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ABSTRACT. The electronic structure of the actinides and lanthanides
will be reviewed. The assignments of fn spectra in the visible and near
infra-red regions and the fitting of these spectha to the parameters of
a phenomenological Hamiltonian will be diécussed. From the wave-
functions obtained from this type of analysis magnetic susceptibility
data can be calculated. Examples will be given from recent work on
CD3Ln°L (Cp=C5H5

obtained from the analyses of free ion spectra and from the same ion in

, L=base) compounds. Slater and spin-orbit parameters

compounds will be compared.

1. INTRODUCTION

Optical spectra of fn ions and compounds are characterized by relatively
sharp lines due to transitions between energy levels within the fn
configuration. From analyses of these types of speétra, information may
be obtained about the interactions between the f electrons of the ion

and their surrounding ligands. The parametric theory used to obtain




this type of information is adapted from atomic theory and from the
effects on the atom (or ion) of being placed in a crystalline
environment. Essentially, this theory depen&s on the symmetry
properties of the ion in the ligand field. 1In this review we will
discuss how optical spectra of fn ions in solids are analyzed, and
calculate magnetic properties from the wavefunctions obtained from such
an analysis. The Cp3Ln-L (Cp = nS-C H., L = base) complexes will be

55
used as examples.

2. Review of Atomic Theory [1-4]

The quantum state of an atom is determined by the configuration which
defines which one-electron eigenstates are occupied. The configuration
is labelled by the quantum numbers n and & where n is the principal

quantum number and £ is the orbital quantum number. For example, Pr‘3+

has the following shells occupied: 152, 252, 2p6. 332, 3p6, 3d10, ”82,

up®, 4a'0, 552, 5p®, ue?

2 2 6

, while for Uu+, the electronic configuration
is: 152, 252, 2p%, 352, 3p®%, 340, us?, uwp®, ua'0, ur', 552, sp®, 5a'°,
652, 6p6, 5f2. The closed shells of electrons contribute only a
spherically averaged potential so we usually only consider the open
shells and use the shorthand notation Pr‘3+ [Xe]ufz; UQ* [Rn]5f2.

| The energy of the atom or ion is determined by the coupling of the
open shell electrons. In our example of two equivalent f electrons we
can have the orbital angular momentum of each electron adding together
vectorally. Now £ = 3 for an f electron so

E = z Ei = 6159u!3i2'1’0'
i

Each electron also has spin angular momentum S0 we have
§.7 31 - 1,0.
! 3. 1. 3, 1

These two f electrons can form the following L-S terms: S, S, “P, P,
3D. 1D. 3F, 1F, 3G, 1G, 3H, 1H, 31, 1I. However the Pauli exclusion
principle requires that two equivalent electrons cannot have the same
3

1" 1/2, S, = 172, 21 =3, %
= 3 so0 this state is not allowed for two equivalent f electrons. By

quantum numbers. For example ~I requires s

2
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3. 3 3

similar arguments, the states G,

equivalent electrons. If we construct a table showing the complete sets

D, and S are also not permitted for
of electron configurations allowed for two equivalent f electrons
classified by Lz and Sz where

Lz T %z

bl d

<>

+ 221 = i6gi5.tupi3’i2’i1so
and

S =3, +3 1,0

z = %z Szi T D

we can show the allowed terms are

1S, 3P, 1D. 3F, 1G, 3H, 1I.
These L-S terms differ in energy because of the Coulombic interaction

3,90 em".

between the two electrons, which is on the order of 10

We now introduce magnetic interactioﬁs between the spin and the
orbital angular momenta (spin-orbit coupling) which decompose the above
L-S terms into individual levels of definite total angular momentum J
where J is defined as

J L+ 8.

Schematically the energy level diagram for an f2 configuration is shown
in Figure 1. Note that each J level is (2J+1) degenerate and that this
degeneracy may be lifted by an external electric field (i.e., a crystal
field) and/or an external magnetic field.

For the f2 configuration there are 13 J levels as shown in Figure
1. For higher values of n (in fn) the number of J levels increases
markedly. Table 1 shows the number of levels that can be obtained for
various fn configurations considering only the Coulombic and spin-orbit
interactions [5].

Hund's rules, which determine the ground state of an atom for a
particular configuration, are:

1 S 1s equal to its maximum value (consistent with the Pauli

exclusion principle)
2. L is equal to its maximum vaLue consistent with 1. (and the
Pauli exclusion principle) .
3. For a less than half-filled shell J = J = L-S .

min

For a greater than half-filled shell J = Jmax = L+S .
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Figure 1. Schematic energy level diagram for the lefree ion.



Table 1. Number of levels considering various interactions for fn

configurations (From Ref. 5)

n= 1 2 3 4y 5 6 7
H? (Maximum number of 1 1 2 y 7 9 10
interacting levels)
Total number of multiplets 1 7 17 y7 73 119 119
H1 + Hg (Maximum number of 1 3 7 19 30 46 50
interacting levels)
Total number of J levels 2 13 41 107 198 295 327

aH1 is the Coulombic interaction.

sz is the spin-orbit interaction.

Applying these rules to the f2 configuration we find the ground term is
3Hu.
The Coulombic and spin-orbit interactions represent the major

interactions for equivalent electrons. However for highly accurate work
we must also consider the effects of configuration interaction. This
comes about by the mixing of other higher energy configurations into the
ground configuration via the electrostatic repulsion term. For our
example of f2 this interaction could be with the excited u4fsd (5f6d)
configuration or the 4f6s (5f7s) configuration. We will see later how
these effects are treated with the parametric Hamiltonian.

Formally, for an N-electron atom with a nuclear charge Ze (e is the

charge of the electron and Z is the atomic number), the non-relativistic



Hamiltonian is written (assuming the nuclear mass is infinite) as in eq.

(1).

2

N p12 N 2 e

N
he 1= 1 g
i=1 i=1 1 i<y 13

The first term in this equation represents the kinetic energy of all the

(1)

electrons, the second term the potential energy of all the electrons in
the electric field of the nucleus, and the third term the repulsive
Coulomb potential between pairs of electrons.
In order to solve this equation we use the central field
approximation :or which the following assumptions are made:
1) Each electron is assumed to move independently.
2) There is a central field made up of the spherically averaged
potential fields of each of the other electrons and the
nucleus; that is, each electron is said to be moving in a

spherically symmetric field (potential),

i U(ri)
< .
Then we may write the central field Hamiltonian as in eq. (2).
N p12
HCF = 121 [2m + U(ri)] (2)

This central field Hamiltonian results in a Schrodinger equation which
may be readily solved in polar coordinates with wavefunctions of the
form as shown in eq. (3).

