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ENERGY LEVELS AND INTENSITIES IN

THE SOLUTION ABSORPTION SPECTRA OF

THE TRIVALENT LANTHANIDES

by

W. T. Carnall, P. R. Fields,

and  K.  Rajnak

I. INTRODUCTION

The solution absorption spectra of.the trivalent lanthanides charac-
teristically exhibit distinctive sharp, rather weak absorption bands which

have .been observed primarily in.the yisible-near-ultraviolet region of
the spectrum. Most of.these bands result from transitions within the 4fN-
electron configurations. It is also characteristic of lanthanide spectra67;73

that the absorption bands are relatively insensitive to the influence of the

solvent medium.  This is to be expected since the 4f-electrons are iriterior

to, and are well shielded by, the filled 5 s and 5p shells. Such behavior may
be contrasted to the pronounced influence of.the medium on the spectra of
the d-transition elements. However, weak environmental effects are ob-

15,42,72served in the absorption spectra of the lanthanides, and certain

transitions show a particular sensitivity to the host medium. These are
9 37frequently referred to as the hypersensitive transitions.7,8,,

Since extensive measurements in solution have already been reported
in the literature, the characteristics of lanthanide absorption spectra2,28,52,62

are relatively well known. This report is primarily concerned with.the

theoretical interpretation of.the spectra.  We will examine.the extent to

which experimentally measured energies and intensities of the bands can be

correlated with.those computed from theory.

The attempt to fit calculated energy-level schemes to experimentally

observed transitions in the lanthanides has occupied.the efforts of many

investigators over a number of years.  Most of this work has been directed

to the studies of lanthanides incorporated. in crystal media where.the· sym-

metry of the lanthanide sites is known. Although a number ef such investi-

gations were published before 1940, it was only after the advent of. the tensor

operator methods ef Racah21,·53.that it became practical to carry out the

calculations for complex spectra. Consi'derable progress has been made in
the last 20 years, but our understanding of the energy-leyel structures of
Sm3+, Eu3+, Gd3+, Tb3+, and Dy3+ in crystal media is still rudimentary.

In 1962, Judd40 and Ofelt51 published.theoretical treatments of.the

intensities of intra f-electron transitions. The experimental data necessary
to examine all the ramifications of these theories were not available. How-

ever, on.the basis of the intensities reported for certain bands in the solution
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absorption spectra of Nd3+ and Er3+  (Refs.  2 and 62), Judd was  able.to
establish a good correlation with.the theory. The computations required
were formidable, and thus only the simplest configurations, fz and f3, could

reasonably be undertaken with hand calculations.  It was clear that a detailed

examination of the degree to which the theory correlated experimental data

throughout the lanthanide series ,would require high-speed computers and
considerable additional experimental data.  As ef 1962, the published lan-
thanide solution absorption spectra had already been considerably extended

by unpublished work done at the Argonne National Laboratory.

In addition to.the intensity correlation,.the Judd-Ofelt theory held
out at least the possibility ef testing different models of.the structure of.the

ion in solution.  In this sense, a given lanthanide ion could be considered a

probe; we would expect that the characteristics of its environment, particu-

larly its site symmetry with respect to nearest neighbor ligands, would be

reflected in measurable effects on its absorption spectrum. We therefore

undertook the project of carrying out the requisite calculations and extend-

ing the experimental work as required. This report summarizes the results

we have obtained with the trivalent lanthanides. A separate report will cover

similar studies of actinide spectra.

There were several prerequisites to performing the intensity calcu-
lations.  It was first necessary to establish the identity of.the transitions

involved in a given absorption band. The techniques for doing this, Zeeman

and polarization studies, are applicable to crystal spectra but not to solu-
tions. However, .the center of gravity of levels· identified in crystals often

occurs at very nearly the same energy in solution; so by comparison of
results in the two media, a number of bands in solution have been identi-

fied.7.8.9,39 After.the comparison technique was used to identify as many

levels as possible in the solution spectrum of a given lanthanide, the next
step was to determine values for the interelectronic repulsion and spin-orbit

coupling parameters which would generate a set of calculated energy levels
in good agreement with..the observed data. The description of states implicit
in.these parameters was then used directly in.the intensity calculations.

We were able to show that Judd's theory provided a basis for calcu-
lating intensities that were in good agreement with those observed experi-
mentally, not only for Nd3+ and· Er3+, but over the entire lanthanide se.ries·.6,11
At this point, it became cl€ar.that the intensity calculations could be viewed
in a new perspective. The correlations that had been observed between

theory and experiment were for the most part limited to bands in.the near-

infrared-visible region of.the spectrum.  This was because of a lack of

energy-level assignments at higher energies. We therefore used the inten-

sity calculations as a basis for making numerous new assignments to bands

observed in the ultraviolet region.  Sets of electrostatic and spin-orbit pa-
rameters were then derived by a.least-squares analysis of data which

included the new assignments.  Thus the intensity calculations became a tool

for elucidating the energy-level sti,ucture of all of the hydrated linthanide

ions.
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II.  THEORY OF LANTHANIDE ABSORPTION SPECTRA

A. Energy-level Calculations

The 'theoretical treatment of lanthanide absorption spectra is  dis-

cussed in considerable detail in numerous articles and books.  We will follow

the formalism used by Wybourne,73 and only present a brief summary here.

The total energy of a system consisting of a point nucleus of infinite

mas.s, surrounded by N electrons can be represented by the Hamiltonian

H   =   Ho  +  He  +  H s o  +    8

where Ho represents the kinetic energy of all the electrons and the Coulomb

interaction with the nucleus; He is the Coulomb interaction between pairs of
electrons; H represents the coupling of spin and orbital angular momenta,SO

which is the most important magnetic interaction for f-electrons ; and b. rep-
resents higher-order interactions.

Using a central field approximation which assumes that each electron

moves independently in an average spherically symmetric potential, we can
solve for the energies of the different configurations. Calculations of this

type show that the fN configuration is the lowest-energy configuration for

the trivalent lanthanides, and this is confirmed experimentally. 19

Since it can be demonstrated that the term Ho does not affect.the

energy-level structure within a given configuration, and since the absorp-
tion spectra of.the trivalent lanthanides at <50,000 cm-1 involve, almost
exclusively, transitions between states within. the fN configuration, we need
not concern ourselves with Ho any further. A substantial simplification is
also possible in the formulation of He· Including the effect of electrons in

closed shells in the calculation merely'shifts the energy of a configuration;
thus, for eur purposes it is sufficient to consider only the electrostatic inter-

action between electrons in the incomplete 4f shell.

1.   Electrostatic and Magnetic Interactions

The energy arising from the remaining first-order terms in the

Hamiltonian, He and H can be written in the form
SO'

E = Ee + Eso'

where

Ee  =       fkFk '     (k even),
k=o



12

and

Eso = Aso<nf (for the lanthanides, n = 4).

Higher-order interactions will be discussed in Section A. 2 below.

The electrostatic energy is expressed as a sum of radial
integrals Fk and coefficients fk, which represent.the angular part of the

interaction. Similarly, A represents the angular part of the spin-orbitSO

interaction, and Cif is a radial integral. The angular parts of both pertur-

bation energies can be evaluated by using Racah's tensor operator formal-

ism 3 and an intermediate coupling scheme with Russell-Saunders (SLJ)
basis states. Since evaluation of the radial integrals must be approximate
in the absence of reliable wave functions, these integrals are, in practice,

treated as parameters to be determined from experhnental data. Since

fo = N(N- 1), the effect of Fo is to shift the energies of all the levels inthe

fN configuration equally.  Thus Fo does not play a role in.the level assign-
ments. There are, therefore, .three parameters, FZ, F4, and F6, associated

with electrostatic interactions, and one parameter, 44£' associated with the
spin-orbit interaction.  All must be determined by a. fit to observed energy
levels for which J-assignments have been made.

For.the more complex spectra, the data obtained using crystal

media are incomplete.  In most instances, assignments have been made only
to rather low-lying levels: the ground-term multiplet and the first few
excited multiplet levels.  Even this limited information can, however, be
used to obtain an initial set 0f values for F.2, F4, F6, and C 4·f·  If it assumed
that the 4f radial-wave function is hydrogenic, values for.the ratios  F4/Fz
and F6/Fz can be calculated, to give.the following results..21

F#/Fz = 41 297,

and

F6/F'z· = 175/11583.

Further, an initial estimate for F2 can be obtained from the formula21

Fz. =  12.4(Z-34) crn-1.

Although these approximate parameters produce a satisfact6ry fit to the low-

lying levels, it should be emphasized that they may give a completely invalid

picture of the energy-level scheme at high energies.

In practice, the methods of Racah53 are used in calculating.the
matrix elements of electrostatic interaction.  It is therefore advantageous
to construct operators that have simple transformation properties with                     I
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respect to the symmetry groups that are used to classify the states.  In  .
this system, the electrostatic energy becomes

3

E= ekEk,
k=o

where the ek are the angular parts of the new operators and Ek are linear
corribinations of the Fk, as follows:

Ei = - (7OF2+231 F4+2002F6); -

E  =  (Fz- 3F4+ 7F6);

E3 -  (5F2+6F4-91 F6).

As with Fo, E' does not play a role in the level assignments. The initial

sets of parameters Ek and Fk derived during the present investigation ·are

given in Table I.

TABLE I. Values of Electrostatic and Spin-orbit Parameters Used in

Preliminary Energy Level Calculations

No.   of

-1 E2 E3 44f F'2 F.4 F.6f-electrons   . 6

pr3+ 2 4811.2 20.889  454.27 714.93 304.7 50.80 5.114

Nd3+   3 5004.5 24.520 489.60 886.89 330.9 49.03 5.272
Pm3+           4 4989.6 21.014 516.33 1019.1 325.6 56.14 4.569

Srn3+        5 5596.4 29.850 545.88 1177.6 377.8 50.64 6.104

Eu3+        6 6582.0 32.506 775.94 1297.4 470.6 70.91 4.953

Gd3 + 7 6353.9 43.670 715.78 1460.6 487.4 45.97 6.216
Tb3+             8 6558.1 34.631 691.01 1707.0 455.0 62.60  6.349

Dy        9
3+

5962.1  23.833  580.81  1906.1  375.2  67.36  5.910
Ho3+ 10 6581.6 29.839  602.00  2123.4  416.0 66.37 7.385

Er3+ 11 6646.9 31.097 633.89 2390.2 430.2 66.75 7.139

Tnn        123+ 6835.6 33.062 657.63 2652.0 447.6 67.12 7.336

The energies of the low-lying levels are primarily a function

of <4f' so that the Ek parameters are only well defined if a number of levels

belonging to different multiplets can be assigned. This usually requires

making assignments at higher energies, and making such assignments is

usually, difficult.   Many of the values  of Ek and 44f reported in the literature,

are not the result of a true least-squares fitting process where enough levels
were assigned to adequately define each parameter. Frequently, the param-

eters quoted are closely related to those predicted assuming that the
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4f wave functions are hydrogenic.  All the parameters reported in the present

study were determined as the result of a least-squares fitting process.  The

foregoing includes the parameters calculated from levels observed in crystal
media.

2. Configuration Interaction

It has been shown12,55,56,64 that the effects of configuration inter-

action must frequently be considered in order to obtain an adequate interpre-
tation of the energy-level schemes of lanthanide ions. This canbe accomplished
in second-order perturbation theory by adding to the Hamiltonian certain

model interactions acting wholly within the fN configuration. Such a pro-
57

cedure accounts for the part of the interaction that does not have the same
angular form as the coefficients, ek, of the electrostatic interaction param-
eters.   The part that does have the same formas  ek is automatically absorbed
in the Ek parameters.  For fN configurations, the additional interactions
may be written as H' = aL(Lt 1) + 13 G(Gz) + 1,G(R� ), where a, B, and 7 are
linear combinations of radial integrals and are treated as adjustable param-

eters.  G(G2) and G(R7) are eigenvalues of Casimir's operator for the groups

Gz and RT, respectively, and have been tabulated by Wybourne. The parann-
73

eters a and A have been determined previously for some ions, but crystal
studies frequently do not allow assignment of a sufficient number of levels

for a least-squares fit of six parameters (El, E2, E3, 44:f' a, and B).  The y
66used by Trees   is 1/12 of the   used here.  The -YG(R7) is related to the

correction BQ used by Racah54 and Trees. It is expected to be important
66

only when large components in the eigenvectors of the observed levels have

a seniority number different from that of the ground state. An attempt to

determine y has previously been possible only for the free-ion spectrum of
prz  (Ref. 58).  In the present work, however, levels have been observed
that have sufficient dependence on states of different seniority from that of
the ground state to allow determination of y for all of the trivalent lantha-
nides from Pr3+ through Er3+.  Note that 7 and El are not independent; they
are related by a common term, S(S+ 1), in their coefficients. Thus, changes
in El are expected when y is added to the calculation.

In Fig. 1, the results of calculating the energy levels by diago-
nalizing the combined matrices of electrostatic and spin-orbit interaction
are compared to the experimental data for the case of Pr3+ (4fz).  For two
f-electrons, in the absence of any interaction with the environment (free-
ion spectra), the spectrum should be composed of 13 levels, each (2J+ 1)
fold degenerate. Additional splitting does occur when the ion is incorporated
in either a solid or liquid matrix. The crystal field levels for Pr3+ in
LaF3 (Ref. 13) are shown in Line A of Fig. 1. The centers of gravity of the

crystal-field manifolds are shown in Line B.. The latter is the type of spec-
trum that would be observed for the free ion. The levels calculated by fitting
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the data of Line  B with four parameters (El, E2, E3, and 44f) are given in
Line C. The spectrum of Pr in dilute acid solution is shown at the bottom3+

of Fig. 1.  Thus, we characteristically find a band in solution corresponding

to a given set of crystal levels in a solid matrix. The individual components
that make up the band are not usually resolved.  For our purposes, we

identify the center of gravity of the band with the appropriate free-ion level.

11 1111 1 111 1 1 1 1'4 1 111'11, 11   121 1    11 11  1  Ic
Fig. 112 -                                                                                          -

Comparison of (A) Observed Stark Com-

:1 0-     1                                                                                                                     -                          13ponena and (B) Calculated Average
S
H 8- -     Energies of Stark Components for Pr3+
& -
 6- in  LaF:3 with (C) Calculated  (Four-
« -

parameter) Free-ion Levels and Ob-
34- .  |1                                       -                             3+
2 - 1..11 served Absorption Spectrum of Pr (AQ)

,- lili                         -
......=- .1       A'.1 1

24         22         20          18          16          14          12          10 8 64 20

CM..103 121-2513

Detailed studies of lanthanide spectra in crystalline matrices

require measurements taken at liquid-helium temperature. The ground
level of a lanthanide ion is also split into Stark components by the crystal

field, and only at very low temperatures is there assurance that all transi-

tions arise from the lowest Stark level. Instead of placing the ground level

at zero energy for parameter-fitting purposes, we have adopted the pro-
cedure of assigning it an energy corresponding to the center of gravity of

the Stark components of the ground term in a suitable crystalline matrix.

3.   Effect of Crystal-field Splitting on Energy-level Assignments

At room temperature, one can usually assume that a small per-
centage of the transitions may arise even from the highest Stark comp8nents

of the ground level. One would, therefore, predict that a band observed at

room temperature would be appreciably broadened by the presence of addi-
tional components on the low-energy side, compared to the band observed

at low temperatures.  Thus if an energy corresponding to the center of such

a broadened band is assigned to the transition in question, an error (always

in the direction of too low an energy) would result. Actually, the indicated

effect is small.

Since the energies of the crystal-field components of many of

the levels for Nd3+ in LaC13 (Ref. 5) and in LaF3 (Ref, 14) have already been
recorded in the literature, we examined the spectra of similar crystals at

room temperature. The spectra were recorded with the same instrument

that was used in all the other work reported here. Energies were assigned
on the same basis as that used for the solution spectra. The results are

given in Table  II. In general, the satellites to a band arising fromtransitions
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that originate in one of the higher Stark components of the ground level are
relatively weak and do not appreciably affect the center of gravity observed

at room temperature as compared to that established at liquid-helium tem-

perature.  In some cases, the satellites are well resolved from the principal
band and can be clearly identified. For example, the incompletely resolved

group of bands centered at  11,441  cm-1 for Nd3+ in LaC13 could be assigned
to transitions arising from the lowest Stark component in the ground level

and terminating in the
4F3/2

level. Two isolated satellites, one centered at

11,322 cnn-1 and a second weaker band at 11,198 cm-1, were assigned to
transitions from known Stark components  of the ground levels at  115  and
244 cm-1, respectively. We concluded that except in cases of resolved
satellites, the process of assigning energies based on centers of gravity of
bands observed at room temperature does not appear to be subject to any
consistent error. Consequently, this procedure has been followed through-
out the investigation.

TABLE II. Cornparison between the Centers of Gravity of Levels for

Nd3+ in LaC13 and in LaF3 Crystals Observed at

Liquid He Temperature and at Room Temperature

Nd3+ in LaC13 Nd3+ in LaF3

5 -1(a) .14 -1(a)S'L'J'    7, cm-1 (liquid He) vcm v cm-1 (liquid He) Vcm

4I13/2 4010 3937 4089 4000

4I15/2

4F3/2 11439 11441 11613 11600

4T511 12466 12422
126101 12610

2Hg/z 12618             -           12707J

4.F,/1
13437 13386 13646 13586

453/2 13524J

4Fg/z 14722 14577 14849 14792

2Hl 1/2 15935 15847 16050 16025

4Gs/2 17135 17094
17328b 17391

2

G7/2 17551 bJ

2K13/2

4Gl/2 19020 18939 19239 19230

4Gg/2 19434 19379 19700 19607
b

2Kt 5/2 20876

 GWz 21056 21141            -

(2D ;F )3/2
21129 21459

4611/2 21426J

2Pl/2 23214 23239 23468 23474

zI)5/2 23780 23781

(a)Present measurement for center of band observed at room temperature.
(b)Approximate center of gravity calculated from incomplete data.
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B.  Calculation of Band Intensities

Any.theoretical consideration of the intensities of.the intra -fN-
electron transitions observed in trivalent lanthanide spectra must begin
with a determination of the possible mechanisms involved. This problem
has been examined in detail.2,6, 40,67 The results show that there is ·some

magnetic-dipole character in a few transitions, but only extremely weak
contributions occur via an electric-quadrupole mechanism. An induced

electric-dipole mechanism must be invoked to account for the intensities

observed for most of.the bands. The designation induced or forced electric

dipole' is used· to acknowledge the fact that true electric-dipole transitions

require.the initial and final states to be 0f different parity, whereas for

transitions occur.ring within. the fN configurations, the initial and final states

have .the same parity. In contrast to the foregoing, electric-quadrupole and
'      magnetic-dipole transitions within.the· fN configuration are (parity) allowed.-

Since :the intensities  of the intra fN- electron transitions are extremely weak
1 .. in comparison to.true electric-dipole transitions, these intensities can be

acceunted for by assuming that a small amount ef .the character of higher-
lying cenfigurations of opposite parity is mixed into.the fN-electron states.
It is postulated·.that this mixing is accomplished via.the odd terms in the

potential due to the ligand field experienced by the lanthanide ion.  Note- that

in,ligand fields with inversion symmetry there are no odd terms to induce

such mixing.

1.   Definition ·of Oscillator Strength

Experimentally determined band intensities are related to the

probability for absorption of radiant energy P (oscillator strength) by the
expression33

2303rnc2 r
P =,

  €i(c) dc =. 4.32 x 10-9   €i(.a) da,                  (1)N71-e2

where  €   is the molar abserptivity  of the  band  at an energy  c  (cm-1),  and. the
other symbols have.the'ir usual meaning. Notice that  P  is a dimensionles s

quanitity. The values of P reported here may be compared directly with
those of Hoogschagen and co-workers,. although these workers calculated32,33

6 .in terms of ln (IQ/I) = 2.303'log (Iq/I) instead ef the formula used here,

1      Io

6       =  ·'-c£    10 g  -T,

where

c  =  concentration of the lanthanide in. males/,liter,

f  =   light path.in solution  (cnn),
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and

log (Io/I) = optical density measured at c cm-1

The maximum molar absorptivities of lanthanide absorption bands in dilute

aqueous solutions are seldom greater than 10 and average nearer to unity.
Oscillator strengths of these bands are of the order of 1 x 10-6.

2. Induced Electric-dipole Transitions

Judd40 has shown that the oscillator strength of an induced
electric-dipole transition may be related to the frequency of the transition
(v) expressed in sec-1, and the square of the matrix elements of the unit
tensor operators U(X) connecting the initial and final states (PJ and V/'J')
via three complex expressions Tx (X = 2,4, and 6). These three quantities
are   related  to the radial parts   of  the  4fN wave functions,  to  the  wave  func -
tions of perturbing configurations such as 4fN- 15d, the refractive index of
the medium, and the ligand field parameters that characterize the environ-
mental field. In principle, they can be calculated. In practice, as with the
Slater integrals, they are treated as parameters to be determined from

experimental data. Judd's result is given as

P=
I       Tlv (fNV,JIIU(X)'IfNV"J,)   .                                                              (2)

X= 2,4,6

In the development of this expression, the relevant matrix elements were

summed over the projection quantum numbers (m) and it was assumed that
the crystal components of the ground level are equally populated.

The intermediate-coupling eigenvectors |fN*J > in the   fNaSLJ >
basis are of the fornn

|f J>     =          I  L   C(a,S, L)| fNGS
LJ>, (3)

a,S,

where C(a,S,L) are the numerical coefficients resulting from the simulta-
neous diagonalization of the electrostatic and spin-orbit matrices. These

eigenvectors were used to transform matrix elements, calculated in the

LS-basis, into the intermediate-coupling scheme.

