numbers nlj,
the number 1 being retained in order to show the
parity of states and the value of 1 to which a
state of given j is reduced in the non-relativistic
limit.

The atomic wavefunction is an antisymme-
tric product of unielectronic wavefunctions and is
an eigenfunction of the total atomic angular
momentum j . This leads to a j-j coupling. How-
ever, because this coupling is never achieved and
usually it is necessary to use the intermediate
coupling, the mixing of different configurations
must be taken into account [mixed configuration
Dirac-Fock-MDF-method (23)].

A comparison of the few existing methods,
shows that the relativistic parameters rather
than the non-relativistic ones approach more
closely the experimental ones. The need for
intermediate coupling is emphasized by the rela-
tivistic calculations (especially by the theories
which include the exchange), which show a
decrease in the electrostatic Slater parameters
F' ', especially for the heavy ions. Atomic
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Table 1. The Electronic Radial Parameters £g.pi<r2>, <r4>.

3.091 28.43 773.8

2.769 18.05 253.6

3.278 27.19 472.6

1.86 2.541 2.359 2.346 6.47 13.50 11.48 10.906 39.1 133.3 92.47 90.544

1.68 2.156 2.044 2.042 5.00 8.79 7.66 7.632 24.4 61.64 48.056 47.774

1.905 1.833 1.833 6.45 5.84 5.838 35.64 29.81 29.793

a) Parametrized Hartree-Fock-Slater values (24). b) D1rac-Slater values (25). c) D1rac-Fock values (25). d)
Mixed configuration D-frac-Fock values (26).
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parameters of neutral uranium and its ions,
computed by non-relativistic parameterized Har-
tree-Fock-Slater (24), Dirac-Slater and Dirac-
Fock (25), and mixed configuration Dirac-Fock
(26) methods are given in Table 1.

The radial parameters <r ! > in the relativis-
tic calculations are defined as

*> = / [P a ( r ) + Q
o

where P(r) and Q(r) are respectively, the large
and small components of the one-electron radial
wavefunctions (22). The relativistic values in
Table 1 represent the weighted average of the
values calculated for the relativistic 5f7 f 2 and
5f5/2 configurations: <r {> = (6/14)<r i>5 2 +
(8/14)<r1>7 y 2 .

Free-ion spectroscopic data are available only
on the neutral uranium, U4 *. and U5 *. For all
the other uranium ions, the free-ion data have
been deduced from studies on ions in crystals.
However, the free-ion data deduced from the
spectroscopic studies on uranium ions in crystals
depend on the system under study. Two major
effects are responsible for this. First, some
atomic parameters are modified due to the fact
that the ion is in a crystal. Thus the electron
delocalization produces an orbital reduction
which in turn modifies the spin-orbit coupling to
a degree which differs for each particular sys-
tem. Secondly, the interaction with the neighbor-
ing charges in a crystal produces considerable
splitting and mixing of states and may even alter
the relative energies of the levels. Due to these
effects, systematic data obtained by a multitude
of methods on a given ion in different crystals
are necessary in order to deduce reliable "free-
ion" values.

3. Spectroscopic Studies

3a. Neutral Uranium

The uranium atom has an extremely rich
emission spectrum with about 100,000 identified
lines (27,28). More than 1,000 energy levels
have already been identified. New techniques
such as multistep laser photoionization spectros-
copy (29-31) and dye laser fluorescence spectros-
copy (32, 33) allowed the identification of new
high energy levels, including Rydberg states. In
1946 the ground state of uranium was identified
as (Rn)5P 6d* 7s2 with the lowest level 5 L6 (34,
35). The uranium spectrum has been identified
as an analogue of the element neodymium from
the lanthanide group. We must note, however,
that the ground configuration of neutral

neodymium is (Xe)4f*6s2 with the lowest level
5 1 4 (10, 36). This difference shows the effect of
the competition between the 5f and 6d orbitals in
determining the electronic properties of the
actinides. Subsequent studies (37-39) have con-
firmed this identification for uranium. The theo-
retical treatment shows that the energy levels of
a given configuration of uranium encompass a
very broad energy spectrum and some levels of
the ground configuration go beyond the ionization
limit (6.1941 eV) (31). The labeling of the energy
levels is very difficult because often none of the
couplings (Russell-Saunders or j-j) allow for an
intermediate coupling wavefunction with a domi-
nant component, weighted at more than 30%
(27). The lowest levels of the excited configura-
tions are very close to the lowest level of the
ground state, and a strong configuration mixing
takes place. The theoretical parameters differ
according to the method used, e.g. the spin-orbit
parameter f5f is 2480 cm"1 (H-F-S) (40), 1856
cm"1 (D-S) (25, 40), 1503 cm"1 (D-F) (25), or
1717 cm"1 (D-S with an exchange scaling factor
a =• 0.7 (40)) as compared with the experimental
values of 1773 cm"1 (41) or 1754 cm"1 (39).
The theoretical value for fg j is 1848 cm"1

(H-F-S), 1475 cm"l (D-S), or 1363 cm" x (a-D-S)
(40).

3b. Single-ionized Uranium

The emission spectrum is again very complex
(27,28). More than 3,000 lines have been iden-
tified so far. A very strong competition between
the 5f, 6d, and 7s orbitals in determining the
electronic properties of this ion is observed. The
ground configuration is 5P 7s2 with the nearest
excited configurations 5P 6d7s, 5P 6d2, and
5f47s. The theoretical (D-S) value for the f5f
constant is 1905 cm"x for the ground configura-
tion and 1682 cm"1 for the configuration 5f* 7s
(25).

3c. Divalent Uranium

No analysis of the free-ion spectra of this ion
have been reported. Estimations of the theoreti-
cal structure are contradictory. The ground con-
figuration for U2 * is given as 5P 6d with the
ground state 5L6 (27) while elsewhere (42) the
5P 7s configuration is the ground state, with
5P6d and 5f4 at about 700 cm"1. Considering
the approximations used in these estimations
(e.g. the estimated (42) ground state for U* is
5P6d7s with an error of 500 cm"1, while the
experimental data clearly show that it is
5P 7s2), it is not possible to reach a correct
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conclusion without clear experimental evidence.
In a systematic study of the optical spectra of
uranium ions in fluorite, Hargreaves (43, 44)
claims to have found a spectrum with an EPR
signal from a non-Kramers ion, with g« = .3.28
and g± < 0.1. Though initiallly the ground con-
figuration was identified as 5P 6d with the low-
est level s L e (43), a subsequent analysis (44)
replaced this with 5P 7s with the ground level
5 1 4 . On the other hand the actinide Np3 *
(45-47) and Pu3 * (48) in condensed media, and
the lanthanide ion Nd2 + (49) and Pm 3 t (50)
have the ground configuration 5f4 and 4f*,
respectively, with the lowest level 5 1 4 . It is
likely that for U2 + the ground configuration is
5f4. Situations in which the 5f shell becomes
lower than 6d when passing from neutral atom
to ions are known (for instance the ground con-
figuration is 6d2 7s2 for neutral thorium, 5f6d for
Th2* and5fforTh3 + (51-54).

The calculated spin-orbit parameter for the
5f4 configuration of U2 * is 1725 cm" * (D-S) or
1391cm"1 (D-F) (25).

3d. Trivalent Uranium

The only data on this ion come from optical
spectra in crystals and solutions. The absorption
study of U3+ in LaCl3 has demonstrated that
the ground state of this ion is 5P with a ground
level 4 I9 / 2 (45) in agreement with an estimate
(42). The optical spectra (45) allowed an estima-
tion of the spectral parameters and of the spin-
orbit coupling I" gf = 1666 cm"1. However, this
value is affected by the orbital reduction and is
not a good estimate of the "free-ion" spin-orbit
parameter. The calculations gave for this
parameter the values of 1977 cm"1 (D-S) or
1632 cm"1 (D-F) (25). By comparing the values
of the calculated spin-orbit parameters with the
experimental values it was concluded (25) that
the D-S values are closer to the experimental
data and the agreement is quite good. With a
numerical correction, the estimated value of the
spin-orbit parameter for U3 + is 1787 cm"1. The
states of U3 * reflect the intermediate coupling.
The ground level 4 I 9 , 2 contains 83% 4I and
15% 2H. The first excited level at 4278.4 cm"1

has 95 % * I, w 2, then at 7377.7 cm"J a 4 F 3 f 2
level has 46% 4 F and 25% 2D. The next levels
are at 7948.8 cm"1 with 92% 4 I , 3 , 2 , at 9490.9
cm"1 a level with J =9/2 and 38% 2H, 33% 2G,
12% 4 I , 11% 4 F and so on. The first excited con-
figuration 5P 6d is not far from the ground con-
figuration (27.1X103 cm' 1 (42)) and shows itself
as a group of broad absorption bands in the visi-
ble part of the absorption spectra of U3* in

crystals. The system CaF2 :U
3 * was the second

crystal to lase (55-57, 44), although the struc-
ture of the active centers and the details of the
spectra are still not completely elucidated.

3e. Tetravalent Uranium

The optical spectra of U4 * in crystals (43,
44, 58-60) established that the ground configu-
ration is 5P. The ground level is 3 H4 with 89%
3 H and 10% x G, the level at 3500 cm"1 has J =
2 with 92% 3 F and 7% 1B, the level 3H5 at
5981 cm"1 and 3 F 3 at 7033 cm"1 have pure LS
composition, while the next level, at 7748.8
cm"1 with J = 4 has 47% 3 F and 44% 1G. The
spectral parameters depend on the particular
system under study. For instance f gf is 1870
cm"1 for CaF 2 :U 4 \ 1780 cm"1 for
ZrSiO4 :U4 \ and 1800 cm"1 for U4* in
Cs2UCl6. The theoretical values for fgf are
2212 cm"1 (D-S) and 1846 cm"1 (D-F) (25),
from which the free-ion value of 1982 cm"1 is
estimated.

The recently reported optical spectra of the
free ion (61,62) are in good agreement with these
results: the ground level has J = 4 with 89.3%
3H and 9.8% XG and the first excited level is at
4160.6 cm"1 and has J = 2 with 86.3% 3 F and
12.95% XB; the levels 5H5 at 6136.9 cm"1 and
3 F 3 at 8983.5 cm"1 have indeed pure Russell-
Saunders composition. The measured spin-orbit
coupling parameter for the free ion is 1968 ±2
cm"x, sensibly larger than that measured from
optical spectra of U4 * in crystals.

3f. Pentavalent Uranium

The optical spectra of the free ion U5 * (63)
confirmed the ground configuration to be 5P,
determined previously from optical spectra in
crystals. The two levels of this configuration,
2 F 5 y 2 (ground level) and 2 F 7 / 2 are separated
by 7608.6 cm"1, which gives the spin-orbit
parameter f5f = 2173.9 cm"1. The calculated
values for f5f are 2442 cm"1 (D-S) or 2051
cm"1 (D-F) from which a value of 2172 cm"1

was estimated (25), in excellent agreement with
the experimental data. The excited configura-
tions lie very high (over 100,000 cm"x) and have
no noticeable influence on the ground configura-
tion.

3g. Hexavalent Uranium

This ion has the closed electronic configura-
tion of the inert gas radon. The ion U' * is very
stable in compounds and can form strong
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covalent bonds with its neighbors in a crystal.
Strong optical transitions have been found
between the molecular orbitals of these bonds.
Particularly strong are the bonds with oxygen
with which uranium can form stable groups like
the linear uranyl group UO2

 2 * pr the uranate
(octahedral or tetrahedral) group, in which the
uranium ion is equally or almost equally bonded
to six or four oxygens.

The ground state of an octahedral U' * com-
plex is a singlet A^g which characterize a molec-
ular electronic configuration composed of four 7 8
relativistic unielectronic orbitals with a majority
2p ligand character (64-69). The excited unielec-
tronic molecular orbitals are non-bonding and
have mainly uranium character: the first five
states are 77 ', yB ', y7 ", ya ", and y6' (with over
95% uranium character), then states which orig-
inate mainly from 6d levels of uranium (over
87%), and after that levels with 7s uranium
character (over 75%). The first excited molecular
electronic configuration of the complex is
(Y8 )3y7', which has three energy levels, E, T,,
and T2 . Thus, a charge transition of an electron
from the ground (78)4 configuration to the first
excited configuration (Y8 )

37 7 ' under the action of
an electromagnetic field (such as light) is accom-
panied by three optical absorption lines, from the
ground level A-j_ to these three levels. Usually
these transitions are in the visible range of the
spectrum and their intensity is governed by suit-
able selection rules.

An axial distortion of the octahedral complex
splits the molecular states. Two major cases can
be encountered:

(i) weak distortion (weaker than the inter-
electronic Coulombic interaction) which
splits the excited levels (T, A2 + E, T2
B2 + E, E A, + B,) but not the ground
state;

(ii) strong distortion (stronger than the
interelectronic interaction) which splits the
unielectronic yD levels in doublets 7- = 7 , .
The ground configuration is now (y7 )

2 and
has a single electronic level A j g , and the
first electronic configuration is 7 7 7 7 ' and
has three levels, A t , A2, and E.

As can be seen, the picture of the electronic lev-
els and of the corresponding optical transitions
differ for the two cases. A careful analysis of the
optical spectra, taking into account the additional
information which can be obtained from such
measurements as Zeeman effect or magnetic cir-
cular dichroism, could lead to an unambiguous
assignment of the levels, and thus of the
strength of distortion.

The U* * complexes have a very large

electron affinity (6 to 8 eV). The electron is
trapped on the lowest excited electronic level
which originates from the y7' unielectronic state.
Since this state is almost a pure uranium 5f
state, the trapping of the electron practically
transforms the U' * ion into U5 * which is par-
amagnetic and can be studied by EPR. The elec-
tron charge is almost the same in both cases
(67), and this situation is expected for uranates
too. Thus the - trapping of the electron in the
antibonding 77 '(5f) orbital does not modify the
symmetry of the complex and does not alter sig-
nificantly the unielectronic orbitals.

A similar situation holds for the uranyl com-
plexes.

B. Uranium Ions in Crystals

1. General Account

If the ions are introduced in crystals (substi-
tutionally or interstitially), an additional interac-
tion with their neighbors takes place. The source
of this interaction is the so-called crystal field
which has a definite symmetry, closely connected
to the symmetry of the crystalline environment
around the ion in question, the electric charges of
the neighbors, and their nature and the presence
of some point defects. The magnitude of the
crystal field interaction depends on the electric
charges of the ion and of its neighbors, the
nature of the ion and the symmetry of the crys-
tal field, the dipole and quadrupole polarization
of the ion, the modifications of the effect of the
ligand charge due to its finite charge distribution
(charge penetration and exchange penetration),
overlap and exchange, covalence (charge trans-
fer) effects, the ligand-ligand exchange charge,
and triangular path contributions (70).

The crystal field interaction affects the elec-
tronic structure of the open-shell ions. The main
effects of the crystal field are modification of the
free-ion spectroscopic parameters (the Slater F^1)
parameters (71), the spin-orbit parameter) and a
splitting (~ 103 cm" x in case of the actinides) of
the energy states of the free ion. An exact treat-
ment of the crystal field interaction is very diffi-
cult. Usually, approximate methods are used
that take into account the relative intensities of
the crystal field interaction Hc, the nonspherical
interelectronic interaction H2 and the spin-orbit
coupling. Three main cases are observed:

(a) Weak crystal field, when the Hc is
weaker than Hs.o. This implies calculation
of matrix elements of Hc between functions
of type |n 1 s L J M:> (pure or as parts of
the intermediate-coupling wavefunctions).
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The crystal field interaction leads to a par-
tial or even to a total removal of the degen-
eracies of the energy levels. For the ions
with odd numbers of electrons a residual
degeneracy of minimum two is always left
(the Kramers theorem). The J quantum
number is often used to label the levels,
though the mixing of the J levels through
the crystal field combined with the interme-
diate-coupling effects can lead to crystal
field states containing considerable admix-
ture from many energy levels. This situ-
ation is characteristic for IP * and U4 * in
crystals.
. (b) Intermediate crystal field, when Hc is
stronger than Hs.o, but weaker than H2 .
The matrix elements of Hc are calculated
with the states |n 1 S L Mg M L > inside a
given LS term. The crystal field leads to a
partial removal of the M^ degneracy. This
situation is characteristic for U5 * in crystal
fields of octahedral symmetry.

(c) Strong crystal field effects when Hc

is of the same order of magnitude or
stronger than H2 .

2. Symmetry Considerations

The study of the crystal field effects can be
substantially simplified by using group theory
(72). In a free ion the (2J+1) wavefunctions
characterized by Mz form the basis for the irre-
ducible representation Itf of the three-dimen-
sional rotation group R3. The symmetry of the
crystal field corresponds to one of the 32 crystal-
lographic point groups which are subgroups of
R3. As a consequence, under the action of a
weak crystal field, the irreducible representation
D J of the rotation group is reduced according to
the irreducible representations Fj of the crystal
field point group. Physically, this corresponds to
a splitting of the (2J +1) degenerate J level into
a number of components, each component being
labeled by an irreducible representation of the
point group and having a residual degeneracy
equal to the dimension of the representation. In
the intermediate field case, the same arguments
are valid for the (2L+l)-dimensional represen-
tation D̂ -1 of the rotation group.

When the angular momentum quantum
number is integer, the groups involved are the
simple point groups. For instance, in a cubic
field, the representation D^ is reduced according
to the irreducible representations F 1 , F 2 , F 3 , F 4 ,
and F 5 (of dimensions 1, 1, 2, 3, and 3) of the
group Oh.

If J is half-integer, the reduction of DJ is

done according to the irreducible representations
of the double point groups. The cubic double point
group has eight representations, the first five
being the same as for the simple group, and
threee new representations, F g , F ? , and F8 of
dimensions 2, 2, and 4, respectively.

Group theory shows only how a given spec-
tral term or energy level is split in a crystal field
of a known symmetry (the number of compo-
nents and their degeneracy) but cannot give any
information concerning the ordering of the levels
and the splittings. This can be obtained only by
an actual calculation of the crystal field effect on
the free ion states.

3. The Fictitious Angular Momentum

In the reduction of D^ in a cubic field, for
some values of J the representation D^ of the
rotation group is reduced to only one representa-
tion F of the cubic group. This suggests the pos-
sibility of classifying the basis functions of these
representations F as the eigenfunctions of a ficti-
tious angular momentum J. Thus the reduction
D1 F4 shows that the three basis functions of
the representation F^ (regardless of the value of
J) can be identified as the eigenfunctions of a fic-
titious J with J = 1. The three functions | ±1> ,
|0> of a fictitious J with J = 1, can be taken
also as basis functions for the representation F 5 .
The reduction TP- -*F shows that the basis func-

D

tions of the F6 doublet can be considered as the
eigenfunctions of a fictitious angular momentum
with J = 1/2. and this can also be demonstrated
for F ? . Finally, the reduction D3 '2 -» Fe shows
that the states of the quartet correspond to the
projections of a fictitious angular momentum J =
3/2 (even for J larger than 3/2).

4. The Crystal Field Potential

To evaluate the crystal field splittings and
the ordering of the levels, one must know the
form of the Hamiltonian Hc. Since this interac-
tion must reflect the symmetry of the crystal
field, we can anticipate that the Hamiltonian Hc
will be a combination of operators acting on the
free-ion states and that the coefficients multiply-
ing these operators and reflecting the strength of
the interaction must be determined by experi-
ment. However, it is important to have a theo-
retical model of the crystal field parameters. As
shown above, many mechanisms can contribute
to the crystal field interaction, and a theoretical
consideration of all these interactions is a diffi-
cult task. Thus, simplified models are used which
take into account only one or a few interactions
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which are supposed to give an essential contri-
bution to the crystal field potential.

In the electrostatic crystal field model, the
crystal field interaction is determined only by the
electrostatic interaction of the ion with its neigh-
bors in a crystal (73). The electric charges of
these neighbors are considered as point charges
localized at the lattice sites. In the electrostatic
approximation, the crystal field potential
Vfrj.Gj^j) acting on the electron (rj,9},*{) of the
ion satisfies the Laplace equation V(rj,Gj,<I>j) = 0,
i.e. there is no interpenetration of the electron
charge and of its neighbors. As a first approxi-

' mation, only the nearest neighbors of the ion in
the crystal are taken into account. If we expand
in spherical harmonics , the electrostatic poten-
tial of the crystal field interaction can be written
as

(1)

In tesseral harmonics, an expression in
Cartesian coordinates can be obtained

(2)

Some restrictions on the expressions of equa-
tions 1 and 2 must be imposed. Thus, the defini-
tion of the spherical harmonics Yj^ = ( - l ^ Y j ^
imposes that a ^ = (-l^aj^J. Also, the trian-
gular rule k < 21 for electrons in an (nl) shell
must hold. When the crystal field has inversion,
the odd k spherical harmonics have vanishing
matrix elements inside a given (nl) state, so they
can be omitted from Hc. Inside a given k, the
number of components q is limited by the crystal
field symmetry, provided a suitable choice of the
reference frame is made. The term k = 0 is usu-
ally omitted since it gives an equal shift of all the
lines in a given (nl) configuration.

The crystal field calculations for a multielec-
tronic ion can be simplified by using the Wigner-
Eckart theorem which allows the replacement of
the unielectronic operators in equations 1 and 2
by operators acting directly on the eigenfunctions
of the free ion. Thus, the Hamiltonian in equa-
tion 1 can be written as a combination of tensor
operators Uj^ (53) having the same transforma-
tion properties as the spherical harmonics,

(3)

If the Hamiltonian has the form of equation
2, the functions P j^ can be replaced by the so-
called equivalent operators 0 ^ (74), with the
same transformation properties and with matrix
elements inside a given J proportional to those of

<JMjfS pkq( r i

G k < r k > < JMJ|Ok
(10)|JMj>

where Gu are the proportionality factors labeled
usually t>2 =aj,0A = 0 j , G6 = y j , their value
depending on the particular J level and <r >
are the radial integrals /Rn l*rkRn ldr. The
equivalent operators can be obtained by replac-
ing the Cartesian coordinates in pk^ by the cor-
responding components of the angular momen-
tum, by taking into account the commutation
rules.

While the method of the equivalent operators
is valid only inside a given J (or L), the tensorial
operator method is more general. Tables with
matrix elements of the tensorial operators are
available (75).

5. Crystal Field Models

The coefficients Ak°I and Bj^ are estimated
from a model of the crystal field. The electro-
static field models give the Hamiltonians of
equations 1 or 2. However, a comparison of the
theory with experiment shows that even if the
parametrization in the Hamiltonians of equations
1 or 2 is correct, there is very poor agreement
between the theoretical and experimental crystal
field parameters. The equations 1 or 2 are far
more general than their derivation in the nearest
neighbor electrostatic approximation. Improve-
ments to the calculated crystal field parameters
were made by performing lattice sums, by intro-
ducting the overlap, exchange and covalency
(charge transfer), and other effects. The configu-
ration interaction effect is also included by calcu-
lating the shielding of the crystal field interaction
of the inner electronic configuration, by the outer
closed electronic shells (e.g. the shielding of the
crystal field interaction of the 5f electrons by the
closed 6s2 6p* shells). This leads to a decrease of
the crystal field parameters expressed in terms
of a shielding factor crk such as

A k
q < r k > s h =

> p o i n t c h a r g e . (4)

The calculated values of o2, cr4, and crg are
0.83, 0.026, and -0.039 for. IP \ and 0.88,
0.012, and -0.046 for U* + , respectively (76).