=1
¥=r Ro(r)Y, (8,4 (3)

z
These wavefunctions are products of the radial functions Rnl(r) times

the spherical harmonics Y (6,¢), and the energy levels are highly

Le
degenerate. The energy lev:ls are labeled by the principal quantum
number n and the orbital quantum number . This degeneracy is removed
by considering a number of perturbing effects.

For f electrons the'mést important perturbation is the term
obtained by subtracting eq. 2 from eq. 1 (eq. (4)).

g 292 g e2
H-H., = (- = -u(r)] + -— . (4)
CF g Ty ! 1<5 "1



The first summation shifts all tﬁe levels in a given configuration

equally so we will not consider it. The second term (eq. (5))
N 2
e
H1 = ) T (5)
i<J 1]
represents the electrostatic Coulomb repulsion between pairs of
electrons.
The energy levels of this electrostatic interaction are written in
terms of the Slater integrals (eq. (6))
k
r
(k) 2 I’ <
S e
s

where r< is the lesser and r> is the greater of ri and rJ. The

limitations on k are obtained from the properties of Legendre

2
F f(rj)] dr, dr, - (6)

i

polynomials and are: k must be even, and k § 2%, which for f electrons
means k is restricted to k = 0, 2, U4, 6. For example the electrostatic

energy of the 1I term is

2 y
1 0 F F 25 6
3 ECI) = F° + =5+ 957 * Tg5057 © °
and the “H term is
3y - g0 4 Eo L 1TES _ 25E°
9 373 14157
H1 is diagonal in L. and S which means we can label the eigenstates with
particular eigenvalues of L and S in the form (ZS+1)L. This type of

.coupling is called Russell-Saunders coupling or L-S coupling.
To allow for relativistic corrections in the Hamiltonian we

introduce H,, the spin-orbit interaction as in eq. (7)

2'
H, = % E(r ) s 4, (7)
or H2 - CnQ’S°L2
where g(r) = —%2— -g—g
2amc¢cr

v o2
and g, = I ani(r)dr.

]

The term H2 becomes progressively more important as Z, the atomic number

increases. This spin-orbit interaction is diagonal in J where 3 = E +
25+1

§. The interaction H2 will couple L states whose value of S and L



differ by not more than one. The spin-orbit interaction is especially
important for actinide ions because of their high values of Z. Then the
L-S coupling scheme is no longer a valid approximation, and we speak of
intermediate coupling.

The electrostatic and spin—orbit interactions represent the major
effects in the parametric free-ion Hamiltonian. Nevertheless the
combined diagonalization of these matrices and fitting of the Fk and g
parameters sometimes results in calculated energy levels which are off
by 100 cm_1 or more from the experimental values. These deviations
result from the neglect of configuration interaction.

Configuration interaction arises from the interaction of excited
configurations with the ground fn configuration via phe Coulombic field;
Rajnak and Wybourne [3,6] have shoﬁn by second order perturbation theory
that two-body effective operators

aL(L+1) + BG(G,) + YG(R7)
can be used to correct for these interactions. Here a, B, and Y are the
two-body configuration interaction parameters, and G(GZ) and G(R%)are
Casimir's operators for the groups 02 and R7.

For fn configurations with n = 3 or greater three body
electrostatic configuration interaction parameters have been introduced
by Judd [7,8]. These are written in the form

) ™t
- k=2,3,4,6,7,8
where T are the parameters and the t

k

, are the operators.

Effective operators [8] are used to parameterize small magnetic

effects such as spin-spin and spin-other-orbit interactions and these
are represented by the Marvin integrals Mo. M2, and Mu and written
Z Mkm
k=0,2,4

with mk as the operator. Finally the electrostatic-spin orbit

interaction with higher configurations can be written as
) Pkpk
> k=2,4,6
with P7, P, ,and P~ as the parameters and the pk as the operators.

K



In summary, the free ion parametric Hamiltonian is as shown in eq.

(8).

K
H. = ) f F (nf,nf) + g.a
FI k=0,2,4,6 k f so
+ aL(L+1) + BG(G,) + YG(R,) ' (8)
2 K 7 k k
+ ) T + ) m M+ ) PP
k=2'3’u)6'7,8 k=0,2.u ) k=2,)4,6

For an f2 configuration, we have 14 parameters including Fo while for an
f3 or higher configuration we have 20 parameters inclﬁding FO. The
parameter FO just shifts the center of gravity of the configuration.
Since we are only interested in the fn configuration, it is set at a
value such that the lowest level is equal to_iero. In practice, ratios
obtained from Hartree Fock calculations are sometimes used in the '
fitting procedures for the Mk and Pk parameters, or in cases of
insufficient data, some parameters are set at the values obtained from
Hartree-Fock calculations or extrapolated from other experimental data.
Now let us proceed with our f2 example. Figure 2 shows the
3*, ur? 97, and u**, 5¢2 [10] while Table 2
gives the values found by fitting these levels with the parametric
Hamiltonian [8,10].

experimentiﬁ levels for Pr

Although the electrostatic interaction parameters are larger for

Pr3+

, the spin-orbit coupling constant is much larger for Uu+. The net
result is that the energy level diagrams for the two ions appear to be
similar. This is partly due to the way in which the data are plotted;
if we had started with the centers of grayity of the Hf2 and 5f2
configurations at zero energy, the relative strengths of the two
interactions would have been more apparent. The eigenvectors listed on
the figure clearly show the effects of the strong spin-orbit interaction
in v,

The energies of the identified levels of various configurations of
the Pr3+ and Uu* free ions [9,11] are shown in Figure 3. In both cases

the next higher configuration to the ground f2 is the ufs5d (5f6d)
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Table 2. Values of the Parameters for the Free Ions Pr3+ and Uu+
(in cm-1)

Pr3+a Uu+b
F2  71822(35) 51938(39)
F' 51827(93) 42708(100)
F®  33890(60) | 27748(68)
S 766(2) - 1968(2)
a 23.9(0.3) 35.5(.4)
B -599(16) | -664(25)
Y (1400] THU(26)
M° ¢ [.987]
M c [.550]
PRI [.384]
P2 166(38) 573(66)
Pt ¢ . : 524(144)
P6 c : 1173(321)
o - N 9.8
%Ref. 8.
bRef‘. 10.

cValues for these parameters are not given in Ref. 8.

configuration which starts at ~ 60,000 cm-1. The higher configurations
for the two ions are in approximately the same order, however at
approximately 150,000 cm_1 there are some identified levels in Uu+ from
excitations from the closed shell, 6p55f3. Analogous levels in Pr3+
have not been given.