The matrix elements of Eq. 2 were calculated in the LS-basis

by using the equation
41

 NaS LI||U(X)'IfNa'SL'J'     = (-1) [(ZJ + 1)(2.I' + 1)11/2
S+L'+J+X fJ   J' 1 2

L'L SJ

 WaS L I IU(X)11 fNa'SL   .                                                                                                                                           (4)
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The reduced. matrix elements  on the right-hand  side  of Eq.  4 were taken

from the tables of Nielson and Koster. The matrix elements  of Eq.  4·were           -50

then transformed from the LS-basis states to the intermediate-coupling

scheme before being squared and substituted. into Eq. 2.

The frequency of the transition 1/, which appears in Eq. 2, can
be expressed in terms of the measured energy in cm- 1 (a), using the identity

v.·=  ca.  In addition, the parameters TX contain the weighting factor (2J + 1)-1
To facilitate the comparison ef the parameters. for different ions, it is desir-
able to extract this factor.   Thus we chose to rewrite Eq. 2 in.the form

/N     i   (X),,  N      \2

      2.10(f   *J|iliU     I'lf   Vt'J'11P=
2Jtl           '                            (5)

X-2,4,6

where

Fx =  (2Jt·1)  Txc  (crn).

3.  Magnetic-dipole Transitions

The oscillator strength for a. magnetic-dipole transition  is

given by.2, 73

87[zmc c 49(*J; P'J') 71' = P' 71                          (6) M.D.- 3hez 2Jtl

where G is the line strength whose square root is defined as

61/2(v/J; p,J,)  = _-e_(v/JI|| L + ZS |1 v/,J').                                       (7)
2rnc

The nonzero matrix elements will be those diagonal in the quantum numbers
a, S, and· L. Equation 7 was evaluated for all three cases permitted by the

2;738 J = 0,+1 selection rule using the following relationships:

1).   J ·=  J'

(aSLJ |1|L + 2S|1|aSLJ) 6 gkv/J(J+ 1)(2J+ 1),                            (8)

where

g=1+ J(J+1) + S(St 1) - L(L+1)

2J(J+ 1)

2)    JI  -J-1

(aS LJ|  | L  +  28 |1| aSLJ-   1)    =    19

/(S +L+J+  1)(StL +  1-J) (J+S- L)(J+L  -S)
4J

(9)
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3)   J' = 'J + 1

/(S+L+J+2)(St J +1-L)(L + J+1-S)(S+L - J)

(a S LJ | | L  +  ZS | |a S LJ + l )    =   tiv 4(J+1)
(10)

The  matr ix elements calculated  from  Eqs.   8- 10 were transformed  into  the
intermediate coupling scheme and the magnetic-dipole oscillator strengths
computed by using Eq. 6.

        The magnetic-dipole oscillator strength is directly proportional
to the refractive index, 7.  It was therefore necessary to include this factor
in the calculation. A refractive index factor X  =  (712+2)2/97) also occurs

in the parameter FI. Since the solutions examined were dilute both in terms

of lanthanide and acid concentration, 71 was taken as that of pure H2O· 34

Calculation showed that X changed less than 3% (from 1.179 to 1.208) inthe

spectral range 8000-32,500 cm-1, and only 5% between 32,500 and 50,000 cnn-1.
Since we are mainly concerned with the relative values of Fx over the series,
we treated X as a constant equal to unity in the induced electric-dipole
calculations.

To compare the results tabulated here with those published else-
where, the following conversion factors are given:

(a)  2.X =  (2Jtl) cTX (Judd)
(b)  Krupke44 has applied Juddls expression to the spectra of

pr3 , Nd3+, Er3+, Trn3+, and Yb3+ in matrices of solid Y203 and LaF3·  The
value of f (oscillator strength) is identical to P in the present report, and
Krupke's OX is related to FX by the expression

 x  =     8712rnc   X Q x3h

= 1.085 x 1011 X Qx.

We assume XAVE (Y203) - 1.9 and X AVE (LaF'3) - 1.4.

In the relatively few transitions where the calculated magnetic-
dipole oscillator strength (PM.D.) constituted an appreciable fraction of the
total oscillator strength of the corresponding absorption band,  TOT, a
correction was made. The residual, PTOT - PM.D.' was used as the
induced electric-dipole intensity. Calculated magnetic dipole oscillator

strengths for all the 3+ lanthanides were obtained from T.able III, where
P' x 108 (Eq. 6) is the quantity tabulated. For dilute acid solutions, 71 =  1.33
was used to obtain PM. D.
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TABLE III. Calculated'Magnetic Dipole Oscillator Strengths for the 3+ Larithanidesa

S'L'J'    Ecalc (cm-1)13   P' x 108
c

S'L'J' Ecalc (cm- 1 )b P' x 10
8C

Pr 2322 Tb3+3+ 3Hs        9.76   7Fs 2112 12.11

3 Fi 6540 0.02 5G6 26425 5.03

;F4 6973 0.49 5Gs 27795 0.36

1G4 9885 0.25 'L& 29550 0.14

Nd3+    4Il 1/2 2007 14.11             SH7 31537 0.06

2Hg/2 12738 1.12              sH6 33027 0.46

4Fg/z 14854 0.20              sH5 33879 0.03

ZG,/2 17333 0.02 5Fs 34927 1.87

0.05 41082 0.23Ill/2 28624                          SG6

prn3+
SIs 1577 16.36 Dy3+

6H13/2 3506 22.68

5F4 14562 0.08 4I15/2 22293 5.95

3H4 17327 1.30 4I13/2 25919 0.41

504 20181 0.26 4K 17/2 26365 O.09

304 23897 0.11 (4M.4I)15/2 29244 0.69

45 27916 0.23 IM17/2 30892 0.03

3Hj 35473 0.04 31795 0.124K 15/2

Sm 10803+ 6

H7/2 17.51 4H13/2 33471 0.60

6F3/2 6641 0.02 (4K.4L)13/2 33776 0.37

6Fs/Z 7131 0.08 (2K,2 L)15/2 38811 0.09

4Gs/2 17924 1.76 4I15/2 41596 0.03

4F3/2 18832 0.03 Ho3+ SI, 5116 29.47

4G7/2 20014 0.05             3KB 21308 6.39

4-F.5/2 22098 0.45             3K7 26117 0.28

4H7/2 28396 0.67 3Lg 29020 0.12

4(35/2 30232 0.03                    3 Lo 34306 0.17

4G5/2 42714 0.02                    3 L7 38022 0.04

467/2 42965 0.06 4 38470 0.36

(4H, 2 G  7/2 44237 0.04 Er 4I13/2 6610 30.823+

Eu 7Ft     17.733+ 350 2K 1 5/2 27801 3.69

5Dl 19026 1.62 21<13/2 33085 0.11
W

5Ft 33429 2.16              2 41686 0.03Ll 7/2

Gd3+ 6Pl/2 32224 4.13 113/2 43717 0.12Z.

6P5/2 32766 2.33 Tm3+ 3Hs 8390 27.25

6 D 9/2 39779 0.03 46 34886 1.40

6D7/2 40712 0.39 Ybi ZF3/2 10400 17.76

6Ds/2 40977 0.20

aResults are recorded only for transitions in which P' > 0.015 x 10-8
bThe eigenvectors used in these calculations are those generated by the parameters recorded in

Table XXX for aqueous solutions.

CFor dilute acid solutions of the lanthanides, it was assumed that 71 = 1.33 in the expression

PM.D. = P'71.
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4.   Determination of the Intensity Parameters, FX

The parameters 92 are a function of the quantities that describe
the immediate environment of the ion, the index of refraction of the medium,
and the radial-wave functions of the states involved. Since we are not at40

this time able to calculate Fx, although in principle this could be done, we
adopted a semiempirical procedure for testing the validity of the theory.

The quantities FX were evaluated by relating the experimentally determined
oscillator strength, P, to the enerpr of the transition, c; and the calculated
matrix elements of the operator U<X) .

Typical sets of experimental oscillator strengths and calculated

matrix elements are shown for Pr3+ in Tables  IV and V. * Where two or

TABLE IV. Oscillator Strengths  for  Pr3+  (AQ)

P x  106

H C 1 0 4 - D C 1 0 4                        ( 3 2 )Spectral Regiona PrCl 
crn-1 S'L'J' Expt Calcb Calc c

Expt

5800-7700 3.r

23 1
- 12.79 14.09 41.12

37, 1
24'

9100-11000         164 0.32 0.67 · 1.32 0.34

16000-17500 1·In 3.08 2.18 4.45 3.121-'2

20200-21000 3·n 2.54 6.88 2.99 2.521--0

21000-22100 3 0 1

rl  7.63 4.14 7.27 6.66
1.   1
16 Y

22100-23500 3n 15.06 12.49 14.64 14.6r 

RMS Deviation 3.7 x 10-6 1.3 x 10-6

bRange
encompassing observed band(s).

This fit included the six indicated bands.

72 = -309.6 + 147.6 x 10-9
74 = 1,7.28 + 6.66 x 10-9
76 = 32.22 + 9.09 x 10-9

CThis fit included data for five bands; the band extending from 5800 to
7700 cm-1 was not included.

5'2 = 42.0 f 91.8 x 10-9
74 = 7.4 + 3.2 x 10-9
76 = 41.2 k 3.8 x 10-9

*In  Table  V and other related tables,  we have adopted the following conventi6n respecting  U( A)   =

(tl,J   U(A) 11111'J')2.   If (*J   U( 411*,J')2  <  10-14, U(A)  =  0; if 5 x 10-5  > (11,1 J  U(A )11.1„J') 2  > 10-14,
U(X )  =   -0.
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TABLE V. Energy Level Assignments and Matrix Elements of

U(X) for Pr3+ (AQ)

Eexpt Ecalca AE
b         b            b

S'L'J' (cm-1) (cm-1) U(2) U(4) U(6)

3H4 200c 245 -45         -

3HS 2360c 2322                 38 0.1095 0.2017 0.6109

JH6 4500 4496         4 0.0001 0.0330 0.1395

3 r. 5200 5149        51 0.5089 0.403222 0.1177

3 T- 6500 6540 -40 0.0654 0.3469 0.6983
r 3

3 n.
,6950 6973 -23 0.0187 0.0500 0.4849

r 4

1G4 9900 9885        15 0.0012 0.0072 0.0266

ID2 16840 16840         0 0.0026 0.0170 0.0520

3pi 20750 20706 44      0        0.1728      0

3Pl 21300 21330 -30      0        0.1707      0

lI6 21500c 21500         0 0.0093 0.0517 0.0239

3n 22520 22535 -15 -0 0.0362 0.1355
rZ

1c 46900C 46900         0      0        0.0070      000

*               RMS Deviation 48

aThe parameters used to generate this set of energies are given in Table XXX.

bu(X) = [ti'Jllu(x) 119'J']2.

cAssumed energy based on data in Ref. 13 and 47.

more transitions gave rise to a band system that could not be clearly re-

solved into the requisite components, the total area was measured and

equated to the combined matrix elements of the transitions involved.  A

least-squares analysis was used to obtain the optimum set of the parameters

vz, 74, and 96. The statistical significance of the parameters was gauged

by computing their standard errors in the usual manner. The root-mean-

square (rms) deviation of the observed and calculated oscillator strengths
was defined as

 1»
RMS =               sum

of squares of deviations
1   .   (11)

\number of observations--number of parameters/
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III. EXPERIMENTAL PROCEDURES AND CURVE FITTING

The absorption spectra reported here were observed by using a high-
resolution, prism-grating recording spectrophotometer with a useful spectral
range of 0.19-2.6 B. The lanthanides used, except for Prn3+, were supplied as
oxides of >99.9% purity. Crystals of LaC13 and LaF3 doped with Nd3+ were

obtained  thr ough the courtesy  of  J. G. Conway, University of California,    The
techniques for purifying and obtaining the solution spectra of Prn3+ have
already been described.8 Both dilute DC104 and HC104 were used as solvent
media. The former was useful in extending the region in which absorption
bands could be measured in the near infrared. 11 No difference was observed
in measurements in the two solvents in the visible-ultraviolet region.

The spectral data were recorded on punched cards via digital readout

equipment connected directly to the spectrophotometer.  The data for any
single curve or set of curves were then read into a computer and resolved
into a suitable number of components (rn) to enable evaluation of the total
area involved. Originally, we used a Gaussian function as the basis for
resolution and curve fitting.6 Subsequently it became clear that a function
intermediate between a Gaussian, where the tailing is not as.great as that
observed experimentally, and a Lorentzian, where the tailing is excessive,
would be useful.

The modified Gaussian-Lorentzian function adopted had the form

-          -

rn

ai                 1 <x - bi\2y=E
exp    - R                           '                                                                   (1 2)

i=i   /x - b. \2 Ci

l«:9+ 1  -

where

m is the number of components in the band,

ai is the peak of height,

bi is the energy at which ai is observed,

Ci is related to the width of.the peak,

and

K 2 1 and integral.

After attempting to fit several different experimental absorption
bands with the foregoing function, varying the value of K, we found that

K = 24 gave the best agreement with the area obtained independently by
integration over the'observed data points. The attempt to "fit" the band due
to the transition from the ground state to the 1D2 level in Pr3+ is shown in
Fig. 2 to illustrate the difference in results obtained with the pure Gaussian,
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the pure Lorentzian, and the modified function finally adopted. Of course,
in some other cases the data were fit almost equally well with pure
Gaussian curves. It should be emphasized that the modified function was

developed from an examination of the experimental data and was not derived
from theoretical considerations.

2.4                   ·                             i                                     i           i                  i

   1.8-
>

E-      1      -
  1.2 -                                        1                                      -

i

95

0.6 -                                                S                                 T        -

- 1  L  -
0.0

... 1
1 1 -98.---1 .\ 1  1   1

18000 17000 16 000 18000 17000 16000 18000 17000 16000

CM-'

GAUSSIAN LORENTZIAN GAUSSIAN-LORENTZIAN                    -
FIT FIT FIT WITH K = 24

121-2510

Fig. 2.  Comparison of Attempts to "Fit" the Shape of an Observed

Absorption Band with the Three Different Functions:

Gaussian, Lorentzian, and Modified Gaussian-Lorentzian.
000000 observed data points; ------- resultant two com-

ponents based upon computer resolution using one of the

functidns;  and  -   sum of  the two component. curves.
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IV. RESULTS OF INTENSITY CORRELATIONS

A.  Discussion of Experimental Results

1.          Pr3 +   (fi)

In an earlier attempt to fit the experimental intensity data for
Pr using Gaussian curves as a basis for integrating observed absorption

3+

bands, we found that 0'2 was particularly poorly determined.6 Subsequent

recalculation of the data using matrix elements based on a better energy-
level fit and resolution of the complex 3P - lI structure based upon the

Gaussian-Lorentzian function, has clarified some aspects of the problem

(as shown in Table V).

We were not able to resolve the complex band dize to transitions

to the 3F3 and 3F4 levels near 6700 cm-1, shown in Fig. 3, but we resolved
the 3P - lI group into components due to 3Po, 3Pz, and the combined 3Pl + 1I6
transitions.  Thus the parameters YX were determined by a fit to a maxi-

mum of six bands (as shown in Table IV).

Fig. 3

A l 1 111 11 11  1
8 1 lili lilli

Comparison of Experimental and Calculated Energy

C
I 111 lili 1

Levels with Observed Absorption Spectrum of Pr�3+ (AQ)

D
1 1111 ! lili I A. Experimentally determined free-ion levels  of,

Pr3+ (Ref. 64).
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The large matrix elements of U(4) and U(6) for the 3F3 and 3F4
transitions, together with values for 2-4 and 76 computed for the visible
region of the spectrum, predicted much more intensity near 6700 cm-1
than was actually observed (as shown in Table IV). When the 6700-cm-1
band is included in the fitting process, a negative value is calculated

for 72, since within the frameworkof the problem this  is  the only mechanism
to compensate for the excessively large oscillator strength computed from

T# and  76· No additional weighting factors  were  used in obtaining  the  indi -
cated fit.

In fitting the experimental data for Pr3+ in LaF3, Krupke44 Ob-
tained good agreement between observed and calculated intensities for the

infrared portion of the spectrum and a poor fit (values of Pcalc that were
too small) to the observed intensities due to 3Pl + lI6 and 3P6.  Thus, in
effect the results were similar to those obtained in solution, and we con-
clude that Juddis theory cannot fully account for the intensity relationships in

3+Pr   .  Since we were able to fit the energy-level scheme quite satisfactorily, the
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problem is not one of poorly determined electrostatic and spin-orbit param-
eters. Clearly we can force a good fit on the bands observed in solution in

the visible-near-infrared region, and argue that the resulting poor fit to the
3p                                                                                                                        17,47- II group is related to the proximity of the excited fN-id configuration.

However, the resulting parameters-involve  a negative value  for - 01;  and this
is inconsistent with Judd' s theory.

2.   Nd3+ (f3)

Recalculation of the intensity parameters for Nd3+ based on more
extensive experimental data and on an improved energy-level fit to the bands

observed in solution (as shown in
Table VI), has onl TABLE VI. Values of OA for the

slightly modified the values we originally reported.Lanthanides in Dilute Acid

72 x  109 (cm)     03 x  109 km 1     36 x  109 km 1
It is characteristic of trivalent lanthanide spectra

Pr3+ 42.0.* 91.8 7.4 f 3.2 41.2 * 3.8 that the intra-f-transitions in the ultraviolet region
Nd3+ 1.20 i 0.41 6.44 f 0.36 10.2 i 0.54

Pm3+ 3.61 * 0.31 125 1 0.48 5.42 * 0.27 are superimposed upon the tail of a much more in-
Sm3+ 1.17 i 1.12 5.32 i 0.35 147 * 0.33

Eu3+ 1.88 8.59 6.96 f 0.46 tense absorption.  It is reasonable to assume that
Gd3+ 3.30 1 0.62 6.06 1 0.53 6.10 * 0.10

11)3+    0.005 * 0.04 9.26 f 2.96 4.451: 0.29
the absorption in this case is due to an f-d transi-

Dy3+     1.93 * 5.23 4.44 f 0.21. 4.46 i 0.28

tion,
17 which has a maximum at >45,000  cm-1.   Thus,H03+ 0.47 * 0.18 4.05 k 0.21 3.96 * 0.21

Er3+ 2.05 i 0.16 2.51 f 0.24 2.45 * 0.12

any intensity measurements involving f -* f transi-
Tm3+ 1.03 * 0.82 2.68 f 0.38 2.40 * 0.21

Yb3+ 2.13 2.13 tions in the ultraviolet region normally require that

a background absorption be subtracted. The correc-

tion, particularly for weak bands such as are observed in the spectrum Nd3+
in the region 30,000-50,000 cm-1 (shown in Fig. 4), imparts a rather large
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Fig. 4.  Comparison of Experimental and Calculated Energy Levels with Observed Absorption
Spectrum of Nd3+ (AQ). A. Centers of gravity of Stark components for Nd3+  in

LaC13 (Ref. 5). B. Calculated free-ion levels for Nd3+ (AQ).
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probable error to the experimental values obtained. Nevertheless, the corre-

lation between observed and calculated oscillator strengths up to 40,000 cm-1
(listed in Table VII) is satisfactory in practically every instance. The notable

exception is the band near 30,500 cm-1, where the calculated matrix elements

of  U(X), shown in Table VIII, are much too small to account for the observed

intensity.

3.      Prn3+  (f4)

We were only able to obtain reproducible intensity measurements

for Pm3+ to -21,000 cm-1 (as shownin Fig. 5), although weaker hands were ob-
served between 21,000 and 25,000 cnn-1. Beyond 25,000 cm-1, no bands were
observed above the very large background absorption due primarilyto products
of radiation decomposition of the solutions.8 The strong bands reported by

Gruber and Conway23 near 30,000 cm--, are consistentwith the large matrix

elements of U(4) calculated for transitions to 5Do,1,2 (as shown in Table IX).

6
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Fig. 5.  Comparison of (A) Calculated Energy Levels with Observed Absorption Spectrum of Pm'3+  (AQ)

Observed and calculated oscillator strengths are compared in
Table X, using the parameters shown in Table VI.  Over the limited region in
which reproducible measurements could be made, the correlation was good.

4.       Sn13+  (fs)

Aside from the relatively intense bands in the near infrared

region, most of the transitions in Sm give rise to rather weak absorption
3+

maxima. The level density is very high in the visible-ultraviolet region
(as shown in Fig. 6). However, on the basis of the assignments made, and
the resolution of complex groups, it was possible to obtain the intensity
correlation shown in Table XI. The parameters used to generate the cal-
culated oscillator strengths are given in Table VI. At energies >30,000 cnn-1,
as indicated by the very small matrix elements of U(X) (listed in Table XII),
only very weak bands are observed.
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TABLE VII. Oscillator Strengths for Nd3+ (AQ)

P x ·106

HC 104-DC104Spectral Regiona NdC13(32) Nd(C104).(62)
(cm-1) S'L'J' Expt Calcb Expt Expt

5600-6900 4I15/2 0.49 0.28

11000-12000 4F3/2 2.56 2.34 3.02 2.3

12000-13000 4 5/2   8.84  8.62  9.22  7.7 HVz

13000-14200  3/2  
8.90 9.50            8.88             7.64 r.,

2  7/2

14200-15200 4FWz 0.65 0.72 0.83 0.51

15600-16200- 2H11/2 *, 0.15 0.19 0.39 0.14

16600-18200 465/2  
9.76 9.88 10.5              8.3

267/2

18600-20200 21<13/2

.

. 4G7/2 * 7.01 5.35 6.58 5.8

409/2
.

20200-22400
ZK 15/2

209/2
> 2.33 1.39 2.31 1.9

(2D ;F)*2

4611/2

23100-23500 2pl/2 0.41 0.55 0.38 0.30

23500-24200 2I)5/2 0.09 0.05 0.08 0.06

26000-26500 (ip ;D)3/2 0.03 0.04 0.05 0.02

.