An improvement in the crystal field potential
has been introduced by the superposition model
(70, 77). This model assumes that the total
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crystal field can by considered as a superposition
of individual contributions from each of the ions
in the crystal. These individual crystal fields
have cylindrical symmetry and, with the z-axis
along this individual symmetry axis, the interac-
tion potential can be described, for f-electrons, by
only three "intrinsic" parameters, A2 °, A4 °, and
A6°, which depend on the distance Rj between
the central ion and the ion which produces the
individual field. The total crystal field parame-
ters are then

nkq(i)Ak(Ri) (5)

where nkq(i) are factors that depend on the
angular position of the ions, which are the source
of the crystal field. This method has considerable
advantages over the traditional method in carry-
ing out crystal field potential calculations.

6. An Example: The Cubic Field

As an example, we consider the case of an
ion with an f electron in a crystal field of cubic
symmetry. For a weak crystal field, when there
is no J mixing, we can use equation 2 of the
crystal field Hamiltonian, which in this particu-
lar symmetry becomes (if the reference frame is
parallel to the cube edges)

Hc = A 4 ( P 4 ° + 5 P / ) + A,(Pe°-21P,*:

= A4P4 + A 6 P 6 . (6)

If we introduce the equivalent operators
defined above, this becomes

Hc = A4 <r4 >PjO4 (J)+A6 <r< >rjO6(J)

= B4O4(J) + B6O6(J) (7)

where

O4(J) = O4°(J) + 5 0 / ( J ) ,

06(J) = O 6 ° ( J ) -21O/ ( J ) .

In a nearest neighbor electrostatic crystal field
approximation, the coefficents A4 and AG are

(a) for eightfold cubic coordination

7 Ze2 1 Ze2

A = — _ A _ _ .18 R5 9R 7

(b) for octahedral coordination

A4 =J£
4 16 64 R7

where Ze is the charge of the ligand and R the
distance from the central ion to the ligands.

For the splitting of the energy levels in a
weak cubic crystal field (78), the crystal field
Hamiltonian, equation 7, has been transformed
into

Hc = B4F(4)O4/F(4)+B6F(6)O6/F(6) (8)

where F(4) and F(6) are scaling factors given by

B4F(4) = Wxand

B6F(6) = W(l - |x|), with - l f i x < l (9)

This Hamiltonian becomes

Hc = W[xO4 (J)/F(4) + (l-| (10)

The sign of W is determined by B 4 , while that
of x is given by B 6 .

The diagnolization of the Hamiltonian of
equation 10 for a given J multiplet for given val-
ues of x allows the determination of the energy
eigenvalues of different crystal field levels as a
function of the energy parameter W, which can
be estimated from experiment. The eigenfunc-
tions for each Fj state in terms of the magnetic
quantum states |Mj> are also obtained. If a
given representation enters in the reduction of
D" only, once its wavefunctions do not depend on
the parameter x; then the plot of the energy level
versus x is a straight line. For the representa-
tions that enter more than once in the reduction
of Xr, the wavefunctions depend on x, i.e. on the
ratio of the sixth- to the fourth-order components
of the crystal field potential, and the plot of the
energy level versus x is a curved line.

7. The Ground State of Uranium Ions
in Weak Cubic Crystal Field

The ground states for the uranium ions are
5P 2 F 5 / 2 forU5 + , 5 P 3H4 forU* + , 5 P

5 / 2 4 8 , 2
for IP *, and either &P 6d5 L6 , 5P 7s s I4 or 5f4
s I4 for U2 •.

In the case of a weak cubic field, which does
not produce J mixing, there are five cases as fol-
lows:

(a) The free ion 2 F5 / 2 level is split into
r ? + Tg. For octahedral symmetry, the
ground state is the doublet F ? , while in
eightfold cubic or tetrahedral symmetry F ?
is lowest. The excited level 2 F 7 x 2 is split
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6 +r7 +rB.
(b) The level 3 H, reduces to T, + F 3 +

F4 + T5. In octahedral symmetry, the
ground state is the singlet F 1 , while in
eightfold cubic or in tetrahedral symmetry,
the ground state can be F1 (for x< 10/19) or
thetripletF5 (for x> 10/19).

(c) The level * I9 / 2 is split by a cubic field
into F6 + 2Tg . In octahedral symmetry the
ground state can by F6 or one of the Fg
representations, while in eightfold cubic and
in tetrahedral field, the ground state is Fg .

(d) The level 5I 4 (as well as 3 H4) reduces
to F, + F 3 + F4 + F 5 . The ground state in
the octahedral field can be F1 or F5
(depending on x), while in eightfold cubic or
tetrahedral symmetry, the ground state is
the singlet F 1 .

(e) The level 5L6 is split intoF i + F2 +
F 3 + F4 + 2T5. In an octahedral field, the
lowest state can be F1 or F 2 , while in
eightfold cubic or in tetrahedral symmetry
the ground state can be the singlet F2 or
the doublet F

•A

As can be seen, in the decomposition of some
J levels in cubic crystal field, some representa-
tions show up more than once. The wavefunc-
tions which form the basis for these representa-
tions depend in an intricate way on the
composition parameter x of the crystal field
potential. Usually this dependence is computed
numerically and tables of wavefunctions calcu-
lated for a given increment of x are available
(78). It is, however, a difficult and time con-
suming task to extract this parameter from
experimental data which provide the matrix ele-
ments of some operators between such wave-
functions. In order to overcome these difficulties,
an analytical method which gives explicit
expressions for the wavefunctions appearing
more than once in the cubic crystal field splitting
of a given J level versus x has been recently
reported (79, 80). This method is based on the
complete use of the transformation properties of
an electronic wavefunction in a cubic symmetry.
For some values of J these analytical functions
are particularly simple. For instance (79), in
case of a J = 9/2 level, which in a cubic crystal
field is split according to the rule D( " 2 ' -* 2F8
+ F 6 , the wavefunctions of one of theFg repre-
sentations (which are isomorphous to a fictitious
angular momentum d =3/2) can be written as
functions of the magnetic quantum components
|Mj> according to:

|TB',±'3/2>.= ±(sin9|±5/2> + cos9|±3/2>,

|Fe ',±l/2> = ±[-<yr21cos9 + 3sin9)|±9/2> +

+/T4sin9|±l/2> +

- 5sin9|+7/2> (lla)

where the fictitious angle Q is connected to the
composition parameter

B4 | 3A 4 <r '>

F(4)
F(6)

with the relation

' _ /§" 5 + 336 x'
tan-28 = /

\/28 1 - 12x'

(lib)

(lie)

The wavefunctions of the other Fg
 M repre-

sentation have a similar form as for Fe ' but with
the replacement

9(T8") = +7T/2.

Suitable expressions for other J values can
be written in a similar manner. The matrix ele-
ments calculated between such wavefunctions
are explicit functions on the composition param-
eters; thus the experimental measurement of
such matrix elements leads to an easy and direct
determination of this parameter.

8. Lower Symmetries

For lower symmetries additional terms must
be introduced in the crystal field Hamiltonian.
Symmetry arguments can be used to deduce the
form of the crystal field Hamiltonian.

The crystal field splits the J manifold into a
number of states according to the reduction of D"
into the irreducible representations of the point
group in question. If the crystal field potential is
2 Bj^Oi^, the wavefunctions of the states inside
at given J are mixtures of states of different Mj's
which differ by multiples of q and can be written
as 2 Cjjy[|J,M> with 2 Cjjyj2 = 1. Sometimes
the crystal field can produce admixtures from
states of different J's, and the wavefunctions are
2 C J M | J , M > +2Cj , ) M | J ' ,M>.

9. Intermediate Coupling

The problem of the crystal field splitting in
the intermediate coupling becomes very complex
(10, 76, 81, 82). This case is frequently
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encountered for the actinides where the non-
spherical interelectronic interaction H2 is of the
order 5X10* to 10s cm"1, and the spin-orbit
coupling is of order 2X103 to 4X103 cm"1. A
crystal field interaction of 103 cm" 1 produces a
considerable mixing of states of different J val-
ues. In fact, the crystal field interaction often
approaches the spin-orbit coupling, and the only
meaningful quantum numbers which can label
the states are the irreducible representations of
the crystal field symmetry group. This complex
situation implies crystal field ground states
strongly influenced by the mixing with the
excited states, at least with those situated at
several eV above it. Calculations for the elec-
tronic configurations 5P - 5P [considering the
mixing from all the levels up to about 2 eV from
the ground state in octahedral fields (81) and for
the 5P configuration in octahedral and eightfold
symmetry (76)] have shown a strong influence of
the excited states on the crystal field splitting of
the ground level. Thus, the plots for the energies
of different crystal field states Fj versus the
fourth-order cubic crystal field parameter
A4 <r4 > (drawn for different ratios of the sixth-
to the fourth-order component) have shown that
even the representations which enter once in the
reduction of D1* become curved lines, and impor-
tant modifications in the crossing points of the
different crystal field levels occur. This can
change substantially the order of the crystal field
levels as compared to the case of no mixing.
Thus, for large Bg/B4 values and for reasonable
A4 <r4 > parameters, the ground state of a 5P
ion in eightfold cubic symmetry can be F1

instead of F 5 .

10. The Relativistic Crystal Field

The use of the relativistic Hartree-Fock
wavefunctions leads to an additional complication
since for each (n 1 j) electron in a crystal field
there are two radial integrals F and G (83). The
relativistic crystal field radial integrals for the
uranium ions have been calculated by various
relativistic atomic methods (25, 26), and some of
them are given in Table 1 together with the
non-relativistic values (24). A fully relativistic
crystal field calculation is rarely used. However,
hybrid methods, using the classical formalism,
but replacing the radial integrals by effective
relativistic integrals are already in common use,
as are, for instance, the integrals < r n > for
f-shells, obtained by a degeneracy-weighted
average of the integrals calculated for the rela-
tivistic ih/2 and f7 f 2 shells.

11. The Intermediate Crystal Field

As mentioned earlier, the actinide contraction
at the beginning of the series is smaller than in
the case of the lanthanides. As a consequence,
the radial charge distribution for the 5f electrons
extends over those of the 6s and 6p electrons (at
distances of 2 to 4 a.u. from the nucleus), unlike
the lanthanides where the 4f electrons are well
localized inside the 5s and 5p closed shells (84).

The larger extent of the' 5f function at the
beginning of the series implies an intermediate
crystal field (85). Spectroscopic studies have
shown that this is indeed the case for 5P in
crystal fields of octahedral symmetry (1, 9,
85-95). The simultaneous diagonalization of the
octahedral crystal field and spin-orbit interac-
tions in the space spanned by the 14 functions
|lmjsmg> with 1 = 3 and s = 1/2 is difficult so
that the symmetry properties are used to sim-
plify the problem. To begin with, we suppose
that the crystal field interaction is stronger than
the spin-orbit coupling.

An octahedral crystal field splits the seven-
fold orbit degeneracy of the 5f level, giving a sin-
glet (T? or a2) and two triplets F4 or t, and F5

or t2) of energies

EP = -12b, - 48b,
1 2 4 e

Ep = - 2b4 36b6

Ep = 6b4 - 20b6

where b4 = (3/3 3)A4 <r4 > and b6 =
-(80/42)A6<r'>.

The order of the levels depends on the ratio
b6/b4. For b6/b4 smaller than or equal to 5/42,
the ground level is F 2 . Over this limit F5

becomes lowest. Usually the first case holds, and
the order of the levels is Ep < Ep < Ep . The
energy differences are usually lab5eled as4 V =
Ep5 - Ep2 and V = Ep4 - Ep2 (75) or as 0 =
Ep4 - E r 5 and A = Ep5 - Ep2 (77). Since the
two spin eigenfunctions are the basis of the irre-
ducible representation F6 of the octahedral
group, the 14 spin-orbit wavefunctions can be
classified according to the products of represen-
tations F2XTe - T 7 ,

S
F? +F8 and2 e 7 ^ , ? 8 ^

F8 +F6 . Since the spin-orbit coupling is invariant
under the octahedral group operators and com-
mutes with Jz , it can be diagonalized inside each
of the three representations F g , F ? , and Fg . The
energy matrices are
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V +

V -

/3ka,,,i- V'-k,,,,f/2

(12)

where kj: are the orbital reduction factors (95)
defined as

5f

2u

where the functions of the denominator are the
purely ionic wavefunctions of the representation
F^ , and the functions used in the numerator are
the molecular orbitals for the same representa-
tions. The orbital reduction can be substantial,
so while k&2t2 is of the order 0.9 to 1, \2i2 can
sometimes be as small as 0.5 (95).

The ordering of the five energy levels which
are the basis of equations 12 depends on the rel-
ative magnitudes of the spin-orbit coupling and
crystal field interaction. Figure 1 shows sche-
matically the splitting of a 5P configuration in
an octahedral crystal field. Diagrams showing
the effect of the relative magnitude of the cr}'stal
field effect and of the spin-orbit coupling on the
relative positions of the crystal field levels for
particular ratios of be/b4 can be constructed [e.g.
Figure 2.3 of (9)]. In an octahedral crystal field,
the ground state is always a doublet which con-
tains admixtures from the F7 level (originating
from the orbital F2 singlet) and from theF? level
(fromF5).

The wavefunctions of this doublet are

7 +> -sinG|r7'+>

7 - > -sin6p7 '-> (13)

where

tan28 = 2Vlkn

w
The first excited state can be F 7 ' or F o , the

crossover occurring (90) when f (4A,8 + 15©/4A
+ 17/2) = 9 + A.

If Q is about twice the value of A, the cross-
over takes place at A = 6f, i.e. at quite strong
crystal fields.

An axial distortion splits the Fg quartets,
giving rise to new levels. Thus a tetragonal

FREE- ION

'2u

OCTAHE-
DRAL FIELD

OCTAHE-
DRAL FIELD

SPIN-ORBIT
COUPLING

Figure 1. The splitting of the 5fx configuration in
a cubic octahedral crystal field (intermediate-field
case).

distortion splits the F8 quartet into two doublets,
r and r , their order being determined by the
sign of the distortion. At the same time, the axial
distortion will produce a displacment of the origi-
nal doublets. However, the splitting F ? ' - F? is
little affected by the distortion. If the tetragonal
distortion is of moderate intensity, the ground
state remains r ? ° but will contain admixure
from all four F? * states. If the axial distortion is
strong, it may happen t h a t F ^ crosses the origi-
nal F7 ° and becomes the ground state for the
system (91). For a trigonal distortion, the Fa
levels are split into a doublet r and a pair of
singlets T. 1 and r , and the doublets T are

& 4 5 ' rp 7 rp

transformed into doublets T x. Thus, five T l

b b

doublets will be mixed in order to obtain the
wavefunction of the ground doublet. If the dis-
tortion is very strong and its sign is suitable, the
pair of singlets F4

 l + ^5 become lowest in
energy. Instead of considering first the interac-
tion with the crystal field, we could start by con-
sidering initially the effect of the spin-orbit
coupling and then diagohalize the crystal field
interaction.

A tetrahedral or an eightfold cubic crystal
field has very little effect on the free-ion states of
a 5P ion even in the case when the crystal field
parameters are large (90). In this case, the
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treatment for the weak crystal field can be
applied, regardless of the value of the crystal
field parameters. The lowest electronic level
2 F5 y 2 of the free ion is split in a cubic field into
a doublet T6 and a quartet F s . They are bunched
together and the ratio between the crystal field
strength and the spin-orbit parameters deter-
mines which of these two levels is lowest. In
weak fields Fg is lowest, but a crossing takes
place in the intermediate field region when
f (4A/G + 156/4A - 17/2) = G -A where A = E a i

- E t , , 0 = E t2 - E t i , and the order of the levels
in the strong field limit is E a i > E t2 > E^,. For
A a 29, the crossing point is at© = l l f /8. As in
the case of the octahedral symmetry, a tetrago-
nal distortion splits F8 into the doublets F 6

t and
F * while a trigonal distortion splits F into the
doublet Fg

 l and a pair of singlets F4 * and Fg
 x .

12. Determination of the "Free-ion"
Parameters from Data in Crystals

The optical adsorption spectra of the param-
agnetic ions in crystals for the weak crystal field
consists of groups of lines centered around the
positions of the free-ion lines. These groups cor-
respond to transitions between the crystal-split
levels. In principle, a correct consideration of the
crystal field effects should allow the estimation of
the free-ion spectroscopic parameters from crys-
tal data. However, often the free-ion parameters
are determined by using an average energy (or
center of gravity) of the group of crystal-field
components. Sometimes additional parameters,
not discussed above, are introduced to take into
account other interactions in the free ion, as for
instance, the interactions between states from
different configurations.

Thus, the effect on the energy levels of a P
configuration from the interaction with levels of
a f*1*̂ !'!" configuration can be expressed with the
Tress parameters a, (3, and y (96), while the
effect of the levels from a fn"-M' configuration is
described with the Judd parameters T2, T3, T4,
T ' , T7, and T8 (97). A complete analysis must
also take into account weak interactions such as
spin-spin or spin-other-orbit (98).

These "free-ion" values differ from the real
free-ion parameters. One of the main reasons is
that even these parameters are influenced by the
crystalline environment (the orbit reduction and
the reduction of the spectroscopic Slater parame-
ters). For this reason, the calculated "free-ion"
values differ from system to system, depending
also on the method used and the levels chosen for
the determination. However, it must be empha-
sized that the free-ion eigenstates determined

with these parameters are the best starting
wavefunctions in the calculation of the crystal
field effects for the given system.

The accuracy of this method is strongly
affected by the intermediate coupling, hence
those levels must be chosen for the estimation of
the "free-ion" values which show the closest
approach to the Russell-Saunders coupling (44).
An example of "free-ion" parameters estimated
from the spectra of ions in crystals is the case of
the trigonal U4 * center in calcium fluorite (44):
where Fo = 13175, F2 = 200, F4 = 40, F6 =
8.05, f = 1660, a = 26 (in cm"1), as compared
with the data reported earlier (58) on the same
system: F2 = 204.56, F4 = 29.1, F6 = 3.24, f
= 1870 as compared with the values F2 =
230.84, F4 = 35.22, F6 = 3.77, f = 1968, a =
35.5,0 = -664,7 = 744/p2 = 573, p4 = 524,
p ' = 1173 obtained from free-ion spectra (62).

13. The Dynamic Crystal Field

The previous discussion has been based on
the static approximation of the crystal field,
characterized by fixed positions for the param-
agnetic ion and its neighbors. In fact, they
undergo vibrations with known frequencies. The
electronic states of the ion can couple with the
vibrational movement of its neighbors, and its
electrons will be characterized by the vibronic
states (99, 100). The vibronic states of a param-
agnetic ion in a crystal have definite symmetry
properties.

One of the main consequences of the vibronic
coupling is the Jahn-Teller effect. Given initially
for molecules (101), the Jahn-Teller theorem has
been extended for ions in crystals (102-104).
This theorem states (104) that "an orbitally
degenerate state of a nonlinear molecule or crys-
talline defect is unstable and removes some of
the degeneracy." The driving force of the Jahn-
Teller instability is the vibronic coupling (103).
In the case of very strong coupling, the complex
may exhibit a static Jahn-Teller distortion, while
in the case of a weak coupling a dynamic Jahn-
Teller effect shows up, manifested in the modifi-
cation of some orbital interactions. A discussion
of the application of the Jahn-Teller effect to
actinides is given elsewhere (105).

C. Hyperfine Interactions

In the preceding sections, we have considered
only the electrostatic interaction between nuclei
and electrons, assuming the nucleus as a point
charge. In fact, the nuclei are complex systems
with odd power (i.e. dipole, octapole, etc.)
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magnetic moments and even power (quadrupole,
hexadecapole, etc.) electric moments which can
interact with the magnetic or electric fields.
These magnetic or electric fields can be created
by the electrons of the atom, molecule or crystal-
line environment or by the nuclei of the neigh-
boring atoms in molecules or crystals. These
interactions lead to an additional splitting of the
energy levels, which are very small (less than 1
cm' *) and are known as hyperfine interactions.
The hyperfme interactions are dominated by the
interaction of the nuclear magnetic moment with
the spin and orbital moments of the electrons
(the magnetic hyperfine interaction) and by the
interaction of the nuclear quadrupole moment
with the gradient of the electric field (produced
by electrons and/or the external charges) at the
nucleus (the quadrupole interaction).

For an even Z element, as uranium, the
ground nuclear state for even A isotopes has zero
nuclear spin, while the odd isotopes have half-in-
teger spin quantum numbers: I = 5/2 for 2 3 3 U
and I = 7/2for2 3 5U.

For the magnetic fields used in magnetic
resonance, the magnetic dipole moment is Mj =
y$nI, i.e. is proportional to the angular momen-
tum / of the nuclear ground state, y being the
nuclear spectroscopic factor and P n the nuclear
magneton. The nuclei with spins greater than
1/2 possess an electric quadrupole moment. An
accurate knowledge of these moments is very
helpful for the nuclear theories. Thus, while the
spin and magnetic moments show the validity of
the nuclear models, the nuclear electric quadru-
pole moment gives information concerning the
departure from the spherical symmetry of the
nuclear electric charge distribution. The study of
the hyperfme interactions can supply information
on the electronic structures of the system, the
validity of the atomic structure calculations, the
bonding in crystals, and the local structure of the
crystals. Various nuclear (nuclear orientation,
NMR, perturbed angular correlation, Mossbauer
effect) or electric (optical spectroscopy of free
ions and atoms, optical pumping, EPR of the ions
in crystals, electron-nuclear double resonance,
atom beam magnetic resonance, multistep laser
photoionization spectroscopy, laser-radiofre-
quency double resonance) methods can be used in
order to study these interactions. For uranium,
the nuclear methods are not useful in the study
of these interactions (106), and almost all data
come from electronic measurements. For this
reason we will treat the hyperfine interactions
mainly with regard to their influence on the elec-
tronic structure of the uranium atoms and ions.

1. Magnetic Hyperfine Interaction in
Free Atoms or Ions

Since the hyperfme interaction is very small
compared to the other interactions in a free atom
or ion, its effects can be treated as small pertur-
bations on the fine-structure levels. Thus, the
hyperfme structure calculations are a real test of
the accuracy of the wavefunctions of electronic
ground states.