Brewer [12] has tabulated the energies of the low-lying
configurations of the free ions of the trivalent lanthanides and
actinides. The energies of the lowest levels of various configurations

with respebt to the fn configuration, as a function of atomic number,
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are shown in Figure 4. Note that in general the curves for the actinide
ions are somewhat lower than for the lanthanide ions. 1In particular the
an-16d configuration is below 50,000 cm_1 up through Pu3+. In the

solid state the 4f-5d transitions for RE3+ ions in CaF., are found to be

2
~18,000 cm 1 lower than for the free ions [13] as shown in Figure 5. 1If

3+ ions in the solid state,

the same energy difference holds for the An

for U3*-Pu3+ the 5f-6d transitions will be found below 30,000 cm-1. For
U3*/LaCl3 strong bands have been found at =~ 25,000 cm-1 which have been
identified as f-d transitions [14].

The energy differences between the divalent rare earth free ions
and the divalent ions in CaF, [15] are shown in Figure 6. In this case
the ions, Ce2+, Gdz*, and Tb * in CaF2 do not fit the systematic energy
differences. 1In these ions, the fn-1d configuration may be the ground

1d and fn configurations may have their lowest crystal

term or the fn-
field states very close in energy. In either case,the assumption that
the observed absorption bands are due to a transition from the lowest
crystal field state of the fn configuration to the lowest crystal field
state'of the fn-1d configuration would not.be correct and would account
for the deviations of these ions.

In the actinide series, Amz*, Cf?*, E32+, and all the elements with
atomic number greater than 100 (except Lr) have well-characterized
divalent states [16]. However, only sparse optical data exist. The
energy differences between the trivalent and divalent free-ion states of
the actinide series (for the same £ configuration) are shown in Figure
7. In order to estimate the energies of the 5f-6d transitions for
divalent and trivalent actinide ions in the solid state (for an f"
ground state), we assume the energy difference between the free ions and
the ions in the solid state will be approximately the same as found for
the lanthanide series. Assuming the energy differences of the fn-1d
configurations are linear with oxidation state, Figure 7 can be used to
estimate the energies of the fn-ld configuration for the tetravalent

actinide free ions and for this oxidation state in compounds.
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3. Crystal Fields

A free atom or an ion possesses spherical symmetry and each energy level
is (2J+1)-fold degenerate. If this ion is placed in a crystal, each J
level splits because of the electric field produced by this new
environment. 1In crystals or compounds, the environment about the fn ion
possesses a well-defined symmetry (lower than spherical) and the
splittings of the various J levels depends on the point symmetry of the
site of the f" ion. Table 3 shows the maximum number of states for
various f" ions and their LS terms [17]. For an ion with n (of fn) odd,
Kramers' theorem states that there remains a two fold degeneracy of the
energy states which cannot be removed by the c¢rystal field. This
Kramers' degeneracy can be split by the application of a magnetic field.

We have previously discussed the free ion Hamiltonian., We now add
a term to describe the potential at the fn ion due to its surroundings
(eq. (9)) [3]:

172 k

kK, .k k Yq
HV = ) g . Bq(Cq)i. [Cq = (m) Yq] (9)

where the summation over i is over all open-shell electrons of the ion
of interest. We can regard the Bz parameters as parameters to be
determined experimentally, and the Cg are tensor operators whose matrix
elements can be evaluated. The first term in the above expansion has k
= qQ = 0 and is spherically symmetric. This term is by far the largest
and ié due to the Coulombic energy of a positive jion surrounded by
negative charges, and corresponds to the lattice energy. For our
purposes this term shifts all energy levels equally and does not
contribute to the crystal field splittings. Since we are concerned only
with equivalent f electrons, k s 2% = 6, and k has to be even.
Therefore k = 2,4,6. The values of q are determined by the point
symmetry of the fn ion site, since the Hamiltonian must be invariant
under the operations of the point symmetry group.

The general formula for the evaluation of crystal field matrix

elements is given by [3,18] eq. (10).



Table 3.

(1)
(14)
(91)

(364)
(1001)
(2002)
(3003)
(3432)

1,13
2,12
3,11
f4,10
5,9
6,8

-

No. of LS states obtained from various f" configurationé (From Ref. 17). The

italicized numbers refer to the number of times a term occurs, i.e. for f4’10 1(52)

means the 1S term appears twice.
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<t"asLII_|H, |t arsLra ar> (10)
z' Vv Z

(k)

=) BZ(fnaSLJJZIU IfnuSL'J'Jé><f"C(k)Hf>.

q
For f electrons
ceic™ie> - a1z - 03 nmr2 Gk S,
¢tMastag_ [uSK) | eParsLrg s
2zl q z
J-J
- -1y 20 KIY Mg K e arsLr gy
-3, d
and
<tasLaiu K e astr g >
S+L'+J+k 1/72,d J' k
= (-1) [(2J+1)(2J'+1)] {L, LS }
« <tMosLuFpearsrLes.

Gathering all the terms
n n \J * A A\
<f aSLJUJ_|H | a'SL1a s>

(k) , _,y3-J_+S+L'+2J+k 3k 3,,Jd kJ',,J J'k
=3 Bq (-1)” "z (M (5o O)(_JZ q Jé){L, L S}

1/72 (k)

x [(2J+1)(2J'+1)] <tMasLiu it arsL>.

In the above equation the () are 3-j symbols, {} is a 6-j symbol, and
<HU(k)H> is a reduced matrix element; the latter are tabulated for all
fn configurations by Nielson and Koster [19]. Note that S = S', if this
is not true, the matrix element is zero. The above general equation for
crystal field matrix elements may be readily evaluated by computer
techniques.

Electric dipole transitions (f » f) are forbidden (to first order)
by the Laporte selection rule which requires the transition matrix
element to have even parity (the electric dipole operator has odd

parity, therefore <wf|H > has odd parity). Van Vleck showed [20,21]

edlwf n
the way out of this problem, pointing out that the f states can have
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admixtures of higher configurations such as the fn-1d configuration

which have the opposite parity. There are four types of transitions
which can occur within an fn configuration,

1. forced electric dipole transitions induced by odd components of

the crystal field

2. forced electric dipole transitions induced by lattice

vibrations

3. magnetic dipole transitions (allowed within an fn

configuration)

4, electric quadrupole transitions (allowed within an fn

configuration). _
The last two types of transitions are usually orders. of magnitude less
intense than electric dipole transitions.