27600-29800 *D3/2

*I)5/2
2
Ill/z

 9.42 10.29 9.52 9.8
.l

4Dl/2
Z
Lis/2     -

29800-31300
2I13/2     1

407/2             

2.7 0 0.15 2.36            1.7

2 L17/2

31300-32300  Hg 2 0.13 0.17             -               0.76

33000-34000 aD3/2

2H11/2  .
0.33 0,48 0.60

34000-34900 2D5/2 0.28 0.13            -              0.76

38200-40000 2Fs/2 0.18 0.09             -               1.9

RMS Deviation 5.8 x 10-7

aRange encompassing observed band(s).
bThe parameters used to obtain these values are given in Table VI.



30

TABLE VIll. Energy Level Assignments' and Matrix Elements of UCA| for Nd3+ (AQI

Nd3+ in LaC13(5) Nd3+ (AQ)

Eexpt Ecalc AE Eexpt Ecalc AE
S'L'J' (cm-1) (cm-1) (cm-1) km-11 (cm-11 km-11 "(2)b U(4)1) U(6)b

41912                                                                                           0.0136

146 178 -32 146C 130                   16                  -                                         -

4'11/2
2028 2043 -15 2028C 2007             21 0.0194 0.1073 1.1652

4113/2
4010 4029 -19 4050 4005            45 0.0001 0.4557

4'15/2 6058 6092 -34 6050 6080 -30            0 0.0001 0.0452

4F3/2
11438 11475 -37 11460 11527 -67            0 0.2293 0.0549

AF512 12466 12517 -51 12480 12573 -93 0.0010 0.2371 0.3970

2H912 12618 12710           -92 12590 12738 -148 0.0092 0.0080 0.115/1

4F7/2
13437 13504 -67 13500 13460            40            0 0.0027 0.2352

453/2 13524 13435            89 13500 13565 -65 0.0010 0.0422 0.4245

4F9/2
14722 14793 -71 14700 14854 -154 0.0009 0.0092 0.0417

21{11/2
15935 16001 -66 15870 16026 -156 0.0001 0.0027 0.0104

465/2 17135 16999 , 136 17300 17167 133 0.8979 0.4093 0.0359

267/2               -             17194            - 17460 17333 127 0.0757 0.1848 0.0314

21(13/2

19160 19103             57         0.0550

-             18874            -             -            19018            - 0.0068 0.0002 0.0312

467/2 19020 18965            55 0.1570 0.0553

469/2 19434 19369           64 19550 19544              6 0.0046 0.0608 0.0406.

21<15/2

21171            129 0.0010 0.0148 0.0139

-             20858            - 21000 21016 -16            0 0.0052 0.0143

269/2 21056 21060            -4          21300

12D, 2P)3/2

21650 21563             87

21129 21191 -62 21300 21266             34            0 0.0188 0.0002

4611/2 21426 21357                 69 -0 0.0053 0.0080

2Pl/2
23214 23050 164 23250 23140 110             0           0.0367            0

2D5/2 23780 23750            30 23900 23865                  35 -0 0.0002 0.0021

<2P, 2D)3/2 26160 26158             2 26300 26260                  40 0 0.0014 0.0008

4D3/2 27981 27990            -9 28300 28312 -12            0 0.1960 0.0170

4D5/2              -            28187 - 28500 28477             23 0.0001 0.0567 0.0275

21192
- 28388          - - 28624 - 0.0049 0.0146 0.0034

4DV2 28505 28563 -58 28850 28894 -44            0          0.2584           0

2L15/2

29966 - 0.0001 0.0013 0.0017

-            29260            -              0 0.0248 0.0097

2113/2        -54 -0 0.0037 0.00804D712 30500 30554

21-17/2                                                            -            32567            - 0.0001 0.0085             -0

-            30747            -              0 0.0010 0.0012

2H9/2

0.0112 0.00122 /2     - 33913 - 0.0001 O.0001 0.0002

33400 33481 -81           0

2Hll/2

34450 34474 - -24 0.0007 0.0006 0.6034205/2

2F5/2 38500 38504             -4 0.0021 0.0033               -0

2Fm 39950 39926                  24 -0 0.0004 0.0007

269/2 47700 47696                    4 -0 0.0015 0.0001

267/2

RMS Deviation               88

48600 48586             14 0.0004 0.0024 0.0002

RMS Deviation              84

aThe parameters used to generate this set of energies are given in Table XXX.

bUG) .I+JIIU(A)11'1"J)2.

CAssumed energy based on data in Ref. 5.
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TABLE IX. Energy Level Assignments and Matrix Elements of UCA) for  Pm3+  (AQI

S'L'J' Eexpt (cm-1) Ecalca (cm-1) AE (cm-11 Unlb U (4)b U(6'b

514                     15Oc                    99                   51

515                     -                    1577                  -
0.0246 01172 0.9694

516                      -                    3186                  - 0.0018 0.0301 0.6893

517 4850 4876
'

-26                 0 0.0025 0.1581

518
6600 6611                           -11                        0 -0 0.0103

.5Fl' 12400 12398                    2                0            0.1404             0

5F2 12820 12811                    9 0.0026 0.1992 0.1264

5F3 13600 13651 -51                -0 0.1041 0.4253

552 14300 14337                           -37 -0 0.0011 0.2295

5F4 14650 14562                   88 0.0005 0.0291 0.2403

5F5 15900 15863                             37 -0 0.0021 0.0346

3K6 15900 15875 25 0.0024 0.0025 0.0104

31<7                    -                    17163                  -                  0 0.0020 0.0200    '

3114 17300 17327                  -27 0.0064 0.0210 0.0240    ' ·

562 17700 17857 -157 0.7215 0.2433 0.0041

563 18300 18256                   44 0.1444 0.2655 0.0454

3K8                 -                 18719                - 0 0.0003 0 0088

3H5 . 19611 0.0001 0.0057 0.0062

564 20250· 20181                   69 0.0093 0.0957 0.0787

363                   -                  21102 ,-' 0.0228 0.0652 0.0075

565 21900 21998 -98 0.0003 0.0103 0.0365

3D2                   -                  22178 - 0.0072 0.0025 0.0028

566 22300 22262                         38 -0 0.0002 0.0008

34 22300 22372                  -72                0 0.0016 0.0099

3Dl                   -                  23321                 - 0 0.0001            0

34 23500 23444 - 56                   0 0.0019 0.0133

364.                    -                    23897                   - 0.0013 0.0112 0.0044

3116                 -                 23995                - -0 0.0002 0.0041

31.9                     -                    24412                  -                 0               0            0.0019

(3M, 11-)8 24462                  -                 0 0.0045 0.0013

3D3 24800 24800                  0 0.0007 0.0032 0.0095

3PO                 -                 25066                -               0           -0             0
(1[).3pb 25538                         - -0 0.0002 0.0003

365                    -                    26235                  -
0.0002 0.0006 0.0007

3F4                   -                  26643                 - -0 0.0005 0.0008

3Pl                    -                    27051                  - 0 0.0003             0

3M9                 -                 27804                -               0 0 0.0007

3F2                     -                    27894                  - 0.0091 0.0062                            - 0

315                     -
27916

- 0.0042 0.0004 0.0006

3F2                     -                    28193                  -
0.0048 0.0097 0.0025

3M10 -                        28395                      -                     0                  0                 -0

3F3                     -                    28810                  - 0.0002 0.0031 0.0013

316                     -                    29078                  - 0.0003 0.0006 0.0011

1L8                   -                  29189                 - 0 0.0015 '0.0008

317                     - 29587 -..                  0 0.0001 0.0002

5DO 30040 29979                   61                0            0.1520             0

5Dl
30480 30471                    9                0            0.2361             0

3F3
- 30816 - 0.0012 0.00% 0.0046

5D2 31250 31266                  -16                0 0.1013 0.0214

RMS Deviation                   78

aThe parameters used to generate this set of energy levels are given in Table XXX.

bURI . 1'11'JIIUB'11*,J'12.

CAssumed center of Stark components of the ground level.



32

TABLE X.  Oscillator  Strengths for  Pm3+  (AQ)

Px 106 Px 10 

Spectral Regiona Spectral RegionaHC104-DC104
Pm(C104)3(62) HC104-DC104

Pm((104)3(62)

km-11 S'L'J' Expt Calcb Expt (Cm-lj S'L'J' Expt Calcb Expt

12000-12600 5F 0.77 0.63 2.5 16600-18800 3K7

12600-13200 5F2 1.94 1.93         3.2                                3H4
13200-14000 5F3 3.76 4.00       4.6                         5G2 - 10.93 10.89 10.4

14000-14400       552 2.38
1.97             3.0                                             563

14400-15200 5F4 2.29 2.29 2.8 '   3Kt
15700-16300 5F5 19400-21100 3H5

0.42 0.46           2.5

3,J                                                  %4 -
2.57 2.56              5.5

363

RMS Deviation 2.02 x 10-7

E'Range encompassing observed band(s).

bThe parameters used to obtain th.ese values are given in Table VI.
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Fig. 6. Comparison of Experimental and Calculated Energy
Levels with Observed Absorption Spectrum ofSm3+  CAQ)

A.  Centers of gravity of Stark components for Sm' in

LaC13 (Ref. 49).
B. Calculated free-ion levels for Sm3+ (AQ).
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TABLE XI. Oscillator Strengths for .Sm3+ (AQI

P x 106

HC104-DC104
(32) (62)

Spectral Regiona Sm(N03)3 Sm(Clod.'3
km-1) S'L'J' Expt Calcb Expt Expt

5600-6500 64/2         1                  0.26                      0.26

6H15/2  ' .1

6500-6800              6F3/2
0,97 0.99

6800-7600              6F5/2
1.70 1.84                     -

7600-8600            6F7/2 2.74 3.00                     -

8800-9800              6F9/2
1.97 1.98 1.70 1.99

10200-11000
6F11/2

0.31 0.32 0.33
-

0.30

f 0.023(
17600-18200

465/2
0.030

 0.012d
0.036 0.057

18700-19300 4F3/2 0.009 0.001

19800-20300 AG112 0.52 0.62 0.061 0.076

41912
1

1.3820300-21300 4M15/2
 

1.53 0.54 1.26

4111/2 J

0.6421300-22000 4113/2 0.68 0.34 0.68

f 0.006'
22000-22200             4F5/2 .0.03

l 0.01Od
0.02 0.08

4M17/2

0.4022200-23400 469/2 0.39 0.13 0.33

4115/2 -
24400-24700 4L13/2 0.43 0.31

..                            65/2

AF/R

24700-25500 3.84 3.80
, 4.90 4.15

41(11/2

4M21/2

4Ll 2  25500-26200 0.42 0.11 0.30 0.31

4611/2 J

4Dl/2

6p112

26400-27200 4L17/2 1.06 1.26 1.05 1.02

41(13/2

4Fq/2      -

27200-28100 4 D3/2    1.23  1.03   0.90   1.26
(40, 6p'512 J

28100-28600 4Hl/2 0.06                     f 0.009,

l 0.020d

4K15/2

4H912

28600-29800 4D712
0.80 0.67 1.08

CAK.401712

4L19/2

4H11/2

RMS Deviation 2.91 x 10-7

aRange encompassing observed band(s).

bThe parameters used to obtain these values are given in Table VI.

CCalculated magnetic dipole oscillator strength (Table 111).

dcalculated electric dipole oscillator strength.
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TABLE XII. Energy Level Assignments and Matrix Elements of UCA) for Sm)+ (AQ)

Sm3+ in LaC13 Sm3+ (AQI
(491

Eexpt Ecaka M Eexpt Ecalca AE
S'L'J' km-11 (cm-1) (cm-11 (cm-11 (cm-1) (cm-11 U(2)b U(4)b U(6lb

6H5/2

0.3267

36               ' 12               24               36c              46              -10               -

614/2 1080 1067             13 1080(: 1080 0 0.2062 0.1962 0.0952

6H9/2 2286 2279              7 2286( 2290
,

-4 0.0256 0.1395

6Hll/2 3608 3618 -10 3608C 3624 -16            0 0.0240 .0.2649

6,113/2 5014 5044 -30 5000 5042 -42            0 0.0007 0.0659

6Fl/2                 -           6299          - 6400 6397 3         0.1939           0             0

6 2 - 6544 - 6630 6641 -11 0.1444 0.1364            0

6523            -             -             6508            -              0             0          0.0043.

6 /2 7033 7041             -8 7100 7131            -31 0.0332 0.2840            0

47/2 7900 7898              2 8000 7977             23 0.0020 0.1429 0.4301

619/2 9075 9069             6 9200 9136            64           -0 0.0206 0.3413

6F11/2
10160 10458 2 10500 10517 -17            0 0.0006 0.0515

465/2 17860 18053 -193 17900 17924 -24 0.0002 0.0007            0

44/2 18860 18632 228 18900 18832 68               0.0003                -0                    0

46112 20010 20100 -90 20050 20014 36 0.0004 0.0018 0.0025

41912 20600 20556            44           -            20526            - 0.0022 0.0005 0.0014

4M15/2

21100 21096    '         4            0

-             20279            -           20800 20627 173            0             0          0.0307

411112 20977 20996 -19. -0                0.0108

4113/2 21562 ·21497             65 21600 21650 -50            0 0.0030 0.0228

4F5/2 22129 22172 -43 22200 22098 102 0.0004 0.0002           0

4M17/2

22700 22706 -6         0.0001

-             22006            -             -            22370            -              0             0          0.0053

469)2 22850 22749            101 0.0010 0.0028

4115/2                   -             22797            -             -            22966            -              0              0          0.0002

«*1512                        23784 8776 8 24050 24101            -51           -0          0.0263           0

23543                  -23902                                          0                      0                     0

4L.13/2 24560 24424 136 24570 24562             8            0 0.0081 0.0096

4F712                  -            24783 - 24775 - 0.0002 0.0012 0.0003

6P3/2               -          24631 - 24950 24999 -49               -0              0.1684                0

4K11/2 24532 24752 -220           -            25177            -              0 0.0004 0.0027

4M292

25650 25638             12            0             0          0.0060

-                 25224                -                   0                   0                  0

41.15/2     - 25718 - 0 0.0001 0.00104611/2

-            26573           -           0.0001           0             0
4DU2

26750 26660           90 -0 0.0016 0.07516Pl/2      -26749 -0 0 0.00024LlU2

- 26967 - 0 0.0005 0.00114K13/2

- 27207 - -0 0.0004 -04F912

0.0001 0.0251 .041)3/2 27700 27714 -14

44D, 6P)5/2 27700 27722 -22                 -0                 0.0170                  0

4'17/2                                          -        28732       -         0        0       -0

28250 28396 -146 0.0013 0.0006          -0

4KU/2

29012 88 0.0001 0.00024H9/2                                                                           -7 -0 0.0005 0.0375

29100 0.0006

4D7/2                                                            -           29178          -             0            0          -0

29100 29107

44K, 41.117/2                                                                                                                                    -                           29322                          -                               0                              0                            0
419/2

29381 - 0 0.0001 0.00054Hll/2
- 29827 - 0 -0 0.000241113/2

29980          - -0 0.0006 . 0.00044 12

O.0001 0.0009 0.0013469/2 30200 30099            101

4G5/2
30232 0.0002 0.0002            0

4PW2

.     - '  31349         -           0    ·    -0        0

31093                -                 -0                   0                  0

4611/2 31408 -0 0 0.000221.15/2

31508 42 -0 0.0136 04P312 31550

4P5/2 32800 32706                 94 -0 0.0021                0
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TABLE XII. (Contd.1

Sm3+ in LaC'3(49) Sm)+ (AQ)

Eupt Ecalc  aE Eexpt Ecalc' AE
S'L'J' km-11 km-11 km-1 ) km-1) km-1) (cm-1) U (2'b UM'b U(6'b

 5/2

33800 33825 -25            0 0.0002 0.0001

33800 33767 33 -0 0.0005 0

21(13/2

34061 - -0 -0 -04F9/2                                                      34357        -         0         0        -021.17/2

34600
'

34591                 9 -0 0.0004 0.0003
(4 1,4F)9/2                                                                                                                                       -                           35385                          -                               0                              0                             02N1912                                                           -           35718           -           -0            0            02Pl/2     - 35785 - -0 0 -0AS712

36000 36053 -53             0 0·0002 0.0003
'

4'11/2                                               _        .36238        -          D          O          2N21/2                                                                                           -0          -0           0
4F5/2                                                                 -            36586            -              0             0           -0

-            36520           -

4115/2

36586          114 -0 0.00024F3/2

36700 36757            -57            0            -0          0.0001

36700                                                                       0

4113/2                                                                -            36982            -              0             0           -0
2M17/2

37600 37487          113 -0 0.0005 0.0001(211,41)9/2

(2D, 2F)3/2                                                                                                                    38303                   -                      0                   -0                  - 

38300 38270           30      ; -0 0.0003            0

2FU2     - 38949 -0 0-02K15/2
- 39057

- 0.0001 -0 -0267/2

39250 39188 62 0 0.0002 -0
21{11/2                                                                -            40417            -              0             0             0
2M1912                                                                                           -0          -0           0205/2                                                                              40990            - '0 O.0001            -0

-           40664           -

2192
- 41269 - 0 0.0001 -02K13/2

- 41369 - -0 -0 0203/2

41941            49          -0
0.0002 0.0001

t,                         42022    -    0    0    0

42000

2021/2 42406          -            0           0           0

465/2

42900 42965 -65 0.0013 0.0025 0.0006

-            42714            - 0.0016 0.0010            0

467/2                                             -        4 28        -         0         0        -0X,2     43100 4,250 -,v 0.0003 0.0008 0.0015

(21, AH)11/2                                                                                                                                      43504                      -                          O                   0.0002                  -0

-            43414            -              0 0.0006 0.0006

(21,4H) 13/2

(AG, 2H,4H)11/2 43800 43845 -45            0 0.0008 0.0006

126,4H)112                                                                                                               -                      4432                     -                       -0
-0 0.0002

-                   44237 - 0.0002                -0                  -0

269/2

-0 0.0006        -0(4G, 4H, 2Gh/2 -           45269.          -

469/2                                                   -         45801         -           0         -0         -0

-                   45615                  - -0 0.0006                  0

2113/2                                                                -            46123            -              0
0.0001 0.0002

46192                                                  -         46370         -           0          0         -02L17/2

46500 46500           0              0 0.0004 0.000241113/2

46500 46554            -54            0 0.0005 -0
2H1112

-169 0.0002 0.0010           0
(4p,

2D)3/2
46500 46669

205/2

47400 47307             93            0
0.0010 0.0001

-            - 47127 -,          -0          -0           0

2HlV2                                                     47843        -         0         0        - 21.15/2      - 47940 - 0 0.0003 0(2F, 4P, 2D)5/2

 912                                   80
-          48288          -           -0          -0          -0

.
RMS Deviation             119

aThe parameters used to generate this Set of levels are given ih Table XXX. .

b UR)  · I+J||URI'lip,J�)2.

CAssumed based on data for Sm3+ in LaC13(491
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5.      Eu3 +   (f6)

Europium is the only trivalent lanthanide in which the ground
term has J = 0. This factor imposes special restrictions on the allowed
transitions. The triangular conditions73 on the 6-j symbol of Eq. 4 for

J = 0 require that the symbol vanish if J' is odd or zero. In addition, for

even values of J', the symbol vanishes except'for X = AJ.  Thus, only a few
transitions arising from the ground state are expected to have any intensity
via the forced electric-dipole mechanism. For example, the only matrix

elements of U(X) that are nonzero for the 7FI -+ 7Fz transition are those of

U(2)  (as  can be  seen in Table XIII).

The observed spectrum, shown in Fig. 7, is actually much more

complex than the preceding discussion implies, since it includes bands due
to transitions arising from the 7Fl and 7Fz levels, which lie near 350 and
1000 cm-1, respectively. These levels are partially occupied at room

tennperature.

1 1 1 1 1 lillI-A-

1 1. 1 1 1   1  1  111-8

a2-

0.1 -                                                                                                         -

     -   IL,    i    ..,    A   I    .    1    �    1    ,    1    �    1    �    1    '    '    '    '    '    1
  3-

22 20     18     16      14      12      10 8 64 2      0-

)-

I         E                                 '         11     1111   lillI
1 1 111111111            lili                    1     1     11      m                  I

1! 811 1 1

2-                                                    -

1-

1 . MiL--t  Al   .. 1 - l.. 1
46 44         42         40          38          36          34          32          30          28 26 24

CM-' x 103

121-2518 Rev. 3

Fig.  7.    Comparison of Experimental and Calculated Energy Levels

with Observed Absorption Spectrum of Eu (AQ)
3+

A. Average energies of Stark components  of Eu3 in LaC13

Bef. 18) 
B. Calculated free-ion levels for Eu (AQ).

3+

In aqueous solution, we could only measure spectra at
>6000 cm-1. Thus transitions from 7F to components of the 5D multiplet

gave rise to the lowest-energy bands within the experimental range.  An
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TABLE XIII. Energy Level Assignments and Matrix Elements of U(Al for Eu3+ (AQI.