The relativistic effects (107-110) are
expected to be significant for uranium ions.
However, for sake of simplicity, we will not con-
sider here a full relativistic treatment but rather
use some relativistic modifications of the classical
hyperfine interactions. Inside a given (nl) config-
uration with 1 different from zero, the relativistic
magnetic dipole hyperfine interaction can be
written as:

< r sC" s<r s . (14)

The first term in equation 14 is the interac-
tion of the nuclear moment / with the orbital
momentum of the electrons, the second repre-
sents the dipolar interaction between the nuclear
and electronic spins where v/T5(sC2)j1 is the
electronic spin dipole operator (111) identical to
[sj-3ro(roSj)], rQ is a unit vector parallel to r, the
electron position, and the last term has a similar
form to the classical contact interaction (112)
(which is zero except for the s electrons), but can
be non-zero for any electron. The radial parame-
ters in equation 14 are defined as combination of
integrals <r~3 >;;>, computed between electronic
states of the two relativistic subshells. For j =
7/2 and j = 5/2, subshells of a nf shell:

< r f 3 > = ( l / 4 9 ) [ 2 4 < r - 3 > 7 , 2 > 7 / 2 +

< r s c " 3 > = ( l / 4 9 ) [ - 8 0 < r - 3 > 7 , 2 , 5 / 2 ] +

1 4 4 < r - 3 > 5 / 2 > 5 , 2 - 1 5 < r - 3 > 7 / 2 > 5 v 2 ]

< r s - 3 > = ( l / 4 9 ) [ 6 4 < r - 3 > 7 / 2 > 7 / 2 -

with

:;. = 1
* aao(K+K'

J(PQ' + QP')R"2dr
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where a is the fine structure constant, a0 is the
Bohr radius, K = -4 for j = 7/2 and + 3 for j =
5/2, P and Q are the large and small radial com-
ponents of the relativistic one-electron wavefunc-
tions; K refers to j and K' refers to j ' . In the
non-relativistic limit < q " 3 > = <r g c ~ 3 > and
<r " 3 > = 0.

The matrix elements of the hyperfine inter-
actions within a given J manifold can be evalu-
ated in two coupling schemes. In the absence of
any external fields, the electronic angular
moment J and the nuclear spin moment / couple
together to give the total angular momentum F
= I + J. Each J level is split into levels charac-
terized by the hyperfine quantum numbers F,
which can take values |I - J| and I + J. Each F
level is (2F + l)-fold degenerate in the quantum
number Mp. In this case, we must calculate
matrix elements between states |crJIFMp>,
where o denotes the other quantum numbers of
the level J. Because the matrix elements
between states of different J are very small, we
will consider the diagonal matrix elements
(which are also diagonal in Mp) and are equal to
(1/2)A[F(F+ 1) - J(J+1) - 1(1+1)] = (1/2)AK. The
parameter A is known as the magnetic hyperfine
structure parameter. The non-relativistic calcu-
lation of this parameter (10) has been extended
for the relativistic case in (25) where it is shown
that for each Russell-Saunders component of an
intermediate coupling wavefunction:

A = (2 r3 e 6 n / I ){ t (2 -g)<r j - 3 >+(g- l )<r s - 3 >

+ 2[{14(2J

«7SL|V(l2)|<7'S'L'>X

(17)

where

(2-g) =
and

(g-1) = <CTSLJ | | S | |O -SLJ> / [ J ( J+1 ) (2 J+1 ) J5

are diagonal in the SLJ representation, while the
tensor operator V( l 2 5 may have non-diagonal
matrix elements and makes A very sensitive to
the use of the intermediate coupling (113).

In the presence of an external magnetic field,
large compared to the interaction between I and
J, each of these moments are quantized in the
external field, and a more suitable coupling
scheme is (2JMjImj). In this scheme, the matrix

elements, for which M = Mj + mj is conserved,
have nonzero values. The diagonal matrix ele-
ments are equal to AMjmj with A defined as
above.

Various relativistic calculations have been
performed in order to obtain the hyperfine radial
parameters. Table 2 gives the D - S (25), D - F
(25), and MDF (26) values together with the
classical < r~ 3 > parameters (24) for the
uranium atom and ions. In order to compare the
relativistic and non-relativistic results, the
weighted average relativistic values, as well as
the "effective" values (106), are given.

The "effective" radial integrals have been
estimated as follows. The hyperfine interaction
can be considered as an interaction between the
nuclear spin moment I and a hyperfine electronic
magnetic field Hjjf̂  > which is composed of three
parts, JEZj, HSQ, and Hs. In order to compare the
relativistic and non-relativistic form as

= 2(3S[Zj -vO0(sC2) i
l]<r-3> e f f

where the effective radial parameter is

(18)

< 1 - 3 > e f f =
H l + H sC H s

HI/<rf3> +HsC/<rsC-3>

The < r " 3 >
e f f values for different uranium

ions have been estimated by using the hyperfine
fields calculated for the pure Hund's rule states
of these ions (106).

The existence of different radial parameters
for the various contributions to the hyperfine
interaction has been clearly demonstrated by
precise experimental measurements on different
atoms or ions, which show differences up to
about 10% between < r s c ~ 3 > and <rj~3>. An
examination of Table 2 shows also that the non-
relativistic theories lead to serious overestimates
(of about 30%) of < r - 3 > .

Another source of error in the calculation of
the magnetic hyperfine parameter comes from
the approximation used in the central-field theo-
ries. For this reason, effects such as the excited
configuration mixing must be taken into account
as well as the polarization of the closed-shell
electrons by the electrons from incomplete shells,
resulting in unpaired spin density at the nucleus.
The last effect, known as "core polarization," can
give large contributions to the hyperfine struc-
ture. An accurate calculation of the core polari-
zation is extremely difficult for actinides. The
very few data existing for core-polarization elec-
tronic hyperfine fields in actinides can be
described by an empirical relation (106, 114).
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Table 2. The Hyperfine Radial Parameter <r"3 > for Uranium Atom and Ions (in a.u.)

Ion Configuration HFS
DS MDFC

5/2,5/2 7/2,7/2 5/2,7/2 DWA 5/2,5/2 7/2,7/2 DWA

u
u3*
,4*

i r

5f36d 7s2

5f37s2

5f4

5f3

5f2

5f1

7.23
7.82

5.434
5.556
5.044
5.718
6.366
6.999

4.979
5. 130
4.604
5.31O
5.966
6.6OO

5. 136
5.271
4.758
5.441
6.805
6.711

5. 174
5.312
4.793
5.485
6. 137
6.771

5.914
6.528
7. 13O

5.417
6.024
6.612

5.630
6.240
6.834

5.633
6.312
6.999

a) Non-relativistic Hartree-Fock-Slater values (24). b) Dirac-Slater values (25). c)
Mixed configuration Dirac-Fock values (26). d) Degeneracy-weighted average values <r"3> =
(6/14)<r"3 >5 2 + (8/14)<r"

3 >7/2. e) "Effective" values (1O6).

H
core

100)(gj - (20) (21)

where gj is the Lande factor and H c o r e is where
expressed in kOe. This equation shows that the
core-polarization effects are very strong in the
case of actinides, about 6-7 times stronger than
for the lanthanides. For the ground level of U3 *,
H c o r e is estimated to be 740 kOe from a total
hyperfine magnetic field of 4900 kOe, for U4 *,
480 kOe out of 4600 kOe, and for U5 +, 210 kOe
out of 3200 kOe (106).

2. Electric Quadrupole Interactions in
Free Atoms and Ions

A relativistic treatment of the nuclear elec-
tric quadrupole interaction is very complex
because additional terms in the interaction can
appear. However, it can be shown (109) that the
expectation values of the relativistic and non-rel-
ativistic quadrupole interactions are quite similar
in value and exception to this can only be
expected when all the diagonal matrix elements
vanish, and the off-diagonal elements become
dominant. This situation arises in the case of the
half-filled shells. None of the uranium ions are in
such a position, so we will restrict our discussion
to the non-relativistic quadrupole interaction.

The Hamiltonian which describes the qua-
drupole interaction between a distribution of
nuclear charges and a distribution of electronic where
charges can be written as a product of second
rank tensor operators that act only in the
nuclear space (A2fy or in the electronic space
(Bj^) respectively. This can be transformed to
give

and V/x y %\ is the electrostatic potential created
by electrons. The QJ; in equation 21 are defined
as

= [eQ/6I(2I-l)][(3/2)(IiIj+IjIi) -

(22)

The parameter Q is the nuclear quadrupole
moment (115).

The two second-order tensors Vj: and QJ; can
be brought to the principal axes (x,y,z). In this
case, the electric field gradient can be completely
described by two parameters: Vzz and the
asymmetry parameter v = (Vxx - V y y ^ Z Z -

For a given electronic level J, the electronic
operators can be replaced by equivalent opera-
tors, and the quadrupole interaction can be writ-
ten as:

H Q = [B/2I(2I-DJ(J-l)][3(«/i)2 +

3(7-J(J + 1)1(1 + 1)]

B = -J(2J - l)e2 Q<r q" 3

= e2qjQ

(23)

(24)
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The matrix elements < J | | a | J > are given in
(74).

In the absence of an external field, the diag-
onal matrix elements of the quadrupole interac-
tion for a given F state are equal to

[B/2I(2I-1)J(2J-1)][(3/4)K(K+1)-

The radial integral <~rn"3-> c a n be calcu-
lated by relativistic and non-relativistic methods.
In non-relativistic theories, this parameter is
equal to that used in the magnetic dipolar inter-
action. In a relativistic treatment, the quadrupole
radial integral is defined as

<r q - 3 GG')r-3 dr,

which is different from those used in the mag-
netic dipole interaction. A calculation has been
made of the values < r ~ 3 q > i f by D-S and D-F
methods for uranium atom arid ions (25).

The Vz z component of the electric field gra-
dent produced by the electrons of a given energy
level J is:

Vzz = - e < r q - 3 X J H | J > [ 3 J z 2 - J ( J + 1)]. (25)

The distortion of the charge cloud of the
inner closed shells produces a change in the elec-
tric field gradient at the nucleus. This influence
is taken into account by introducing the inner-
shell shielding Sternheimer factor R. In the case
of uranium, this shielding has been estimated to
be R5f ~ 0.15 (116, 117), and thus the electric
field gradient acting on the nucleus is V z z

e " =
0.85 Vzz.

3. Measurement of the Magnetic Dipole
and Nuclear Quadrupole Moments
of Free Ions

Experimental measurements of the hyper-
fine interactions allow the determination of the
nuclear magnetic dipole and electric quadrupole
moments. For complex atomic systems with
more than one open shell, additional difficulties
are connected with the use of a proper coupling
scheme. An example of this is uranium whose
hyperfme structure for the 233 and 235 isotopes
has been measured in free-atom optical spectra.
Each of the levels involved in the optical tran-
sition shows hyperfme splitting, and the hyper-
fine structure of the optical lines is due to the
difference in the splittings of these levels. After
the hyperfme splitting of each level has been

separated, the A and B parameters defined
above can be calculated from differences in the
positions for different values of F. This requires
a knowledge of the J and I quantum numbers.
The accuracy in estimation of the nuclear mag-
netic dipole and electric quadrupole moments
from values of A and B depends on the accuracy
with which some atomic parameters, especially
the wavefunctions and the radial parameters,
are known. For the lowest s L e level of the
ground configuration 5P 6d 7s2 of uranium
atoms, the experimental A and B parameters
and the moments n and Q are connected (118) by

A = b < r - 3 > 6 d )

B = e 2 Q(c<r" 3 > 5 f + d < r " 3 > 6 d ) (26)

where a, b, c, and d depend on the intermediate
coupling wavefunction. For the 5L6 level, this is

(4I)5L> 0.356|(2H2)3K>
(*I)3K> + 0.129|(2H 1)3K> (119) and a

0.875
0.234
= 1.002, b = 0.388, c = 0.180, and d = 0.477,
as compared to a' = 0.992, b' = 0.380, c' =
0.239, and d' = 0.512 for a pure Russell-Saun-
ders ground level (118). The radial integral
<r" 3 >gf from equation (26) has been estimated
from the value of <r"3 >gf for the neutral plu-
tonium atom using the ratio for the spin-orbit
parameters for the two atoms. Thus, a value of
5.9 a.u. was estimated for <r"3>gf, and a
value for <r 3 > 6 d was taken as 0.6<r~3> 5f-
With these quantities and the experimental val-
ues A = -2.08X10"3 cm"1 andB = 138.5X10"3

cm"1, the values M = -0.31jun and Q = 6.4 barn
for 2 3 5 U and M = 0.487Mn and Q = 4.86 barn
for 2 3 3 U were calculated (118).

Recent measurements by multistep laser
photoionization gave A = -1.98X10"3 cm"1 and

or A =B = 136.9X10" cm (120),
-2.03X10"3 cm"1 and B = 138.73X10"3 cm"1

(121), while laser-radiofrequency double reso-
nance gave the values A = 2.02X10" 3 cm" l and
B = 136.9X10"3 cm"1 (122). These parameters
have also been measured for some excited levels
(120, 121, 123).

The values of M and Q depend on the accu-
racy with which the experimental A and B
parameters have been measured and on the
radial integral involved. While the parameters A
and B, measured by different methods, show
only very slight differences, the differences
between various estimates of the radial integrals
are fairly large. Thus, the relativistic calcula-
tions (25) show a clear 15% overestimate for the
radial integral <r"3 >5jp (118). Earlier estimates
for 2 3 3 U have given fi = 0.73Mn and Q = 7.9
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barn (124).

4. Hyperfine Interactions in Solids

The electronic properties of the ions in crys-
tals are influenced by their neighbors, and this is
manifested in the hyperfine interactions. The
main effects in the case of the actinide ions in
crystals are as follows:

(a) J mixing through the crystal field
modifies the hyperfine splitting.

(b) When the crystal field interaction is of
the same order or stronger than the spin-
orbit coupling, the intermediate or even
strong crystal field scheme must be used.

(c) The overlap, exchange, and covalency
(charge transfer) effects modify the radial
<r~ 3 > integrals.

(d) When the neighboring nuclei possess
magnetic or electric quadrupole moments,
an additional interaction (known as super-
hyperfine interaction) appears due to dipole
interaction, overlap, or covalency.

(e) An additional quadrupole interaction
due to the nonspherical electric charge dis-
tribution of the neighbors of the ion is pro-
duced. An additional polarization of the
electronic shells of the ions takes place, and
this can be expressed by an outer Stern-
heimer factor Too which is usually negative
(antishielding) and has a very large value
(for actinides about 100).

Due to the large line width compared to the
hyperfine splitting, there are no data on hyper-
fine structure of the optical spectra for uranium
ions in crystals. However, the above discussion is
valid in the study of the hyperfine interaction of
uranium ions in crystals by other methods, as
for instance, EPR.

D. The Zeeman Effect

1. Zeeman Effect in a Free Atom without
Nuclear Spin

In a free atom or ion whose nuclear spin is
zero, each energy level is (2J + l)-fold degener-
ate. This degeneracy can be lifted by an external
magnetic field which splits the level into (2J + 1)
components characterized by the magnetic quan-
tum numbers Mj (Zeeman effect). When the
energy levels are close to each other, and the
external magnetic field is very strong, a mixing
of the different levels through the Zeeman inter-
action also takes place.

The Zeeman effect is due to the interaction
between the magnetic moment M of the open

electronic shell of the ion and the external mag-
netic field HQ, the energy of the interaction
being:

W Z =

In the case of a free atom or ion whose electrons
in open-shells are characterized by the individual
orbital lj or spin sj moments, the Hamiltonian of
this interaction can be written as

l = 1

where (3 is the Bohr magneton, and g s is the spin
magnetic factor (MS ~ -gs3s) and amounts to
2.0023 (in the relativistic approximation) or 2 (in
the non-relativistic approximation).

The Hamiltonian of equation 27 commutes
with the operator Jg but not with J 2 , regardless
of the coupling scheme, and its'matrix elements
are diagonal in Mj but not in J. For the Russell-
Saunders coupling H z commutes also with L2

and S2 , and its matrix elements are diagonal in
L and S. The non-vanishing matrix elements of
the Zeeman interaction are then

<CTSLMJ|L + gsS|aSLJ'Mj'> =

1 J'

:To MT /

<CTSLJ|L + gsS|crSLJ'>. . (28a)

The diagonal matrix elements are given by

«7SLMj|L + gsS|aSLJMj> = gjMj (28b)

where gj is the Lande factor

gj = [i + (gs-l)][J(J+D-

L(L+ 1)+S(S+ 1)]/2J(J+1).

The non-diagonal matrix elements are governed
by the selection rule |J - J'| = 1.

According to equation 28b the Zeeman com-
ponents of a level J are equidistant and form a
symmetrical structure around the free-ion energy
of the level. The Zeeman splitting is proportional
to the Lande g-value. In real situations, when
the intermediate coupling must be taken into
account, the g-value can be sensibly different
from the Lande factor.

2. Zeeman Effect and the Hyperfine
Interaction in Free Atoms or Ions

When the nucleus of the atom or ion has
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spin, in an external magnetic field, the hyperfine
interaction will compete with the electronic Zee-
man interaction (79) and with the nuclear Zee-
man interaction H z n = H*HQ = gj$ nHQ»I.

For weak magnetic fields when the Zeeman
interactions are small compared with the hyper-
fine interaction, the most appropriate coupling
scheme for the hyperfine interaction is that of
the coupling J + / = F. In this case the diagonal
matrix elements in F are

<CTJIFM F |H Z + 'H z n |aJIFMF> =

1)+J(J+

3gFMFH0. (29)

In very weak (of order 10 Gauss) magnetic
fields, only these diagonal matrix elements are
taken into account, and within this approxima-
tion each hyperfine-structure level F is split into
(2F + 1) equally spaced components. In moder-
ate magnetic fields the hyperfine structure is
very complex and non-diagonal (in F) matrix ele-
ments must be considered.

For strong magnetic fields (103-104 Gauss)
the coupling between the electronic angular
momentum and the nuclear spin is broken, and
the most appropriate scheme for characterization
of the levels is (JMjImj). The diagonal matrix
elements are now:

<aJM JIm I |Hz

(30)

If the non-diagonal matrix elements can be
neglected, each Zeeman level is split into
(21 + 1) approximately equally spaced sublevels
due to the hyperfine interaction AMjmj.

3. Zeeman Effect for Ions in Crystals

A crystal field can split the energy levels of
the free ion and mix states characterized by dif-
ferent J values. As shown above for a weak
crystal field, each level J is split in a crystal field
according to the reduction of the irreducible rep-
resentation D^ of the rotation group in the irre-
ducible representations Fj of the symmetry point
group of the crystal field. For the ions with even
numbers of electrons, the resultant crystal field
levels can be singlets, doublets, or triplets (the
last ones only in cubic fields). For ions with odd

numbers of electrons, the crystal field levels will
be at least doubly degenerate, regardless of the
symmetry of the crystal field. This residual
degeneracy, known as Kramers degeneracy,
results from the condition that the Hamiltonian
of the system commutes with the time-reversal
operator O. The two wavefunctions of the doublet
are Kramers conjugates, i.e. if one of them can
be written as a combination of states |J,M>:

the other is

= J
2

M C J M | J . M > . (31a)

= ? M C * J M ( - 1 ) J " M ! J ' - M > . (31b)

For the intermediate crystal field, the eigen-
values of the crystal field plus spin-orbit coupling
can be doublets Ffi or F? or quartets Fg (the lat-
ter only in cubic fields). In this case the Kramers
doublets cannot be described by states of equa-
tions 31a and 31b since the angular momentum
J is no longer a good quantum number, and the
wavefunction of each doublet contain mixtures
from the other doublets which have the same
transformation properties.

The Zeeman interaction can split the levels
left degenerate by the crystal field, but the equa-
tions given for the free-ion case are no longer
valid. As shown before, the states inside the
doublets F e and F ? , the triplets F4 and F5 , and
the quartet F8 can be classified according to the
eigenstates of a fictitious angular momentum U
with 3 equal to 1/2 (for the doublets), 1 (for the
triplets), or 3/2 (for the quartets). The calculation
of the Zeeman effect -M»H0 implies a knowledge
of the matrix elements of the magnetic moment
M between crystal field electronic states. This
calculation can be simplified if some symmetry
properties are used. The matrix elements of a
given operator V (which transforms according to
the representation F of a certain group G)
between the two wavefunctions which transform
according to the representations F' and F",
respectively of the same group G is different
from zero only if the decomposition of the prod-
uct F'*Xrxr" contains the unit representation of
the group. If all of these representations have
real characters (which is always the case with
the representations encountered here), this con-
dition is equivalent to the condition that the
direct product F'XT" contains F. In this case the
interaction V can remove partially the degener-
acy of the different eigenvalues of the Hamilto-
nian HQ which is invariant to the transforma-
tions of the group G. If the operator V is a vector
V, and the representation F enters in the
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decomposition of the direct product TXT" only
once, the Wigner-Eckart theorem states that,
inside a given J manifold, the operator V can be
replaced by the equivalent operator aj, where cc
is a proportionality factor depending on the vec-
tor V. When the Hamiltonian Ho is invariant on
the time-reversal operation 0, the condition to lift
the degeneracy under a perturbation of a lower
symmetry is more restrictive (1). The kinetic and
the electrostatic interactions as well as the spin-
orbit coupling are invariant with regard to time
reversal. For a system with an odd number of
electrons, the square of the time-reversal opera-
tor 0 is -1 , while for systems with even number
of electrons, it is + 1 .

The set of functions <£pq which spans the
product of representations FxT" can be divided
into a symmetrical subset ^{^jXj + <£jXj} and an
antisymmetrical subset hi^pCj - 4>jXjJ which do
not mix, and the representations resulting from
the decomposition of the product can thus be
referred as symmetric or antisymmetric. If a
symbol «y is introduced so that for time-odd
operators V, it is equal to -1 and for time even
operators, it is + 1 , the condition that the opera-
tor V which transforms according to F has non-
vanishing matrix elements between the states
characterized by F', is that, if 62 e y > 0, F
must be contained in the symmetric direct prod-
uct [T"Xr"]s. If 9

2 e y < 0, it must be contained in
the antisymmetric part of F>T".

The magnetic moment M is an odd time oper-
ator which transforms according to the represen-
tation D1 of the rotation group and to the repre-
sentation F4 of the cubic group. This implies
that in the case of an ion with odd number of
electrons, the Zeeman interaction can lift the
degeneracy of a crystal field representation F' if
F4 appears at least once in the symmetric part
of the decomposition of the direct product FXT'.
For the even-electron systems, this holds if F4
belongs to the asymmetrical part of FXT'.

As shown in Section II.B.3, the states of
various representations of the cubic group can be
classified as the states of a fictitious angular
momentum. The Wigner-Eckart theorem shows
that if the representation F4 appears once (and
in a proper way) in the decomposition FXT", the
vector V can be replaced by ctJ where 3 is the
fictitious angular momentum of the representa-
tion F'. Thus, the magnetic momentum can be
replaced by the fictitious momentum oij for the
doublets F6 and F? and the triplets F4 and F5 .
The decomposition of F3XT3 does not contain F 4 ,
and thus the Zeeman interaction cannot lift the
degeneracy of the doublet F 3 . On the other hand,
F4 appears twice in the decomposition F8XT8;

this case will be considered in more detail later.

3a. Zeeman Effect in a Kramers Doublet

Consider a Kramers doublet (the cubic F6 or
F ? doublets for an ion with odd number of elec-
trons or any doublet for such an ion in a crystal
field of symmetry lower than cubic), well isolated
from any other energy levels. The degeneracy of
this doublet can be removed by the Zeeman
effect. The time-odd operator n has values oppo-
site in sign in the two states of the doublet. As
shown before, in this case the components of the
vector n can be considered proportional to the
components of a fictitious angular momentum, or
fictitious spin ~s whose components are the Pauli
matrices , and

3:

(32)

The set of numbers qj: represents the gyro-
magnetic factor (equivalent to the Lande factor
introduced before), and the number of compo-
nents gj.- depends on the symmetry of the crystal
field. The set of numbers gj; does not represent a
tensor, and the common habit of calling the
gyromagnetic factor a tensor comes from the
confusion between the fictitious spin ~s and a real
electronic spin (1).