For crystals which are centrosymmetric, there are no odd components
of the crystal field so transitions of type 1 cannot occur in this
particular case. In fact for octahedral symmetry, the spectra are
dominated by vibronic transitions, that is transitions which occur from
the ground electronic and vibrational state to an excited electronic and
vibrational state. In some cases, the 0-0 transition (from the ground
state v = 0 to the excited state v = 0) is not observed and its energy
is determined by assignment of the vibronic lines. For crystals without
a center of symmetry the 0-0 lines are usually doﬁinant. Magnetic
dipole transitions are occasionally observed, but quadrupole induced
transitions have not been assigned. Detailed selection rules are

determined by the site symmetries of the ions in the crystals.
4, Examples of Crystal Field Analyses

The values of k and q allowed in the crystal field Hamiltonian are
limited by the point group symmetry of the ion site and can be
determined from the opérations of the point symmetry group. Tabulations
of the crystal field potential in various symmetries have been given

[3,22). Once the crystal Hamiltonian has been determined (i.e. the
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values of k and q), it is convenient to introduce the crystal quantum
numbers u defined as

J, = u (mod q) ,
where (mod q) means the addition or subtraction of multiples of q to the
crystal quantum number u.

D2d symmetfy is found in tetragohal erystals such as the

orthophosphates and in ThBr Our group has been analyzing optical data

ye
in these systems, and we will use them as examples [23-26]. The crystal
field Hamiltonian in this symmetry is
2.2 4y y 4
HCF = BOCO + BOCO + Bu(Cu + C

4
-y)

6.6 6,.6 6
+ BoCq * By(Cy + C2).

Therefore k = 2,4,6, and q = 0,+4. We can classify the splittings of a
particular J state in this crystalvfield according to the yu
representation. This classification in D2d symmetry is shown in Table 4
for all J states, For example a J = 6 state will be split into three
non-degenerate p = 0 states, three doubly degenerate p = #1 states, and
four non-degenerate py = 2 states. .

There are no crystal field matrix elements between states with
different p values. This scheme allows us to break up the energy matrix
of the Hamiltonian into a set of smaller submatrices.

~Another method that can be used to classify states is the use of
the irreducible representations of the point symmetry groups. For
configurations with an odd number of electrons, the crystal field levels
belonging to non-cubic groups labeled by crystal quantum numbers and the
irreducible representations of the point symmetry group have a one to
one correspondence. However for an even number of electrons for C3v or
higher symmetries, some of the matrices obtained by the crystal quantum
number scheme are reducible. In practice it is easier to construct the
crystal quantum number matrices, and these matrices are diagonalized to
obtain the energies. However, from the composition of the eigenvectors,
the energy levels may be classified by the point group symmetry. It is

useful to classify states by their irreducible representations because



Table 4. Crystal Quantum Numbers for D
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2d

Symmetry

Even Number of Electrons

u 0
J J,

0 0

1 0

2 0

3 0

4 -4,0,4

5 4,0,4

6 -4,0,4

7 -4,0,4 7,3
8  -8,-4,0,u4,8 7,7
9  -8,-4,0,4,8  FT,%

0dd Number of Electrons

u /2
J JZ
1/2 /2
3/2 *1/2
572 $1/2

772 F7/2,%1/2
972 F7/2,%1/2
1172 ¥7/2,21/2
1372 ¥7/2,+1/2,#13/2
1572 #7/2,21/2,#13/2

+1 2
Jz Jz
1
#1 2
+1 2,2 ]
3,1, 2,2 5
3, ¢! 2,2 7
3,%1,45 2,2 8
3,%1,35 -6,-2,2,6 10
3,41,45 -6,-2,2,6 11
3,%1,145 -6,-2,2,6 13
3,#1,45,49 -6,-2,2,6 14
+3/2 5/2
Jz Jz
+3/2
+3/2 ¥5/2
$+3/2 5/2
F9/2,+3/2 +5/2
¥9/2,+3/2 ¥F11/2,%5/2
F9/2,+3/2 F11/2,£5/2
¥9/2,+3/2,%15/2 F11/2,125/2

No. of Levels

No. of Levels

—

o N O =W N

the selection rules for electric and magnetic dipole transitions can be

easily worked out by the use of group theory.

Let us consider an even electron configuration, such as f2. £,

4
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f12, etc. in D2d symmetry. From the character table [27], we find five

irreducible representations, four non-degenerate states T, - Fu, and one

1

doubly degenerate state, T To obtain the selection rules for electric

5.
and magnetic dipole radiation in D2d symmetry, we note that z and x,y

transform (transformation components of the electric dipole operator) as
ru and rs, respectively, and Lz and Lx' Ly (transformation components of

the magnetic dipole operator) transform as r2 and rs. Now if we
consider a matrix element of the type <w1|Hle2> where ¥, , Hj' and ¥,

transform according to the irreducible representations ri, r this

gt T
matrix element is zero unless ri x FJ contains rl at least once. From
the multiplication tables for D2d symmetry we can easily work out the
selection rules.- These selection rules are shown in Table 5. The use of
polarized radiation and application of these rules al;ow the assignment
of various optical transitions to particular symmetry states for
oriented single crystals. Verification of the assignments may be
obtaiﬁed by the calculation of the magnetic susceptibility of the
compound and/or the measurement of the Zeeman splittings of the ground
and excited states. It is the fact that single crystal samples are not
readily available which has hampered the analysis of optical data of f
element organometallics.

As an example of this type of analysis the Appendix presents a list
of observed and calculated lines for Tm3+ (Mf12) diluted in a single
crystal of LuPOu [26]. Most of this data was taken at M.ZOK, and the
assignments to the various symmetry states were made on the basis of
linear polarization measurements. Data were also obtained at 77OK where
some higher lying crystal field states were populated. Since these
higher states have a different symmetry than the ground level,
transitions to different symmetry excited states are possible. Thus
more levels may be assigned. Table 6 shows the parameters which have

been obtained from this analysis.

3+ 3+

Now Tm 1s not much different in ionic radius than Lu” . We have
measured the magnetic susceptibility of a pure crystal of TmPOu parallel

and perpendicular to the crystallographic axis. Using the wave
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Table 5A. Electric Dipole Transitions for D2d Symmetry
r, T, T, ) Ts
r, g £
z X, ¥
rz E . E
¥4 X,y
T, Ez Ex,y
T, Ez Ex,y
s Ex,y I':x.y Ex,y EX.y Bz

aEZ, the electric vector is parallel to the z axis (we spectrum).

1

bEx v’ the electric vector is perpendicular to the z axis (oe

1

spectrum).