-    Eu)+ in laC'3(181 Eu3+ (AQI

Eexpt Ewlca        AE Eexpt 6Ica          AE
S'L'J' km-11 km-4 km-11 km-11 km-1) (cm-11 U (2'b U(4)b U(6)b

7FO              0               30           -30           0              -31           31

7Fl 380.16 398 -18 360 350 .1 0             0             0             0

'F2 1044.8 1046             -1 1020 1018 2          ' 0.1375             0              0

h 1882.0 1887             -5 1882.Oc 1880                    7                    0                     0                    0

7F4 2877.2
·

2851 26 2877.2C 2866            -1             0          0.1402           0

7F5 3909.0 3891             18 3909.Oc 3927           -18             0             0             0

7 4978 4973 5 4980 5029 -49                    0                     0                0.1450

5DO 17267.4 17393 -126 17277 17286            -9             0             0             0

5Dl
19030 19077 -41 19028 19026            -2             0             0             0

502 21504 21491             13 21519 21499 -20           0.0008             0              0

503 24390 24328            62 24408 24389            19             0             0             0

5l6             -             25317             -
25400 25375            25             0             0          0.0155

562           -            26260           -
26300 26296 4           0.0006            0              0

5L7             -             26375                          -            26469            -              0             0             0

563             -             26487             -            -            26535            -              0             0             0

564             -             26614             -
26620 26672 -52             0          0.0007           0

565             -             26672             -            -            26733            -              0           '0             0

566            -            26702           -
26700 26762 -62             0             0          0.0038

54             -             27315                          -           27435            -              0             0             0

504 27632 27529 103 27670 27641            29             0          0.0011           0

5L9                                                                        28244            -              0             0             0

Sllo
-            28813            -              0             0             0

5H3                                                      -           30863           -             0            0            0
5H7                           ·                               -            31145            -              0             0             0

5114
31250 31281 -31             0          0.0013           0

5H5                                                           -            31512            -              0             0             0

5H6
31520 31539 -19             0             0          0.0056

3PI                                                      -           32862           -             0            0            0

5F2
33190 33126 64           0.0004            0              0

5F3                                                           -            33188            -              0             0             0

5Fl                                                      -           33429           -             0            0            0
5F4 33590 33641 -51             0          0.0034           0

514                                                           -            33862            -              0          '0.0006           0

5F5                                                           -            34171            -              0             0     .       0

(51'SH)5                                                      -            34366            -              0             0             0

518                                                           -            34879            -              0             0             0

(5 1,5H)6
35030 34941            89             0             0          0.0017

517                                                           -            35382            -              0             0             0

5K5 36205 36235 -30                  0                  0                  0

.5 37440 37448            -8             0             0          0.0011

3Pt                                                      -           38103           -             0            0            0
5Kl                                                      -           38452          -             0            0            0
562                                                      -           38701 - 0.0004          0            0

5K8                                                 -          38991          -           0           0           0
13K. 3116

. 39060 39063            -3            0              0           0.0005

563 '                               -      39243      -       0       0       0
15D, 5p)2

- 39664
-

0.0008                    0                        0

.5K9                                                      -           39867           -            0            0            0

564
39890 39897 -7            0           0.0050           0

(50.Sp)3. - 40041      -      0      0      0.

565                                                      -           40465          -            0            0            0

7,                          5Dl                                                        41113         -           0          0          0
3010

-            41329           -              0             0             0

566
41370 41353            17            0             0          0.0002

RMS Deviation           59         -                     40

allie parameters used to generate this set of energies are given in Table XXX.

bu<Al 'I I+Jillia)11'11"J'12.
CAssumed energy based on data in Ref. 18.
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extremely weak band was detected near 17,300·cnn-1 and attributed to                
7Fo -, 500 (Refs.  1, 18,31). Since this transition is forbidden bybothelectric-
and magnetic-dipole selection rules, the slight observed intensity may be
the result of a very weak J-mixing by the crystal field.  The band at

19,028 cm-1 was attributed to 7Fo - 5Dl·  In this case, the selection rules
forbid an electric dipole but allow a magnetic-dipole transition. As shown

in Table XIV, the experimental and calculated results are in. excellent

agreement. The magnitude of the band centered at 21,519 cnn-1, together
with the calculated matrix element of U (2) for 7Fo - 5D2, determine a value
of 92 that is consistent with that for other lanthanides. The extremely weak
absorption at 24,408 cnn-1 is identified with the forbidden 7Fo -+ 5D3 traIisition.

In addition to the foregoing, several bands at higher energies
were identified with transitions from 7Fo.  All the oscillator strengths given
in Table XIV are for transitions that originate in 7Fo and were relatively well
resolved from identifiable components arising from 7Fl and 7Fz· In fitting

the data, note that although 26 was well determined, the values of 72 and 74
were determined from single transitions.

For comparison with the results for other lanthanides, it was
necessary to correct the values of Fx calculated from the experimental data
for Eu . This correction arises since at 250 the observed oscillator

3+

strengths are a function of Co, the concentration of Eu ions in the ground3+

3+state 7Fo, and this is only a fraction of the total Eu ion concentration, CT·
Thus,

CJ        gj          -- (EJ _ Eo)-
--- = - exp
6 0 go kT   '

-         -

where CT = I CJ, CJ is the concentration of atoms in the initial 7FJ level
with energy E J, and gj = 2J +-1. We neglect terms for J > 2.  From
Table XIII, El - Eo = 360 cm-1, ET - Eo = 1020 cm-1, and we can calculate

C  /Cu = (Co + Cl + C21/Co = 1.546. Instead of applying the foregoing to the
T'   -

experimental oscillator strengths in Table XIV, we can make an equivalent
correction directly to the values of 91·  Thus, the values of Fx given in
Table VI are a factor of 1.546 greater than those used to calculate oscillator

strengths for comparison with experiment in Table XIV.

6.         Gd3 +   ( f7)

The f7 configuration of Gd3+ represents a half-filled shell of
equivalent electrons.  Thus, to a first-order approximation, neither the

ground state nor the excited states should be split by a crystal field. 74
'.-

Indeed, the absorption spectrum as observed in solution, shown in Fig. 8,
comprises for the most part extremely sharp bands, all of which occur in
the ultraviolet region of the spectrum. Transitions from the ground state



39

TABLE XIV. Oscillator Strengths for Eu3+ (AQ)

P x 108

Spectral
Rangea EuC13(32) Eu((104)3 

HC104 62) Eu(N03)3(1)

(crn ) S'L'J' Expt Calcb Expt Expt Expte

17000-17400 5Do 00 -0.01

r 1.4c
18900-19100 501 1.4 2 1.5           10           -1.3

lod

21400-21600 5Dz 2.1 2.1 0.9          90          -1.3

503       -

25100-25600 SL6 177 178 158 190

5GZ

5T
1'7             -

5G3

F,G. 1          -

26400-27000   5Gs  43     56

l'G, 1      -
5LB

27500-27800  SD4       17     17

SL9       -

SL10

SH3

SH7

SH4

5Hs       -

31400-32350 SH6 73 80

3PO

5 r.
r 2

SF3       -

5Fl       -

SF4

SI4

5 FS

(SI, SH)s   -

. .  SIB

(SI, SH 6        -
5.
17              -

5KS
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TABLE XIV. (Contd.)

P x 108
Spectral
Rangea HC104

EUC13(32  Eu(C104 1(62) Eu(N03)3(1)
(crn-1) S'L'J' Expt Calcb Expt Expt Expte

37300-37600 5K6 22     19

3Pl

SK7

SG2        -

SK8

38900- 39100    (3K, 3I)6 8.2 8.8

RMS Deviation 2.3 x 10-8

aRange encompassing observed band(s).
bThe parameters used to obtain these values are a factor of 1.546 smaller

than those recorded in Table VI.
CCalculated magnetic dipole oscillator strength (Table III), corrected to the
experimental conditions Co/CT   = 0.647 where  Co/CT  is the fraction  of
transitions arising from the 7Fo level.

dCalculated electric dipole oscillator strength (see b).
eCorrected to the present experimental conditions (250).

2
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Fig. 8. Comparison of Experimental and Calculated Energy Levels
with Observed Absorption Spectrum of Gd3 + (AQ)

A.   Centers of gravity of Stark components for Gd(13  6H20
(Ref. 29).

B. Calculated free-ion levels for Gd3+ (AQ).
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to three different multiplet groups  6P,  6.I, and  60 are normally observed, but
those to 6P, and particularly to 5, result inveryweakabsorptionbands. In

addition, we have discerned bands arising from transitions to components of
the 6G multiplet near 50,000 cm-1. Since the transition to 6613/2 is superim-
posed on the tail 6f a more intense absorptioncenteredat >>50,000 cm-1, the
intensity of the band arising from this transition is particularly difficult to

measure accurately and reproducibly.

For parameter fitting, the situation in Gd3+ is somewhat similar
3+to that in Eu  . ·The distribution of the nonzero matrix elements of U (X)

 given in Table XV) indicates that bands arising from transitions to 6P and
D determine the value of 72, whereas  01 and 76 are independently ·deter-

mined by transitions to 66 and 6I, respectively.

TABLE XV. Energy Level Assignments and Matrix Elements of

U(X) for Gd3+ (AQ)

GdC13 · 6H20(29) Gd3+ (AQ)

Eexpt Ecalca BE Eexpt Ecalca       BE .

S'L'J' (cnn-1) (cnn-1) (cm- 1)     (cm- 1)    (cm- 1) (cm -1) U(2)b U(4)b U(6)b

BS7/2                 0              0               0               0              14          -1 4            -              -

6P7/ 2 32105 32153 -48 32200 32224 -24 0.0010 -0 -0

6ps/z 32700 32697 3 ·32780 32766                14           0.0004 -0 -0

6p
3/2 33272 33237 35 33350 33302 48 - -0 ·-0       0

6I7/2 35832 35772        60 35930 35878 52 -0 -0 0.0041

6Ig/z
36176 36126        50 36270 36231       39 -0 -0 0.0104

6I17/2 36242 36358 - 116 36340 36461 -121        0        0      0.0214

6Ill/2 36458 36421        37 36560 36526 34 -0 -0 0.0177                        '

6I 13/2
36571 36606 -35 36660 36711 -51       0 -0 0.0242

6I15/2 36631 36621        10 36710 , 36725 -15            0 -0 0.0269

6Dg/2 39562 39637 -75 .39720 39779 -59 0.0057 0.0001     -0

6I) 1/2 40468 40478 -10 40560· 40621 -61                 0              -0                  0

607/2 ' 40574 40579 -5 40700 40712 -12 0.0044 -0 -0

6I)3/2 40754 40714 40 40850 40851 -1     0.0008    -0        0

6I)5/2 40901 40845        56 41000 40977 23 0.0025 -0 -0

(6G, 6F)7/2 49270 49288 -18 0.0001 0.0040     -0

6Gg/2 49680 49620       60 0.0001 0.0083     -0

i;11/2 .

49680 49667 '13 -0           0.0103           -0

6(35/2 49680 49730 -50 -0 0.0019     -0

6-'
-            50457               - -0 0.0005             0 13/2

6G,3/2 51413 51259 154 0            0.0117           -0

RMS Deviation          58                                63

aThe parameters used to generate this set of energies are given in Table XXX.

buck)  . [*J||U(X)11*i Jilz .
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The correlation between (1) the observed intensities of thebands

arising from transitions  to  7/2 and   5/2 and (2) their calculated magnetic -

dipole oscillator strengths is of particular interest. As shown in Table XVI,

PM.D. accounts for essentially all the observed intensity.  This is con-

sistent with the very weak electric-dipole intensity calculated for these

TABLE XVI. Oscillator Strengths for Gd3+ (AQ)

P x 106

HC104

Spectral Regiona

(crn-1) S'LIJ' Expt Calcb

f '·'55'32100-32300 6pl/Z 0.073
l 0.013d

32700-32900 6 5/2                         -
0.0 4 1   0.031,

L 0.0058

'               33300-33500 6.1
r3/2 0.0014 -0

35800-36100 6I7/2 0.121 0.112

64/2
36100-36450 0.845 0.8776.

117/2

6r
),11, 3

36450-37400
6I13/2 1.914 1.918

6I15/2

39400-40400 61- 
1_J9/2. 0.078 0.093

.

6Dl/2

6I)7/2
.,1 0.008940500-41200                  >        0.082

6D3/2 LO.130d

6D5/2
.

49000-49400 (6G. 6F)7/2 0.121 0.149

6G9/2  
49400-50400 6G 1 1/2

 
0.903 0.765

665/2     j

6G3/z                   -              -
51100-51700 6G13/2 0.639 0.459

RMS Deviation 2.5 x 10-8

aRange encompassing observed band(s).
-   bThe parameters used to obtain these values are given in Table VI.

CCalculated magnetic dipole c;scillator strength (Table III).
dcalculated electric dipole oscillator strength.
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transitions. Wybourne74 obtained the same results for the electric-dipole

oscillator strength, assuming 92 = 1.6 x 10-9, but using somewhat different

intermediate coupling eigenvectors.

The values of FX obtained in the fitting process are given in
Table VI.

7.        Tb3+  (f8)

The assigned and calculated energy levels, together with the
matrix elements of U(X) based upon the present study, are shown in
Table XVII. Intensities could only be measured reproducibly at <36,000 cm

-1

since at higher energies the f-f transitions were superimposed on more
intense absorption bands which arise from 4f -+ 4fN-15d transitions, as shown

in Fig. 9. Loh 8 suggests that the lowest 4f - 5d transition for Tb3+'in CaFz
occurs near 46,500 cm-1, which is in agreement with the calculation of

Crozier. The intense absorption band observed in solution at 45,800 cm17                                                                                -1

has already been identified as an f-d transition, but some doubt has been

expressed about the nature of the weaker band at 38,000 cm-1 (Ref. 38).  As
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0.6-

0.4-

i  '21    A. l'A
f   - im 1,1
a: a./.IN...4 A. 1 1

       30    28    26    24    22
20 18 ' 10 8 64 20

<1

5                                                                                                     1111 1 1 1 IHIH lil I 1 1 1-8
g 400- 0.8 -

a

300-                                 A                                               06 -

200 -              f--      '                              0.4 -
100- 0.2-

L

.... 11.      i «. -   uid   8.   A      A .01'',11 2 1 111                                l i l I

50 48 46 44 42 V
42 40 38     36 34 32    30

CM-' x 103

121-2521 Rev. 2

Fig. 9. Comparison of Experimental and Calculated Energy Levels

with Observed Absorption Spectrum  of  Tb3 +  (AQ)

A.  Centers of gravity of Stark components  for  Tb3+ in

LaC13 (Ref. 65).

B. Calculated free-ion levels for Tb3+ (AQ).
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TABLE  XV 11. Energy Level Assignments and Matrix Elements  of UCA   for  Tb3+  (AQ)

Ib3+ in LaC13
(65)

n,3+ CAQI

Eexpt Ecalca AE Eexpt Ecalc  AE
S'L'J' km-1) km-1) km -1) (cm-1) km-1) km-11 U(2)b U(4)b U(blb

7F6            85           84          1           85C         74          11
7F5 2103.79 2111           -7 210Oc 2112 -12 0.5376 0.6418 0.1175

7F4 3355.63 3366 -10 3356( 3370 -14 0.0889 0.5159 0.2654

7F3 4348.27 4340            8 4400 4344             56             0 0.2324 0.4126

7F2 5024.24 5023            1 5038 5028             10            0 0.0482 0.4695

7Fl 5471.90 5476           -4 5440 5481 -41            0             0          0.3763

7FO 5700.93 5697            4 5700 5703            -3            0             0          0.1442

504 20453.9 20470 -16 20500 20545 -45 0.0010 0.0008 0.0013

5D3 26273.0 26256           17            -            26336            -             0 0.0002 0.0014

566 26500 26425 75 0.0017 0.0045 0.0118

5L10 27100 27146 -46                 0 0.0004 0.0592

565 27800 27795              5 0.0012 0.0018 0.0135

502                                                  -          28150           -           0 -·0 0.0008

564                                                  -          28319 - 0.0001 0.0003 O.0091

5L9 28400 28503 -103                 0 0.0021 0.0466

563                                                      -           29007            - 0 0.0001 0.0031

5L8 29300 29202                  98 -0 0.0001 0.0235

54 29450 29406            44 0.0005 O.0001 O.0119

54                                                                -             29550             - 0.0001 O.0001 0.0003

562                                                  -          29577           -           0 -0 0.0005

5Dl 30650 30658            -8            0             0          0.0003

5DO                                                                                                             -                      31228                        -                        0 0 0.0001

5H7 31600 31557            43 0.0060 O.0019 0.0131

5H6 33000 33027 -27 .0.0027 -O 0.0126

5H5 33900 33879            21 0.0004 0.0002 0.0037

5114                                                          -            34442            - -0 0.0002 0.0004

5F5 34900 34927 -21 0.0030 0.0038 0.0026

5H3                                                      -           35040            -            0           -0          -0

518 35200 35262 -62 0.0004 0.0067 0.0193

5F4                                                               -             35380              - 0.0014 0.0014 0.0022             0

h                                                           -            36559            -            0 0.0001 0.0018

517 36700 36723 -23 O.0001 0.0045 0.0113

5                                                       -           37188            -           0 -0 0.0012

5Fl                                                           -            37575             -            0             0          0.0003

514                                                              37578           - -0 0.0001        -0

516 37760 37714                  46 -0 0.0021 0.0020

515                                                      -           38081            - -0 0.0005 0.0002

5K9 39100 39094              6             0 0.0150 0.0117

dp, 5D)2 - 39548                     - 0 0.0006                -0

OL56)6
- 40114 - 0.0027 O.0010 0.0022

5K8                                                  -          40749           - -0 0.0074 0.0043

566                                                      -           41082            - 0.0067 0.0082 0.0025

OK, 3115

0.0012 0.0002

-            41236             - 0.0007 0.0003 0.0007

5Kl                                                          -            41614             -           -0

RMS Deviation             11                                        56

aThe parameters used to generate this set of energies are given in Table XXX.

b UCA) "   I+J 11 ll A)11*'J '  2.

CAssumed energy based on data in Ref. 65.
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can be seen from the consistently small values of the matrix elements of

U (X) for transitions near 38,000 cm-1 (listed in.Table XVII), the intensity
of the principal band could not be accounted for as an f -+ f transition, but
those bands superimposed upon it do qualitatively appear to have the inten-

sities predicted for f-f transitions.

It was necessarytotreatmost of the bands observed at <36,000 cm-1
as composites involving several transitions, as shown in Table XVIII.  Nor-

rnally, this procedure would make it possible to calculate all threeparameters,

VX, since a sufficient number of independent groups were resolved. However,
in the case of Tb3+, none of the observed transitions were strongly dependent

upon the matrix elements of U (2).  As a consequence, 72 was poorly defined    -
(as may be seen in Table VI), but nonetheless was shown to be very small.

TABLE XVIII. Oscillator Strengths for Tb3+ (AQ)

P x 107

HC104

Spectral Regiona Tb C 13 ( 32 )

(cm-1) S'L'J' Expt Calcb Expt·,

20000-21200           SD4 0.52 0.21 -0.04

503  

25900-27600 SG6  8.46 f 0.O7c           5.7
l7.6id

5Llo ,

5Gs  

5Dz
27600-28950 , 7.46 7.61

SG4.       '

5L9 ,

SG3  

-                                               SLB

28950-30200 SL7
 3.04 4.03

SL6

562 ,

30400- 30900                  SDI 0.37 0.32

SDO 1
30950-32000 5 2.02 1.85

SH7  

32500-33500                SH6 1.20 1.41

33600-34100                SHS 0,18 0.47
.

5H4

5Fs

34400-35800 SH3
> 5.05 5.32

5I8
1(

5F4 ,

RMS Deviation 6.4 x 10-8

aRange encompassing observed band(s).
bThe parameters used to obtain these values are given in.Table VI.
CCalculated magnetic dipole oscillator strength (Table III).
dCalculated electric dipole oscillator strength.
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8.          Dy3 +. (f9)

3+Many of the more intense transitions in Dy , shown in Fig. 10,
are well identified, and their intensities could be measured with a high
degree of reproducibility. The calculated matrix elements of UCX) are given
in Table XIX. Calculated and experimentally determined oscillator strengths
are compared in Table XX, based on the parameters 0-X given in Table VI.
There is appreciable general absorption in the ultraviolet region of the Dy3+

spectrum. This results in a considerable error in the areas determined for
bands at >35,000 cnn-1, andnomeasurements werepossiblebeyond-43,000 cm-1.

111 1 1 1 1 1 1 1   1 1 1-A.

111 Ill  lili  1 1 1-B

2-

-

i, 1. - . -Cks              ,  A. ,   '/ A «;;>»    t''i,:,     1
  _ 24  22  20   18   16   14   12   10

8 64 2      0_
-

ar - 11  1 1 +A_
<I

d lillilll 11     1 1 W I  liu 11111 I U    1 1 1 1 1 1 1 1 1    1   U  Ill      I l l   I  l i l i   1 1   1 1    I l l   -B-
a -

1-                                 -

2-

-                                                                                                        1                 1                 -

1 Al , -

.   :   .   :   _ -_   1..   1.diif_ V ll   
50 48 46 44    42 40 38    36 34 32 30     28     26

CM-' x 103

121-2515

Fig. 10. Comparison of Experimental and Calculated Energy Levels
with Observed Absorption Spectrum of Dy (AQ)

3+

A. Centers of gravity of Stark components for Dy3+ in

LaC13 (Ref. 16).
B. Calculated free-ion levels  for Dy'3 + (AQ).