The numbers gj; cannot be determined
directly from experiment. In fact, for a given
orientation of the external magnetic field with
respect to the crystalline axes, the energy of the
Zeeman levels is determined by an effective
g-value

W = ±%(BgeffH0. (33)

The effective g-value is connected to the
gyromagnetic factors through the relation

geff2 = (34)

where g is the transposed matrix g, and 1 repre-
sents the vector (lxlylz) whose components are
the direction cosines of the magnetic field in the
laboratory system. The product g2 = gg repre-
sents a symmetrical tensor whose components
can be determined by measuring the Zeeman
energy transitions in three mutually perpendicu-
lar planes. It can be transformed in a diagonal
form with a matrix L (125) so that

Lg2L+ = d g 2 . (35)

The elements of the matrix L are the direc-
tion cosines which connect the principal (X, Y, Z)
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axes of the tensors g2 to the laboratory axes.
After the principal components of g2 are deter-
mined, the components g are determined by per-
forming the square roots. As discussed before, in
some situations the principal axes (X, Y, Z) can
be connected with the geometrical axes of the
system (for tetragonal, trigonal, and orthorhom-
bic symmetry).

Once the elements of the °g2 have been
determined, the effective gefp value can be writ-
ten simply as

(36)

where 1^, ly> a n d *Z a r e t n e direction cosines of
the magnetic field in the reference frame
(X, Y, Z) of the "g2 tensor. For cubic symmetry

&xx2 = SYY2 = §zz2 - g2- a n d in c a s e of

axial symmetry, g x x
2 = gyy2 = g±

2 and
= gfl2 (if Z is along the distortion axis).

Inside a given J the principal g-values are
given by gn = 2gj<f | J z | f> and g± =

3b. Zeeman Effect in a Triplet

In the case of a F4 or F5 triplet, the mag-
netic momentum M can be replaced by a fictitious
angular momentum 17, with J = 1. Since these
triplet states appear only in cubic symmetry, the
gyromagnetic factor has only one component: the
triplet is split into three equidistant singlets, the
splitting being proportional with the g-value and
the intensity of the magnetic field, but indepen-
dent of the orientation of the magnetic field with
respect to the crystalline axes.

3c. Zeeman Effect in a Fa Quadruplet

The representation T 4 appears twice in the
decomposition of Fg XT8. An adaptation of the
Wigner-Eckart theorem shows (1, 126, 127) that
the matrix elements of a time-odd vector within
a manifold F8 can be specified by two constants.
The magnetic moment M and the fictitious angu-
lar momentum 3 = 3/2 can be connected by the
relations (126):

(37)

such that

±<±l /2 [u z | ± l /2> = Q' =(4a+b)/8
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±<±3/2 |u z |±3/2> = F =(12a+27b)/8 (38)

The electronic Zeeman interaction can thus
be written as

H = x 3H x

(39)

where the last term in the square bracket has
been added to give to the Hamiltonian definite
transformation properties.

The eigenvalues of this Hamiltonian,
expressed in units E/H are obtained by solving
the secular equation

y4 - (P2 + Q2 )y2 + P2 Q2 +

(P-3Q)(P+Q)2(3P-Q)X

( n 1
2 n 2

2 + n 2
2 + n 3

2 + n 3
2 n1

2) = 0 (40)

where nj are the direction cosines of the external
magnetic field relative to the cube edge, P = g;P'
and Q = g;Q'. The energy levels are not equidis-
tant, and they depend on the magnitude of the
external magnetic field and its orientation rela-
tive to the cubic axes. When the last term in the
left side of equation 40 vanishes, i.e. when either
P = 3Q or P = -Q or 3P = Q, the Zeeman levels
do not depend on the orientation. When Fg enters
more than once in the decomposition of J in the
crystal field, its wavefunctions depend on the
composition parameter x of the cubic crystal field
potential and so do the positions of the Zeeman
levels. An exact analytical solution of equation
40 cannot be given except for special orientations
of the magnetic field:

(a) For H parallel to |l00|, the four solu-
tions of equation 40 are

Y1 > 2 = ± P a n d Y 3 > 4 = ±Q (41)

(b) For H parallel to | l l l | ,

, , 2
= +V3(P 2 + Q2) + 2PQ

Y3 1 4 = ±3s(P - Q)

(c) For H parallel to |11O|,

(42)

1 . 2
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+ 1//1/P2 + Q2 + (P+QV 7(P2 + Q2 )-

Y 3 , 4 =

±l / /2 /P 2 +Q 2 - (P + Q)/7(P2+Q2)-2PQ (43)

An axial distortion of the crystal field will
split the F8 quartet. If the distortion is tetrago-
nal, the quartet is split into two doublets, while a
trigonal distortion splits Fg into a doublet and a
pair of singlets. However, according to the
Kramers theorem, those two singlets must have
the same energy. If the distortions are weak
.enough, they can leave the wavefunctions of the
levels unchanged, and in the tetragonal field one
of the doublets can be characterized by the
wavefunctions |± l /2> and the other by |±3/2>.
The Zeeman effect inside each of these doublets
will be characterized by two g-values, g« and g_̂
as follows:

(a) In the case of a weak tetragonal dis-
tortion:

-inside the |± l /2> doublet,
g| = +2Q

and g± = 3s|3P - Q| (44a)

-inside the | ± 3/2 > doublet,
gfl =-2P

andg1 =Js |P-3Q| (44b)

(b) In the case of a weak trigonal distor-
tion:

-inside the [1/2 > doublet,
g| = lp - Ql
and g± = P + Q (45a)

-inside the [3/2 > doublet, which in trig-
onal crystal fields is in fact composed of
a pair of singlets F4™ a n ( j Ts*-t the ten-
sor g2 has one non-vanishing component

g z z
2 = 3(P2 + Q2) + 2PQ . (45b)

3d.Zeeman Effect in the Case of
a Cubic r> Doublet in

Intermediate Crystal Field

The equations 13 for the two states of the
cubic T7 doublet lead to a g-value of

gp = 2cos2© - 8ka f sin9cos©//~3x ? a
2 h

2(kt t - l)sin2e/3.
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(46)

As shown by this relation, gp 7 depends on the
ratio of the spin-orbit parameter f to the crystal
field splitting V and on the two orbital reduction
parameters. The g-value for the excited F ? '
doublet is

gp ' = 2sin2G - 8k a t sin9cose//"3
t

2(kt t - l)cos2G/3. (47)

These two g-values together with the energy
interval

Ep ' - Ep = 2/3ka t f /sin2e (48)

which can be measured by optical absorption,
should make possible the estimation of the
parameters ka2^2, k t2^2, and V (95). If the
value of gp7» cannot be measured, an approxi-
mate fitting procedure must be used.

4. Zeeman Effect and the Hyperfine
Interaction in Crystals

For a given crystal field state characterized
by a fictitious angular momentum J, the hyper-
fine interaction can be written as

Hhf=?A/= (49)

where the set of numbers AJ: represents the
hyperfine interaction parameter and, like the
gyromagnetic factor gj:, it is not a tensor (1).

The treatment of the interaction for ions in
crystals must take into account the relative
strength of the hyperfine interaction as com-
pared to the electronic and nuclear Zeeman
interaction.

In the case of a Kramers doublet, i the set Aj:
can contain a large number of components and
can be asymmetric. Usually the electronic Zee-
man interaction is much stronger than the
hyperfine interaction, and the electronic Zeeman
interaction is much stronger than the hyperfine
interaction, and the electronic and nuclear spins
are quantized along different axes. When the
nuclear quadrupole interaction can be neglected,
the nuclear spin participates in the hyperfine and
nuclear interaction. The nuclear Hamiltonian

(50)

may be written as an interaction between the
nuclear spin and an effective magnetic field

H = - (51)
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This field is the sum of the external magnetic
field and the hyperfine field .ffy created by the
electrons at the site of the nucleus (128)

= Hh f + H = -QA (52)

Such a hyperfine field if^f is the orbital field
defined by equation 18. It depends on the elec-
tronic state. Thus in the case of a Kramers
doublet, the hyperfine fields for the two elec-
tronic states are collinear and equal, but of oppo-
site sign. These hyperfine fields add to the
external magnetic field and the resulting effec-
tive fields are noncollinear and of different mod-
ulus. The nuclear spin, is quantized in the effec-
tive field for each electronic state and the nuclear
wavefunctions corresponding to a given electronic
state Mj are connected to those corresponding to
another state Mj by the relation:

|m(Mj)> = 2 dmm>®(a>)|m'(M'j)> (53)

where dmm>( \w) are the matrix elements of the
irreducible representation of the rotation group,
and w is the rotation which carries the direction
H|Yf_eff over into Hjyp-eff.

"Three cases may De distinguished dependent
on the relative magnitudes of ffnf and H in
equation 52, viz.

(i) The hyperfine magnetic field is much
stronger than the external magnetic field.
This is the case for uranium ions, where an
estimate of the orbital hyperfine magnetic
field (106) gives values of the order 3.2X10'
Oe for U 5 \ 5.6X10' Oe for U4+ , and
4.3X10' Oe for U3 * as compared with the
usual values 103-10* Oe for the external
magnetic field. In this case the contribution
of the external magnetic field to HP can
safely be neglected, and the contribution of
the nuclear Zeeman interaction is consid-
ered only as a perturbation.

(ii) The hyperfine and the external mag-
netic fields are of the same order of magni-
tude. This is of importance for the superhy-
perfine interaction and will be considered
later.

(iii) The case when |H| > > \H^ is of no
importance for our discussion.

In the case (i) the procedure for the determi-
nation of the components Aj; is similar to that of
the gyromagnetic factor. As before, a symmetri-
cal A2 tensor can be defined which can be diago-
nalized by a suitable choice of axes. An impor-
tant problem is that of the simultaneous
diagonalization of the gyromagnetic gj: and

hyperfine Ay sets. This is possible if some
restrictive assumptions on the spatial environ-
ment are made, and the wavefunctions of the
Kramers doublet can be constructed from the
wavefunctions of a single J level (1). The situ-
ation of simultaneous diagonalization of the
gyromagnetic factor and hyperfine interaction is
very common. The first-order contribution in the
hyperfine energy can then be written as

(54)= K M j m I

where K is given by the relation

p K = 1 e A +
6 ^ * X &XX A X X

1 2 p 2 A 2 .4. 1 2 ~ 2 A 2 (rr\

y yy yy z z z z z

for the case of rhombic symmetry and

g2K2 = g|2Aj2cos2G +g 1
2A I

2s in 2e (56)

for the axial symmetry. In the case of cubic
symmetry, the hyperfine energy does not depend
on the orientation of the magnetic field and K =
A.

For the systems where we can neglect any
influence of other manifolds of different J, a gen-
eral relation

holds. Any deviation from this relation shows
that the J mixing must be taken into account.

For the triplets T^ and T5, which arise only
in cubic symmetry, the hyperfine Hamiltonian is
characterized by a single parameter A and

Hh f = A7I (58)

with J = 1.
In the case of a Ffl quartet, the same argu-

ments as used in the deduction of the Zeeman
interaction, lead to the following hyperfine Ham-
iltonian:

Hhf=A?/+

(59)

When the nuclear spin I > 1, the nuclear
quadrupole interaction must be taken into
account. For a Kramers doublet, if the symmetry
is rhombic, the quadrupole Hamiltonian is, as
shown before

H Q = P{[IZ
2 -1(1 - Iy

2)/3) (60)
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When the symmetry is axial, the "asymmetry
parameter" i? vanishes, and for cubic symmetry
P is equal to zero.

In the case of the triplets r*4 and F5 and the
quadruplet FB , the quadrupole interaction
depends, not only on the parameter P, but also
on two constants m and n, and can generally be
written as (1):

H Q = P[(m/6} -1(1 + 1)} +

When the superhyperfine interaction with
the ligand nuclei is also present, it leads to an
additional splitting of the energy levels. The
superhyperfine Hamiltonian is a sum of individ-
ual contributions. If the symmetry of the crystal
field is cubic, such an individual is of the axial
form:

(62)

where the symmetry axis is along the ion-ligand
bond. Sometimes, when P-1 > 1, a ligand nuclear

L L L L
d uc

- IL(IL +
, e , a

quadrupole interaction PjL[(Iz
L)2

l)/3] must be added to equation 62. When the
symmetry of the crystal field is lower than
cubic, more hyperfine parameters are necessary
in equation 62. Thus, for a tetragonal distortion,
the superhyperfine part is

H L =

and depends (129) on five parameters:

A =
A, A2 A4
A2 A, A4
A5 A5 A3 (63)

The superhyperfine interaction leads to a very
complex splitting of the energy levels, depending
on the number, nature, and the symmetry of the
ligands around the central ion.

These considerations show that the Zeeman
splitting in combination with (or without) the
hyperfine interaction contains a large amount of
information on the ion under study and on the
host. However, the study of the Zeeman effect on
the optical transitions of the ions in crystals is
difficult since it amounts to much less than 1
cm"1, and most information is lost because of
the width of the optical transitions. A very useful

method, which circumvents many of the difficul-
ties encountered in the study of the optical Zee-
man effect is EPR.

III. SURVEY ON PARAMAGNETIC
RESONANCE

Usually, only the lowest Zeeman compo-
nents, which are populated at the temperature at
which the experiment is carried out, are involved
in the resonance phenomena. The ensemble of
these states are characterized as the states of a
fictitious (or "effective") spin S, (2S + 1) being
the number of the levels involved in the reso-
nance transitions. When the paramagnetic cen-
ters are ions in crystals, these levels are Zeeman
components of the crystal field levels, and the
effective spin S is usually different from the real
spin S. In almost all cases only the states of a
single crystal field level are involved in reso-
nance, and the effective spin can be identical to
the fictitious angular momentum J defined
above. In this case, the electromagnetic field will
induce transitions between states which are
eigenfunctions of a so-called "spin Hamiltonian"
which collects together all the interactions
described in the Section II.D.4, written in the
components of the effective spin: the electronic
and nuclear Zeeman, the hyperfine, superhyper-
fine, and nuclear quadrupole interaction. In some
situations the effective spin is larger than that
determined from the number of levels involved in
resonance. In this case, a zero-magnetic field
splitting term (stronger than the electronic Zee-
man interaction) must be added to the spin
Hamiltonian in order to separate the levels which
take part in the resonance phenomenon from the
other levels which are not involved. A typical
case is that of the resonance inside the doublet
originating from a F4 or F5 triplet state due to
an axial distortion. Though only two levels are
involved in the resonance, the most suitable
classification for them is as the states | +1 >" and
|-1> of a fictitious spin S = 1, and the state |0>
is removed by adding a term D[SZ - S(S + 1)] to
the spin Hamiltonian.

An electromagnetic field interacts with the
electronic magnetic moments through its mag-
netic component Ht cosot,

H = coswt. (64)

If we consider a paramagnetic ion without
nuclear spin, whose ground state is a Kramers
doublet and whose gyromagnetic factor is char-
acterized by three values (gx, gv, and gz), and if
H, < < Ho, the interaction of equation 64 will
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induce between its two states, transitions with
the probability P per unit time which is propor-
tional to

P ~ H 1
2 |<M s |g x S x +g ySy+

(65)

The function g(v) is the line shape function
and expresses the effect of the various interac-
tions which can lead to a finite width of the reso-
nance lines. The source of broadening can be
inhomogeneities in the applied magnetic field,
interactions between spins, and so on. For a
Kramers ion the line shape is usually symmetric
and g(v) can be expressed by Gaussian or
Lorentzian functions centered on the frequency

h"o ~ E M S " EMg'- (66)

The matrix element in equation 65 shows
that the transition is governed by the selection
rule |Mg -Mg'j = 1, and the probability is maxi-
mum when the variable magnetic field is in the
plane (x y).

For a Kramers doublet equation 66 estab-
lishes a connection between the electromagnetic
field frequency and the external magnetic field

h"o = SeffHo- (67)

For the usual magnetic fields of 103 - 104

Gauss, the frequency is of the order of 101 ° Hz.
Spin-lattice relaxation can be accomplished

through different processes based on the interac-
tion of the paramagnetic ion with the lattice
vibrations. This interaction leads to an exchange
of energy between ion and lattice by absorption
and/or emission of phonons (energy quanta of the
lattice vibrations). The main processes of the
spin-lattice relaxation are:

(a) The modulation of the interaction
between spins due to the lattice vibrations.
There are two such processes (130), a direct
one by which the spin undergoes a reso-
nance transition due to the absorption or
emission of a resonant phonon (v = vQ),
and biphononic (or Raman) process by
which the spin interacts with a non-reso-
nant phonon, undergoes a resonance tran-
sition and emits another phonon of fre-
quency (i-p + vQ).

(b) the modulation of the crystal field due
to the lattice vibrations (the Orbach pro-
cess) (131, 132). This leads to a dynamic

orbit-lattice interaction which, through the
spin-orbit interaction causes relaxation of
the spin. As in the previous case, there are
direct and bi-phononic Orbach processes.

The spin-lattice relaxation time T, has a
characteristic temperature dependence for each
of the processes described above. The relaxation
phenomena have a strong influence on the EPR
experiments. They can broaden the lines and in
many instances EPR can be observed only at
very low temperatures, when the relaxation pro-
cesses are less effective.

When a hyperfine interaction is present and
it is much weaker than the electronic Zeeman
interaction (the usual case), the nuclear spin will
be, as shown below, quantized along the effective
electronic magnetic field. As a result the nuclear
eigenfunctions depend parametrically on the
electronic quantum number Mg for each elec-
tronic state, and the wave function of the system
can be written as a product |Mgm(Mg)> =
|Mg>|m(Ms)>.

In this case the transition probability in unity
time is proportional to

where dmm>®(co) has been defined in Section
II.C. When the angle between the two electronic
effective fields is equal to ir, d m m ' (*") = 0, and
the selection rule for the hyperfine transitions is
m - m' = 0. Each electronic transition will then
be split into (21 + 1) hyperfine components of
equal intensity. If the angle co is different from
7r, transitions with m - m' different from zero can
appear (forbidden hyperfine transitions).

The superhyperfine interaction leads to an
additonal splitting of the resonance lines. In this
case the effective electronic fields cannot be con-
sidered as coUinear except for some orientations
of the external magnetic field. For these special
orientations only the allowed superhyperfine
transitions with the selection rule Am^1 = 0 can
occur, and each electronic transition is split into
(2P-1 + 1) components. For all other orientations
the spectra may contain forbidden superhyper-
fine transitions.

If the paramagnetic ion is surrounded by n
equidistant ligands (ligands of the same isotopic
species, at the same distance from the central
ion), and the direction of the magnetic field
makes the same angle with the central ion-ligand
direction for all these ligands, the superhyperfine
structure consists of (2nl^ + 1) components
whose intensity is symmetrically distributed
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according to the binomial rule:

1 : n : n(n-l)/2 : .... :

n!/k!(n-k)! : ....:

n(n-l)/2 : n : 1.

In the case of an odd number of equivalent
ligands, there will be an even number of super-
hyperfine components. When there are many
groups of inequivalent nuclei, the superhyper-
fine structure from each group obeys the same
rule, but the overall superhyperfine pattern is
very complex. For arbitrary orientations of the
magnetic field, this pattern is further compli-
cated by the presence of the forbidden tran-
sitions. Usually the superhyperfine splitting is
small and can be obscured by the linewidth. Also
in many instances, it is impossible to make EPR
superhyperfine measurements along the princi-
pal axes (which give directly the diagonal com-
ponents of the interaction) because the structure
due to the particular ligand is concealed by the
unresolved structure due to the other ligands. In
this case special techniques such as ENDOR
(Electron Nuclear Double Resonance) must be
used. This technique makes possible the meas-
urement of the effect of a nuclear magnetic reso-
nance-like transition (Amj*-1 = 1) on the electron
paramagnetic resonance line by the simultaneous
application of a strong microwave field and of a
radiofrequency field of a frequency corresponding
to the "nuclear" transition which is proportional
to the superhyperfine splitting. This technique
allows also the determination of some very fine
effects as for instance the pseudonuclear g-value.
This can arise when some low-lying excited
states are admixed into the ground state, by the
common action of the electronic Zeeman and
hyperfine interaction or the pseudoquadrupole
effect, which expresses the mixing of the excited
states into the ground state through a second-or-
der hyperfine interaction (133).

For a cubic triplet F4 or F 5 , the spin Hamil-
tonian (S = 1) contains an electronic Zeeman
term with an isotropic g-value and a sum of
terms Dj:Sj»S;, which express the small zero-
field splitting produced by the lattice strains. At
the same time, these strains can mix the three
states of the triplet, and the magnetic microwave
field can induce transitions with AM = 1
between the states |-1> «-* |0> and |0> <-» | l>
and transitions AM = 2 between the states |-1>
and | +1 > . These latter transitions are known as
"half-field" transitions because they show up at
an apparent g-value, g a p p , of 2g. The transitions

AM = 2 can also be induced by the electric com-
ponent of the microwave field. At very high
intensities, transitions of the type AM = 2 can
be induced by the simultaneous absorption of two
microwave quanta at gaPP = g (134). The nor-
mal AM = 1 transitions are very broad because
the M = 0 Zeeman level is very sensitive to the
lattice strains, especially to those of axial sym-
metry. The distribution of these lattice strains
leads to a strong broadening of the M = 0 level
and of all the resonance transitions in which this
level is involved. The levels M = +1 are broa-
dened only due to the lower symmetry strains
through a second-order effect, so the "half-field"
transitions are much narrower than the M = 1
transitions. The double-quantum transitions are
still narrower because they are influenced by the
broadening of only one of the levels |± 1>. Thus
the double quantum transitions show up as very
sharp lines superimposed on the very broad lines
with AM = 1. In the case of an axial distortion,
the triplets F4 or F5 are split into a doublet and
a singlet. If the doublet is lowest, resonance
transitions can be induced between its two levels.
Though the resonance observed is inside of a
doublet, which can be well isolated from any
other levels, the best formalism to describe the
resonance is an effective spin S = 1 formalism
with two principal g-values (gii and g,) and with
the axial zero-field splitting term D[SZ

2 - S(S +
1)] added as explained before. The apparent
g-values at which the resonance is observed are
g|app = 2gj and gj_aPP ~ 0. The term corre-
sponding to the lattice strains is also included.
For a triplet (T or F5) or a non-Kramers doub-
let, the presence of strains has a strong effect on
the line shape, which is no longer symmetrical as
in the case of Kramers ions but is broad on the
low magnetic field side and sharp on the high
field side. The hyperfine interaction shows simi-
lar features to the g-value, i.e, for a non-Kram-
ers doublet A«aPP = 2A, A2

aPP ~ 0, and the
quadrupole interaction has no effect upon the
spectra.