Table 5B.. Magnetic Dipole Transitions for D2d Symmetry
a b
r, Mz Mx,y
T, M M
Z X,y
T, M M
z X,y
T. M M
yA X,y
Ts M M M M M
X,y X,y X,y X,y z

aMagnetic vector parallel to the z axis (or the electric vector

perpendicular to the z axis) corresponding to °mag'
b . . .
Magnetic vector perpendicular to the z axis (or the electric vector

parallel to the z axis) corresponding to "mag'
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Table 6. Parameters (cm-1) obtained from the optical analysis of

Tm3“/1,upo,4 (From Ref. 26.)

Param. Tm3+

z +2629.0(1)

P2 101250( 28)

F |  70754(94)

F® 50051 (89)

ag 203(22)

By 117(52)

Bz -673(22)

B ~705(32)

B 16(33)

a 17.5(0.3)

B -635(13)

Y ' 2200

M° 4.93

W 2.72 .

Mu 1.37

= 729.6

pl 547.0

P6 364.0

] 10.0
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functions obtained from the optical analysis the parallel,
perpendicular, and average magnetic susceptibilities have been _
calculated. The experimental and calculated susceptibilities are shown
in Figure 8. As can be seen the agreement is very good. )

The Cp3Ln complexes and their adducts have been studied extensively
by optical spectroscopy [28]. Much of the earlier work was done by
Pappalardo [29-33], but recently Amberger and his coworkers [34-36] have
started to reanalyze the old data and collect new data. Brittain et al.
[37] have also reported luminescence data on (RCp')3Tb-THF
(R=H,CH3;
lists on a number of complexes using thin films and glasses, but the

Cp'=CSHu). Pappalardo et al. have collected extensive line

analyses have been hampered by the lack of single c¢crystal data. In
addition a number of the spectra are complicated by the presence of
strong vibronic bands.

Amberger and coworkers have used the technique of magnetic circular
dichroism (MCD) to obtain further information about the assignments of
the states [34-36]. With this new data it has been possible to assign
the optical spectra of Cp3Pr-MeTHF and Cp3Pr-CNC6H11 [36]. By assuming
the crystal field parameters obtained from the Cp3Pr-L analyses can be
used for the Nd complexes, the spectra of Cp3Nd MeTHF and Cp3Nd CNC6H11
have been calculated and assigned [38]. This work will now be reviewed.

From structural studies on Cp3Pr-CNC6H and Cp3La-THF the site

11
symmetry about the trivalent ion is approximately C [39,40]. The

crystal field Hamiltonian in this symmetry is:

2.2 4.4 4 4 4

Hop = BoCq + BoCq * By(C15 = C)
6.6 6.6 6,.6 6
*soco+53(c_3—c3)+s(c + Cp)e

For an even number of electrons the states are classified as two non-

degenerate states I'. and r2, and one doubly degenerate state r3 [271].

1

The crystal quantum numbers for C symmetry are shown in Table 7.

3v
The MCD experiment measures the difference in absorption between
right and left circularly polarized radiation in a magnetic field. This

technique is useful because, in favorable cases, the line shape can be
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Figure 8. Plot of 1/xM vs. T for TmPou; the continuous lines are
calculated from the wavefunctions obtained from the optical
spectrum, the points are experimental. The upper curve is for
Hllz, the lower curve is for Hlz, and the middle curve is for

the powder.

used to determine the components of eigenvectors of the transitions
under study [41,42]. The selection rules are given by

Jy = Jd, =ad, = -(p +q)
where p = +1 or -1 corresponding to right or left circularly polarized
light. For C3v symmetry q = 0, *3, +6. This technique gives the same
information one could obtain from Zeeman measurements on oriented single

crystals. The fact that it can be applied to solutions and randomly
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Table 7. Crystal quantum numbers for C3v symmetry

Even Number of Electrons

i 0] +1 No. of Levels
J J d

0 0? z 1

1 0 $1 2
2 0 F2,#1 3

3 =3,0,+3 2,11 5

4 -3,0,+3 F2,41, 4 6
5 -3,0,+3 :5';2’t1,iu T
6 —6'-3’09"'3""6 ;5’;2‘i1giu 9

7 -6v_3v01"3n+6 ;51;2,i1,iu.i7 10
8 -6v-3oov+3’+6 ;8,;5’;2yi1’iu’i7 11
9 _91-6v-3’0v*3:*6v-9 18,¢5,¥2,¢1,1U,:7 13

0dd Number of Electrons

u +1/2 +3/2 No. of Levels
J J J

1/2 +172 z 1

3/2 +1/2 +3/2 2

5/2 5/2,%1/2 +3/2 3

7/2 5/2,%1/2,%7/2 +3/2 ]

9/2 5/2,+1/2,+7/2 +3/2,+9/2 5
1172 F11,¥5/2,+1/2,+7/2 +3/2,+9/2 6
1372 F11,%5/2,+1/2,+7/2,+13/2 +3/2,+9/2 7
15/2 F11,¥5/2,+1/2,+7/2,+413/2 +3/2,%9/2,+15/2 8

ordered samples makes it especially valuable for organometallic

compounds.

Magnetic susceptibility experiments show that Cp3Pr-L compounds

exhibit temperature‘independent paramagnetism [34] which means the

ground state is a singlet.

At low temperatures only the ground state

should be appreciably populated, and MCD transitions which have

derivative shaped lines (A terms) should correspond to transitions to

the magnetic T

states.
3

From the sign of the derivative curve

(determined by whether the high or low energy side is above the

baseline) the main Jz components of the eigenvector may be determined.
Figures 9 and 10 show the absoﬁption spectrum and the MCD spectrum of

Cp_Pr+MeTHF in the 510-540 nm region [35].