TABLE XIX. Energy Level Assignments and Matrix Elements of UCM tor  Dy)+  CAQ)

(16)
Dy3+ in laCI3 D,3+ CAQ)

Eexpt Ecalca          AE           Eexpt         Ecalca          AE

S'L'J' (cm-11 km-11 (cm-1) km-11 km- 1 1 km-11 U12'b U(4}b U(6'h

6H15/2              52            35          17            52C           40           12           -

61113/2 3517 3480 37· 3517C 3506              11 0.2457 0.4139 0.6824

6H11/2 5835 5804           31 5850 5833            17 0.0923 0.0366 0.6410

6H#/2 ·
7667 7637           30 7700 7692             8            0 0.0176 0.1985

6F11/2 7667 7663            4 7700 7730 -30 0.9387 0.8292 0.2048

6 /2 9014 9011            3 9100 9087              13            ' 0 0.5736 0.7213

6H7/2 9014 909(9 -85 9100 9115 -15             0 0.0007 0.0392

61{5/2 10140 10146 -6 10200 10169            31            0             0          0.0026

6Fl/2 10926 10945 -19 11000 11025 -25 0 0.1360 0.7146

6F5/2
12323 12341 -18 12400 12432 -32            0             0          0.3452
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· TABLE XIX (Contal

Dy3.+ in LaCI)1161
 

DY)+ (AQ)

Eexpt Ecalt .             AE Eexpt Ecaka             dE

S'L'J' km-11 . (cm-11 km-11 (cm-1) (crn-1) (crn-11 U(2'b UM'b U (6'b

 3/2 13116 13109           7 .13250· 13212 '· 38             0              0           0.0610

21100 21144            -44             0           0.0047

13650                         -            13760            -             0            .0            0

4F9/2 20963 21056 -93 0.0295

4115/2 21954 21956 -2 22100 22293 -193 0.0073 0.0003 0.0654

4611/2 23303 · 23288 15 23400            23321 79 0.0004 0.0145 0.0003

4Fl/2                - 25640
-            ' 25800 25754            46            0 0.0768 0.0263

4113/2               Z            25539           -           25800·
25919 -119 0.0041 0.0013 0.0248

4M2V2 ·
- 25562 26341            -             0 0.0102 0.0822

41<17/2                           .25627           - 26400 26365            35 0.0109 0.0048 0.0935

t:..3/2 -2 6"2-2„0 0 27254           146            0             0          0.0448

26374           - 27400 27219           181 0.0004 0.0166 0.1020

6Ps/2              -           27038          - 27400 27503 -103            0             0          0.0697

r. :; 2 28326 28346 -20 28550 28551            -1            0 0.5222 0.0125

-            27728           -             -            28152            - 0.0001 -0          0.0074

N)515212  
28575           -             -            29244            

- 0.0023 0.0005 0.0009

29383           97          29600         29593             7            0             0          0.0249

419/2 '                                                                                                                                   -                          30200                          - 0 0.0014 0.0005

-             29885             -              0 0.0003 0.0003

469/2

30800'     30803        -3       0
0 0.10956 /2        892 - 0.0032 -0            0.0012411'11712

(46,2F»/2 31560                      - 0 0.0066 0.0002

41<15/2 31842 -0 0 0
-            31795            - 0.0028 0.0001 0.0093

4092      31857 -0 0-0(40,46)5/2

449/2         29 0.0099 0.0100 0.0016

-             32187             - 0.0004 0.0203 0.0056

41113/2       33642 - 0 0 0.0045

33500 33471

4F3/2                                                                                                                        -0CAK, 4013/2.
· 33900 33834           66           0 0.0661 0.0016

-             33776             - 0.0060 0.0024

407/2

0.0018 0.002241111/2     - 34311 - 0 0.0007 0.0041

- 34307 -          ' 0.0029

469/2     -34398 -0 0 0.00044F5/2

34900 34954 -54 0.0016 0.0054 0.007546112

-147 0.0003 0.0088 0.0018
41.1U2

35900 35891            9            0
0.0042 0.0001

34900 35047

(46,4Ht/2

kt5/2 36550 36524            26            0             0          0.0040

36432 - 0.0001 -0           0.0001

37103 - 0.0003 O.001 0.0006

-            36794            -             0 0.0013 0.0014

(4L 4K)13/2
-         · 37230

- O.0001 0.0016

'

0.00024L15/2     37435-000442     - 37807 - 0 -0 0.000241#/2

37900 38031 431  0  0  0.0043 · -ab/2
38811

- 0.0003 0.0001 0.0007<2K.201512

AG, 4P)5/2

39100 39127             -27             0              0           0.0091

38900         38860            40           0             0          0.0061

#P.4,412

4F5/ 

41050 41035            15           0 0.0015 0.0002

-                  40922                   -                    0                     0                  -0

C'F. 264/2
104 0.0030 0.0043 0.0001

4115/2

41848
- O.0001 -0            0.0002

41700 41596

417/2

4F7/2                                                                  -             42807              -              0              0           0.0005

-           42127            -            0 0.0021 0.0002

2P3/2                                                                                  86RMS Deviation          56

ame parameters used to generate this set of energies are given in Table XXX

bu. · [„guwl*.,42.
CAssumed energy based on data In Ref. 16.
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TABLE XX. Oscillator Strengths for Dy3+ (AQ)

P x 106

HC104-DC104Spectral Rangea Dy (N03  3(32)

(crn- 1) S'L'J' Expt Calc Expt
b

5500-6400 6 r T 1.14 1.17r111/2

6 -r
r   11/2

7000-8400 1.10 3.55

6H9/ 2

6F9/2
8400-9800 2.97 3.38 2.76

6H7/2

9800-10400 6H5/z O.11 1
> 2.62 3.04

10400-11700 6F,/2 2.74 J

11700-12900 6F5/2 1.55 1.19 1.61

12900-13600 6I.3/2 0.33 0.23 0.38

20400-21600 4Fg/2 0.21 0.20 0.19

21700-22600 4I15/2

0.44  <   0.08(
0.34

0.42d

23000-24000
4,-.

 -.Ill/2 0.16 0.10 0.11

4F7/2

4I
113/2

24600-26800                > 2.38 2.34 2.54
4M21/2

4K17 2 .

4, A
lv119/2

 p, 40)3/2
27000-28200                > 2.85 1.84 2.67

6Ps/2

4Ill/2      '

28200-29200 6Pl/Z 4.36 4.24

(4M, 4I)15/;

29200-30100 (#F, 40)5/2
> 0.39 J O.Olc

4Ig/2       '
LO.23d
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TABLE XX. (Contd.)

P x 106

HC104-DC104
Spectral Rangea                                       b        Dy(NO)3(32)

(cln- 1) S'L'J' Expt Calc Expt

469/2

6P 3/1

4M17/2

(4G, 2F)7/2
30100-32400                 > 2.59 1.36

4K15/2

(4D, 4G)5/2

4Dl/2

4L19/2 '
#Tr          1

Al 3/2

4F3/2

(4K, 4L 13/2

4Dl/z

32800-35200 4H11/2 > 1.43 1.23

469/z

4F5/2

4611/2

4L17/2 ,

35800-36200 (4G; 4H 7/2 0.05 0.04

RMS Deviation 2.05 x 10-7

aRange encorripassing observed band(s).
bThe parameters used to obtain these values are given in Table VI.

CCalculated magnetic dipole oscillator strength (Table III).
dCalculated electric dipole oscillator strength.

The value of 72 given in Table VI was determined after excluding
the intensity data for 6Fg/2 and 6H11/2  at 7700 cm-1 from the averaging process.

As can be seen from Tables XIX and XX, the matrix elements of U (4) and U(6)
for these two transitions, taken together with the values of 74 and 76 (which
were determined by averaging results for a number of transitions) establish

a calculated oscillator strength thatis much larger than that observed. Includ-

ing the data for· 6Fg/2 and 6H11/2 in the fit forced 92 to assume a negative value.
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In this case, the magnitude and sign of F were effectively determined by
the very large value of the matrix element of U(2) for the transition to

6H11/2·  Thus the best overall "fit" resulted from making 9 negative to
correct for the excess oscillator strength calculated from the matrix ele-
ments  of  U(4)  and  U(6) for the transitions 6H15/2  - 6Fg/2, 6Hll/2 ·

9.   HO3+ (flo)

It was possible to obtain at least a reasonable estimate of band
intensities in Ho3+ to -45,000 cm-1 (as indicated in Fig. 11). The matrix

elements  of U (X), as shown in Table XXI, indicate that in many complex
bands, the intensity is due almost entirely to one transition. Experimental
and calculated oscillator strengths are shown in Table XXII; the latter are
based on the parameters summarized in Table VI. In general, the correla-

tion is good.  The big discrepancy in the broad band at 31,000 cm-1, may be
partly experimental since the subtraction of an arbitrary background in the
case of such a broad absorption is subject to considerable error.

11     111 11 AA-

4-
11    111 11

1--B-

-               1                   1

3-

2-            1

2 1-  U    r         1

ill        . /  1 /     f..                         I   . ' /   1||      1     «111       i,i l i
    -2422     20     18     16     14     12     10     8      6     4      2      0 -

-

H     1 1 81     11 11 1 1 i 11 H 11  -A-

i 4 - 1 1 11    ,
1 111 11 lili   1111 I H I 111 1 1 1 lili 11 *B-

3-

11 .- 1 1-1 - it '--1 _iii.kb'11
50 48 46 44 42 40 38    36    34 32 30    28    26

CM-' x 103

121-2516

Fig. 11. Comparison of Experimental and Calculated Energy

Levels with Observed Absorption Spectrum of

H03+ CAQ)

A.    Centers  of gravity of Stark components  for  H03+

in LaC13 (Refs. 20, 25).
B. Calculated free-ion levels for Dy3 + (AQ).
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TABLE XXI. Energy Level Assignments and Matrix Elements of UCAj for Ho3+ CAQ)

1103+ in LaC13(20,55) H03+ (AQI

Eexpt    Ecalca    AE     Eexpt    Ecalca .   AE
S'L'J' km-11 km-1.1 (cm-1) km-11 (cm-1) km-1) U(211) U(4)b U(6)b

518 107.7 140 -32 108c            80            28

517 5154.8 5169 -13 513Od 5116            14 0.0250 0.1344 1.5216

.516 8656.9 8668 -11 8580 8614 -34 0.0084 0.0386 0.6921

515 11218.9 11216              3 11120 11165 -45            0 0.0100 0.0936

514
13284.1 13272 12.. 13300 13219                  81                  0 -0 0.0077

5F5 15482.0 15508 -26 15500 15519 -19                  0 0.4250 0.5687

552 18430.3 18284 146 18500 18354 146            0              0          0.2268

5F4 18553.9 18619 -65 18500 18612 -112            0 0.2392 0.7071

5F3 20614.0 20644 -30 20600 20673 -73            0              0          0.3460

5F2 21069.2 21058             11 21100 21130 -30            0              0          0.1921

3K8 21350.7 21310             41 21370 21308            62 0.0208 0.0334 0.1578

566 22100.6 22118 -17 22100 22094             6 1.5201 0.8410 0.1411

5Fl                    -            22304                          -            22375            -              0              0             0

156.3615 23936.4 23782 154 23950 23887            63            0 0.5338 0.0002

564 25820.4 25798             22 25800 25826 -26            0 0.0315 0.0359

3K7 26139.7 26114 26 26200 26117            83 0.0058 0.0046 0.0338

(56.311)5 27648.8 27640              9 27700 27653            47            0 0.0790 0.1610

3H6                   -            27703             -
27700 27675            25 0.2155 0.1179 0.0028

15F, 3F. 5612 27968.8 28136 -167 28250 28301 -51            0              0          0.0041

563 28810.6 28786             24 28800 28816           -16            0              0          0.0133

3L9 28911.4 28988 -77 29000 29020 -20 0.0185 0.0052 0.1536

13F, 311.3614
- 29915 - 30000 30017 -17            0 0.1260 0.0047

3K6                  - 29994 30000 30036 -36 0.0026 0.0002 0.0026

562                  -           30687            - 30900 30813            87'            0              0          0.0010

303 33066.5 33130 -64 33200 33339 -139            0              0          0.0030

3Pl                   -            33152                          -            33398           -              0              0             0

    - 34375 34200 34264           -64 0.0003 0.0696 0.0808

34                   ·-            34273             -
34200 34306 -106 0.0017 0.0005 0.0108

(56,50,36)4 34728.3 34761 -33 34800 34794             6            0 0.3040 0.0492

(3F. 36)3
- 34977 - 35200 35224 , -24            0              0          0.0036

3Po               - 35852 . -         -         36050         -           0          0          0

OH. 5D. 164
- 35980 - 36000 36046 -46            0 0.2635 0.0041

3F2                   -            36006             -            -            36364           -              0              0          0.0035

ll8                   -'           36488             -
36500 36516 -16 0.0002 0.0056 0.0016

1311,36)5
36722.2 .36684             38 36800 36773            27            0 0.0024 0.0032

(3p, 10)2' - 37686 - 37845          -            0            0          -0

3L7                    -            37924             -
38000 38022 -22 0.0020 -0 0.0036

317 38314.2 38268             46 38500 38470            30 0.0157 0.0003 0.0080

3F4
38500 38509            -9            0 0.0084 0.0023

315                                                                -            39271           -              0
0.0008 0.0008

3M9
39500 39435            65 0.0005 0.0057 0.0029

316                                                                                                                                            -                           39830
- 0.0065 -0 0.0043

OD, 5D, 3p)1
- 39982          -            0            0           0

5D3
40000 39992             8            0              0          0.0293

(3F 51))4
41550 41532            18            0 0.2577 0.0144
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TABLE XX1. (Contd.1

H03+ in LaC13
(20,55)

H03+ (AQI

Eexpt Ecalca AE Eexpt Ecalca             AE

S'L'J' km-1) (cm-1) (cm-1) km-1) (cm-1) (cm-11 U(2)b U(4)b U(6)b

5D2 41900 41922 -22            0             0          0.0128

5DO                                                                        42582                         0             0            0

OF, 5D)3 42850 42811            39            0              0          0.0079

5Dl                                                                        43066                         0            0            0

(lD, 30)2 45286                           0             0          0.0004

3MB 45691                      -0 -0 0.0001

3H4                                                                   45705 0 0.0068 0.0003

(3H, 11)6                                                                                                                                                                           0 0 0.0008

45700 45724 -24 0.0001 0.0118 0.0005

43                                                                              47448

OH. 36,31)5 48200 48102                  98 0 0.0034              -0

(10,3F)2 48736                                       0                    0                 -0

1H5 49335 0 0.0016              -0

RMS Deviation          82                               62

aThe parameters used to generate this set of energies are given in Table XXX.

bual · I+Jlluall'*'J' 2.
CAssumed energy based on data in Ref. 20.

10. Er3+ (fil)

The present data for Er3+, given in Tables XXIII and XXIV and

shown in Fig. 12, represent a considerable extension of the results previously
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Fig. 12. Comparison of Experimentaland Calculated Energy Levels with
Observed Absorption Spectrum of Er3+ (AQ)

A. Experimentally determined free-ion levels of Er3+  (Ref.  12).
B.'  Centers of gravity of Stark components for Er3+ in LaC13

(Refs. 56. 68).
C. Calculated free-ion 1Avels for Er3+ (AQ).
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TABLE XXII. Oscillator Strengths for Ho3+ (AQ)

P x 106

HC104-DC104                        (32)Spectral Rangea HoC13
S'L'J' Expt Calcb Expt

8000-9000 5r 1.07 1.4616                                                         -

10800-11400 ST 0.22 0.27 -0.0515

13000-13500 ST 0.02 0.0214

15000- 16000 5.r 3.76 3.62 4.77f5

18000- 19200            5§2              5.23 5.07 4.81

5 r        r 4

20100-20900 5r 1.78 1.66
.

23

20900-21600 „  1 1.43
f 2 0.08c 3.09

3T.'

r*8                 J                                       1.92d

21600-23200 sG6  
6.00 6.11 7.66

5.c..
2 1 ''

23400-24600 (5G, 3G)5 3.14 3.05    '        4.0

- 1 1.03 0.65 -1.825000-26400
U4

3K7

27200-28500           3H6 3.24 2.53 -2.3(56,3H)5         

(SF,  3F,  59  2,
51-

U3
28500-29600 0.83 1.093T

69

29600-30500

(3F, 3H, 3G)4 

0.80 0.95
3K6

30500-31600 5r 0.13 0.01U2

3D3
32900-33200

H
-0.02 0.02

3Pl

3M1OI 1.
33600-34600 1.01 1.30

3L8

34600-35500 2.72 3.01(SG, SD, 3G)4 
(3F, 3G)3     J
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TABLE XXII. (Contd.)

P x 106

Spectral Rangea HoC13(20)
HC104-DC104

(crn- 1) S'L'J' Expt Calcb Expt

3PO

(3H, 5D, 1G)4

35500-37400 3Fz > 2.59 2.41

1r
.Lj8

(3H, 3G)5

 3p, lD)2

3r
1-'17

3T
*7

37500-39700                   >
3F4

3I5

3Mg

3I6

(3D, 5D, 3P)1  >
39700-40500 0.54 0.32

5D3        
41100-41800 (3]r, 5D)4 2.54 2.70

41800-42200 ST' 0.20 0.131-'2

(3F, 5D)3
42700-43200 0.10 0.085 Tn

1-'l

(lD, 3D)2

44400-45900      
 3H<

> 0.37 0.21

3M8

(38' lI)6           '
RMS Deviation 2.87 x 10-7

aRange encompassing observed band(s).
bThe parameters used to obtain these values a,re given in Table VI.
cCalculated magnetic dipole oscillator strength (Table III).
dCalculated electric dipole oscillator strength.



--

55

TABLE XXIII. Energy Level Assignments and Matrix

Elements of U(X) for Er3+ (AQ)

Eexpt Ecalca AE
S'L'J' (cnn-1) (cm- 1) U(2)b U(4)b U(6)b

4I15/2,
108( 109           -1           -           -            -

4I13/Z

0.0282 0.0003

6600 6610 - 10 0.0195 0.1173 1.4316

4111/2

0 0.1733

10250 10219           31                                    0.3953

4I9/2
12400 12378 22 0.0099

4Fg/z 15250 15245             5            0 0.5354 0.4618

45;3/2
'

18350 18462 -112           0           0          0.2211

2Hlt/2 19150 19256 -106 0.7125 0.4125 0.0925

#Fl/2 20450 20422                     28                     0 0.1469 0.6266

4Fs/z 22100 22074            26            0            0           0.2232

4F3/2 22500 22422            38            0            0           0.1272

(2G, 4F, 2H)9/2 24550 24505 45            0 0.0189 0.2256

4Gl 1/Z 26400 26496 -96 0.9183 0.5262 0.1172

4Gg z 27400 27478 -78            0 0.2416 0.1235

ZK15/2
- 27801 - 0.0219 0.0041 0.0758

ZG,/Z 28000 27979                     21                      0 0.0174 0.1163

(Zp,.2.D;F)3/2 31600 31653 -53                          0                          0                       0.0172

K13/2 33200 33085 115 0.0032 0.0029 0.0152

4Gs/2 33400 33389            11            0            0           0.0026

Zp 1/2
- 33453          -              0           0            0

4G7/2 34050 34022                       28 0 0.0334 0.0029

2Ds/2 34850 34800            50            0            0           0.0228

(2H, ZG)9/2 36550 36566 -16           0 0.0501 0.0001

ZDs/2                                                                                             0              0,8921

38600 38576 24                       0                       0                     0.0267

4I)7/2 39200 39158 42 0.0291

2.

111/2 41150 · 41009 141 . 0.0002 0.0284 0.0034

ZL/7/2 41650 41686 -36 0.0047 0.0664 0.0327

4DWz 42300 42257 43                       0                       0                     0.0126

(ZD, 22)3/2 42966                                 0 0 0.0002

2I13/2
43550 43717 167 0.0050 0.0170 0.0050

4D1/5                      -               47040             -                .0              0               0
2Hg/2

47822           -              0 0.0038 0.0001

2. 47916 0.0002 0.0026
'

0.0021
1-15/2

(ZD. 40)5/2 49000 49033 -33                   0                   0                 0.0096

4*11/2
- 51000 - 0.0001 0.0082 -0

RMS  Deviation                                     81

aThe parameters used to generate this set of energies are given in Table XXX.

buck)   =  [*J ||U(x)11 t'p,JO 2 .

cAssumed energy based on data in Ref. 68.
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TABLE XXIV. Oscillator Strengths for'Er3+ (AQ)

P x 106

(32\

Spectral Rangea HC104-DC104 Er Clj, 1

(crn- 1) S'L'J' Expt Calcb Expt

6200-7000 4T                 
          f 0.4lc

113/2 2.19                        -
l 1.98d

9400-10800 4T
111/2 0.84 0.66 0.50

12000-12900 4Ig/2 0.29 0.35 0.34

14800-15800 4Fg/2 2.2 5 2.36 2.37

18000-18700 4S3/2 0.66 0.62 0.83

18700-19800 2TT
r111/2 2.89 3.26 2.91

20000-21100 4F7/2 2.27 2.43 2.22

4F5/2
21800-23000

 1.25 1.20 1.31
4F3/2

24100-25100 (2G, 4F, 2H)9/2 0.80 0.92 0.74

25800-27100 .

4Gl 1/2 5.92 5.76

27100-27700 469/2 1.75 1.56

2K15/z f oo'c27700-28400
    O.91

2C;7/2 l o.ggd

31300-31900  p , 2D, 4F)3/2 0.091 0.083
1

ZK13/2

32700-33600
4G5/2                           >

0.1 2 0.12

2Pl/2             '
33600-34500 4G7/2 0.21 0.19

34500-35200 2D5/2 0.14 0.12

36100-36900 (2H, ZG)9/2 0.44 0.29

38300-38700 2D5/2 0.14 0.16

38700-40200 4D7/2 10.2 5.68

RMS Deviation 1.43 x 10-7

aRange encompassing observed band(s).
bThe parameters used to obtain these values are given in Table VI.

CCalculated magnetic dipole oscillator strength (Table III).
dCalculated electric dipole oscillator strength.

A
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reported.6 The re-evaluation of band intensities has modified only a few of
those given earlier.  The new values for Fx (Table VI) are all slightly

larger than those originally computed, and are also better determined. In

the ultraviolet range, the poor fit to the intense band near 40,000 cnn-1 may
be in part experimental. However, since the whole of the intensity can be
unequivoc ally attributed to one transition (4I)7/2), the indication is that the
calculated matrix elements  of U (4) or  U(6) or both are too small.   We note

that the matrix elements for the corresponding transition in Nd3  were also
apparently too small. Except in this case, the agreement shown in

Table XXIV is good.

1 1. Tm3+ (f12)

It was not possible to significantly extend the results reported
earlier for Trn3+, since accurately reproducible experimental data in the

ultraviolet region of the spectrum could not be obtained (as is evident from

Fig. 13). An improved energy-level fit, upon which the calculation of the

matrix elements of U(X) (shown in Table XXV) was based, and the experi-
mental observation of one additional absorption band, were the principal
factors responsible for the differences between the calculated oscillator

strengths given in Table XXVI and those computed earlier.6 The param-

eters FX are given in Table VI.