The electron paramagnetic resonance for Fg
quartets is very unusual. The spin Hamiltonian
when I = 0 is given by equation 3, and the
energy eigenvalues can be obtained by solving
the bi-quadratic secular equation 40. An accurate
analytical solution for equation 40 cannot be
obtained except for some special orientations of
the external magnetic field with respect to the
cubic axes. As expected from the form of equa-
tion 40, the Zeeman levels are anisotropic and
are symmetric in pairs with respect to the zero
energy. When the magnetic field is along the
cube edge, three resonance transitions are
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usually observed, the transition |-l/2 > «-» |l/2 >
at an effective g-value of 2Q and with an inten-
sity proportional to (3P - Q)2, the line |3/2> <-»
|-3/2 > at 2P and with an intensity (P - 3Q)2 and
a line corresponding to the transitions |± l /2> *->
|±3/2> at P - Q, with an intensity 3(P + Q)2,
the first two lines are sharp, but the third one is
usually much broader, being very sensitive to
any weak distortions of the cubic field. In many
cases, because of its large line width and low
intensity, this line is not seen in the spectra. The
lines are usually very anisotropic. Thus the line
at 2P with H along |1OO| goes "in

+ Q2) + 2PQ with H along | l l l | and in
{2(P2 + Q2) - %(P + QV7(P2 + Q2)- 2PQ}-*
along |llO|, while the line at 2Q with H along
JlOOJ goes in P - Q with H along | l l l | apd {2(P2

+ Q2) + ^(P + QV(7P2 + Q2) - 2PQH with H
parallel to |11O| (135). The intensity of the lines
also dependent on orientation. For instance,
around | l l l | the lines 1/2> <-» |-l/2> and |3/2>
«-> |-B/2> drop almost completely while the tran-
sitions ±1/2> •«* |±3/2> become strong. The
parameters 2P and 2Q which characterize EPR
of an ion whose ground state in a cubic field is a
TB quartet can be connected with the composition
parameter of the crystal field potential using the
analytical expression for the wavefunctions given
in Section II.B. 7. Thus in the case of a r_ state
originating from a J = 9/2 level, the EPR
parameters can be calculated using the wave-
function of equation l la . Finally we get (79, 80)

2P = (3cos20 - 5sin2e)K JgJ

2Q = (3cos2G - 5sin2G +

a/2Tsinecos9)Kjgj/3 (69)

where gj is the Lande factor for the ground elec-
tronic state (in case of a pure * I9 / 2 state it is
8/11), Kj is a reduction factor for gj and the fic-
titious angle 0 is defined by equation l ie . The
knowledge of the resonance parameters 2P and
2Q allows one the determination of both 0 and
KJ-

For a weak distortion, the usual resonance is
observed inside the lowest Kramers doublet with
g-values given by equation 44a or b or by equa-
tion 45a, depending on the symmetry and sign of
the distortion. When a trigonal distortion leaves
the doublet |±3/2> lowest, no resonance can be
observed in this doublet.

We stress the fact that the strong g aniso-
tropy given by equation 44a and b and 45a is
connected only with the values of the cubic
parameters P and Q and not with the intensity

of the axial distortion. If the axial distortion is
strong, it can admix other states in the Kramers
doublet and the g-values will be different from
those given in equations 44a and b and 45a and
b.

Transitions between the Zeeman components
of the crystal field levels of the paramagnetic
ions in crystals can be induced not only by an
electromagnetic field, but also by the oscillations
of the crystal field caused by an external acoustic
field of suitable frequency. This kind of reso-
nance is known as acoustic paramagnetic reso-
nance (APR) or ultrasonic paramagnetic reso-
nance (UPR) and has been used in the study of
U4 + in fluorite.

This brief account of the EPR method shows
that is of great value in determining the proper-
ties of the lowest Zeeman levels of the ground
state. Because the Zeeman interaction and the
other interactions described by the spin Hamilto-
nia are perturbations on the eigenstates of the
other interactions, the parameters determined in
an EPR experiment can be useful to understand
some general properties of the ion under study.

IV. EPR STUDIES OF URANIUM IONS

A. Studies ofHexavalent Uranium

Hexavalent uranium is diamagnetic and can-
not be studied by EPR. However, some EPR
studies on paramagnetic centers connected with
hexavalent uranium or on paramagnetic U5 *
centers obtained by transforming U' * by trap-
ping an electron on the lowest excited level (as
discussed in Section II.A.3g) proved to be useful
in obtaining information on the U' * centers.
This electron can be supplied by irradiating the
crystals which contain U' * with gamma or
X-rays at room temperature. As examples we
discuss the case of U* * in alkali- and alkaline-
earth fluorites. The bright green or yellow
luminescence of the U' * complexes in alkali (Li,
Na, K) or alkaline-earth (Ca, Sr) fluorite crystals
grown in the presence of oxygen has been known
for a long time.

1. Alkali Fluorides

Many studies of optical absorption, lumines-
cence, piezospectroscopic effects, Stark effect or
chronospectroscopy on hexavalent uranium in
alkali fluorides (136-145) have established that
there is a great variety of luminescent centers,
all connected with the presence of oxygen and
the symmetry of the prevailing centers is C ^ or
C2V. In all these cases the direction 1100J plays a
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particular role in the symmetry of the centers.
For the main luminescent center in LiF and
NaF, the symmetry has been established unam-
biguously as C ^ . The luminescence spectra from
this center contain two series of lines, one of
electric dipole nature (with zero-phonon lines at
5185 A for LiF and 5528 A for NaF) and one of
magnetic dipole nature (5277 A and 5636 A).
Because of its relatively small ionic radius, the
hexavalent uranium (0.73 A) can easily substi-
tute for the alkali ions (Li*, 0.68 A; Na*, 0.97 A
and K+, 1.33 A) while O2" (1.34 A) substitutes
easily for F" (1.33 A), thus assuring the charge

•compensation. Some other point defects can also
contribute to the charge compensation. Despite
the large amount of work devoted to these sys-
tems, the optical studies could not give the
answer to some very important problems such
as:

(i) The nature of the uranium centers.
Basically the models proposed can be
divided into two groups (146): those based
on a uranyl (UO2

2+) group, and those
based on a uranate structure (U*+ equally
bonded to more oxygens). In the first case it
has been assumed that the uranyl group
substitute for F" - M*-F" (along a |l00|
direction) (140, 143). A recent paper which
disregards previously published data pro-
poses a uranyl group directed along | l l l |
substituting for the alkali ion and a fluorine
vacancy on the same axis (147). This model
gives a trigonal symmetry for the center,
though the previous measurements have
shown clearly that none of the U' *
luminescent centers in LiF has trigonal
symmetry. In the second group of models,
Runciman (137) proposed that the main
luminescent center was an octahedral ura-
nate group UO 6 ' " which substituted for the
group MF6

S". Feofilov (139) proposed a
model with U' * substituting for M* and
five 02~ substituting for F" in the nearest
neighborhood of uranium. A model based on
a planar square uranate group has also
been proposed (144).

(ii) The nature of the vicinity of the
active uranium center. All the models pre-
sented above, except that of Feofilov (139),
cannot assure the complete charge compen-
sation of uranium. This model also gives
C^y symmetry for the center. However, it
cannot explain the large variety of the
luminescent centers, and thus other mod-
els must also be considered. In the case of
the uranyl-based models, the charge com-
pensation has been assumed to be by some

substitutional oxygen ions in the equatorial
plane. The variety of the luminescent cen-
ters has been assumed to originate from the
number of those substitutional O2" ions.
However, this model cannot explain the C ^
symmetry of the main luminescent center,
except for the situation when a charge com-
pensator is placed in the same direction as
the uranyl axis.

For the octahedral uranate model proposed
by Runciman, the extra negative charge has
been assumed to be compensated either by a
fluorine vacancy on the | l l l | direction (this
would give a trigonal symmetry for the centers,
which has not been confirmed by experiment) or
by some substitutional high valence cations. This
later model can explain a large variety of centers
as well as the C4 or C^y symmetry. Runciman
was able to check this assumption by introducing
calcium or silicon into uranium-doped NaF and
by observing their effect on the uranium
luminescence or absorption spectra.

A recent model, based on luminescence and
electrical conductivity measurements, assumes
that the main U' * center in NaF is a UO6

 6"
complex associated with a F~ vacancy on the
|1OO| axis (148-150).

EPR has proved to be very useful in giving
information on the structure of these centers.
Two main directions were investigated:

(a) In order to check the possibility of associ-
ation of the octahedral uranate group with sub-
stitutional cations of valence higher than 1, par-
amagnetic ions of valence + 2 (Cu2 *, Mn2 +), + 3
( F e 3 \ Cr3+) (151, 152), or +4 (Mn4+) (153)
have been introduced together with uranium in
LiF and NaF.

The EPR spectra of these samples are very
complex and show the presence of a large variety
of paramagnetic centers involving either the
paramagnetic dopant ion, or other ions acciden-
tally present in the samples. Thus paramagnetic
ions in valence states which generally cannot be
obtained in the alkali fluorides could be stabilized
this way. A typical example is the Cu2 * ion for
which a large variety of centers have been
obtained by co-doping LiF with, uranium and
copper oxides. Uranium is so effective in stabi-
lizing Cu2 * in LiF that this ion shows up as an
accidental impurity in almost all (even the pur-
est) LiF:U crystals. The Cu2 + spectra show usu-
ally tetragonal or rhombic (|l00| or |ll0|) sym-
metry, and in most cases a superhyperfine
structure with less than six fluorine nuclei (151,
152). The very large anisotropy of the g-value
and of the hyperfme structure as well as the
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strong quadrupole interaction, show that these
ions are submitted to the action of a strong axial
distortion of the crystal field. This means that
the Cu2 * ions are not placed randomly in the
lattice, but in such a position that the first coor-
dinating sphere contains not only F" ions but
also O2~. Together with the strong crystal field
distortion, this suggests that the Cu2 + ions are
placed in the near neighborhood of the U ' + ion
surrounded by an oxygen octahedron and con-
tribute to the charge compensation. No trigonal
Cu2 + centers have been observed, but in case of
the EPR spectra of higher valence paramagnetic
co-dopants, this symmetry predominates. Thus
for Mn4 * in uranium doped LiF crystals (135),
only a trigonal EPR spectrum corresponding to a
very strong axial crystal field (the fine structure
term D is stronger than the electronic Zeeman
interaction) has been observed. It is difficult to
give an accurate model for this Mn4 * center, but
obviously its presence is connected with the
presence of the hexavalent uranium.

Thus the EPR studies have shown that Run-
ciman was correct in assuming that the hexava-
lent uranium can introduce in the alkali fluorite
crystals more oxygen than necessary for its
charge compensation and that the negative extra
charge present can be compensated by introduc-
ing in the crystals cations with valence larger
than + 1 . It was also shown that this aliovalent
cation can occupy different substitutional posi-
tions around the uranium-oxygen complex, thus
explaining, at least in part, the variety of the
luminescent uranium centers in these crystals.
The concentration of paramagnetic ions which
could be introduced this way into the alkali
fluorides was sensibly smaller than the total
concentration of uranium centers.

(b) A more direct insight into the structure of
luminescent U ' + centers in alkali fluorides is
obtained if the U' * ions can be converted into
paramagnetic U5 * ions. From the characteristic
features of the EPR spectra of these U5 * ions
(symmetry, g-values, superhyperfine structure),
the structure of the parent U' * centers can
sometimes be inferred. The irradiation at room
temperature with X- or gamma rays has proven
to be very effective in transforming U* * into
U5* in LiF (154-156), NaF (155-157) and KF
(158). A large variety of U5 * centers has been
obtained whose study gives information about
the parent U* * centers too (146). It is concluded
that even if a parent U6 * center can produce
many U5 + centers by irradiation, the EPR stud-
ies show that there is a large variety of U' *
centers. The very small g-values of the EPR

spectra show that the paramagnetic centers are
uranate (V) species and not uranyl (UO2 *)
structures for which values of gj ~ 4 and g_̂  ~ 0
should be expected (as for the case of the neptu-
nyl groups (159)). This rules out completely the
uranyl-based models for the luminescent centers
in alkali fluorides.

The symmetry of the U5 * centers is either
cubic, tetragonal, orthorhombic, or of lower sym-
metry. For almost all the EPR spectra, the crys-
tal |l00| axis is one of the main symmetry axes.
Rotations from this direction, observed for some
low symmetry U5 * centers, can be connected
with some defects associated with U5 * and are
not connected with the original U' * centers. No
center of trigonal symmetry has been observed.

In LiF and NaF the prevailing Us * center
has tetragonal symmetry and shows superhy-
perfine stucture due to a F" ligand placed on the
symmetry axis. Measurements on selected sam-
ples (which contain almost only one type of
luminescent center) have shown that this U5 *
center can be connected with the main lumines-
cent center of C4V symmetry (154, 155, 160).
This shows that the main luminescent U* * cen-
ter in LiF and NaF has the structural model
proposed by Feofilov (130). The likelihood of this
model has been stressed in some recent studies
on absorption and laser excitation and MCD or
U ' + in LiF (161, 162), using as argument the
EPR studies on U5 + (155). This rules out the
model (148-150) based on a UO6 '~ complex
associated with a fluorine vacancy on the 100
axis.

The prevailing U5 * center in KF has quasi-
tetragonal symmetry with a superhyperfine
structure due to two ligand nuclei with I = 1/2.
Centers of tetragonal or lower symmetry with
such structure have been observed also in NaF
and LiF (146, 156, 158). The superhyperfine
splitting for these centers is much smaller than
for the center discussed above and can be due
either to two protons (in two OH" groups or a
H2O" group) or to two fluorine nuclei in a F ; "
group placed on the symmetry axis. Most proba-
bly, this association, which involves two I = 1/2
nuclei, is formed during irradiation by trapping
one of them by the other which is originally con-
nected with the U* * center.

Many U5 * centers without superhyperfine
structure and with a slight anisotropy have been
observed in LiF:U co-doped with silver, copper,
or gold, which originate in the parent uranate
UO 6 ' " groups.

A very anisotropic tetragonal Us * center
without superhyperfine structure can be
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explained by a model implying a fluorine
vacancy on the distortion axis. Most probably
this vacancy is formed during irradiation.

2. Alkaline-earth Fluorides

The green luminescence of uranium in fluor-
ite prepared in the presence of oxygen has been
known for a long time (136, 163, 164), but a
definite structural model for this center has not
been inferred from these studies. The first model
for this luminescent center assumed that U6 +

enters substitutionally for Ca2 +, and four of the
eight F" ions are substituted by O2" ions in
order to preserve the charge neutrality (165).
Thus the U' * ion would be surrounded by two
tetrahedra, one of F* ions, the other of O2" ions,
resulting in a crystal field of inversionless sym-
metry. Recent Zeeman studies on the main
luminescent line at 5212.5 A have shown that
the center has trigonal symmetry with inversion
(166). Three structural models were proposed
without a definite preference for one of them, viz.

(a) a substitutional uranyl ion with the
axis along a cubic | l l l | direction;

(b) a substitutional U' * ion surrounded
by two fluorine vacancies on the same body
diagonal of the cube, and with the other F"
ions substituted by 0 2 " ;

(c) an interstitial U' * ion surrounded by
six substitutional O2" ions and two F" ions
on the same | l l l | direction.

All these models assure a complete charge
compensation within the first coordination sphere
of uranium. In order to select the right model, an
EPR study of the transformation of the hexava-
lent uranium into pentavalent uranium under
gamma irradiation has been performed. The
samples contained before irradiation, besides the
hexavalent uranium, three U5 * centers
(167-169): a trigonal center (Tr), without super-
hyperfine structure, which consisted of a substi-
tutional Us * ion surrounded by six substitutional
O2" ions and two fluorine vacancies on the same
| l l l | direction, a rhombic center (Rh1) whose
structure is similar to the Tr center except that
there are only five substitutional O2" ions and a
F" ligand in the first coordination sphere (these
centers have also been identified in U4 * -doped
fluorite (170-172)), and a low-symmetry U5 +

center (Rh3) without superhyperfine structure,
which presumably has the same first coordina-
tion sphere as the Tr center plus a nearby addi-
tional charge compensating defect.

The gamma irradiation has a strong effect on
the luminescent U' * center, whose spectrum
decreases with radiation dose while a similar

increase is noticed in the intensity of the trigonal
U5 * EPR spectrum. The dependence on dose is
not smooth, probably because of some competi-
tive processes such as the decrease of the inten-
sity of the Rh, and Rh3 U5 * EPR spectra or a
transformation of part of the Tr centers due to
irradiation. The parallel behavior of the lumines-
cent. U* * centers and of the Tr U5 * centers
under irradiation shows that their structure is
similar, and thus the luminescent U ' + ion is
substitutional and has six O2" and two fluorine
vacancies in the first coordination sphere. The
absence of any EPR spectrum with resonance
parameters close to those of UO2 * in the irradi-
ated samples shows that no uranyl centers are
present in the non-irradiated crystals.

The trigonal U' * center has a strongly emit-
ting level at 5212.5 A. This luminescence line
can be used in order to measure ultratrace levels
of uranium in aqueous solutions (173, 174).
Uranium is co-precipitated from solutions with
calcium fluoride, the precipitates are calcined in
air so as to assure the formation of the uranate
centers described above and the luminescence is
excited with a suitable laser. By a careful choice
of the experimental conditions, amounts as low
as 4X10'14 M (10'5 parts per billion or 0.01
picograms per milliliter) could be detected by this
method (173).

These few examples show that the EPR
measurements can be very useful in obtaining
information on the structure of luminescent U ' *
centers. Connected with luminescence (154, 160,
161, 167-171) or thermoluminescence (175)
studies, the EPR measurements can also be use-
ful in the study of the conversion U' * Us *
during irradiation.

B. EPR of Pentavalent Uranium

As shown previously, because the actinide
contraction is small at the beginning of the
series, the 5f orbital is not so well localized as
the 4f orbital in the lanthanide series. Thus,
despite the large spin-orbit coupling in the actin-
ides, the crystal field effects for the ions of 5P
configuration can be for octahedral symmetry of
the same order of magnitude or even stronger
than the spin-orbit effects. For eightfold or tetra-
hedral symmetry, the crystal field effects are
small, and a situation similar to the 4f* ions is
expected. The determination of the spectroscopic
g-value by EPR is of great importance in obtain-
ing information of the crystal field and bonding
effects in crystals with U5 *. Some characteris-
tics of the EPR of this ion are as follows:

(a) Because of the strong crystal field
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effects with octahedrally-coordinated U5 *
ions, the excited levels are high enough, so
that the relaxation processes are slow, and
the EPR spectra can be recorded at liquid
nitrogen or even higher temperatures.

(b) For U5 * in extremely strong axial
fields (e.g the groups UO2 *) some of the
excited levels could be lowered near the
ground state, leading to a strong spin-lattice
relaxation. This in turn causes a pro-
nounced broadening of the lines and the
spectra can be recorded only at liquid
helium temperature.

(c) For eightfold cubic coordination the F8
and F6 levels originating from the ground
2 F5 f 2 level of the free ion are bunched
together, a strong relaxation takes place,
and the spectra can be recorded only at
very low temperatures. A strong distortion
may spread the crystal field levels, the
relaxation is weakened, and the resonance
could be, in principle, observed at somewhat
higher temperatures. For a trigonal distor-
tion the ground state could be the non-mag-
netic doublet T3 and in such a case no reso-
nance takes place.

(d) The sign of the g-value is negative.
(e) The effective g-values are usually

very small, and high magnetic fields must
be employed in order to observe the reso-
nance.

1. U5 + in Octahedral Crystalline Fields

The EPR data for U5 + in diluted and concen-
trated systems are given in Appendix I and
Appendix IV.

For the concentrated systems the lines are
broad and slightly asymmetric, but in diluted
systems they are sharp and symmetric, charac-
teristic for Kramers ions.

la. U5 * in Concentrated Systems

EPR measurements have been performed on
concentrated halides and oxides of U5 *. While in
the case of halides, the measurements have been
successful (88, 91, 95, 176-180),' no clear evi-
dence for U5 * resonance have been obtained for
oxides.

For many U5 * concentrated systems, optical
data are available, and thus some of the charac-
teristics of the crystal split levels (the crystal
field splitting and the orbital reduction factors)
can be estimated.

The g-values for the U5 * ion in concentrated
halides are very low. Some general trends can be

observed in case of the concentrated systems.
The mean g-value (defined at (2g^ + g| )/3 in the
case of axial symmetry) is around 0.6 to 0.77
when the ligands are F" ions, 1.09 to 1.21 when
the ligands are Cl" and 1.2 to 1.39 for com-
pounds with Br~, i.e. the g-values are larger in
the more covalent compounds. The same trend is
observed for the energy difference between the
Kramers doublets F? and Ty' which is of the
order of 7300 to 7400 cm"1 in the compounds
with F", 6700 to 7000 in compounds with chlo-
rine and 6700-6850 in compounds with bromine
(91). An analysis of the crystal field splitting
based on these experimental data shows that for
cubic complexes of pentavalent uranium, while
the orbital reduction factor k&2t2 does not
change much from compounds with F" (k&2^2 =
0.935) to those with Br (0.906), the reduction
factor k t212 is very sensitive to the neighborhood
of uranium (0.9 for UF e" , 0.75 for UC16", and
0.50 for UBr6"). The crystal field splitting
decreases strongly along this series, being
respectively 3369 cm"1, 1119 cm"1, and 835
cm" x. Unfortunatelj', the data given by different
authors are not easily comparable, because dif-
ferent approximations have been used. Thus,
many papers use a purely electrostatic crystal
field, neglecting completely the orbital reduction.
Other authors use the approximation k&2t2 =
v k ^ 2 , which has been assumed in the study of
neptunium hexafluoride (85) and which shows up
to be incorrect (91, 95). This explains why some-
times contradictory results on the same system
are reported, as is the case of CsUF6 (181, 182).
A connection between the data obtained from
EPR and those obtained from magnetic suscepti-
bilty has been made (183).

A systematic search for U5 * EPR in some
concentrated oxides of pentavalent uranium has
been undertaken but none of the investigated
compounds, namely NaUO3, LiUO3, KUO3 and
Ba2ScUO6 (perowskite-structure), Li3UO4 and
Na3 UO4 (rock salt structure), and BiUO4 (fluor-
ite structure) has shown any detectable signal at
temperatures as low as 7 K (184). More recent
measurements on mixed oxides MU03 ( M = Li,
Na, K, Rb) have shown, even at room tempera-
ture, very broad signals with g-values between
2.4 and 4 (185). These resonances cannot be
explained by simple crystal field models for U5 *.

lb. U5 * in Dilute Systems

If for concentrated compounds the problem of
the structure of the paramagnetic center is not
so difficult because crystallographic structural
data can be used, with diluted systems the
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problem is more complex. Two kinds of diluted
systems have been studied, viz. systems for
which the host cation has the same valence as
the dopant and there is only one site of substitu-
tion, and systems where the valence of the host
cation differs strongly from the dopant ion and
the charge compensation mechanisms can give a
large vaiety of paramagnetic centers.

lc. U5 * in Diluted Oxide Systems

The EPR studies on Us * in LiNbO3,
LiTaO3, and BiNbO3 (184) refer to the first cat-
egory. The U5 * ion gives a spectrum of g about
0.7, and the symmetry of the site appears to be
almost perfectly octahedral. The energy diffrence
between F? and F ? ' is about 7050 cm"*. From
this transition and the lines corresponding to the
F? •—*• Fg and F? •— F6 transitions, the reduction
factors k = 0.8 and k' = 0.34 (in the assump-
tion , ^ 2 _Z^tTt2 ^_k"> k t i t i = k ' a n d k t i t2
= t i t i t2t2 = ^ k k ' ) have been estimated.
The search for EPR signals in some other
U5 * -doped (1 to 5%) niobates or tantalates with
octahedral coordination for the pentavalent
cation has been unsuccessful (184).