3
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With the assignments obtained from the MCD spectra preliminary
values of the crystal field parameters were obtained. These were then
used to calculate the energy levels and further assignments were made on
the basis of these calculations. Forty levels have been assigned with
an rms deviation of 27.2 cm-1. From the wavefunctions obtained from
this analysis, the magnetic susceptibility was calculated. This is
compared to the measured magnetic susceptibility of Cp3Pr~butyl acetate
(which has an optical spectrum very similar to that of Cp3Pr-MeTHF) in
Figure 11. A similar analysis has been carried out for Cp3Pr-CNC6H11.
The empirical Hamiltonian parameters obtained from these analyses are

3+ crystal and free ion data.

given in Table 8 along with some other Pr
The Cp3Pr-L crystal field parameters have been used to calculate

the energy levels of CpBNd-L compounds. As mentioned earlier, we assumed

the crystal field parameters would not be much different for the Pr and

Nd complexes. On this basis we were able to analyze the optical spectra

CpBPr-geTHF
P,

3 17

15
14 /116

8

440 450 460 L70 480 490 (nm)

Figure 9. The absorption spectrum of CpBPr-MeTHF in MeTHF in the region
510-430 nm at 10 K (Ref. 35).
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440 460 480 500 (nm)
XBL 841-25

Figure 10.The MCD spectrum of Cp3Pr-MeTHF in MeTHF in the region 510-
401 nm at 30 K. The dots refer to maxima in the corresponding

absorption spectrum (see Fig. 9) (Ref. 35).

of Cp3Nd-MeTHF and Cp Nd-CNC6H11 and assigned 70 levels with an rms
deviation of 30.1 cm for the MeTHF complex and 79 levels with an rms
deviation of 26.8 cm“1 for the CNC6H11 complex. The assignments for the
CpBNd-L complexes fit satisfactorily up to approximately 25000 cm_1. At
this energy a strong broad absorption band appears. Although f-f
structure is superimposed on this band, the calculated assignments are
off by 500-2000 cm-1. Figures 12 and 13 show this region. The broad
band is most likely a charge transfer transition and appears to interact

in some fashion with the excited state f levels.
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The empirical Hamiltonian parameters are given in Table 9. The
calculated and experimental magnetic susceptibilities for Cp3Nd~MeTHF

are given in Figure 14,

PRCP3.ESTER

+
+

0.15

0.12

CHI [EMU/MOL] (X10-1)

0.09

0.06

3

T
4
LA

<.00  52.00 102.00 152.00 202.00 252.00 302.00
TEMP. [K]

XBL 8410-4125

Figure 11.Calculated and experimental magnetic susceptibilities of
Cp3Pr-butyl acetate as a function of temperature. The
continuous lines are calculated for k=1.0, 0.975, and 0.95
from top to bottom where k is the orbital reduction factor;

the squares are experimental points (Ref. 36).
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Table 8. Parameter values for Pr3* in various compounds (in cm~l)
(from Refs. 36 and 38)

Parameter Pr3+/LaC13a Cp,Pr+MeTHF Cp,PT-CNCH,
F? 68368 66207(62) 65607
F 50008 49184(178) 48120
o 32743 32543(126) 32170
L 744 742(3) 735

a 22.9 23.1(0.5) 21.5
B -674 -757(36) 702

Y (1520]° (1534] o [1534]
u° 1.76% (1.76] (1.76]
M2 c [0.99] (0.99]
M c [0.67] [0.67]
p2 275 [275] [275]
p4 d [206] [205]
p® d [138] (138]
B> 107 ~1200(25) ~1361
o 342 . 1301(76) 1580
. -677 486(95) 786
g - 290(68) 99

K - 842(77) 918
B§ 466 -2035(59) -2415
F*/F2 .73 .74 .73
Fé/p? .48 .49 .49
Cery/Cfree ion .97 .97 .96

dFrom W.T. Carnall, H. Crosswhite, and H.M. Crosswhite, 'Energy Level
Structure and Transition Probabilities in the Spectra of the Trivalent
Lanthanides in LaF3," Argonne National Laboratory, 1977,
unpublished.

,bValues in [ ] held fixed in the fitting procedure.
M2 = ,56 MO; M% = .38 MO
dp4 = .75 p2; p6 = .50 pb
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XBL 847-8575

Figure 12.Absorption spectrum of CpBNd-CNceH11 in glassy solution in the

380-440 nm region at -30 K (Ref. 38).
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XBL 848-8587

Figure 13.Absorption spectrum of Cp3Nd-CNC6H11 in glassy solution in the
340-380 nm region at ~30 K (Ref. 38).



Table 9, Parameter values for Nd3+ in various compounds (in cm—1)
Nd3*/LaC13a Cp3Nd-MeTHFb Cp3Nd-CNC6H11c

F2 71866(42) 70393(164) 70826(178)
p” 52132(77) 51665(255) 51026(258)
PO 3su73(u) 35054(191) 35512(222)
tye  88O(T) 882.3(2.5) 871.9(2.0)
a 22.08(0.10) 20.8(.6) 21.0(.5)
B -650(5) 638(28) 642(24)
Y 1586(12) [1586] [1586]
T 377(15) [377] [377]
T3 50(1) [40] [40]
™ 63(3) [63] [63]
1 —292(5) [-292] [-292]
T/ 358(8) [358] [358]
© 3suan) [354) [354)
MO 1.97(0.10) [1.97] £1.97]
M2 [1.10] [1.10] [1.10]
M [0.75] [0.75] [0.75]
p° 255(23) [255] [255]
P’ [192] [191] (1913
p® [128) (127] [127]
B 163(8) -1838(50) -1831(41)
a9 ~336(22) 1521(83) 1551(76)
X ~713(22) 279(138) -74(117)
B9 - 321(94) 626(81)
Bé - 1128(70) 1246(65)
ag 462(17) -1271(94) -1381(78)

36.

®From H.M. Crosswhite, H. Crosswhite, F.W. Kaseta, and R.
Chem. Phys. 64, 1981 (1976). 101 levels fit; ¢ = 8.1 cm

270 levels fit; o = 30.1 cm:1 (Ref. 38).
79 levels fit; o = 26.8 cm (Ref . 38).

1Sar'up, J.
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Figure 14,Plot of 1/xM vs T for Cp3Nd-MeTHF powder., The continuous
lines are for k=0.95, 0.975, and 1.00 from top to bottom where
k is the orbital reduction factor; the squares are

experimental points.

5. DISCUSSION

The results of the recent optical analyses of Cp3Pr~L and Cp3Nd-L have
been given. One of the most interesting aspects of this study is the
large crystal field in these complexes. Auzel and Malta {43] have

defined the parameter
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172

2k+1 (B %) -

N/ 2 [kZ
as a measure of the relative strengths of the crystal field of ions in
various symmetries. Table 10 lists this parameter for a number of ions
in various c¢rystals and compounds. Using the Nv/(uv)1/2 parameter,ithe
crystal fields for Cp3Ln-MeTHF or Cp3Ln CNC6 (Ln = Pr,Nd) are

1
approximately three times greater than for Pr ¥ and Nd3+ in LaCl

3°

Table 10. Comparison of the crystal field splittings

for various systems.