1 1                                                                       1 1 1•-A-

1 1                     1            1                            1-8- '

2-                                                                                                        -

IY  - 1     - ilit l i l l i

g  _ 24 22 20     18     16     14     12     10 8 64 2      0_

5 -
k  _                                 1     I l l                    1        -A-

g-                    1   I l l           1     -8

2-                                                                                                         -

1-

1/1 1 1 , .        A J        ,   -   ,   ..  .   ,       i
50 48 46 44 42 40 38 36 34 32 30    28    26

CM-' x 103

121-2514 Rev. 2

Fig. 13. Comparison of Experimental and Calculated Energy Levels

with Observed Absorption Spectrum of Tm3+ (AQ)

A. Average energies of Stark components of

Tm(CZHSS04)3  '  9H20  (Refs.  22,  24,  26,  36,  45,  71).
B. Calculated free-ion levels for Tm3+ (AQ).
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TABLE XXV. Energy Level Assignments and Matrix Elements of

U.(X) for Tm'+ (AQ)

(22,24,26

Trn(CzHss04)3 '.92120 36,45,71) Tm3+ (AQ)

Eexpt Ecalca AE Eexpt Ecalca AE
S'L'J' (crn-1) (cm-1) (cm- 1) (cm-9 om-1) U (2)b U(4)b U(6)b

3H6 170 141        29 17Oc 202 -32      -

3F4 5846 5787        59 5900 5811        89 0.5375 0.7261 0.2382

3Hs 8250 8326 -76 8400 8390         10 0.1074 0.2314 0.6383

3H, 12665 12673 -8 12700 12720 -20 0.2373 0.1090 0.5947

3F3 14464 14514 -50 14500 14510 -10      0 0.3164. 0.8411

3Fi 15192 15112        80 15100 15116 -16      0        -0     0.2581

IG4 21300 ·21306 -6 21350 21374 -24 0.0483 0.0748 0.0125

102 27916 28014 -98 28000 28032 -32             0 0.3156 0.0928

1I6 34870 34851        19 34900 34886         14 0.0106 0.0388 0.0134

3pi 35444 35641 -197 35500 35637 -137      0         0     0.0756

3Pl 36461 36295 166 36400 36298 102      0          0      0.1239

3Pz 38257 38175 82 38250 38193         57      0 0.2645 0.0223

90         -      79720        -        -       79592        -       0         0     0.0002

RMS Deviation 143                              94

aThe parameters used to generate this set of energies are given in Table XXX.

bu (X)    I    [p J || Ucx)11 9, J'] z

CAssumed energy based upon data in Refs. 22 and 71.

TABLE XXVI. Oscillator Strengths for Tm3+ (AQ)

P x 106

HC104-06104 TmC13(32)Spectral Regiona

(cm- 1) S'L'J' Expt Calcb Expt

5600-6300            3F4 1.08 1.40

f 0.37c

7700-9200            3Hs         1.67   Z
l 1.46d

12QOO-13600                 3H4 2.12 1.92 1.98

3F3 1
13800-15500

3Fl  
3.91 3.97 3.18

20600-22100                1G4 0.71 0.45 -0.45

27300-29100                1DZ 2.38 2.30

1I6   1
34100-35900 0.84 0.89

lpO f

35900-37400                3Pl 0.56 0.83

37400-39700 -          3Pz 3.28e 2.25

RMS Deviation 2.59 x 10-7

aRange encompassing observed band(s)
bThe parameters used to obtain.these values are g'iven in Table VI.
CCalculated magnetic dii)ole oscillator strength (Table III).
dCalculated electric dipole oscillator strength.
eThis value was not included in the parameter fitting process since a
large error was associated with determining background absorption

in this region.
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12. ·Yb3+ (f13)

The single  f -+ f transition.for Y.b3 + which results  in a band

observed near 10,000 cnn-1 (shown in.Fig. 14), does not provide sufficient

information for the determination of the three parameters FX·  Thus, in
this case, several further assumptions must be made.

3 1 1 1'IIII'II For the transition involved,

Judd's expression reduces to

:

  2-
1

-      P  =   --2  (322 + 1004 + 2186). (13)
196

m

.                                             Note, from Table VI, that for each

 I- f of the heavy lanthanides the values
a

of 04 and 06 are nearly identical

and  22  < 01. Equation 13 indicates
......  l i l l i             1 1 1 1 1 1

12 11 10 9 876 5 4 3210 that neglecting Fz under the above
CM-' x 103 circumstances should not lead to a

121-'2507 large error since the first term

-              Fig. 14. Observed Absorption Spectrum of Yb3+ (AQ) would be expected to contribute

<1/11    of the total   due to :72,    671,

and 76· Before calculating 94 (= 46), we corrected the total observed
oscillator strength of the 2F7/2 band, as tabulated in Table XXVII, for the
contribution  due to magnetic-dipole absorption.   Thus we obtain the estimate

01 = 96 = 2.13 x 10-9.

TABLE XXVII. Oscillator Strengths for Yb3+ (AQ)

P x 106

Spectral Regiona DC104 YbC13(32)

(crn-1) S'L'J' Expt Calcb Expt

9400-11300 2F5/2
3.74 f

O.240
3.86

l 3.47d

aRange encompassing observed band.

bThe parameters used to obtain this value are given in Table VI.

CCalculated magnetic dipole oscillator strength (Table III).
dCalculated electric dipole oscillator strength.

B. Conclusions

For the tripositive lanthanides, the Judd-·Ofelt theory has been shown

to be applicable even in the near-ultraviolet region of the spectrum.  In this

range, one might have expected it to break down, since the approximation
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made in the derivation, that the energy difference between configurations
is much greater than the transition energy, becomes less valid. Actually,
the approximation is probably more valid than it first appears.  In the ab-
sence of large deviations from LS coupling, interaction only occurs between

levels of the same spin in two interacting configurations. Since the levels

of both fN and fN-id tend to be ordered by spin, with the highest spin multi-

plicity lying lowest, the approximation of a constant energy difference be-

tween interacting levels may be justified even when levels near 40,000 cnn-1
in the fN-configuration are considered.

The theory appears to be unable to fully account for the observed
intensities in the case of Pr3+, and other discrepancies have been noted for

isolated bands in other lanthanides.   In the  case  of Pr3+, perturbing states

in the fN- id configuration are only -50,000 cm-1 above the ground level; 17,48

therefore the assumption relative to energy differences is admittedly weak

at this point. Indeed, one might expect an even more pronounced recurrence

of this effect at Tb3+, where the lowest term of 4fN.-id is found near
38,000 cm-1. An examination of the structures of the # and f7d configura-
tions reveals that this is not the case, however.  The two lowest multiplets

of f7d are expected to be 9D and 7D, which result from the coupling of a
d electron to the BS ground state of f.  For Gdz+, these are spread by ap-
proximately 1500 cm-1 each and their centers are 8000-9000 cm-1 apart.4
The structure is expected to be similar for Tb3+.  The band at 38,000 cnn-1
must arise from transitions from f8(7F6) to f7d(9D). One would then expect,

by analogy with Gd2+, that the transition to f7d(7D ) would appear at 46,000-
47,000 cm-1, which agrees well with the  observed- band at 45,800 cnn-1.

The crystal-field interaction that mixes f8 with f7d is independent of
spin. Thus, since there are no nonet states in f8, it cannot be affected by

 d( D). The only septet in f8 is the ground.multiplet, 7F ; consequently,

this is the only multiplet that can be affected by f7d(7D). The higher states

of f7 are -30,000 cm-1 above the BS.  The next higher states of Qd are ex-
pected to lie at least 25,000 cnn-1 above 'D and 7D, or at about 65,000 cm-1.
These are then the first states that could interact with the quintets of f.

Thus, even though the lowest states of f7d are very low in Tb3+, they can
affect only the 7F multiplet. This multiplet lies in the infrared region and
was not considered in the' intensity calculation. We conclude that while the

proximity of fN-id states could contribute to the poor intensity correlation

obtained for Pr3+, similar arguments could not apply for Tb3+. Conse-

quently, it is not surprising that the theory accounts as well for the Tb3+
results as it does for the other cases.

C. Interpretation of Fx

In examining the intensity correlations, we should recall some of
the restrictions that were built into the calculations. In particular, the

triangular conditions on the 6-j symbol of Eq. 4 imply the selection rule
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AJ s X, where X = 2,4,6.  For X = 2, AJ 5 2; i.e; for transitions in which
AJ > 2, the matrix elements of U (2) will vanish. Clearly, 72 will in general
be the most poorly determined parameter, since most transitions will in-

volve AJ > 2.  21 will be determined by AJ 5 4, and 26 by AJ s 6.  Thus
the latter will be the best determined parameter.  The 6-j symbol vanishes
for AJ > 6. No indiiced electric-dipole intensity is expected for such

transitions.

Examination of the parameters in Table VI and reference to the

tables of matrix elements of U(X) reveal that only a limited number of transi-

tions in aqueous solution are at all influenced by the value of 92. Most of
the data fitting involved only two parameters, F and 86. The magnitude of

each of the three parameters does not appear to change appreciably, although
there is some decrease with increasing Z. These results for 01 and 76 are

44consistent with the trend calculated by Krupke using free-ion radial-wave

functions. The parameters 72' and 96 for Pr are essentially an order of3+

magnitude larger than the average for the series.

The fact that 74 - 96 for most of the lanthanides has already been
mentioned.  From the point of view of a purely electrostatic model, we

might have expected 76 > 0'4 since

/rt+1>2Or, - \ (14)
a        (Rt+1)2

where r refers to the distance of the f-electron from the nucleus, and R is

the distance from the central ion to the centers of charge in the ligands that
comprise the first coordination sphere.  For X = 4, t = 3,5; for X = 6, t = 5,7.
The assumption r<R was made in arriving at Eq. 14. By neglecting per-

turbing configurations except those of the type 4fN-15d, Judd40 calculated

TJT6 (=81/86) 2 0.5 for Nd3+ and Er3+. Although the computation does give

26 > 24, the small ratio and the approximate nature of the calculations sug-

gest that the present experimental results for 7% are not inconsistent with

the theory.

We conclude then that the intensity aspects of lanthanide absorption

spectra in aqueous solution can be predicted, to a good approximation, on
the basis of two parameters, 74 and 96· The additional parameter 72 be-

comes important for only one or two bands in each ion. These bands are,

however, identically those that show a hypersensitivity to medium effects.6

The parameters comparable to FX, reported by Krupke44 for spectra

observed in crystals at room temperature, appear to be of the same order
3+

of magnitude as the present values of Fx. The intensities for Pr   and for

Nd3   in  LaF3 are approximately one-third  to  one- half of those

observed for the same transitions in solution, but the intensity patterns are

quite similar. Comparison of the spectra of lanthanides in a Y203 matrix
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with the results in solution is not straightforward because of the large
crystal-field splitting reported for the oxide crystal. However, ·the oscil-
lator strengths are clearly comparable in magnitude.  The fact that the
lanthanide ions occupy sites of approximate C2 symmetry in Y203 (Ref. 44)
is consistent with the observation of very large values of P at energies

corresponding to hypersensitive transitions. These transitions show their

"normal" intensity in the LaF3 matrix, where it has been suggested that the
site symmetry is D311'44 and in the aqueous solutions studied here.

D.  Symmetries That Allow Nonzero A Terms

The hypersensitive transitions are accommodated in Judd's theory

by correlating their existence in a given host lattice with the presence of
lanthanide ions at site symmetries which give nonzero A terms in the

crystal-field potential. The symmetries that would allow such terms are37

CS' CP (p = 1,2,3,4,6), and Cpv (P = 2,3,4,6).

The suggestion42 of possible ninefold coordination and C3v site symmetry

for lanthanide ions in dilute acid solutions, such as studied in the present

investigation, would allow an increased intensity at the energies corre-

sponding to hypersensitive transitions, but no such increase is apparent.
The limited evidence correlating structure and spectra at present appears
to be consistent with the theory.
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V..USE OF INTENSITY CORRELATIONS.TO REFINE

ENERGY-LEVEL PARAMETERS

A. Introduction

We have deferred discussing the refinement of the energy-level

fitting process until after the intensity calculations were. summarized,

since the intensity data provided the basis for this refinement. The initial

parameters for the energy-level calculations were obtained from fits based

upon assignments to levels observed in crystal matrices. The eigenvectors

computed from these parameters were then used in preliminary intensity
calculations.     We  were  able  to  show the following:

1.   The theory can provide a good correlation between calculated

intensities and those observed for solutions of the trivalent lanthanides in

the near-infrared and visible regions of the spectrum.

2.   The values of the calculated matrix elements of U(X  for most
of the transitions for a given lanthanide were rather insensitive to small
variations in the electrostatic and spin-orbit parameters.  Thus the

changes in these parameters occasioned by progressively improving the
fit to experimental data produced only minor variations in the magnitudes

of the calculated matrix elements of U(X  from the initial to the final
stages of the fitting process.

Throughout the visible and ultraviolet regions of the spectrum

(to 50 000 cm-1), a pattern of single transitions with large matrix elements

of U(4  and/or U(6) occurred near the same energy as a number of transi-

tions with very small matrix elements of U(X).  In many cases, the theory

could represent the experimental data only if a given transition which had

large matrix elements of U(4) or U(6) was assumed to occur within a given

relatively intense absorption band. For example, an absorption band in
Ho3+ (shown in Fig. 11),is observed near 41,500 cm-1 Table XXI reveals
that the only large matrix elements of U(X) within :!:1000 cm-1 are calculated

for the transition 518 - (3F, SD )4·  On the basis of this criterion, we assigned
this transition an energy corresponding to the center of gravity of the
observed band. Similarly, four transitions are expected to occur in the

3+region 47,000-50,000 cm-1 in Ho , where only two weak absorption. bands

could be discerned. Table XXI shows that the only matrix elements of U(X)
in this range large enough to account for the experimental results are for

transitions to (3H, 3G, 3.I)5 and 45· The observed band intensities, although

they cannot be measured accurately, do conform to the predicted intensity

relationship. Therefore, the energies corresponding to the centers of the

observed bands were assigned to the indicated transitions.

Because of the complexity of the systems, relatively few assignments
based on crystal data have been made in the ultraviolet region. The results

in solution, then, appeared to offer a means of extending the crystal data.
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The fitting procedure adopted here consisted of assigning several

new levels, in addition to those that could be related to levels established
in crystal systems, and carrying out a least-squares fitting process to

define the corresponding new parameters.  In each case, the identified
transition was assigned an energy corresponding to the center of a band
observed in solution, so that the parameters as they were refined were

characteristic of the solution spectrum.  The new parameters were used
to calculate matrix elements of U(X), which could be compared with the
experimental results to be certain that no inconsistencies developed.  On
the  basis of these new calculations, additional assignments  were  made,
and the procedure was repeated.

Assignments for the various lanthanides have already been re-
ported for many of the bands observed in solution in the visible -near -
infrared region of the spectrum. However, to assemble as many of7-9,39

the pertinent facts as possible in one report, we will mention the basis for
all the assignnnents nnade here.

In aqueous solutions, there is an infrared cutoff at -7000 cm-1 due
to overtones of OH vibration frequencies.   This can be extended to -5500 cm-1

11using D20 solutions, but observations at lower energies must be made in
other media. The spectra of the lanthanides in fused LiNO3-KNO3 at  -150° may
be conveniently measured to -4000 cm-1 (Ref. 10), and diffuse reflectance

spectra of lanthanide chlorides or oxides have also been studied in the

infrared region.
35,69

Lanthanide absorption bands observed in the LiN03-KN03 melt 10

occur at very nearly the same frequencies  as  in H20 (D20) solutions.   Thus,
in the following sections, the energies of the centers of gravity of a number
of bands observed in the nitrate melt at <5500 cm-1 have also been taken
as characteristic of the lanthanide in aqueous solution. The reflection

spectra results have not been sufficiently extended into the infrared region
to provide any additional information over that obtained in fused nitrates.

B.  Discussion of Experimental Results

1.   Ce3+ (fl)

3+The single f - f transition (2Fs/2- TF7/2) in Ce occurs in the
infrared region beyond the range measured experimentally in the present
investigation.  From the literature, values of C#f can be calculated as
follows:  644 cm-1 (free ion),46 647 cm-1 (Ce3+ in LaC13),30 and 706 cm-1
(Ce3+ in LaF3 and in CeF3)·3 Since only one multiplet is involved, the
energy levels are independent of Ek.



65

2.   Pr 3+ (f2)

The literature contains numerous reports of investigations of
3+the energy-level structure of Pr   , but for .comparison with the data ob-

3+tained in solution,  the  free -ion levels,64 and those obtained  for  Pr in LaC13
(Ref. 5 9)and in LaF3, are particularly relevant. These experimental13

results are shown in Fig. 3 and in Table XXVIII from which it was con-

cluded that, of the results given, the centers of the absorption bands ob-

served in aqueous solution correspond most closely to the centers of

gravity of the levels for Pr in LaF3·
3+

TABLE XXVIII. Energy Level Assignments for Pr«

Pr4 Free Ion(64) pr3+
in.LaC13(59)

pr3+ in LaF3(13)

Eexpt Ecalca AE Eexpt Ecalca BE Eexpt Ecalca dE
S'L'J' (cm-1) (cnn-1) (cm- 1)        (cm- 1)        (cm- 1) (cm-1) (cm-1) (cm-1) (crn-1)

3HI        0         20 -20 99.3 118      -9 200 228 -28

3HS 2152.2 2147       5 2209 2200       9 2363 2309 54

'H6 4389.1 4375      14 4390 4380      10 4464 4490 -26

43 4996.7 4989       8 4906 4911 -5 5215 5182 33

3F3 6415.4 6406       9 6322 6305      17 6555 6581 -26

3F4 6854.9 6888 -33 6766 6790 -24 7031 7044 -13

'G4 9921.4 9903       18 9766 9753      13 9997 .9989        8

1DZ 17334.5 17329        5 16714 16709 5 16846 16850 -4

3po 21390.1 21362 28. 20475 20450 25 20925 20899       26

3Pl 22007.6 21984 24 21081 21057 24 (21473)b 21528 -55

46 22211.6 22211 1 21410 21410 0 21519 21519       0

3Pz 23160.9 23214 -53 22227 22279 -52 22754 22722       32

ls, 50090.3 50090 0 48800 48800      0 46900 46900       0

RMS Deviation             36 33 47

aThe parameters used to generate this set of energies are given in Table XXX,
bBased on the lowest three Stark levels in the 3Pt-lI6 manifold.

Experimental data for aqueous solution, together with calcu-
lated levels obtained by fitting pr,ocedures applied in the present work, are

given in Table V.

a.   3H and 3F Levels. In general, the energies of the centers

of the bands observed in solution corresponded closely to those reported

in LaF3· For purposes of parameter fitting, it was assumed, therefore,
13

that splitting of the ground term 3H4 and the energy of the 3Hs level, which
could not be observed in the present study, would be similar in the two

media. The energies corresponding to the transitions to 3H6 and 3Fz were
assigned on the basis of bands observed for Pr in a molten nitrate salt.

3+                             7

A complex band, which could be resolved into four com-

ponents, extends from 6000 to 7200 cm-1.  The four components appeared
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to form two groups.  The two bands within each group were separated by

-160 cm-1. The centers of gravity of the two sets correspond closely to

the centers for 3F3 and 3F4 observed in LaF3·

b.    164 and ID 2 Levels. Transitions to these two levels give
rise to well-isolated, rather broad absorption bands.

C.   3P and 4 Levels. Three sharp, relatively intense bands,
the first of which is noticeably sharper than the others, are centered at

20,750, 21,320, and 22,500 cm-1. These energies correspond to the 3P
levels established for Pr in LaF3· Preliminary calculations revealed3+

that the intensity of the 46 level, wliich was found near 21,500 cm-1 in LaF3,
would be considerably less than that of the 3P levels.  Thus, an asymmelry
in the absorption curve, which was resolved into a band centered at

21,500 cm-1, was attributed to the lI'6 transition in solution.

d.   150 Level. The relatively intense absorption in Pr 3.1- at

>43,500 cm-1 is known to be caused by 4f - 5d transitions.17,38,48  The
maximum absorbance of the resolved shoulder at 46,700 cm-1, as may be
seen from Fig. 3, also corresponds closely to the energy at which the 1So
level would be expected. However, the intensity of the 1So level, as shown47

in Table V, depends only on a relatively small matrix element of U(41 It
follows that the corresponding absorption band should be very weak as well
as extremely narrow since it would not be split by a crystal field.  Thus
we would expect it to be lost in the very strong f -+ d band. To determine

the value of 7, we therefore assumed that the transition to 1So occurs in
the solution spectrum at the same energy (46,900 cm-1) as in the LaF3
matrix.

The results of fitting the free-ion spectra of Pr with3+

four, six, and seven parameters are shown in Table XXIX. Two levels,

1D2 and 1I6, are particularly poorly fit with four parameters, but are

brought into good agreement with experiment by including a and   .  The
energy of the #0 level was not assigned in either the four- or six-parameter
fits because its inclusion completely distorted the fit to all the levels.  This
was to be expected since 1So is the only level in the fz scheme with a seniority
number different from that of the ground state. The energy parameters
for Pr are given in Table XXX.

3+

3.       1\Id3+  (f3)

A comparison of the energies for Nd3+ transitions in LaC13 (Ref. 5)
and LaF3 (Ref. 14) with the centers of band systems inaqueous solution(as shown

in Tables II and VIII and Fig. 4) revealed a rather close correlation betwe,en
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the aqueous solution and.the LaC13 data.  Thus, it was assumed that the

center of gravity of the 4I.2/2 and 4.Ill levels in solution would be identical
to those reported for Nd3  in -LaC13.  The 4:[13/2 and 4.I15/2 levels have been
assigned to bands observed in fused nitrates.