Id. U5 + in Diluted Fluorides

There are two cases as follows:

(a)U5 * in alkali fluorides. As shown in
Section IV.A, hexavalent uranium can be intro-
duced substitutionally in alkali fluoride crystals
grown in the presence of oxygen. The EPR and
optical studies of the crystals show that they do
not contain any paramagnetic uranium ion (U2 *
to U5 *) and all the uranium is in the hexavalent
form. These U' * ions can be converted to Us *
by X- or gamma irradiation, and a great variety
of paramagnetic centers can be formed this way,
corresponding to the variety of initital U* * cen-
ters. Moreover, a parent U ' + center can give
rise to more types of U5 * centers. The structure
and symmetry of these centers has been dis-
cussed in connection with the structure of the
parent U' * centers. As shown in Appendix I,
taking into account the superhyperfine struc-
ture,these centers can be divided roughly into
three groups: centers without superhyperfine
structure, centers with a two-component and
centers with a three-component superhyperfine
structure (146). In Appendix I a cubic center C
in LiF corresponds most probably to a U5+ ion
surrounded by a regular octahedron of oxygens.
The centers Tg4 and Rh5 for LiF:U5 + and the
center Rhl for NaF:U5 * most probably corre-

spond to the same structure (UOe), but the cubic
crystal field is perturbed by a defect in the next
cationic coordination sphere (such as a substitu-
tional M2 * or M+ ion). The Tg3 center in LiF
corresponds to a strong deformation of the crys-
tal field due, probably, to an anionic vacancy in
one of the corners of the octahedron. Two types
of centers with two-line superhyperfine structure
have been observed, which differ in the magni-
tude of splitting. The first type of such centers is
characterized by superhyperfine splittings which
can reach values up to An -̂  = 14.3X10"4 cm"1

in LiF and AiIL = 9.J C10t4 cm"1 in NaF.
These centers correspond to a substitutional IP *
ions surrounded by five substitutional O2" ions
and a F" ion. In the case of the tetragonal cen-
ters Tgl in LiF and NaF the negative extrac-
harge of the complex is compensated far away.
For the Rhl, Rh2, and Rh3 centers in LiF and
for the center Rh2 in NaF, the extracharge com-
pensation is done by a nearby point defect.
Unfortunately, for such low-symmetry spectra, it
is very difficult to make a clear connection
between the symmetry axes of the g2 tensor and
the positions of the sources of the crystal field.
For the second type of centers with two-line sup-
erhyperfine structure, the splitting is considera-
bly smaller than in the first case, being of the
order of 3 to 4X10" * cm"1 (centers Tg3 and Rh3
in NaF). In this case the I = 1/2 ligand is obvi-
ously different from that in the previous group of
centers. Tentative models for these centers
imply complexes with U5 * surrounded by five
O2" ions and a OH" or (FX)~ group (where X is
a species without or with a small nuclear
moment) for Tg3 and a similar structure per-
turbed by a nearby defect for Rh3. For the cen-
ters with three-component superhyperfme struc-
ture with an intensity ratio of 1:2:1, the splitting
is sensibly smaller than the superhyperfine
splitting in the case of the two-component struc-
tures due to a F" ligand, but quite similar to the
splitting observed for the second group of centers
with two-line superhyperfine structure. This
shows that the ligands which cause this struc-
ture are not isolated F" ligands but either F2"
groups, H2 O", or two OH" ions (on the same
cubic axis). A very slight rhombic distortion of
the center Tgl in KF and Tg2 in NaF as well as
the presence of the Rh4 center in LiF seems to
favor the first models, with a far away extrac-
harge compensation in case of the Tg centers and
a nearby one in case of the Rh4. Taking into
account the similarity between the superhyper-
fine splitting in case of these three-component
lines and in case of the second type of two-com-
ponent centers, it is reasonable to assume that
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the source of the splitting is the same for both
cases. To check these models, ENDOR experi-
ments in 2 D or *7 O-enriched samples would be
necessary.

The low concentration as well as the great
variety of centers prevents an accurate optical
study of the U5 + centers. Using an ingenious
combination of absorption, luminescence, and
excitation measurements, Parrot et al. (186,
187) were able to measure all seven electronic
transitions within the Tgl center in LiF:U5 * and
within another unidentified center. Unfortunately
in their analysis of the splitting of the 5P con-
figuration in a strong tetragonal field, they did
not make use of the reduction parameters for
each orbital, but left the spin-orbit coupling and
the crystal field parameters B ^ as parameters
to be obtained by fitting the energy levels and
the g-values. More sets of spin-orbit coupling
and crystal field parameters have been obtained
(186, 187) without a definite preference for one
of them. The neglect of the reduction factors for
the orbitals makes these parameters unreliable.
A calculation of the g-value anisotropy defined as

= 3| 2gJ

for various tetragonal Us * centers with super-
hyperfine structure, gives values of 0.55 to 1.15
for LiF and 0.38 to 0.96 for NaF. The same
situation holds for center Tg3 in LiF (<5g = 0.1),
which is assumed to correspond to an O2~ octa-
hedron, but not for the center Tg4 in LiF (<5g =
0.1), which is assumed to correspond to an O2~
octahedron slightly distorted by a cation impur-
ity. This shows that for the centers whose source
of distortion of the pure octahedron symmetry is
placed in the first coordination sphere of ura-
nium, the distortion is strong. Taking into
account the comparison (Section H.B.3g) between
the U*+ and U5 * hexa-coordinated complexes,
this result confirms the recent interpretation of
the optical spectra of the main tetragonal U6 *
centers in LiF and NaF based upon the assump-
tion of an axial distortion stronger than the cou-
lombic inter-electronic interaction (188). This
shows that the weak distortion model (189) is not
valid in this case. This stresses the need for
extreme care when comparing the properties of
the uranate centers in alkali fluorides with those
of other hexa-coordinated U' * compounds as, for
instance, UF6 .

(b) U5 * in alkaline-earth fluorides. Pentavalent
uranium enters into calcium fluoride crystals
during growth, accompanying U*+ (in green or
yellow CaF-U crystals) or U' * (in white cloudy

samples). The green or yellow crystals may con-
tain a (prevailing) trigonal U5* center Tr and a
rhombic Rhl center. The trigonal symmetry,
absence of any superhyperfine structure, and the
low g-values show that the Tr center consists of
a substitutional U5 * ion surrounded by six O2"
ions and two fluorine vacancies on the same | l l l |
direction. Thus the vicinity of the uranium ion is
a distorted octahedron rather than a distorted
cube, and this explains the low g-values. The
center Rhl has a similar structure, but a F" ion
is left in the distorted octahedron. The heat
treatment of the crystals or gamma irradiation
at room temperature decreases the intensity of
the Tr center, increases that of Rhl and gives
rise to a new center of rhombic symmetry. This
new center shows superhyperfine structure of
three components with the intensity ratio 1:2:1
for jOOlj (indicating two equivalent F" ligands)
which transforms to a two-line structure for |112|
and |11O|. It is difficult to give a precise model
for this center, but it must include two F~ near-
est neighbors. Since gamma irradiation and heat
treatment up to 1000 ° C have similar effects in
producing the Rhl and Rh2 centers, it has been
assumed (172) that their main sources are some
low symmetry U4 * centers compensated by sub-
stitutional oxygens and fluorine vacancies. Fluo-
rine interstitials stimulated by gamma irradia-
tion or heating migrate through the crystals and
could be trapped on fluorine vacancies in the
neighborhood of uranium. A rearrangement of
charge could transform U4 * into U5 +.

In the as-grown white cloudy samples con-
taining U* *, the most intense EPR spectrum of
U5 * belongs to a center of very low symmetry
(Rh3 in Appendix I). The very sharp lines with-
out superhyperfine structure and the close
resemblance of the g-values of this center to
those of the Tr center, show that the first coordi-
nation sphere of uranium is the same in both
cases, but while with the Tr center, the negative
extracharge of the complex (U"O6)7~ as com-
pared to CaFg) '" is compensated far away, in
case of the Rh3 center this is done in the neigh-
borhood of the complex, possibly by a fluorine
vacancy. No optical data on U5 * in fluorite have
been measured.

The calculated mean g0 value for the most
symmetric U5 * centers in alkali and alkaline-
earth fluorides are 0.33 to 0.4 for LiF, 0.49 to
0.58 for NaF, 0.55 for KF and 0.76 to 0.81 for
CaF2. This shows that for oxygen octahedrally-
coordinated U5 * ions, the g-values can be equal
or slightly larger than for F" coordinated com-
plexes, when the distance U-0 is large (as in the
case of alkaline-earth fluorides and niobates) but
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becomes smaller as this distance decreases (the
alkali fluorides). At the same time the distance
F 7 ' - F ? increases with decreasing length of the
U-0 bond (7050 cm"1 in niobates and 7878
cm' * in Tgl in LiF). This shows (190) a close
relation between the g0 and Ep7 ' - Ep7 and the
spectrochemical series (191).

2. EPR of Us * in Nonoctahedral
Crystalline Fields

As shown previously, for the eightfold or tet-
rahedral symmetry the crystal field has a very

• small effect on the free state of a 5P ion, and its
behavior would be similar to that of a 4fi ion,
i.e. the ground state is mainly determined by the
2 F5 f 2 level, of the free ion, with possible
admixtures from the crystal-field states origi-
nated from the excited 2 F7 / s level In cubic
symmetry the ground level can be Fg or Ffl.
When F6 is lowest, an isotropic resonance line
with g = 10/7 is expected, while for Fg some
anisotropic transitions must be seen. An axial or
lower symmetry distortion splits Fg , as discussed
in the previous section.

Very few experimental data on systems with
U5 + in nonoctahedral symmetry have been
reported. Thus a line with g ~ 1.25 in uranium-
doped ThO2 powder could correspond to such a
center, because the host cation Th4 * occupies the
center of a regular cube of O2~ ions (192). How-
ever, no EPR measurement on U5 * in single
crystals of ThO2 has been reported in order to
confirm this identification. An attempt to observe
EPR in cubic UFfl M3 (M = Na, Cs, Rb, NH4) at
liquid nitrogen temperature (193) was unsuc-
cessful, but subsequent measurements (184) on
polycrystalline UFe Na3 gave a broad resonance
signal at g = 1.2. A very interesting aspect of
this situation is the Rh4 center of U5 * in fluorite
(194). This center is observed in the uranium-
doped fluorite samples heat-treated at 1200 ° C
in quartz ampoules sealed in air. This center
appears regardless of the initial valence state of
uranium and the means of charge compensation.
The hj'perfine structure for 2 3 5 U-doped samples
shows that the center contains a uranium ion,
while the symmetrical lineshape and the temp-
erature of observation show that the valence
state of uranium is +5 (195). While for the other
U5 * centers in fluorite, the lines are sharp (of
several Gauss), the line corresponding to this
center are broad, of about a hundred Gauss with
the magnetic field along the |l00J direction. No
superhyperfine structure was resolved for any
orientation of the external magnetic field, but it
is possible that the broad lines obscured an

unresolved structure determined by a large
number of ligands in the next coordination
sphere. The g-values for this center (0.540,
2.775, and 0.471) and <5 = 1.8° differ consider-
ably from those observed for the other U5 * cen-
ters in fluorite and are very close to those
reported for a rhombic Ce3 * (4P) ion in cerium
oxide-doped fluorite, for which the main g-values
are 3.286, 0.22, and 0.844 and <5 = 13.8° (196).

The structure of this center as of other low-
symmetry rare-earth centers in oxide-doped
fluorite is not known. However, the g-values of
the U5 * Rh4 center cannot be explained if the
vicinity of uranium is assumed to be octahedral,
and models with distorted eightfold or tetrahe-
dral symmetry must be employed. The lack of a
resolved superhyperfine structure shows that no
fluorine ligands are present in the nearest neigh-
borhood of uranium, but rather that this is
formed by oxygen ions. Thus a structural model
for this center must be based on a tetrahedral
vicinity with, perhaps, one or two additional O2 ~
ions (in order to compensate the charge) placed
in the first coordination sphere or in a near
interstitial, to give a low symmetry to the center.
The arrangement of this center could be con-
nected (195) with the transition of fluorite crys-
tals to the disordered superionic state at 1150 C
(197) when the F" ions can migrate from their
normal positions in interstitials leaving vacancies
which can then be occupied by oxygens. They
can also originate from some low-symmetry oxy-
gen-coordinated U4 * centers.

3. EPR Hypefine Structure of U5 +

The EPR hyperfme structure corresponding
to the isotope 235 uranium (I = 7/2) has been
studied only in the case of U5 * in alkali fluorides
and calcium fluorides, where the lines are sharp.
Accurate measurements have been possible only
for some axial centers (155, 156, 158, 171, 198,
199).

For the low-symmetry spectra the large
number of lines belonging to the same center or
to different centers present in the sample, the
strong quadrupolar effects, and possible differ-
ences between the principal axes of the spectro-
scopic factor g and of the hyperfme interaction,
make the analysis of the hyperfme structure
extremely difficult. However, it was observed for
all the U5 + spectra in alkali and alkaline-earth
fluorides and has been used to prove that these
centers belong to uranium.

Since the Tgl center in NaF:U5 * is the only
center for which all the spectra could be recorded
at 9 GHz with a magnetic field up to 20 kGauss,
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Figure 2. The parallel hyperfine structure for the Tgl U5 + center in NaF.

18.0

we shall describe it as an illustrative example.
For all the other axial centers, the EPR parame-
ters for parallel orientation have been obtained
from the angular dependence of the spectra. For
the parallel orientation (H | |l00|), the hyperfine
structure for the Tgl (2 3 5U)5 + center in NaF
consists of eight equally intense and almost
equally split components. As Figure 2 shows,
each hyperfine component is split into two
because of the superhyperfine interaction with
the F" ligand placed on the distortion axis.

Approximately in the center of the hyperfine
pattern, a line corresponding to 2 3" U is
observed. The ratio of the total intensity of the
hyperfine spectrum due to the 235 isotope to the
intensity of the 238 isotope line is in this case
about 13:1, faithfully reflecting the isotopical
composition of the uranium oxide used as dopant.
This fact has been used as a method for measur-
ing the isotopic abundance of minute amounts of
non-volatile uranium salts which can easily be
dissolved in molten sodium fluorite in the pres-
ence of oxygen (200, 201). When the magnetic
field is turned away from |l00| in the (100)
plane, the hyperfine pattern is drastically modi-
fied. If we denote the hyperfine components by
mj, when the angle between the external mag-
netic field and J100] becomes 20° , the splitting of

the +1/2 hyperfine lines is increased so that
they overlap the ± 3/2 components and for 0 =
45° , they overlap the doublet ± 7/2. This split-
ting of the other hyperfine doublets decreases as
0 increases and vanishes at 0 = 90° for the
doublets ± 5/2, ± 7/2 (see Figure 3).

The lines 3 and 7 in Figure 3 correspond to
the ±1/2 lines, the lines 4 and 6 to the +3/2
doublet, and the line 5 to ±5/2 and ±7/2 compo-
nents. The lines 1, 2, 8, and 9 are "forbidden"
hyperfine transitions, which can be clearly
observed at 0 > 60° .

In order to describe this unusual hyperfine
structure, a new perturbation scheme has been
used (155). The spin Hamiltonian contains the
axial Zeeman interaction, the axial hyperfine
interaction, and the nuclear quadrupole interac-
tion. The unusual behavior of the ± 1/2 hyperfine
doublet suggests that the nuclear electric qua-
drupole interaction is of the same order or
stronger than the hyperfine interaction. In this
case the eigenvalue problem of the spin Hamilto-
nian must be solved numerically. In order to
obtain the starting values for the parameters
(which are then improved by a numerical diago-
nalization), a preliminary analytical treatment
was used assuming that the magnitude of the
interactions in the spin Hamiltonian are in the
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order: Zeeman electronic, quadrupole interaction,
and hyperfine interaction. In such a case the
quadrupole interaction splits the nuclear spin
degeneracy into four levels, degenerate after
±nij, and subsequently the hyperfine interaction
is block diagonalized within each of these doub-
lets. The resonance condition given by such a
treatment is:

(a) for the doublet ± 1/2,

hv =

with

g =

and

= gSH±

(gj 2 cos2 e 4

Kg = (Aj2g|2cos29 + 16A I
2 g I

2 s in 2 e^ ,

(b) for the doublets ±3/2, ±5/2, ±7/2,
hv =g3H + A|gnmjcosO/g.

The doublet ± 3/2 is split by second-order effects.
In the same way the angular dependence for

the forbidden hyperfine lines has been obtained
and was used to estimate the electric quadrupole
parameter.

This analytical treatment predicts a maxi-
mum splitting for the hyperfine doublet ± 1/2 at
an angle 6 given by (168):

cos26 = 1 +

A|2g|2(2g1
2-g|2)-16A1

2g|
Aj2g||2(g||2-g I

2)-16A1
2g I

J

The spin Hamiltonian parameters obtained in
this analytical treatment have been improved by
numerical exact diagonalization of a 16X16
matrix. Similar hyperfine behavior has been
observed for other U5 * centers (in alkali and
alkaline-earth fluorides), and the determination
of the parameters has been done in the same
way. From an inspection of the hyperfine data
given in Appendix I, the importance of the
nuclear quadrupole effects is seen. For many
centers (Tgl in NaF, Tgl in KF, Tr in CaF2) the
electric quadrupole parameter is larger than the
magnetic hyperfine parameters, and in the case
of Tgl in LiF, they are of the same order of
magnitude. A similar situation has been
observed for the isoelectronic Np' * ion (202).
Thus, the hyperfine behaviour of the 5P ions in
octahedral coordination parallel the electronic
behaviour characterized by crystal field effects
stronger than the spin-orbit coupling.

C. EPR of Tetravalent Uranium

As shown before, the ground level of the
non-Kramers ion U4 + (f2 ground configuration)
in a crystal can be a singlet, doublet, or triplet
depending on the symmetry of the crystal field,
on the composition of the crystal field potential,
and on the effect of the intermediate coupling
and J mixing through the crystal field. Thus in
the case of octahedral symmetry, the ground
state is always a F 1 singlet. In the case of eight-
fold and tetrahedral cubic symmetry, the ground
level can be a T ( or a Tg triplet, depending on
the ratio of the fourth- to sixth-order terms in
the crystal field potential. In lower symmetries
the ground level can be either a singlet or a
non-Kramers doublet. This explains why many
systems of interest, for which the crystal field is
octahedral or of lower symmetry, cannot be
studied by EPR. The most suitable hosts for EPR
studies on U4 * are those with eightfold cubic
cationic positions. An EPR study of uranium-
doped ThO2 (192) shows at room temperature a
line with g ~ 2.7, which has been attributed to
U4 *. However, a calculation of the spin-lattice
relaxation time for U4 * in cubic crystalline fields
(203) shows that this becomes too short already
at the liquid nitrogen temperature to allow an
observable EPR signal from U4 *. Thus the
nature of this center is uncertain. Unfortunately,
no EPR study on single crystals of ThO2 doped
with uranium (preferably enriched in the 235
isotope) has been reported to check this identifi-
cation (192).

More studies have been devoted to U4 * in
alkaline-earth fluorides. In the case of calcium
fluoride, the composition of the eightfold cubic
crystal field potential favors F5 as a ground
level, and its states can be characterized as the
eigenfunctions of a fictitious spin S = 1. Using
the wavefunction of the F5 triplet, single quan-
tum transitions at g = 2 (governed by the selec-
tion rule AMg = 1) and at g = 4 (selection rule
AMg = 2) and double-quantum transitions at g
= 2 (selection rule Ag = 2) are expected, as in
the case of the cubic Pr3 * (4P) center in fluorite
(134). A single isotropic line of g ~ 2 has been
observed for CaF2 :U, which has been attributed
to U4 * in cubic sites (204). However, this line
does not show any superhyperfine splitting, as
expected for substitutional cationic sites. A fur-
ther confirmation of this spectrum especially
using 23SU-doped samples is necessary. The
difficulties connected with the charge compensa-
tion for a cubic center of U4 * in CaF2 must also
be taken into account.
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Figure 3. The perpendicular hyperfme structure for the Tgl U5 * center in NaF.

An axial distortion (as caused, for instance,
by charge compensating point defects) splits the
F5 triplet into a doublet and a singlet. The rela-
tive positions of the two components are given by
the sign of the axial distortion. Thus a tetragonal
distortion, due for instance to the presence of a
charge-compensating interstitial anion (F~ or
O2") in the empty cube next to uranium, leaves
the singlet lowest, as occurs in the fluorine-com-
pensated tetragonal Pr3 * (4P) centers in fluoride
(205), and no EPR transition is expected. A trig-
onal distortion leaves the doublet lowest, and
paramagnetic resonance transitions can be
induced between its two states in the presence of
an external magnetic field. As shown before, the
most suitable spin Hamiltonian for such a non-
Kramers doublet corresponds (206, 207) to a fic-
titious spin S = 1, and a strong additional zero-
field splitting term must be added in order to
remove the singlet. Three trigonal centers have
been attributed to U4 * in CaF2. Various EPR
and acoustic paramagnetic resonance studies on
the center Trl (204, 208-217) have shown that
the center is inversionless, and the resonance

transitions are induced mainly by the electric
component of the microwave field. The superhy-
perfine structure shows that the U4 * ion occu-
pies a substitutional lattice site and is sur-
rounded by eight fluorine ligands. The interaction
with two of them placed on the same body diago-
nal, is stronger than that corresponding to the
other six. The distortion of the cube can be due to
a static Jahn-Teller effect or, most probably, to
the presence of a charge compensator which
gives inversionless symmetry to the crystal
field. The fact that the green or yellow crystals
which contain this center can be grown if the
dopant is UF4 or if care is taken in order to
eliminate the oxygen leads usually to the conclu-
sion that the oxygen does not take part in this
center. However, the presence of oxygen-coordi-
nated U5+ centers (170-172) in some high qual-
ity green or yellow crystals containing the Trl
U4 * center shows that the oxygen can be pres-
ent in these crystals. Most probably, the charge
compensation for this U4 * center is effected by a
substitutional 02~ ion in the first empty cube
along the | l l l | direction. A compensation with
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two interstitial F" ions is improbable, because
this would give a centrosymmetric complex.