Compound Nv/(uv)1/2 (cm-1)
3 /LaCl3 259
3 /LaCl3 2T

o3 rLacy 200

pr3* /LuPO, 547

Na3* /LuPO, 478

Tm3 /LuPO,, 314

Cp3Pr-MeTHF 936

Cp,Pr-CNCgH, , 1100

Cp Nd-MeTHF 1082

c§ Nd-CNC(H, , 1117

U° /LaCl 534
3+ 3

Pu”’/LaCl, 584

Uu+/ThBru 1340 -

U(BDu)u 3297

The values of the Slater parameters and the spin-orbit coupling
constant for transition metal ions in c¢rystals and molecules are smaller
than the values found in the free ion. The extent of this reduction has

been used as a measure of the covalency of the complex [44]. Newman has
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suggested that the reduction in the values of the Slater parameters

should be correlated with the ligand polarizability [45], but

calculations by other workers have shown (for

and Uu+) [46,25] that this mechanism does not

reductions found empirically.

4+

Some values of

and U (l&f2 and 5f2) are shown in Table 11.

Table 11.

Compound

3*/Lac1

3
*/LuPoO
Lu y

Pr

Pr3

Cp3Pr-MeTHF

Cp3Pr-CNC
3

3Hq;

*/Lacl
3

Cp3Nd-MeTHF

CpBNd-CNCGH1

3+

/ 1
LaC 3
3+

Pu /LaCl3
U+

U /’I‘hBru

Nd

1
U

U(BD /Hf (BD

N)U u)u
Np(BDu)u/ZP(BDu)u

Ratios of parameters for

d transition metal ions
account for the large

. I3 +
various ratios for Pr3

various systems.

.95
.94
.92

.9

.81

.79

.852

ngx Fgry F;I
CFI Firy F?I
.97 K .72
.97 .72 .72
.97 . T4 .72
.96 .73 .72
- .73 -
- .73 -
- .72 -
- - .84
- .81

9 .96 .82
.9 .97 .82
.93% .93 -

aBased on the predicted free ion values (see Ref. UT).
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From Table 11 one can immediately note the similarity between the

3+/La013 and Cp3Pr-MeTHF and the differences with the

ratios for Uu+/ThBru and U(BDM)H' Clearly F2 is much more affected by

ratios for Pr

the crystalline environment than F and F6 so that in cases where free
ion data is not available the ratio Fu/F2 could be used to compare the
same ion in different environments [47]. The reduction found for the
spin-orbit coupling constant in Cp3Pr-MeTHF agrees very well with the
value of the orbital reduction constant (k = 0.975) found from the
magnetic measurements. Thus, even though the crystal field is ~ 3 times
larger in Cp3Pr-MeTHF than in Pr3*/LaCl3, the reduction in F2 and ¢ is
the same for these two compounds. A similar orbital reduction factor (k
= 0.95) was needed in order to fit the Cp3Nd-MeTHF magnetic data.

For the U'* systems, Uu+/ThBru and U(BD,),/HF(BD,),,
2 2

Fcry/FFI ~ 0.80. This reduction implies that tetravalent uranium

compounds are quite covalent. In fact the reduction in the free-ion

the ratios of

parameter F2 is of the same order as found for Cr ) in
emerald or K2NaCrF6 or Co2+ (3d7) in CoCl2 [25,48].

Magnetic data are not available for U(BDu)u in 'I‘d symmetry. Figure
3CH3)M which has an
optical spectcrum very similar to that of U(BDu)u/Hf(BDM)u [48]. Curve

15 shows the magnetic susceptibility data for U(BH

C of Fig. 15 is calculated from the parameters of the optical fit. From

the optical analysis = 0.91. If we use this value for the

/¢
cry °FI
orbital reduction constant, curve D is obtained. 1In order to get curve
E the splitting between the ground E state and the first excited T1
state was adjusted to 215 cm-1 and k was set equal to 0.85 [48]. This
value of the orbital reduction constant confirms a greater covalent
interaction for Uu+/ThBr or U(BD than in the Cp3Pr~L compounds.
u)u/Zr‘(BDu)u and the
electron paramagnetic resonance of Np(BDu)u and Np(BH3CH3)u have
recently been presented [47]. Some of the ratios obtained from the

4 4y
The analysis of the optical spectrum of Np(BD

obtical analysis are given in Table 11. Using the predicted value of

-1 Y+ .
2253 cm for Sr1 of Np , Ccry/CFI = 0.93 for Np(BDu)u which represents

a slight increase as compared to U(BDu)u. The predicted value of F2 for
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1 .
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Temperature (K)

XBL 837-478

Figure 15.Plot of Xy V8- T for U(BH3CH3)M. Lines A and B are calculated
by considering only the 3HLl multiplet; however the crystal
field parameters are quite different than those obtained from
the optical analysis. Line C is calculated from the
parameters of optical analysis; line D is the same as C with
k=0.91. Line E is the same as C but with the T1(3

215 cm_1 and k=0.85 (Ref. u48).

Hu) moved to

the Npu+ free ion leads to F2 /F2 = 0.86 vs. 0.81 for Uu*. From
FI " cry >

Crosswhite et al. [14] we obtain values of Fgry/Fcry for the trivalent

actinides in LaCl3. The results shown in Table 11 indicate a decrease
in this ratio on going from U3+ to Pu3+. These numbers are all
consistent with increasing covalency with increasing oxidation number
and decreasing covalency with increasing Z, the atomic number, for both

the trivalent and tetravalent actinides. These results can be

i
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rationalized by considering the actinide contraction and increased
screening of the 5f electrons as Z increases.

From the epr data for Np(BHu)‘4 and Np(BDu)u shown in Table 12 we
see that the wave function obtained from the optical analysis (k =1.0)
does not give the correct g value. The orbital reduction factor needed
to fit the measured g value for Np(BD is less than that obtained from
the g
Np(BH3CH3)u
unsubstituted Np(BHu)u consistent with the magnetic results for U(BHu)u

and U(BH3CH3)u.

u)u
cry/cFI value of 0.93. The orbital reduction factor for
indicates a greater covalency for this molecule than in the

Table 12. EPR results for Np(BDu)u/Zr(BDu)u and Np(BH3CH3)u/Zr(BHBCH3)u
(Ref . 47)
k gr6 (cale) gexp
1.0 2,377
0.885 1.896 1.896 [Np(BDu)u/Zr(BDu)u]
0.862 1.799 | 1.799 [Np(BH3CH3)u/Zr[BH3CH3)u]

6. Summary

The techniques and procedures utilized to obtain and interpret optical

and magnetic data of fn compounds have been described. Comparison of

the Slater and spin-orbit parameters for free ions and the same ions in -
compounds allowed the determination of covalent effects. Measurements

and data analyses on some Cp3Ln-L compounds were described. The

relative strengths of the crystal field in these compounds were

‘approximately three times as large as found in the corresponding

Ln3*/LaCl systems, although the Slater and spin-orbit parameters were

3

similar,
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Appendix

Observed and calculated energies and
g values for Tm3* in LuPO,.