TABLE XXIX. Energy Level Fits to Pr3 + (Free-ion) Data

4 Parameter 6 Parameter 7 Parameter

1/crn- 1 v crn- 1 1/crn- 1
1/cnn- 1

S 'L'J' Expt Calc Calc Calc

3H4        0             12                17               20

3H5         2152.2 2061 2146 2147

3H6 4389.1 4228 4377 4375

3.r 4996.7 4977 498822 4989

3F3 .6415.4 6339 6407 6406

3 r. 6854.9 6983 6887 6888r 4

lr 9921.4 10.152 9903 9903U4

1D2 17334.5 17668 17330 17329

3pi 21390.1 21442 21371 21362

3Pl 22007.6 22025 21978 21984

lI6 22211.6 21703 22211 22211

3PZ .23160.9 23236 23210 23214

1So 50090.3 52233a 52122a 50090

Ei               5034.6 + 121 5010.7 + 17 4864.6 + 5.5

Ez                22.159 + .89 23.147 + .14 23.138 + .10

E3                475.32 + 5.0 488.02 i .92 488.11   + . . ·7 0

2&                   737.74 + 50 759.69 + 6.5 758.82 + 4.9

a                                       23.753 + 1.2 23.684 + .88

 /12 -49.374 + 5.7 -48.784 + 4.3

7                                 -         727.78 + 45
. RMS Deviation 265 cm-1 34 cnn-1 36   cnn-1

aThis level was not included in the fitting process.
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TABLE XXX. Energy Level Parameter Values Calculated for the Trivalent Lanthanides in Various Media (in cm-1)

No. of

Matrix             El           G            E)           (4i            a By Levels Fit

Free ion(641 4864.6 f 5.5 23.138 * 0.10 488.11  i 0.70 758.821: 4.9 23.684  f 0.88 - 585.40 f 52 727.78   f   45                   13

LaC13(591               4713.8 1: 5.0 21.890 f 0.10 464.23  f .0.64 742.68  i 4.4 22.898   f 0.81 - 676.94 i: 47 599.51 f 42        13

Pr34
LaF31131 4548.1   i: 7.2 21.659  1: 0.14 470.02 k 0.90 143.25 i: 6.4 18.648 f 1.2 - 754.47 it 67 1396.2  i 60        13

AQ                                  4548.2  f 7.5 21.937  f   0.14       466.73  i 0.94 740.75  f 6.5 21.255    i   1.2 - 799.93  a 70 1342.9 f 62     13

fla (13(51 4974.6 t 13 23.734 f 0.22 478.03 f 1.1 879.42  f 5.7 -0.8174 f 1.2 -  163.94  f   53                     -                            22

Nd3+4

lAQ              4739.3 k 16 23.999 f 0.16 485.96 f 1.0 884.58 f 6.3 0.5611 f 1.4 -   117.15   f 56 1321.3  f 84        32

Pm3+ AQ 4921.6.t 62 24.522  f 0.74 525.53 f 1.6 1000.8     f ·7.4 10.991  f 2.5 -  244.88  1 70 789.74  i  370              22

fla c 13(49
1 5594.9 k 28 27.365 * 0.57 545.50 f 3.4 1162.5  f 15 16.192  k 2.8 - 540.36 i 176        -            20

Sm)+4
lAQ             5496.9 i 42 25.809 i 0.14 556.40 f 1.7 1157.3  t 5.8 22.250 f 1.3 -  742.55  f 53 796.64 f 216     48

flac 13(18) 55fi6.8 27.073 562.34 1298.0 27.0 -   235.78  f 25 1000               12

Eu3+4

lAcl              5573.0 f 40 26.708  * 0.90 557.39 f 2.4 1326.0 f 3.9 25.336 k 1.6 - 580.25 f 88 1155.7   f 230         26

fGdC13
·

61120(29) 5761.0 28.020 582.00 1450.0 23.567    i 0.70 190.00  + 200 655.61 f 170      15

Gd3+ 4
lAQ 5761.0 28.020 582.00 1450.0 22.552  i 0.73 -  1017    i 170 996.98 k 145     20

fla (13(651 5955.9 28.965 601.60 1707.0 20.0 - 210.73 f 6.7 1300                 9

834
LAQ              6021.5 f 70 29.030 i 0.14 608.54 f 4.0 1709.5 1 7.7 20.131  f 2.6 - 370.21 f 104 1255.9 f 360    23

fla (13(161 6411.2 * 19 28.544  i 0.25 603.84 k 2.0 1923.4 k 8.0 38.661   f 2.3 -1184.7  f 89          -              16

Dy3+4

lAQ              6119.6 f 58 30.012 i 0.20 610.14 i 2.2 1932.0   f 7.8 37.062 *1.9 -1139.1  i 74 2395.3 f 300    34

(18(13(20,55
1 6520.2  i 104 31.438 f 0.52 620.76  f 2.1 2138.3 i 9.2 23.490   f 1.6 -  803.30  k 63 887.56 f 516     23

H03+1
LAQ              6440.6 f 35 30.220 f 0.18 624.39   f 0.95 2141.3 f 4.9 23.635   f 0.88 - 807.20 1: 36 1278.4 f 190    41

 Free
lon(12) 6855.3 f 17 32.126  1: 0.22 645.57 i 2.4 2369.4 i 11 20.385 i 2.6 - 666.60 f 107        -            27

Er)+1

6884.4 f 25 32.586 k 0.21 649.64 * 2.0 2380.0   f 9.7 17.044  f 2.4 - 527.03 1 83           -               21
1186(4

31

1
18(13(56,

68) 6885.3 k 22 32.272 f 0.24 641.14  1: 2.6 2379.5 f 11 17.431 * 2.2 -  655.28  f   86                     -                            20

 AQ             6769.9 f 130 32.388 1 0.14 646.62 f 1.2 2380.7    f 8.3 18.347 f 1.2 - 509.28 f 58 649.71   f   640                27

Tm3+ Ethyl
Sullatea 7150.8  k 92 33.886 i 0.62 675.73  f 5.2 2628.1  f 28 14.688  * 6.4 - 741.59 f 333         -              12

-lAQ 7142.4 i 60 33.795 f 0.41 674.27 f 3.4 2628.7    f 18 14.677 f 4.2 -  631.79  i   216                   -                            12

aRef. 22, 24, 26, 36,45, 71.

a. 4F, 2H, and 4S Levels. The transitions to 4F, 2H, and 4S were

assigned as indicated in Table  VIII to well-characterized absorption bands,
five of which were isolated.

b.   4G, 26, 2K, ip, and ZD Levels.  The 4GS/2 transition is hyper-
senitive and thus can be identified with the complex band observed in solu-6,37

tion at -17,300 cm-1.  This band could be resolved into two components

centered at 17,300 and 17,460 cm-1; the latter energy was assigned to the

ZC;7/2
level.  Of the transitions to 2K13 2' <G7/2, and 469/1, the only one with

matrix elements of U(X) (listed in Table VIII) large enough to account for the
intensity of the principal component of the system was 4G«2, and it was thus
assigned an energy of 19,160 cm-1.   The 4Gg/z level was placed at the center

of the next resolved band, which was consistent with the pattern of these
three levels in LaC13 and with the preliminary intensity calculations.  The
next four transitions,

2K15/2, 2G9/2, 203 2, and 4G11 2, were
also assigned

energies corresponding to absorption maxima in a complex band system

extending from 20,200 to 22,400 cm-1 on. the basis of the correlation between
calculated and observed intensities. The energy of the ZP

1/z
level in Nd3+ is

well defined, as are the bands identified with
2D 5/2

and Zp
3//r

These transi-

tions are unequivocallyassigned by comparison with the levels found in LaC13·
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C.        4D  and 2D Levels. Three 4D
levels   (4D 3/2,  405/2,  and  4D 1/2)

were assigned energies corresponding to the centers of resolved components

of the complex band extending from 27,800 to 29,200 cm-1.  This ivas done
on the basis of preliminary intensity calculations and the experimental

verification of the occurrence of two of these levels near the same energies

in LaC13· The isolated band at 26,300 cm-1 was clearly identified as

Cip, ZD)3/2. The intensity relationships shown in Table VIII indicate that

the 4D
7/2

level should be assigned an energy of 30,500 cm-1, ehich coincides
with the center of an isolated band.  The same criterion led to the assign-

ment of 2D 3/2 at 33,400 cm-1 and 2I)5/2 at 34,450 cm-1.

d.   zF and ZG Levels. The determination of a set of six param-

eters providing the best fit to the foregoing assignments, and subsequent use

of these parameters to calculate the expected positions of bands in the range

35,000-50,000 cm-1, revealed that only four transitions should be observed.

In agreement with experimental results, it was predicted that these transi-

tions should  give  rise to relatively weak and well-isolated bands. Examina -

tion of the eigenvectors for the 2F5/2 and 2F7/2 levels revealed that,both contained

large percentages of components differing in senioritynumber  from that of the

ground state. The magnitude of the parameter 7 obtained in a seven-

parameter fit to the data was therefore primarily determined by the assign-

ment of energies to these two levels. The final parameters arrived at are

summarized in Table XXX.

4.  Pm3+ (f4)

A center for the Stark components of the ground term 5I4 was
assumed to be 150 cm-1, since no spectroscopic investigations of Pm3+ in
a crystal lattice have been reported. The energies of the SI5 and 5.I6 levels
are unknown, but isolated bands corresponding to the transitions to the 5.I7
and 48 levels have been observed in a nnolten nitrate medium.8

a.   sF, 5S, and 3K Levels. Preliminary intensity calculat'ions

indicated that it would be reasonable to assign the five transitions, 5Fl, 5F2,

5F.3, 5Sz, and 5F'4, energies coincident with the centers 9f gravity of the five

resolved absorption bands in the 12,000-15,000 cm-1 range, as indicated in

Fig. 5.  Both 5Fs and 3K6 were assigned an energy corresponding to the

center of the isolated band at 15,900 cm-1. This accounted satisfactorily

for the observed intensity (as shown in Table IX).

b.   56,31), 3H, and 3L Levels. The transitions to both 562 and
5(33 have been identified as hyper sensitive.8 They have correspondingly
large matrix elements of U(2).  Thus, of the several levels with energies
near 18,000 cm 1, the indicated transitions were assigned to the known
hypersensitive bands centered at 17,700 and 18,300 cm-1, respectively,8

and 3H4 was placed at the center of a resolved component at 17,300 cm-1.
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Three transitions were shown by preliminary calculations
to occur near 20,000 cm-1.  The one with the largest matrix elements of
UCX), 564, was assigned an energy corresponding to the center of the band
observed at 20,250 cm-1.  Of the next five transitions, 565 and 5G6 + 3L7
were identified with two distinct absorption bands at 21,900 and 22,300 cnn-1,
respectively.

The 3L8 level was placed at 23,500 cm-1. A transition of
similar intensity to 3G4' which should have been observed nearer 24,000 cm-1,
could not be discerned. The transition with the largest matrix elements of
U(X) calculated to occur near 25,000 cm-1,3 )3, was ·assigned to the center
of the band at 24,800 cm-1.

The spectrum at > 25,000 cm-1 was not measured in the
23

present investigation. However, Gruber and Conway reported finding three
'

relatively intense bands centered at 30,039, 30,478, and 31,250 cm-1. Using
the assignments at <30,000 cm-1 as the basis for parameter fitting and sub -

sequently for an intensity calculation showed that among numerous transitions
predicted to occur near 30,000 cm-1, only three had large matrix elements

of  U(X):     st)o,   5Dl,  and 5Dz· The calculated intensity pattern correlated quite
well with the bands reported by Gruber and Conway; therefore the assign-
ments were made as indicated in Table IX.

Several of the assigned levels had some dependence on
states with seniority number different from that of the ground state.  Thus
it was possible to adequately determine seven parameters in the energy-
level fitting process. The parameters arrived at are summarized in
Table XXX.

5.  Sm 3+ (f5)

The center of gravity of the ground term and the energies of
the first three excited levels in solution were assumed to be the same as

3+those reported for Sm in LaC13,49 since at higher energies the correlation
between levels in the two media appeared to be very good, as is shown in
Fig. 6. The 6H

1312
level is isolated and was identifi.ed with an absorption

band observed at 5000 cm-lin a molten nitrate salt.7 The energies of the

6Fl 2 and 6F.3/2 levels were assigned after comparing results in aqueous so-
lution with those in a fused nitrate salt. Preliminary intensity calculations
showed that the intensity of the band centered at 6630 cm-1 could only be
accounted for on the basis of a transition from the ground state to 6F3/2·
Since a large matrix element of U(2) was calculated for the 6Fl/2 level (as
may be seen from Table XII), the corresponding absorption band could be
identified with a hypersensitive transition.6 In aqueous solution, only a
tailing to the infrared region of the band associated with the 6F3/2 level
could be observed, but in the nitrate melt, an intense absorption was
found centered at 6400 cm-1. The latter energy was therefore assigned to
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the transition to the 6F.1/2 level in aqueous solution. Aside fro:in Eu3+, this
is the only lanthanide transition observed in solution where the intensity is

solely dependent on the matrix element of U(2). Since calculations indicated

that the transition to 6H 15/2 should give rise to a very weak band near

6500 cm-1, no assignment was made in this case. The remaining terms

in the 6H and 6F multiplets were assigned energies corresponding to the

centers of distinct bands, as shown in Table XII.

a.   4Gf 4F, and 4I Levels. Extremely weak, isolated bands are
found at 17,900 and 18,900 cm-1. By comparison with the results in LaC13,
these bands were unequivocally identified with the 465/2 and 4F3/2 levels,
respectively. A distinct weak band at 20,050 cnn-1 correlated well with the

energy of 467/2 in LaC13 and its calculated low intensity.  The next relatively

intense transition was calculated to be to the IM
15/2

level, and it was assigned
to the center of the band at 20,800 cm-1. The latter band could be resolved
into two principal components. To account for the intensity of the complex
group extending from 20,300 to 22,000 cnn-1 , the second component of the

20,800 cm 1 band was associated with the 411/2 level at 21,100 cm-1,
and the next resolved band, centered at 21,600 cm-1, with 4I 13/2·

Similarly, on the basis of preliminary intensity calculations, and
in agreement with levels assigned in LaC13, 4.F5/2 was assigned at

22,200 cm-1, and 4Gg/2 was placed at the center of the band at

22,700 cnn-1.

b.    6P, 4L, and 4D Levels. The transition to 6Ps/2 was identified

with the band centered at 24,050 cm-1, a somewhat higher energy than the

assignment in LaC13, but consistent with it in terms of intensity. The *L 13/2
level has the requisite intensity associated with it to account for a resolved

component at 24,570 cnn-1. The matrix elerrients of U(X) for the transition

to 6P3/2 are of sufficient magnitude to be unequivocally correlated with the

large band centered at 24,950 cm-1. Similarly, the only transition that can

account for the band centered at 25,650 cm-1 is 4L15/2, and the intensity of

the band at 26,750 cnn-1 required the assignment to 6p7/2· Energy-level

calculations based on a fit to assigned levels at <26,000 cnn-1 predicted

that transitions to 403/2 and 4D 5/6 would occur at nearly the same energy.

Since both have relatively large matrix elements of U(4), they are assigned
energies corresponding to the center of the band at 27,700 cm-1.
A weak, well-resolved band at 28,250 cm-1 can reasonably be identified

with the transition to 4H7/2 since the nearest higher level, 4K15 2, should
exhibit no intensity.

The assignments at >29,000 cm-1 were all made on the
basis of intensity since none of these levels has been identified in crystals.
Although a great many transitions occur between 29,000 and 50,000 cnn-1
Table XII shows that only very few have calculated matrix elements of U(X)
that could account for the magnitude  of the observed absorption bands.-
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A number.of the assigned levels in the Sm spectrum con-
3+

tained large components with a seniority number different from that of the

ground state, and thus it was possible to define a value of the parameter 7

(as listed in Table XXX).

6.     Eu3+ C f6),  Gd3+  (f7), and  Tb3+  (f8)

A discussion of the energy-level systematics for these three
ions will be deferred until Section V.D after the heavy lanthanides have

been discussed.

7.  DY3+ (f8)

3+
Assignments to a number of the levels of Dy in LaC13 have
16been made, and there is a close correlation between the energies of

transitions in the latter medium and in aqueous solution, as may be seen

in Fig. 10 and Table XIX.

a.   6H and 6F Levels. The splitting of the ground term and the
energy of the 6H

1- /2
level in solution were assumed to be the same as those

reported for Dy3 in LaC13· The remaining transitions in the 6H and 6F
multiplets give rise to solution absorption bands that are sharp, without

structure, and centered near levels reported for LaC13· Confirmation. of
the existence of a hypersensitive band at 7750 crri-1 in the nitrate melt
gives an additional basis for assigning 6Fll/2 at 7700 cm-1. Since we expect

no intensity for AJ > 6, 6Fl/2 is missing.

b.   4F, 4I, and 46 Levels. Three transitions within this group,

4Fg/2, 4I15/2, and 4611/2, were readily identified with the three weak isolated

bands found in the interval 20,500-24,000 cm-1, and the centers correspond
well with those found in LaC13· The eigenvectors of the levels involved in-
clude appreciable contributions from states of seniority different from that

of the ground state.

C.   4F, 4I, 4M, 4K, and 6.P Levels. The group of transitions

frorn the ground state to 4.F.7/2, 4I13/2, 4] vizi/2, and 4K17/2 have the requisite               '
calculated intensity to account for the band system that extends from

24,600 to 26,800 cm-1.  Of the latter two levels, only the higher-energy                 -
transition was assigned since it can account primarily for the intensity
centered near 26,400 cm-1. Preliminary intensity calculations placed

4M19/2, 4P30, and 6p5/2 near the center of the rather intense band at
27,400 'cm  '.   T.his is consistent with the energy of  5/2 as identified in

LaC13·

The very large matrix element of U(4) for 6p7/2 (listed in
Table XIX) indicates that it should be assigned to the center of the principal
band at 28,550 cm-1. Similarly, 4F5/2 and 6p3/2 are assigned to account for
distinct bands at 29,600 and 30,800 cnn-1, respectively.
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Intensity calculations made it possible to assign several

additional bands  in the ultraviolet, as noted in Table XIX. Because  of the

strong general absorpfion in the ultraviolet region, no distinct bands were

observed beyond 43,000 cm-1.

The results of a six-parameter fit to the assigned levels

were particularly revealing in this case since it was impossible to correlate

the observed and calculated band energies on such a basis. When levels
such as 4Fg/2, 4I15/2, and 6611/2, which are strongly dependent on 7, were ex-

cluded from the six-parameter fit, their calculated energies varied by

300-400 cm-1 from the centers of the bands observed experimentally.  For
3+

Dy  , the experimental data could only be correlated with a calculated en-

ergy level and intensity scheme based upon the seven-parameter fit.

8.  H03+ (flo)

The good correlation between the energy levels established in

a LaC13 matrix and the centers of bands observed in solution, which is
found for most of the lanthanide series, was also obs·erved for Ho3+ (Refs. 20
and 55).  In this and in subsequent heavier lanthanides, all terms in the

ground-state multiplet are observed either in the nitrate melt' or directly

in aqueous solution.

a.    52, SF, and 56 Levels. Since the lower terms.of Ho3+ are
well isolated, the assignments can be made unambiguously, as shown in

Fig. 11 and Table XXI.  For the complex band corresponding to the energies

observed for transitions to 5F.3, 5Fz, and 3KB, in LaC13, individual components

could be resolved with intensities corresponding closely to those predicted

from preliminary intensity calculations.  The next large band centered at

22,100 cm-1 is hypersensitive' and thus is consistent with the calculated

large matrix element of U (2  for the transition to 566 (as indicated in

Table XXI). No intensity is expected to be associated with the transition

to 5Fl (AJ > 6). The isolated band at 23,950 cm-1 was identified as 565, and
the next group near 26,000 cm-1 could be resolved into two components

centered at 25,800 and 26,200 cm-1. These energies correspond closely
with those identified with transitions to 564 and 3K7, respectively, in LaC13·

b.   3H, 3L, 3K, 56, and 3P Levels. The relatively intense band

 at 27,700 cm-1 shows hypersensitivity in the nitrate melt,9 where the center

is also at 27,700 cm-1, and thus is identified with the transition to 3H6, for
which a large matrix element of U (2) is calculated. Intensity considerations'

required, in addition, the assignment of (5G, 3H)5 at this energy, and indicated

that a weak but distinct band at 28,250 cm-1 could reasonably be assigned to

transitions to 5Fz· The group centered at 29,000 cm-1 was resolved into two

components at 28,800 and 29,000 cm-1. The intensity pattern agreed with
that expected for 5G3 and 3Lg, respectively.



74

A sharp band at 30,000 cm-1 was correlated with two transi-

tions, 3F4 and 3K6, while the weak rather broad band at 30,900 cnn-1 could
5-unambiguously be assigned to  L.rz· The isolated weak band at 33,200 cm-1

was also clearly identified as 3I)3 since the. only alternative assignment,

3Pl, could be predicted to have no intensity (AJ > 6).

The complex band extending from 33,600 to 35,500 cnn-1
was resolved into three components. Based on the results in LaC13, a
transition to 5(34 was expected near 34,700 cnn-1. Intensity calculations

predicted that this transition should give rise to an intense band, and indeed
a large absorption was found in solution centered at 34,800 cm-1.  Both 3LB
and 3Mlo were then identified with the component of the system centered

at 34,200 cm-1, and 3F3 was placed at 35,200 cnn
i where, according to cal-

culations, it could account for the weak transition observed at this energy.

The transition to the 3H4 level was assigned an energy
corresponding to the center of an intense band at 36,000 cm-1,:on the basis
of the intensity calculations. No other neighboring transition could account
for the magnitude of the observed absorption. The remaining intensity of
the system (36,200-37,000 cm-1)was attributed, on the basis of re s zilts in

LaC13, to transitions to 1L8 and 3H5·

C.   3L, 3.I, 3M, 5D, and 3H Levels. Several isolated bands were
observed in the region -38,000-50-,000 cm-1. A preliminary fit to the levels
assigned at <40,000 cm-1 made it possible to predict which transitions
would occur in the higher-energy range. The resulting assignments are
shown in Table XXI. Even though in some cases several transitions were

expected to occur near a given energy, only one could account for the ob-
served intensity. The results of the seven-parameter fit to the experimental
data are given in Table XXX.