The apparent g-value for this center is very
close to that expected if a very slight distortion,
which leaves the wavefunctions of the levels
almost unaltered, is taken into account. An opti-
cal study of this system (43, 44) gave for the
crystal field parameters values which lead to g
~ 4.8. The disagreement between the EPR ani
optical data is due mainly to the fact that the
crystal field parameters were determined to fit
the splitting of a large number of levels and may
not correspond to the best-fit values for the

. ground state.
In. the case of the Tr2 U4 * center in fluorite,

the superhyperfine structure due to the F"
ligands suggests a center with inversion symme-
try (218). The fact that the superhyperfine
structure is best resolved when the magnetic
field is along the | l l l | shows that all the U4 *-F~
bonds are equivalent with respect to this direc-
tion, and this is possible only if no F" is placed
on the distortion axis. The odd number of compo-
nents and the intensity ratios show that there
are six F" in the first coordination sphere. In
such cases the charge compensation can be due
to two substitutional 0 2 " ions on the distortion
axis. This model gives a distortion of the right
sign to assure the doublet as a ground level and
a mixing of states which can explain the value of
gu. The presence of the oxygens can explain why
this center appears in the crystals doped with
uranium oxide, or in samples obtained by heat
treatment of U3+-doped fluorite at 1200 °C in
quartz ampoules sealed in vacuum (for which the
quartz, evidently attacked during the treatment,
can supply the necessary oxygen).

The nature of the Tr3 center in CaF2 (and
Tr centers in SrF2 and BaF2) is not established
(219-222). From the crystal growth procedure it
was concluded that a remnant contamination of
the samples with oxygen is possible and, as a
logical possible model, that given for the center
Tr2 above has been proposed. However, the sup-
erhyperfine interaction with 24 ligands of I =
1/2 shows that this model cannot be correct for
the Tr3 center. It is also impossible to explain
the g-value by a trigonal distortion of the cube,
since the dominant A 2 ° < r 2 > term of the dis-
tortion would give apparent g-values larger than
4 if its sign is taken as to leave the doublet low-
est (223). The fluorite crystals which contain the
Tr3 center show an optical absorption spectrum
(43, 44) sensibly different from that observed for
the crystals containing the Trl center. Har-
greaves attributed this optical spectrum t o a U 2 *
ion with 5P 7s ground configuration, which at

the same time has been considered as responsible
for the EPR Tr3 center observed in the same
crystal (224). The crystal growth conditions
which were considered able to eliminate com-
pletely the oxygen, as well as the valence con-
version of the uranium ions in fluorite under uv
and X-irradiation were set forth in order to sup-
port this identification.

A chemical method of analysis of different
uranium-doped fluorite samples, connected with
optical absorption measurements (225), led to
the conclusion that the samples studied by Har-
greaves (43, 44) contain U4 * and not U2 *. The
paper (225) connects the color of the CaF:U
crystals with the valence state of uranium and
the means of charge compensation. We note,
however, that in discussing this problem, the
very complex situation of the CaF? :U system
must be taken into account, in which many
valence states and types of centers can be simul-
taneously present in a given sample. These cen-
ters make themselves conspiculous in different
manner with respect to different measurements;
thus the conclusions of (225) must be used with
caution. As an example, in many good quality
(low scattering, good cleavage) green CaF2:U
crystals, we found besides the Trl U4 * center,
various U5 * centers; the same situation may be
observed in the yellow crystals.

The crystal growth conditions reported in
different papers must be considered prudently.
Both uranium and calcium have a strong ten-
dency to oxidize, and sometimes strong reducing
conditions may not be sufficient in order to elim-
inate all the oxygen from the system. There are
cases when in a crystal containing a prevailing
uranium center without oxygen, inclusions of
calcium oxide or uranium dioxide are also pres-
ent. The nature of a given center can be clarified
only if a physical model which allows an esti-
mate of a given parameter in agreement with
the observed value is proposed.

Recently a new tentative model for the Tr3
center in CaF2 :U has been proposed (226): a
U4 * ion substitutes a Ca2 * ion, and the nearest
cube of fluorines is replaced by five oxygens.
Two of the oxygens are placed on the same body
diagonal while the other three form a triangle
which can replace one of the original F" triangles
(normal to the body diagonal in question) or may
be displaced towards the equatorial site of the
complex. This model can easily explain the
g-values on the basis of a strong trigonal field
acting on the 3H4 ground level of the free ion.
According to this model the observed superhy-
perfine structure is due to the 24 fluorine ions in
the next-nearest positions.
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The hyperfine structure of (2 3 5 U)4 + in
fluorite has been studied in (218). The spectra
show a hyperfine structure of eight allowed Am
= 0 components from which the apparent A
parameter has been determined. The absence of
the forbidden transitions in the spectra prevented
the determination of the nuclear quadrupole
parameter, although it is expected to be large. A
pecularity of this hyperfine structure must be
noted. For the actinide ions the relation Aj/gj =
Ax/gx = A /g — Az/gz, which is usually valid
for the lanthanide ions, is expected to hold
regardless of the host crystal. However, a
marked difference in the ratio Aii/gii for the Trl
and Tr2 U4 * centers in fluorite is observed. In
the first case this ratio is 26.6, while in the sec-
ond case it is 41.9 (in units of 10'*). This pre-
vents an estimate of the magnetic moment of the
235 isotope of uranium from the EPR hyperfine
structure of the U4 * centers. The difference
between the two cases can be accounted for only
if we allow for crystal field effects which can
produce a considerable mixing of the free-ion
levels.

The EPR studies on U4 * in crystals can be
explained under the assumption of weak to
intermediate crystal effects on a given free-ion
energy level, if the intermediate coupling and J
mixing are taken into account. Thus a qualita-
tive difference between U5 * and U4 * appears in
that they are separated by the limit between the
intermediate and weak crystal field effects.

D. EPR ofTrivalent Uranium

The trivalent uranium ion has a 5P ground
configuration with a J = 9/2 ground level com-
posed of 83% 4 I and 15% 2H intermediate
coupling components. In a cubic field this level is
split into a doublet Fg and two T& quartets. In
octahedral coordination the doublet is lowest,
while in eightfold or tetrahedral cubic symmetry,
the lowest is either F6 or FB, depending on the
composition parameter x of the cubic crystalline
potential. A tetragonal distortion splits the quar-
tet into two doublets, while a trigonal distortion
splits it into a doublet and a degenerate pair of
singlets. In a strong trigonal field, the lowest of
the components can be either a singlet or a
Kramers doublet.

The paramagnetic resonance studies on U3 *
are concentrated on two types of hosts, the alka-
line-earth fluorides and the lanthanum chloride.
Most of those studies refer to calcium fluoride.
The trivalent uranium ion can easily replace a
Ca2 * ion, and the charge difference can be com-
pensated in various ways (227) by (i) an

interstitial F" ion, (ii) a substitutional M* cation,
(iii) a substitutional O2" ion, and (iv) substitution
of three Ca2 * ions by two U3 * ions. The pres-
ence of the charge compensators in the vicinity of
the uranium ion leads to a distortion of the cubic
crystal field. If the charge compensator is far
from the uranium ion, the distortion of the cubic
field can be safely neglected in most cases.

If we express the position of the charge com-
pensator in units of the lattice parameter taking
U3 * as the origin, an interstitial Fj" ion can
occupy a (1, m, n) site characterized by (1 + m +
n) equal to an odd number, at a distance of (I2 +
m2 + n2 P a 0 from uranium, where &Q is the lat-
tice parameter (in case of CaF2, a0 = 2.726 A).
The main sites of Fj" in the vicinity of uranium
are of the type (1, 0, 0), (1, 1, 1), (2, 1, 0), and
(2, 2, 1). A substitutional Mg* ion can occupy
sites with (1 + m + n) equal to an even number,
and the main position in the vicinity of uranium
are (1, 1, 0), (2, 0, 0) and (2, 1, 1). The main
nearest substituional position of O2" is &, h, H)-

In the eightfold cubic substitutional sites of
CaF2, a Fe ground level is expected for U3 *.
The first attempt (228) to observe EPR from
cubic sites of U3 * in CaF2 produced spectra
which did not follow the predicted (126) angular
dependence. These results have been criticized
(221, 222) where a new center has been reported
as cubic U3 *. This center can be approximately
described by the Ffl theory only if the sixth-order
parameter in the cubic potential is taken equal to
zero. This is in contradiction with the observa-
tions on other actinide or rare earth ions in
fluorite or in other cubic crystal field. Recent
studies (79, 135, 229, 230) have unearthed a
new center in fluorite (the center C in Appendix
III), which is well described by the F8 resonance
theory and have shown that this is the substitu-
tional cubic U3 * center. When the magnetic
field is parallel to the cube edge, two strong
resonance lines with a resolved superhyperfine
structure of an odd number of components are
observed. An analysis of this structure shows
that it is due to an interaction with eight equiva-
lent fluorine ligands. The superhyperfine com-
ponents of the low magnetic field transitions
have individual linewidths (between the points of
maximum slope) of about 7 Gauss and are split
apart at 10.2 Gauss. When the magnetic field is
turned away from the jlOOj direction in the (110)
or (100) plane, the line positions and intensities
change drastically (Figure 4).

Around the | l l l | direction the intensity of the
two transitions drops, and a very broad line
appears between them. The two strong and
sharp lines have been attributed to the
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transitions [1/2 > — |-l/2> (the line at high
magnetic field with an effective g-value of 2Q)
and |3/2>—— |3/2> (the line at low magnetic
field with an effective g-value of 2P). As shown
in the previous sections since the TB representa-
tions enter twice in the decomposition of D " 2 ,
the wavefunctions of each FB quartet depend on
the composition parameter x. This makes the
resonance parameters P and Q dependent on x
and can be used to determine it. An estimation of
x from data on this center using equation 69
gives -0.4959 (from the value of Q) and -0.4582
(from the value of P), if we take for gj the
Lande factor of the ground state corrected for
the intermediate coupling and Kj = 1. A unique
x parameter of -0.4873, which fits both P and Q
parameters, can be obtained if a reduced value
for Kjgj of 0.6794 (the reduction factor Kj
being 0.918) is used. Three major sources for
the reduction of g j can be considered (135, 229,
230), but an accurate calculation of this effect is
for the moment imposssible because the positions
of the excited states in the crystal field are not
known:

(a) The J mixing through the cubic crys-
tal field. As shown in Section 2.II.A.3d,
there are many free-ion energy levels not
very far from the ground state; thus at
least six or seven TR quartets closer than
10,000 cm"x to the ground state can
appear in a cubic field, and these can be
admixed to the ground T& level. An estima-
tion of the effect of the first excited level J
= 11/2 shows that it lowers the gj value of
the ground state.

(b) The covalency effects. The presence of
covalency is clearly shown by the superhy-
perfine structure. A previous estimation
(231), shows that the covalency effects
could be important in the case of cubic IP *
centers in fluorite.

(c) A dynamic Jahn-Teller effect (232).
The composition parameter x determined for this
center is in very good agreement with the values
obtained for the 4P ions Pr2 * (233, 234) and
Nd3 * (230, 235) in cubic sites in fluorite or for
the isoelectronic Np4 * in ThO2 (236). Using this
x value and the parameters 3 j and Yj for IP *
corrected for the intermediate coupling, a value
of 0.177 for the ratio AA <r* >/A. <r4 > has
been obtained, in very good agreement with the
values obtained for the various rare-earth ions in
fluorite and for the actinide ions in various
eightfold or sixfold cubic lattices. We mention
that a comparison between the data obtained for
cubic IP * (5P) and those on cubic 4P ions (Pr2 *
and Nd3 *) in fluorite shows that IP * is in many

respects (the value of x, the superhyperfine
structure) more similar to Pr2 * than to Nd3 *
(230). With these arguments in favor of this
center, it is very difficult to explain the nature of
the spectrum reported by Title (221, 222).

The g-values of the tetragonal Tg2 center in
CaF2 doped with uranium and sodium (237) can
be related to the P and Q parameters of the cubic
center (135, 229, 230) by equation 44b, i.e. the
tetragonal distortion in this case is characterized
by a positive A2 ° <r2 > parameter and splits the
quartet into two doublets, leaving the doublet
| + 3/2> lowest with its wavefunction almost
unchanged. The superhyperfine structure of an
odd number of components observed for this cen-
ter is best resolved with the external magnetic
field along the distortion axis. A rough analysis
shows that it consists of an interaction with eight
almost equivalent F" ligands and a weaker

-interaction with four other F" ions which form a
square normal to the distortion axis. This struc-
ture shows that no interstitial F" ion is involved
in the charge compensation. The most plausible
model for this center is that of a substitutional
Nag* at a lattice site (2, 0, 0) relative to ura-
nium. Such type of centers have previously been
reported in fluorite doped with neodymium and
sodium, or with cerium and sodium (238). In this
paper (238) the assignement Nag* (2, 0, 0) has
been rejected on the argument that this ion is
too remote from the rare-earth ion to induce such
a large g-anisotropy. It can be shown (237) that
the g-values for Nd3 * in such a center can be
related to the values reported for cubic Nd3 * in
fluorite (230, 235) in exactly the same way as in
the case of uranium. In fact, as equation 44a
shows, the g-anisotropy in such a case depends
on the cubic parameters and not on the magni-
tude of the distortion and can be very large. Tet-
ragonal centers have recently been observed in
CaF2 doped with uranium and either Li*, K*, or
Ag* (239). This proves again that the center C
(135, 229, 230) is the substitutional cubic IP *
center in fluorite.

When the charge compensation is done by an
interstitial Fj (1, 0, 0) (219, 227, 240), the
g-values (center Tgl in Appendix III) cannot be
related in a simple way to the cubic parameters,
because a considerable mixing of states is
induced by the strong tetragonal component. The
same is also true for the rhombic Rh2 center
compensated by a substitutional M* ion (M = Li,
Na, K, Ag) at a (1, 1, 0) lattice site (239, 241).
Thus, while the tetragonal Mg* (2, 0, 0) centers
have similar EPR spectra, the rhombic Mg* (1,
1, 0) depends markedly on the compensating
alkali ion (239).
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Figure 4. The angular variation of the two main transitions in the cubic U3 * center in CaF2.

The tetragonal center Tgl in the fluorite lat-
tice is the most studied uranium center. We also
mention studies on linear electric field effects
(242), electron spin-lattice relaxation (240,
243-247), 1 9 F NMR (248-250), the study of the
superhyperfine structure by ENDOR (251, 252),
discrete saturation (DS) (253, 254) and radiofre-
quency discrete saturation (RDS) (257) and opti-
cal detection of EPR (258). The EPR spectra of
this center show a well resolved hyperfine struc-
ture with a large number of components due to
an odd number of fluorine ligands. This shows
that an interstitial fluorine ion is placed in the
vicinity of uranium. Counting the superhyperfine
components in an EPR spectrum with many
ligands (which can be grouped in nonequivalent
sets) is difficult, because the outer lines may be
lost. Also a determination of the superhyperfine
interaction parameters may prove impossible,
because as many as five superhyperfine param-
eters are necessary to characterize the interac-
tion with the nearest neighboring nuclei, when
the symmetry of the crystal field is tetragonal. A
fortunate situation is the case of cubic symmetry
or for the ligand on the distortion axis, when
only two superhyperfine parameters are neces-
sary. The parameters of the superhyperfine
interaction with the ligands from different coor-
dination spheres can be determined with great
accuracy by using ENDOR, DS, or RDS. These
parameters can then be used in order to deter-
mine the dipolar and covalent contributions to

the superhyperfine interaction and the displace-
ments of the various ligands and of the param-
agnetic ion from their equilibrium positions in the
unperturbed fluorite lattice. The measurements
on the Tgl U3 * center in CaF2 have given a
configuration of the charge-compensation model
with an interstitial fluorine ion at a (1, 0, 0) lat-
tice site and have produced a displacement d =
0.09 (252) (i.e. of the order of 0.12 A) of the U3 *
ion towards the interstitial fluorine.

A low symmetry center Rhl in fluorite doped
with NaUF4 has been assumed to originate from
a substitutional U3* center compensated by a
fluorine ion at a (2, 2, 1) lattice site (259). Since
the experimental angular dependence observed
(259) does not show all the lines predicted by
theory for such a center, this spectrum has been
reinterpretated (260) as due to a Fj" compensa-
tion at a (2, 1, 0) lattice site, and thermodynam-
ical arguments were presented to show that such
a center is more probable than that assumed
(240). However, a recent record of the entire
resonance spectrum (261) shows that the sym-
metry assignment (259) is correct. A structural
model for this center is difficult, because for such
low symmetry centers, the principal axes do not
necessarily point toward the sources of the dis-
tortion. It seems, however, that the co-doping
with alkali fluorides increases its probability
because it appears frequently in the fluorite
crystals doped with uranium and with NaF, KF,
or LiF. It is possible that these fluorides supply
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the F~ ions and help in its stabilization in such a
position as to contradict the calculated thermo-
dynamical distribution (260).

A remarkable fact is the absence of any trig-
onal IP * EPR center in fluorite, in spite of the
fact that a F" ion can occupy easily the intersti-
tial position (1, 1, 1). As shown (135) if the dis-
tortion potential A2 <r 2 > created by such a F"
ion is positive, as in the case of some trigonal
rare-earth centers in fluorite compensated this
way, and if the condition of weak distortion is
achieved, it will leave as the ground state the
doublet |±3/2>, which is non-magnetic. Thus no
EPR signal can be observed for the trigonal U3 *
centers in fluorite even if they do exist. The
same is true for the Nd3 * ion.

The tetragonal center Tgl compensated by
Fj" (1, 0, 0) has also been observed in SrF2

(227, 262). This center shows superhyperfine
structure and an ENDOR study (252) shows that
the displacement d of U3 * toward Fj" is only
0.05. A low symmetry center Rhl similar to Rhl
in CaF2 has also been observed (262), but the
direction x is no longer directed toward the direc-
tion (2, 2, 1), but makes an angle of onty 15° +
0.5 with the direction | l l0 | .

Neither the SrF2 :U
3 * crystals compensated

with Fj" or Mg+ have shown cubic U3 * centers.
Instead, the crystals compensated with Mg*
(where M = Na or K) show (263, 264) two new
tetragonal centers with the g-values Tg2, gv =
2.824 and g± = 1.97 and for center Tg3, gj =
1.72 and g^ = 2.49. These g-values can be
deduced in a very good approximation from a
unique set of EPR cubic crystal field parameters
of a TB quartet if it is assumed that the two tet-
ragonal distortions are weak and leave as the
lowest doublet for center Tg3, the cubic pair of
wavefunctions | ± l / 2> and for center T2, the
pair |+B/2>. The resonance parameters of this
virtual cubic center are 2P = -2.824 and 2Q =
1.72, from which a value of -0.4928 for the com-
position parameter x and a value of 0.9473 for
Kj can be reduced. These values are in a nor-
mal connection with the existing EPR data on the
rare-earth ions in cubic sites in alkaline-earth
fluorides. They show that in going from CaF2 to
SrF2 , the value of the composition parameter x
and that of Kj increase. Due to the similarity of
the center Tg2 with the center Mg+ (2, 0, 0) in
CaF2, it has been assumed that they have the
same structure. As concerns the center Tg3,
whose EPR lines are broader, it was attributed
to a far-compensated substitutional U3 * ion
slightly displaced towards one of the cube faces
(263, 264).

In barium fluoride only the TfFf (1, 0, 0)

center has been studied (242, 265, 266).'An
analysis of the hyperfine structure by RDS (266)
shows that the IP * ion is displaced by 0.20 A
toward the interstitial compensator.

In a strong trigonal field the situation can be
completely different from that in the weak dis-
tortion case, and a Kramers doublet can be left
as a ground state. This is the case of IP * in
lanthanum chloride (268-270) for which a trigo-
nal spectrum with sharp lines without superhy-
perfine structure has been observed. The spin-
lattice relaxation for this center (271, 272), and
the interaction of IP * pairs in LaCl3 (273) have
also been studied.

These EPR studies show that the ground
state of the IP + ion can be interpreted as arising
from the splitting of the lowest level J = 9/2 of
the ground configuration 5P in a weak crystal
field. The wavefunctions for the Kramers doublet
in axial crystal fields, calculated from the reso-
nance data can be expressed in terms of the
|Mj> components of the J = 9/2 level as fol-
lows:

(a) for Tgl (Ff (1, 0, 0)) in CaF2 , SrF2 ,
and BaF2 , a |±9/2> + 3|±7/2> +
r | ± l / 2 > with a2 equal, respectively, to
0.48, 0.47, and 0.43; P2 ~ 0 in all three
cases and y2 equal to 0.52, 0.45, and 0.57
(223).

(b) for Tg2 (Mg* (2, 0, 0)) in CaF (237)
and SrF2 (263, 264), a|±3/2> + b|F5/2>
with a2 equal respectively to 0.1209 and
0.1126, and b2 equal to 0.8791 and 0.8874.

(c) for U3+ in LaCl3 (271), 0.9578
|±7/2> + 0.2873|±5/2>.

There is only one report on EPR of IP * in
non-halide crystals, that referring to the tetrago-
nal orthophosphates ScPO4 and LuPO4 (267). In
these crystals IP * enters substitutionally. As
can be seen from the g-value anisotropy, the dif-
ferences in the crystal field parameters for the
two crystals are fairly large.

The hyperfine structure of the isotope 233 of
uranium has been studied in the case of the Tr
center in LaCl3 (268, 270) and that of 2 3 5 U for
the Tr center in LaCl3 (269, 270), the centers C
(135, 230), Tgl, Tg2, and Rh2 in CaF2 and for
Tgl in SrF2 (271). From the hyperfine struc-
ture of the spectra in LaCl3, the magnetic dipole
and electric quadrupole moments have been esti-
mated (268-270) as follows: for 2 3 3 U , M =
0.51v"n and Q = 3.4 barn and for 2 3 5 U , M =
0.33/xn and Q = 4.0 barn.

The values of the nuclear moments estimated
from the measured hyperfine parameters are
very sensitive to the details of calculation, espe-
cially to the values used for the parameters
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< r " 3 > . The value of 50 A"3 used for < r " 3 >
has been estimated from the spin-orbit coupling,
and no correction was made for the core polari-
zation and J mixing. By using more precise
ENDOR data on the same system from an
unpublished work of Lerner and Hutchison in a
calculation which takes into account the interme-
diate coupling, the relativistic radial parameters
< r " 3 > given by equation 15 and equation 17
for the free-ion hyperfine parameter A, Lewis et
al. (25) obtained a value of 0.45 Mn for the
nuclear magnetic moment of 2 3 5 U. However,
they could not find the source of the discrepency
between this value and that reported in (245,
246). The ratios Aj/gj along the main symmetry
axes i for a large variety of (2 3 5 U)2 * centers in
CaF2, SrF2, and LaCl3 show a good grouping
around an average value of 41X10" * cm"1

(274). This value was used in equation 57 in
order to determine the free-ion hyperfine param-
eter Aj and re-estimate the nuclear moment for
2 3 5 U using equation 17 with the relativistic
radial parameters (25) or an effective relativistic
expression for the hyperfine parameter

Aj = (20e6nMI/47rI)<r"3>eff<JjNlJ>.(7O)

This is similar to the non-relativistic expression
(275) with < r " 3 > replaced by <r"3>eff. The
operator N, whose reduced matrix elements
enter in equation 70, is given in the square
bracket of equation 19. The effective radial inte-
gral <r"3 >eff used to re-estimate the magnetic
moment Mj for 2 3 5 U has been estimated using
three methods: (a) with equation 19 and the D-S
parameters (25), < r ' 3 > e f f was equal to 5.633
a.u; (b) the degeneracy-weighted value using the
<r" 3 > j , MDF paramters (26) is equal to 5.630
a.u.; (c;the value estimated from the spin-orbit
parameter using relativistic corrections is equal
to 5.53 a.u These three values agree very well
and converge towards a value of 5.6 a.u. With
this value and with Aj/gj equal to 41X10" *
cm"1 and using the intermediate coupling wave-
functions for the ground state of U3 *, a value of
-(0.46±0.03)Mn has been estimated for nf3S

(274). This estimate does not take into account
explicitly the core polarization effects. It must be
noted that this neglect is partly compensated by
the neglect of reduction of the hyperfine parame-
ter in crystals as compared to the free-ion value.
This new value of MJ for 2 3 5 U is about 30-40%
larger than the values previously reported; this
difference is, obviously, a relativistic effect.