Sym. Energy (cm~1) g Eig. Composition? .
(2s+1)L(J,J;) (2s+1)L(J,J5)
cal. obs. cal. obs. Z largest %7 second
Fl 0.0 0.0 71  3H(6,0) 28 3H(6,%4)
F5 21.9 25.2 4.6 3.3 55 3H(6,-1) 34  3H(6,-5)
F3 89.9 80.1 97 3H(6,t2) 3 3H(6,%6)
g 131.8 124.8 6.7 7.7 62 3H(6,-5) 21 3H(6,-1)
r, 182.6 99 3H(6,t4)
Fl 248.2 71 3H(6,t4) 28 3H(6,0)
i 254.4 64 3H(6,t2) 35 3H(6,%6)
Te 281.2 4.3 73 3H(6,3) 24 3H(6,-1)
ry 303.0 97 3H(6,t6) 3 3H(6,+2)
F4 321.4 64 3H(6,t6) 35 3H(6,t2)
Ty  5587.0 62 3F(4,t2) 30 1G6(4,+2)
Ts. 5682.1 5674.0 -1.5 36 3F(4,-1) 27 3F(4,3)
r, 5700.2 50 3F(4,t4) 13 3F(4,0)
r, 5735.3 64 3F(4,t4) 29 1G(4,x4)
r, 5769.3 5763.0 63 3F(4,t2) 29 1G(4,x2)
g 5844.4  5842.0 -3.0 37 3F(4,3) 27 3F(4,-1)
r, 5856.7 51 3F(4,0) 22 16(4,0)
r, 8222.6 8227.0 62 3H(5,0) 38 3H(5,24)
rs 8257.7 8262.0 -0.2 67 3H(5,-1) 30 3H(5,3)
r, 838.7 8381.0 38 3H(5,0) 62 3H(5,£4) :
s 8396.4  8395.0 -0.9 59 3H(5,3) 23 3H(5,-5)
ry 8425.2 100 3H(5,%2)
Tg 8444.6  84461.0 7.3 74 3H(S,-5) 16 3H(5,-1)
r, 12537.0 12530.8 55 3H(4,0) 24 3F(4,0)
Ts  12544.1 12535.2  -3.7 -3.7 45 3H(4,3) 19 3F(4,3)
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Tm3+:LuPO4 (continued)

Sym. Energy (cm—l) g Eig. Compositiond
(2s+1)L(J,J;) (2s+1)L(J,J3)
cal. obs. cal. obs, % largest 7 second
Iy 12672.6 12657.2 -0.1 44  3H(4,-1) 20 3F(4,-1)
r; 12676.8 58 3H(4,t2) 28 3F(4,%2)
r, 12704.7 59 3H(4,t4) 27 3F(4,14)
r, 12723.3 : 54 3H(4,t4) 24 3F(4,%4)
I, 12782.6 12778.2 59 3H(4,t2) 27 3F(4,%2)
[g  14404.6 14402.3 -4.3 -5.4 74 3F(3,3) 25 3F(3,-1)
Iy 14429.8 14435.3 0.0 74 3F(3,-1) 25 3F(3,3)
I, 14438.4 14454.2 99 3F(3,t2)
T, 14452.2 99 3F(3,%2)
r, 14497.3 ) 100 3F(3,0)
T, 14976.7 14964.0 75 3F(2,t2) 22 1D(2,+2)
Ig  15080.5 15087.8 1.5 76 3F(2,-1) 21 1p(2,-1)
I, 15080.5 77 3F(2,0) 21 1p(2,0)
r; 15083.8 , 77 3F(2,22) 21 1D(2,%2)
Iy 20991.9 20983.0 57 1G6(4,+2) 34 3H(4,%2)
Iy 21133.6 -0.9 37 16(4,-1) 21 1G6(4,3)
I, 21178.9 21 16(4,0) 37 1G6(4,%4)
I‘2 21257.5 57 1G(4,%4) 33 3H(4,t4)
[, 21267.5 21278.3 57 1G6(4,%2) 33 3H(4,%2)
Iy 21381.7 21394.1 -3.0 37 16(4,3) 21 16(4,-1)
I, 21389.5 37 16(4,0) 20 3H(4,0)
Iy 27755.7 27749.7 _ 41 3P(2,%2) 40 1p(2,%2)
I, 27793.6 27785.0 41 1p(2,%2) 39 3P(2,%2)
Iy 27818.8 27838.9 2.3 41 3p(2,-1) 41 1p(2,-1)
r, 27837.6 41 1p(2,0) 40 3P(2,0)
T 34576.2 34579.0 97 11(6,t2) 2 11(6,6)

&~
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Tm3+:LuPO4 (continued)

Sym. Energy (cm™l) g Eig. Composition®
(2s+1)L(J,J,) (28+1)L(J,Jz)

cal, obs. cal. obs. % largest % second

TS 34595.4 34595.0 -0.9 57 11(6,-1) 39 11(6,3)

Fl 34613.4 65 11(6,0) 33 11(6,%4)

Tz 34834.3 99 11(6,%4)

T3 34834.6 66 11(6,%2) 33 11(6,%6)

T5 34846.4 34842.0 -0.2 52 11(6,3) 24 11(6,-5)

tﬁ 34911.9 97 11(6,t6) 2 11(6,+2)

T3 34940.2 66 11(6,t6) 33 11(6,t2)

Ti 34951.7 33 11(6,0) 66 1I1(6,%4)

Fs 34974.0 7.1 71 11(6,-5) 20 11(6,=-1)

I, 35224.9 35238.0 93 3P(0,0) 6 1s(0,0)

Tz 36216.9 100 3p(1,0)

TB 36276.5 36266.0 3.0 100 3p(1,-1)

I‘a 37862.0 58 3P(2,t2) 38 1p(2,£2)

Ts 38049.4 38045.0 2.6 57 3p(2,-1) 38 1p(2,-1)

Ti 38049.5 58 3P(2,0) 38 1p(2,0)

I} 38091.4 57 3P(2,%2) 39 1p(2,%2)

Ii 73579.9 94 1s(0,0) 6 3P(0,0)

8When the symbol * appears in front of J, the contributions from

+J, and -J, are equal and have been summed.
a description of the eigenvectors of the I'j states.

See reference 24 for
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