E. Divalent Uranium

No firm EPR data on divalent uranium have
been reported. As shown before, the assignment
of the trigonal EPR spectrum Tr3 in CaF2:U
described in Section IV.C to U2 * (43, 44) has
been contested (225) on arguments based on a
chemical analysis and optical absorption meas-
urements. Even disregarding these arguments, it
is difficult to explain how such a symmetry for
the center and the g-values can originate from a
U2 * ion. The ground configuration of U2 * is not
firmly established, but as shown before, the pos-
sible configurations give either s I4 or 5 L6 as the
lowest level. In an eightfold cubic crystal field,
the ground level of 5 I 4 is a singlet F 1 . This has
been confirmed, for instance, in the case of Pu* *
(276, 277) in eightfold cubic coordination, and for
Np3 * in trichlorides, tribromides, and triiodides
(278) or for centers of tetragonal or trigonal
symmetry in CaF2 (279). On the other hand
Pm3 * (4f4, 514) in lanthanum ethyl sulfate gives
an EPR spectrum with g| = 0.432 and g_̂  ~ 0
(279). Both these situations are not compatible
with the Tr3 center in CaF2. The same difficul-
ties appear if a ground level 5L6 is considered,
because the ground state in crystals is either a
singlet or the nonmagnetic doublet F 3 . If this
doublet is split by a second-order Zeeman effect,
very large g-values are expected. Thus, a defini-
tive answer regarding the nature of the Tr3 cen-
ter in CaF2 :U cannot be given, but it is difficult
to explain its g-values on the basis of a U2 * ion.
We think, however, that there is enough evi-
dence to assume that the U2 * ion in the eightfold
coordination of the fluorite lattice does not have a
magnetic ground state, and the center Tr3 corre-
sponds better to the tentative model U4 * (226).

F. EPR in Concentrated Uranium Com-
pounds

EPR on the concentrated compounds have
given inconsistent results. Many concentrated
systems of a given valence for uranium show
strong EPR signals at temperatures much higher
than the corresponding ions in diluted systems.
Many times the g-values are far from those
expected from a crystal field model.

The only cases where unambiguous EPR
results have been obtained are the concentrated
U(V) halide compounds discussed in Section
IV.B.

Many concentrated compounds of trivalent or
tetravalent uranium show strong and very broad
EPR signals at room temperature. In some inst-
naces the spectrum was observed only for pow-
dered samples and not in highly stoichiometric
bulk samples.
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Thus UF3 powder shows (280, 281) at room
temperature strong signals characterized by g«
= 2.8-2.9 and-gj^ = 2.1-2.2. Even if combina-
tions of free-ion |Mj> wavefunctions can be
found which can explain these g-values, it is dif-
ficult to understand an EPR signal at room
temperature.

Uranium tetrafluoride powder has shown at
room temperature an EPR signal with g = 2.15
(281). However, the stoichiometric bulk samples
did not show any signal either at room or at liq-
uid nitrogen temperature (282).

Uranium dioxide powder shows at room
temperature a signal of g equal to 2.33 (283,
284), but this is not observed in the stoichiomet-
ric bulk samples (282). Other uranium oxides
show at room temperature EPR signals with
g-values equal to 4.04 in U2O5 (284), 5.42 in
U3O8 (284), 2.31 in U4O9 (285). The large
g-values for U2O5 and U30B have been attrib-
uted to U* * in trigonal sites. Signals arose with
g-values 2.41 in Li2UO4 (285), 2.18 in BaUO4
(285), 2.10 in MgUO3 8 (286), 2.10 in
MgU3OB 9 (286), 2.04 in CaUO3 (286), 2.61 in
CaU6O12' (286), 2.14 in SrUO3 6 7 (286), 2.31
in SrU4 0 , 2 8 (286), 2.08 in BaUO3 5 (286) and
2.08 in Ba2U3O1 2 (285). Because many MU04
(M. = Mg, Ca, Sr, Ba) compounds are deficient in
oxygen (287) and SrU4O12 8 contains pentava-
lent uranium (288), the EPR signals reported for
many of these systems could be due to U5 *, but
it is difficult to explain the g-values on a simple
crystal field model.

Recent EPR studies between 4.2 and 300 K
on uranium trichalcongenides US3 and UTe3
show two lines with almost isotropic g-values of
about 4 and 2 (289). The first of these lines was
attributed to Fe3 * impurities in a strong crystal
field, and the second line was assigned either to
U5 * or to a localized electron arising from a bro-
ken bond. This last line shows a g-shift with
temperature which was explained as due to the
interaction of the paramagnetic center with a
host U* * ion.

V. CONCLUSION

Electron paramagnetic resonance is a very
useful tool in obtaining information on uranium
ions (1-3, 290-293). As shown in this review,
some of the peculiarities of the actinide 5f con-
figurations have a great impact on the EPR
parameters. The uranium ions form a family
which encompasses the first three 5?1 configura-
tions, i.e. those where the identity of the actin-
ides is best represented. The resonance data
show clearly that a boundary line separates the

Vol. 6, No. 4

U5 * (5P) ion in octahedral symmetry from the
other ions of uranium as concerns the crystal
field effects. Strong effects of the intermediate
coupling and J mixing and intermediate coupling
must be considered. All these uranium ions show
covalency effects, manifested in orbital reduction
factors and in the superhyperfine structure of
the spectra. Details of the crystal field interac-
tion could be determined, as for instance the
ratio A, <r4 >/A. < r ' > for trivalent uranium in
cubic symmetry and the reduction of the free-ion
gj-value in crystals. The valence state of the
uranium ions could be in most cases unambigu-
ously determined, except for peculiar situations
such as the concentrated systems. Very useful
information about the symmetry and structure of
the uranium centers in diluted systems have
been obtained. The hyperfine structure studies
have been effective in determination of the
nuclear spin, nuclear magnetic dipole moment
and nuclear electric quadrupole moments. The
need for using the relativistic radial parameters
in these estimations is now evident.

Still more information can be obtained if
these studies are extended to encompass sys-
tematically a whole family of crystals. Thus, the
studies on a given crystal, for instance calcium
fluoride, should be extended to the whole family
of eightfold cubic fluorides in order to find a
closer correlation between the resonance param-
eters and the structural details of the system.
More advanced techniques such as ENDOR or
RDS should be employed in order to study finer
effects such as the pseudonuclear g-value or
pseudoquadrupole effects. A closer correlation of
the data obtained by EPR and other methods is
also necessary.

Very useful information could be obtained
from a study of isoelectronic actinide ions
Pa(n-1)+ . n n + _N p(n+l)+ . P u (n+2)+ o r o f

the isovalent P a n + - U n + -Np n + - P u n + ions
in the same lattice.

Note Added in Proof. A recent observation
of the 2 3 5U NMR signal in UF6 (294) leads to a
nuclear magnetic moment of 2 3 5 U of
-0.35999Mn. The discrepency between this value
and that determined from EPR of U3 + using a
relativistic radial parameter could be accounted
for only if large core polarization effects (of the
order of 25%) in the hyperfine structure of
2 3 5 U3 * are supposed.
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Appendix I. (1)

Electron Pararaagnetic Resonance data on U"'

C denotes cubic, Tg tetragonal, Tr trigonal and Rh rhonbic and centers at lower symnetry

Host Center
Hyperfine structure
(235U,l = 7/2)

-4 -1
JVG_ cm__J

Superhyperfine
structure Ref,

-4 _"i
(10 cm J)

Co'Timents

L i F 77 0.333 + 0.001 No [146]

C
3
o
•-•5

P

LiF Tg] 77 g,,= 0.253 + 0.001

gx= 0.4716 + 0.0005

A,,= 45 ± 1

Ax= 45.5 ± 0 . 5

P = 50.5 + 0 . 5

n = 1, 1 = 1 / 2 [J54], [156]
JLJ LJ

A ^ = 1 4 . 3 + 0 . 2 [156]

A, = 7.5 + 0.2

L i F

L i F

L i F

Tg2

Tg3

Tg4

77

77

77

g2= 0.587

g,,= 0.13
ga= 0.59

g,,= 0.326
g t= 0.362

+ 0.00]

+ 0.05
+ 0.001

± 0 . 0 1
+ 0.01

n = 9 T —
u, I ~

~" 5.5

No

No

1/2 [146]

[146]

[146]

LiF Rh] 77 g v = 0.517 + 0.00]

g = 0.387 + 0.001

g^ = 0.20 ± 0.05

n = 1, I = 1/2 [146J X I) ]l00 ], Y and Z in
plane (110) a t S=IO.B
from (]10) and (001)

o
p
3o



<
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p Host

Appendix I. (2)

Center T IS I
Hyper fine structure

(235U, I = 7/2)

(10"4 cm"1)

Superhyperfine Ref.
structure

-4 -1
(10 cm )

Comments

LiF Rh2 77 g x = 0.562 + 0.001

g y = 0.563 ± 0.001

£„ = 0.337 + 0.005

nL= 1, IL= 1/2 [146] Y II |001 | , X and Z in
plane (001) at £ = 5 . 7 0

from |110 I and f ] 10 !

LiF Rh3 77 g = 1.110 ± 0.001

g = 0.537 + 0.001

£„ = 0.20 + 0.05

V l f TL= Transformation matrix
from |llO|JOOl| , [ 110 I to
XYZ:

0.973 0.075 0.217
0.177 0.846 0.G03

-0.146 -0.528 -0.837

LiF Rh4 77 g v = 0.937 + 0.001
X

g = 0.15 + 0.05

%„ = 0.543 + 0.001

n = 2, IL= 1/2 [146]

4. 8

Z II 1001 I, X and Y in
plane (110) at cf = 7.8°
from 1110 I and I 010 !

LiF Rh5 77 g = 0.360 + 0.001

g y = 0.328 + 0.001

g r , = 0.343 + 0.001

No [ 1 4 6 ) X II | 1 1 O | , Y I! [110 j ,

Z " tOOlI

NaF Tgl 77 g|( = 0.3935 ± 0.0005

g± = 0.5912 + 0.0005

A,, = 46.0 + 0.2

Aj, = 56.5 + 0.2

P = 75.0 + 0.5

T 1f

9.8

4.5

[157]

I—»
Cn



Appendix I. (3)

Host Center T
Ilyperfine structure
"or;

r°5U, I = 7/2 )
(10~4 cm"1)

Superhyperfine
structure

-4 -1
(1.0 cm )

Ref. Comments

NaF Tg2 77 g)t = 0.109 + 0.001

gj - 0.6813 ± 0.0005

A,, = 3 4 + 7

A = 58 + 0.5
X

P =93 + 0.5

n = 2, I = 1/2 [155], [156]

AL_ q 9

NaF Tg3 77 g,, = 0.16 ± 0.01

g± = 0.677 + 0.001

nL= 1, IL= 1/2 [160]

A,= 3.1

NaF Rhl 77 g v = 0.5894 + 0.0001

g = 0.5940 + 0.0001

g^ = 0.5442 ± 0.0001

N o [ 1 5 7 ] X II | l l 0 j , Y II | 1 1 O | ,

Z II I 0011

NaF Rh2 77 g = 0.794 ± 0.001

g = 0.581 + 0.00]

B
uU

etin of NaF Rh3 77

gZ =

h =
gY =

0.

0.

0.

332

766

659

+

+

+

0.

0.

0.

01

003

001

Y
L
Z

= 1, IL= 1/2 [160 ]

•'= 4 . 6

= 4.7

Y 11 1001 I, X and Z in
plane (001) at S = 15.5°
from 100 and 010

*i= 9.5

a

nL= 1, IL= 1/2 [160]

3 - 2

Y II 1001 |, X and Z in
plane (001) at 8 = 1.8°
from 100 and 010

= 0.15 + 0.01

8?
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Appendix I. (4)

Host Center T S
Hyperfine structure

(235U, I = 7/2 )

(IP"4 cm"3)

Superhyperfine
structure

-4 -1(10 cm )

Ref. Comments

KF Tgl 77 g(| = 0.169 ± 0.001

gL = 0.7258 ± 0.0005

A(l = 36 + 1
A± = 59 + 0.5
P~ = 110.5 + 0.5

'= 2.7

CaFo Tr 77 g1( = 0.190 ± 0.005

g, = 1.047 ± 0.001

A,, = 24.0 ± 1
Ax = 66.0 + 0.5
P = 107.0 ± 0.5

No [168], [170]
[171], [199]

• " " 2
R h l 77 1.388 + 0.001

0.820 + 0.001

0.22 + 0.05

n = 1, I = 1/2 [168], [172]X along j l lOt , Z ana
L ; Y in plane (110) at

(5"= 0.7 from | l l . l |
and 1112 )

A^= 9.2 at 40
from 001

CaF r Rh2 77 gX = 0.880 ± 0.001

1.614 ± 0.001

0.17 + 0.05

n = 2, I = 1/2 [168], [172] X along |13O|, Z and
Y i l (110) atY in plane (110) at

I ~ 4° from 111!
and 1112 I

CaFo Rh3 77 g = 1.019 + 0.001

g = 1.054 + 0.001

g_ = 0.20 + 0.05

No [167], [169] Transformation matrix
from |111 | , |130|, |112|
to XYZ:

0.9984 -0.0553 0.005
0.0552 0.9983 0.005

-G.005 -0.012 0.9999

CaF,. Rh4

I—>

-J

77 g v = 0.540 ± 0.001

g = 2.775 + 0.001

g z = 0.471 ± 0.001

No [191], [195] Z it ]11O |, X and Y in
plane (110) at $= 1.8°
from 1001 ! and /HO)
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CaFr

Electron Paramagnetic Resonance data on u4V)
Appendix II. (1)

Host

ThO2

Powder

CaF2

Center

C

T

290

1.4

g a P P

~ 2.7

- 2

Hyperfine structure

A a p P (lO"4 cm"1) Ref.

[192]

[204]

a)

a)

Comments

Trl 1.4; 4.2 g,, = 4. 02 + 0.01
gx « 0.1

[204] Superhyperfine structure with
eight fluorine ligands

4.2 g,, = 4. 03 + 0.01
g x * 0.]

A,, = 107 ± 0 . 5 [218]

CaFr Tr2 1.4 g,i = 5 .66 ± 0 .02
gx£ 0 . 1

[204]

4.2 g,, = 5.60 + 0.02
g, £ 0 . 1

A = 234.5 + 1
11

[218] Superhyperfine structure with
six fluorine ligands

p

1&.
o

8?
en§
Paam

CaFr Tr3 4.2 g,i = 3.238 ± 0.005
g, = 0.00 + 0.15

[219], [220 J

g,( = 3.27 + 0.05 [221] , [222 J

Superhyperfine structure with
24 fluorine ligands

SrF2

BaF2

Tr

Tr

4.

4.

2

2

g l =

8.i =

8 ii ~

0 .0 ± 0 .2

2.85 + 0.005
0.0 ± 0.15

- 3
' 0

[219

[219

- 222]

], [220 ]

a)

a)

a) Nature of the center not firmly established.
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3+ 3Electron Paramagnetic Resonance data on U (5f )

Appendix III. (1)

Host Center Hyperfine structure
-4 -1

(10 cm ) Ref. Comments

CaFo
4.2 2P = -2.740 + 0.005 106.1 + 1

2Q = 1.793 + 0.005 82.8 + J .
[135], [229]
[230] Superhyperfine structure

CaF. Tgl 20

4.2

gn = 3.501 ± 0.008
g, = 1.866 + 0.002

[227] Superhyperfine structure

gl( = 3.528 + 0.005
gj_ = 1.875 + 0.005

[219J

g,, = 3.531 + 0.004
gx = 1.878 + 0.001

[240]

g,, = 3.533 + 0.002 A,, = 164.1 + 0.5 [274]

CaF2

CaF2

CaF2

CaF2

Tg2(Na)

Tg2(Li)

Tg2(K)

Tg2(Ag)

4.2

4.2

4.2

4.2

Si =

«,. =
g l =

g,. =

8« =
gi =

gn =

gi.=

1.876 + 0.002

2.740 ± 0.003
2.029 + 0.005

2.746 + 0.005
2.022 + 0.005

2.747 + 0.005
2.013 + 0.005

2.742 ± 0.005
2.017 + 0.005

Ax

A,,
Ai

= 64.8 + 0.5

= 106 ± 0 . 5
= 92.5 + 1

[237], [239],
[274]

[239]

[239]

[239 J

Co-doped with
Superhyperfine

Co-doped with

Co-doped with

Co-doped with

Na;
structure

Li

K

Ag
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Host Center T
Hyperfine structure

(IP"4 cm"3)
Ref. Comments

CaFr Rhl 20 g = 1 . 3 8 ±0.001
gX = 2.85 + 0.02
g7 = 2.94 + 0.01

[259 J Z II 1110 , X II | 221

td
E.

p

(0

&

8?
I

SrF,

4.2

Tgl 20

4.2

4.2

g = 1.378 ± 0.010
gX = 2.838 + 0.008
g7 = 2.927 + 0.008

[261]

CaF2

CaF2

C a F 2

CaF2

Rh2(Na)

Rh2(Li)

Rh2(K)

Rh2(Ag)

4.2

4.2

4.2

4.2

g = 2.308 + 0.002
gX = 2.126 + 0.005
gy = 1.090 + 0.005

z

g = 2.438 + 0.005
gX = 2.210 + 0.005
g y = 2.119 + 0.005

z

g = 2.298 + 0.005
gX = 2.112 + 0.005
g y = 1.147 + 0.005

z

g = 2.137 + 0.005
gX = 2.359 + 0.005
g y = 1.850 + 0.005z

A
AX

A y

z

= 1 0 3 + 1
= 82.6 + 1
= 43.6 ± 1

[241 J, [274]

[239]

[239]

[239]

x 11 ) OOlj
Co-doped

Co-doped

Co-doped

Co-doped

» y 1
with

with

with

with

1 |11O|,
Na

Li

K

Ag

z II f 1 1 0 1

g,, = 3.433 + 0.008
gx= 1.971 + 0.002

g,, = 3.489 + 0.0005
g, = 1.9831 + 0.0005

[227]

[262]

g,, = 3.4882 + 0.0008
gL = 1.9830 + 0.0008

A,, = 158.3 [274]



o?
Host

SrF2

srr2

SrF2

Center

Tg2

Tg3

Rhl

4.

4.

4.

T

2

2

2

g

g,, = 2.824 ± 0.005
g, = 1.97 + 0.01

g,, = 1.72 + 0.01
gx = 2.49 + 0.01

g = 1.3276 ± 0.0005
gX = 2.88 ± 0.01
g7 = 3.183 + 0.002

Hyperfine structure
-4 -]

(10 cm )

A,,= 111.09 [263]
[274]

[263]

[262]

Ref.

. [264]

, [264]

Appendix III. (3)

Comments

Co-doped with Na or K

Co-doped with Na or K

z |i 1110 I, x in plane (110) s
(15+0.5)° from (110)

T g l 10-20 g,, = 3.337 + 0.002
gL = 2.115 + 0.001

[265]

4.2 g|( = 3.233 + 0.008
gL = 2.108 + 0.002

[242]

to
to

LaCl, Tr 4.2; 20 g,, = 4.153 + 0.005

gx = 1.520 + 0.002

A,,235 = 176 ± 1 [268], [269]
235

= 58.5 + 0.5

P 2 3 5 = 5.5 ± 0.5

= 4.149
= 1-520

,, = 378.6 + ].2

A . 2 3 3 = 123.6 ± 1 . 0

ScPO4

LuPO4

Tg

Tg

4 .2

4.2

S|.=
Si=

Si,

Si

1.370
1. 736

= 3.13
= 0.9

p 233 = 9.9

[267 J

[267]
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Appendix IV. (3)

Electron Paramagnetic Resonance Data on Concentrated Uranium Compounds

Host

ThO powder

UF6Li

T

77

77

1.25

Sn =
&j. =

0.
0.

g

801
753

Ref.

[3 92]

[88] , [176]
[177]

Comments

U Trigonal Center

77 gn = 0.817
K, = 0.708

[88] , [178]
[177]

U Trigonal Center

77 g.i = 0.928
gx = 0.681

[88] , [176]
[177]

5+
U Trigonal Center

UCl Rb powder

UCLo

UCl, . SOCL

UCl- . PCI,.

(n - C3H7)4 NUC16

UC15 . TCAC

NOUF.

2-
UOF complexes

UClfi complexes

R.T.

77

R.T.

R.T.

R.T.

R.T.

77

R.T.

R.T.

A / 1 , 1 .

1.1882

1.097

1.11

A/ 1 . 1

1.095

0.748

0.58

1.12

[178]

[179]

["8]

[178]

[3 78]

[178]

[177]

[180]

[180]

Linewidth 734 G

Linewidth 8000G

Linewidth 1200G
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p

(S3

co

Host

2-UOCl complexes5

T

R. T . 1. 09

g Ref.

[180J Linewidth

Comments

1400G

Appendix IV. (2)

UBr. complexes
b
2-

UOB complexes
M 5

R . T . 3.2] Linewidth 850

R.T. 1.24 [180] Linewidth 1600G

Na 3UF g

LiNbO.

LiTaO

BiNbO

LiUO3

NaUOQ

KUO3

RbUOQ

U S 3

UTe,

7

R.T.
77

R.T.
77

7

R.T.
77

R.T.
77

R.T.
77

R.T.
77

R.T.
4.2

R.T.
4.2

1.2

0. 727

gn = 0.773
gx = 0.658

~ 0.7

2.49
2.57

3.49
4

2.42
2.61

2.43
2.48

2; 4

2; 4

"1841
"l84l

"184]

[184]

"185]

[185]

"185]

[185]

1289]

"2 89]

Linewidth

Linewidth

Linewidth

Linewidth

1658G at R.T

1296G at R.T

1571 at R.T

1641 at R.T.

. and 1660G at 77K

. and 1726G at 77K

and 1604G at 77K

and 1654G at 77K
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Appendix IV (3)

Host T g Ref. Comments

UF R.T. g = 2 . 8 - 2 . 9 "280J Powder sample
g = 2.1 - 2.2 [281]

U F 4

uo2

R.T.

R.T.

2.15

2.33

[281]

[283, 284]

Powder sample

Powder sa nple