9.0   r34 (fil)

A considerable amount of experimental work on the energy-,
3tlevel scheme   of  Er in different media  has been reported, inc luding  a

study of the  free -ion spectrum. 12 Table XXXI summarizes the latter
results, together with those for Er in LaC13, and LaF3· Figure 12

3+ 56,68 43

conrpares the experimentally determined levels for Er3+ (free ion) and
3+

Er   in LaC13 to the solution absorption spectrum.  On the basis of the
-f-oregoing, it was concluded that the levels observed in LaC13 were most
closely related to those observed in aqueous solution, and a center for the
ground·term in solution was taken as 108 cm-1.

a'.  · II, 4S, TH, and 4F Levels. The sharp isolated bands resulting
from transitions between the ground state and the first few multiplet levels
are well chara:cterized bycomparison with the energies of the levels incrystal-
line media. Below 25,000 cm-1, the onlyassignments requiring reference to
preliminary intensity calculations were those that involved the complex group
extending from 21,800 to 23,100 cm-1. This latter systemwas resolved into
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two principal bands centered at 22,100 and 22,50·0 cm-1. Reference both to

intensity requirements (shown in Table XXIII) and to the levels identified

in LaC13 indicated the assignments to 4Fs/2 and 4F3/2, respectively.

TABLE XXXI. Energy Level Assignments for Er
3+·

Er3+ (Free ion)(12) Er3+ in LaF3(43) Er3+ in LaC13(56, 68)

Eexpt Ecalca 8E Eexpt Ecalca BE Eexpt Ecalca bE
S'L'J' (cm -1) (cm-1) (cnn-') (cm-1) (cm-1) (cm-') (cm- 1) (cm-') (crn- 1)

4I15/2                     0                   96'          - 96 217 232 -15 108 130 -22

4Il)/2

5 10219

6485.9 6567 -81 6697 6732 -35 6589 6630 -41

4Ill/2 10123.6 10140 -16 10340 10335 10226 -7

4Ig z 12345.5 12294 61 12567 12504      63 12438 12377      61

4Fqz 15182.9 15202 -19 15452 15432 20 15283 15260      23

4S3/2 18299.6 18445 -145 18570 18696 -126 18398 18536 -138

(2H, 4G) 11/2 19010.8 19096 -85 19334 19398 -64 19144 19181 -37

4
F7/2 20494.1 20391 103 20709 20652 57 20515 2_0449 66

4Fs/2 22181.8 22014 168 22378 22305 73 22174 22097 77

4F3/2 22453.9 22368      86 22711 22645 66   , 22516 22449 67

(aG, 4F)9/2 24475.2 24367 108 24744 24644 100 24565 24471      94

4Gll/2                                                                                                                             - 64 27327 27358

26376.9 26348      29 26585 26680 -95 26367 26397 -30

4698 27319.2 27333 -14 27629 27693 -31

ZK15/Z 27584.9 27597 -12      -      27857      - 27605 27643 -38

2(Gvz 27825.0 27843 -18 28298 28176 122 27987 27909      78

(ip, ZD)3/2 31414.4 31496
'

-82 31718 31844 -126 31497 31625 -128

ZK13/2 32972.2 32862 110 33139b 33145 -6 32963 32927      36

405/2 33088.4 33266 -178       -       33666      -        -       33284      -

2Pl/2 33240.2 33218       12       -       33629      -        -       33418      -

4(37/2 33849.1 33840 9 34211 34209 2 33944 33921 23

2DS/2 34733.3 34534 199 35055 35010 45 34755 34743      12

(LH, ZG)9/z 36479.5 36326 144 36641 36676 -35 36440 36501 -61

2Ds/2 38406.1 38375      31 38827c 38816      11

407/2 39268.5 39026 242 39530 39519 '    11

ZI 11/2
- 40808         -

2.                           -             41438D 17/2

4I)3/2 41854.7 42028 -173

(ZD, ip)3/2 42426.2 42710 -284

4I13/2 43507         -

4I)1/2 - 46829      -

2Hg/2 47420.0 47532    -112

RMS Deviation 141 84 84

aThe parameters used to generate this set of energies are given in Table XXX.

bThis energy was assigned to the transition to *G5/2 in Ref. 43, but intensity considerations

suggest the indicated assignment.

CNot all of the Stark components of this level were observed.
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b.   4G, aK, and ZG Levels.· The group of bands in the range

27,000-28,400 cm-1 was resolved into three components centered at

27.,400, 27,850, and 28,000 cm-1. The first and third were of sufficient

magnitude to clearly indicate, based on the intensity calculations, that
they should be ascribed to transitions from the ground level to 4Gg/2 and

267/2, respectively. Since the transition to the 2Kl 5/2 level was expected to

be relatively weak, the criteria available were not deemed sufficient to

warrant an assignment.

C.     ap, 2K, 21), ZI, and 2L Levels.  The isolated band at 31,600 cm-1
was clearly attributable to the transition to zp3/2· Intensity calculations
showed that the band at 33,200 cnn-1 should be assigned to ZK 13/2 since
transitions to both the neighboring levels 465/2 and 2Pi/2 were predicted

to give rise to bands of much lower intensity. Resolved bands with centers

at 34,050, 34,850, and 36,550 cm-1 were identified with transitions to the

467/2,  ZI) 5/2, and 2Hg/2 levels, respectively, at nearly the same energies  as
3+those reported for Er in LaC13·

The very large matrix element for U (4) calculated for the

transition to 4D7/2 and its known energy of approximately 39,000 cm-1,
clearly identifies it with the intense band centered at 39,200 cm-1. Since

21)5/2 was found  at a somewhat lower energy than 4D7/2  in  LaC13,   it  was
assumed that the weak band observedat 38,600 cm-1 could be attributed
to the 2I) 5/2 transition in solution.

2.Assignrnents   involving   2Ill/2,     1.,17/2,   and  403/2  were   rnade
resolved·components of a group of bands extending from 40,700 to 43,000 cm-1
on the basis of apparent correlation between observed intensities and the

magnitude of calculated matrix elements.  Most of the intensity was iden-
tified with the transition to 2L17/2 at 41,650 cm-1. The isolated band at
43,550 cnn-1 couldbe unambiguously associated with the 413/2 level.   It was
assumed that the transitions predicted to occur in the 47,000-48,000-cm-1
range gave rise to broad absorption bands because they could not be clearly
discerned over the background absorption in solution. Calculations predicted
that they would be weak.  A weak isolated band centered at 49,000 cm-1 could
clearly be correlated with the transition to the LD 5/2 level.

3+
In Er    , almost all states that contain appreciable components

with seniority number different than the ground state, lie at >50,000 cm-1.
Thus, even though many levels could be assigned to the solution spectrum,
the parameter  7 was rather poorlydetermined (as maybe seenin Table XXX).
The results of six-parameter fits to experimental data for Er free ion3+

and for Er in LaC13 and LaF3 are included in Table XXX. -3+

10. TrI· 3+ (flz)

3+All the transitions to excited multiplet levels in Tm , except

to 1So, occur within the energy range that can be examined in aqueous
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3+ 'solution. The energy-level schemes for Tm in several crystal media

have been reported. However, the most complete data are available oilly
in oxide media where the Stark splitting  of the levels and the nephelauxetic

25,44effect are both known to be much larger than for most crystals.
We have taken the data reported by several different authors for

Tn-,(C2H5504)3 ' 9H20 crystals as the primary basis for making assign-
ments to the present results in aqueous solution. 22,24,26,36,45,71 The crystal-

field splitting in the ethylsulfate is comparable to that in LaC13 and the
centers of gravity of the levels appear to c6rrespond quite well to those in

solution, as shown in Fig. 13 and Table XXV. Although not all the Stark

components of the ground le4el have·been identified experimentally, the
71                                                    22

work of Wong and Richman, as confirmed by thermodynamic studies,
-,

indicates a center of gravity of -170 cm  ' for Tm3+ in. the ethylsulfate

matrix.

The assignments in most cases were unambiguous because the

bands are well isolated. The relatively weak component resolved at

15,100 cm-1 was consistent with the results of the preliminary intensity

calculation, which could correlate this with the transition to the 3Fz level.
Two transitions in the group 3P and 4 gave rise to isolated identifiable

bands - -3Pz at 38,250 cm-1 and 3Pl at 36,400 cm-1--whereas the assignments

Of lI6 at 34,900 cm-1 and 3po to 35,500 cm-1 were made on the basis of
intensity calculations for resolved bands, and levels observed in the

ethyls'ulfate.

The results of six-parameter fits to both the solution and

crystal data are given in Table XXX.

11. Yb3+ (f13)

3+ 2The single f - f transition in Yb   , -F7/2 - ZF 5/z, gives in solu-

tion, an absorption band centered near 10,300 cm-1 (as shown in Fig. 14).
From this we calculate (*f = (2/7)(10,300) 6 2943 cm- 1.1

C. Systematic Behavior of Energy-level Parameters  for All Lanthanide s

Except Eu3+, Gd3+, and Tb3+

1. Intr oduction

Intensity considerations have been a useful tool in the assign-
ment of energy levels in lanthanide spectra. Since the resolution possible
in solution is much less than in crystal media, analysis of solution spectra

has previously been limited to assignment of those transitions for which

unambiguous corre.lation with crystal data was possible. By using intensity
correlations as well as fitting of the energy parameters, we have extended

the range of assignments well into the ultraviolet region, frequently much
further than previous crystal analyses.  Thus we have been able to obtain
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a good set of parameter values derived from the same media for all of the

3+ lanthanides, except Eu, Gd, and Tb.  It now becomes possible to examine

the behavior of these parameters across the lanthanide series.

2. Slater Parameters (Fk)

A plot  of F2 versus atomic number,   Z,  for  all the lanthanide s
except Eu3+, Gd3+, and Tb3+, can be fit by the linear function shown in Fig.  15.

Using an equation of the same form
21500

I Illllllll i as that given by Elliott  et  al.,
--

F2 VS Z where an empirical screening
LANTHANIDES

-                                    -   constant is introduced, but fitting
0-

450 - -z    the present experimental values for

3/ -   Fi, we obtain
-                                                               1            -

F2 ·

ewV                                               -              Fz =  12.820(Z - 34).   (15)
400 -

_                                  - Approximate values for F2
.                              -                -      derived  from four -parameter  fits

350 - Fz .12.820 (Z-341 - to the few levels that have been

-      o                         -   assigned in the crystal spectra of

0                               -   Eu3+, Gd3+, and Tb3+, are well
-                                     -   above the line determined by Eq. 15,

300  9    I    i    i    i    i    i    i    i    i    i
P,3+ Nd3+ p.3+ Sm3+ Eu3+ Gd3+ Tb39 Dyl' Hoa. Er'+ Tm3+ as can be seen from the results in
(59) (61) (63) (65} (67) (69)

ATOMIC NO. Z Table I.  This deviation is much

121-2508 Rev. 9
greater than expected since the

parameters obtained give excellent
Fig. 15, Variation across Lanthanide Series of

fits to the observed levels. We
Parameter F2 Obtained from a Fit to

Lanthanide Aquo Ion Data
would not, however, expect these

parameters to give a good predic -
tion of the positions of higher-energy levels. Several of the observed
levels for each of these three ions have large contributions from states of

different seniority from that of the ground state. Experience leads us to

believe that any fitting process that does not include the parameter 7 will

be meaningless in such cases.  All the observed levels in these ions are

identified with very pure LS states.  Thus the Ek parameters can change
drastically without appreciably altering the percent composition of the

principal state. The deviation from the line in Fig. 15, of F values based
upon four-parameter fits to the data for Eu3+, Gd3+, and Tb3 -, is therefore
not physically significant.  As will be shown later in this section, and as is

indicated iil Fig. 15, when sufficient data are available to adequately define

complete sets of electrostatic, spin-orbit, and configuration interaction
3+    3+         3+parameters for Eu  , Gd  , and Tb  , the corresponding values of F2 are

near the line defined by Eq. 15.

Values of the ratio F*/F: as a function of Z are quite regular.
As shown in Fig.  16, the average is near 0.15, which is somewhat larger
than the ratio calculated assuming that the 4f-wave functions are hydrogenic.
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4         - 0017 There is an apparent
, --.Ar--          --                           change in the ratio F6/Fi from

A-  -a--/  0  --.:
%

Fe  - 0.015
e---(Ex. 4f·hydrogenic ratio   Fi

..1,

somewhat less than the hydrogenic
- 0 013 ratio for the light lanthanides to
- 0011 greater than this ratio for the

heavy lanthanides, as shown in

Fig. 16. There,is no obvious ex-
0.16 -

A- *_-4--*„®--_-0-_.-0_-_.0 -_1-0.-0.--4__4                     ,    planation  for
this behavior.     Of

014 - course, the usefulness of the
- F4

4f ·hydrogenic ratio

0.1 2  - F;
hydrogenic approximation in  ob -

- taining initial value s   o f the Slate r
0.10 - integrals does not imply that the11111111111

pr 30  Nd 3+ p/3+  Sm3+  Eu3+  Gd 3+  Tb3+  Dy 3+  Ho 3*  Er3+ Ti3+ actual radial wave functions are
(59) (61) (63) (65) (67) (691           '

ATOMIC NO Z at all similar to hydrogenic wave

121-2509 Rev. 7 functions.73 The final results

Fig. 16. Variation across Lanthanide Series of Ratios for Eu3+, Gd3+, are in-and Tb3+

F#/F2 and F6/F2 Calculated from a Fit to cluded in Fig. 16, but the discus-

Lanthanide Aquo Ion Data sion appears later  in this section.

3. Spin-orbit Coupling Constant (Ct)

The variation of C#f across the lanthanide series is shown in
3+        3+

Fig. 17, which also includes values for Ce   and Yb  . This parameter can
be defined for Eu3+, Gd3+, and Tb3+, even when the experimental data are

limited to the components of only two or three different multiplets.

3000  lilI    lilli    I I 1 A

2800 -                                                             -

2600 - 1-

2400 - 1                   -

2200 -                                                             -

...-                                                                         T                              -

< -11800 -                                                             -441 � 231.1422-13330.3 -
1600 -

1400 -                                «f'                                      -
1200 -

//<i 14,2 -7,48

1000 -

.'Sh -    
600  '    '    '    |    '    '    '    '    '    '    '    '    '

Ce30 Prgi Nd30 pm3+ Sm30 Eu3+ Gd3+ Tb)+ C>y3+ H03+ E,3+ Tm3+ yt,3+

(58) (60) (62) (64) (66) (68) (70)

ATOMIC NO. Z

121-2506 Rev. 6

Fig. 17. Variation across Lanthanide Series of Spin-orbit

Coupling Constant, 449 Calculated from a Fit
to Lanthanide Aquo Ion Data
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Attempts were made to express 44f, both as a linear and as a

quadratic function of Z.  At the outset, it became clear that the average
deviation from the experimental value was appreciably increased if the

3+
values of (4f for Ce   and Yb·3+.were included in the fit, regardless of

3+whether the expression was quadratic or linear. Results excluding Ce
3+and Yb showed that the average deviation was appreciably less when two

linear functions with a common value at Gd3+ were used as compared to a

single quadratic function. The functions were:

(1)  44f = -79.5522 Z2 + 2539.45 Z - 325360.

AVerage deviation frbrri experiment =  16.2.

(2)  (4f =  142 Z - 7648 (Pr·3+ through Gd·3+).

Average-deviation from experiment =  11.3.

44f = 231.142 Z - 13330.3 (GD3+ through Tm3+).
Average deviati·on from experiment  =  9.5.

4. Configuration Interaction Parameters  (a, B,'and 7)

The systematic behavior of the configuration interaction param-
eters has been studied previously only in the 3dN and 4dN configurations.

By assuming that each of the parameters follows an equation of the form

A  =  Ao + Aix' + Azy,

where

x=N-6

and

y    =   x2   -    1 0,

Shadmi has been able to simultaneously fit the energy levels of an entire
60,61

series by the determination of only the "general parameters," Ai· III doing

this, he assumed that a and 13 vary linearly. with N; i.e., Az.= 0. However,
if we compare the value·s of a obtained on the basis of this assumption with
those obtained as a r€sult. of individual fits to the levels of a single ion, there
are frequent large differences well outside the rms deviation of the param-

61eters. Thus a. linear variation of a  with  N  is not apparent for the single -

ion  fits.

For the lanthanides, the absolute magnitudes of a and B. in-
3+crease in the first half of the series after Pr- (as shown in Fig. 18), and

3+decrease again in the second half after Dy   . The behavior in the center of

the series for-Eu3+, Gd3+, and Tb3+ will be discussed in Section V.C. However,
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40

30 1                A
a -   it is clear that the magnitude of the.variation

20 1    -1                -'»41/ \10
in these parameters across the 4fN series is

\I  6 much greater than that observed in the dN
10 -                                                                     +                                                                                                             3+series. The parameters for Pr , where a
0-                                                                                             -

and   are well determined, are large in com-

120- _ parison.to those for Nd3+ and Prn3+.
-8/12

7 80-         _

3   4,1   \      /1-Y     /  \,-4 1 In all cases except for Tm3+, a posi-

0 -          44 Y 1 tive value could be adequately defined for 7.
3+The results for Dy , were. larger than the

6000-                                     -
average of approximately 1100 cm-1.  The

7
-    only previous determination.of y was from4000-                                     -

-   the free-ion spectrum of Pr2+, and in this
2000 -       I.*.-  :_  1  +-  1 --*/A\S   .            -

9    -   case a negative value for the parameter was
'-  '"""'' ' '               58

Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm obtained. The latter result depended upon
(59) (61) (63) (65} (67) (69)

ATOMIC NO Z only one level, which was somewhat doubt-

121 -2853  Rev. 6 ful.   In view of the present results, a nega-

Fig. 18. Variation across Lanthanide tive value for y in Pr seems unlikely.
2+

Series of Configuration Inter-       It is highly probable  that the 2F 5/2 level from
action Parameters 04 8, and which the value of 7 was determined is spu-
y Calculated from a Fit to rious. This viewis further supported bythe
Lanthanide Aquo Ion Data                                             66

calculation of Trees, which indicated that 7

should be positive. Recent Hartree-Fock calculations·for Pr indicate that
2+

the major contribution to 7 comes from interaction with 4d84f5 (Ref. 70).
Although negative terms arise from interaction with configurations such as
4f26p and 4p 54f4, these are not sufficient to overcome the large positive

contributions from 4d84fs.

D. Energy-level Calculations for Eu3+, Gd3+, and Tb3+

It was pointed out earlier in this section that, because of the paucity
3+ .of assignments made to the spectra of the ions Eu3+, Gd3+, and Tb   ions in

crystals, and the general complexity of their level structure, it was not

immediately possible to determine all the electrostatic, spin-orbit, and con-

figuration interaction parameters on the basis of solution spectra.  We also
noted that predictions of the positions of higher-energy levels based upon

four -parameter  fits to the few levels that had been characterized were not

expected to be useful. The values of the parameter F2 resulting from these

four -parameter fits were wholly inconsistent with those obtained  for all the

other lanthanides. The foregoing is well illustrated by the results obtained
11

for Gd3+

1.  Gd3+ (f7)

All the terms in the 6.P, 6.I, and 6D multiplets of Gd3+ in crystals
29

of Gd(13   6H20 were recently assigned,   and, as can be seen from Table XV

and Fig. 8, there is a close correlation between the levels observed in the

crystal and the maxima  of bands observed in solution. The levels assigned
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to the experimental data are all relatively pure L-S states, and there are

insufficient data to determine more than four parameters. These are given
in Table I and provide an excellent fit to the levels observed, both in

GdC13 ' 6H20 and in solution. However, the fact that the 6P group has a

seniority number different from that of the ground state, indicates  that  7

should be included in the calculation.

During the present investigation we were able to identify several

absorption bands near 50,000 cm-1 characteristic of Cid3+. These bands have

not previously been reported. As shown in  Fig. 19, based  upon the  four -

parameters for Gd given in Table  I, the next-higher -lying multiplet after
3+

6D is predicted to be i). Intensity calculations revealed that only very weak
bands should be observed, in contrast to those obtained experimentally.

55 -
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*H 9/2
-3/2 eF 3/2

40.
5/2 GF 1/2,40 7/2

13/2
13/2 1

50 . 7/2
3/2                    IGG
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8                          3„  1
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:t::        J

 13/2, 15/21
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35                                           -
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0                 1              1              1              1              I              l e S 7/2
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4 PARAMETERS 7 PARAMETERS
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Fig. 19. Comparison between Calculated and Experimentally
Determined Energy Levels for Gd3+ (AQ)

At this point, we assumed that the values of F2 and the ratios of
3+

F*/F: and F&/F: for Gd should be consistent with those for the other

lanthanides.  From Eq. 15, we obtained F2 = 385; and from the results

shown in Fig. 16, we assumed F4/F2 - 0.15 and F&/Fz = 0.015. Using values
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of Elc calculated from the foregoing, together with <4f obtained from the four-

 arameter fit,
we obtained a seven-parameter fit to the known 6P, 6I, and

D levels by varying only the three configuration interaction parameters a,

 , and 7. The results are also shown in Fig. 19.  As we had predicted, with
an entirely different set of electrostatic parameters than had been obtained

from the four -parameter  fit, the agreement between calculated and observed

energies for the 6p, 6I, and 6D multiplets was good, and the ordering of the

higher
-l ing

multiplets was completely changed. Indeed the new fit placed
several G levels near 49,000 cm-1, and an isolated 6613/2 level near
51,000 cm-1, in excellent agreement with the experimental results.  A pre-

liminary intensity calculation showed that the 6G levels near 49,000 cnn-1
had large matrix elements of U(4), as did the 6G13/2 level. Thus, additional

assignments were made as shown in Table XV, and a final set of parameters
was obtained. Since all the additional assignments involved only a single
multiplet, 6G, there were still insufficient data to directly determine the

electrostatic as well as the configuration interaction parameters, so only

the latter were varied. The results are given in Table XXX, together with

a fit to the Gd(13  6H20 data computed using the same assumptions.  The

values of a and y obtained are obviously consistent with those for other

lanthanides (as shown in Fig. 18), while the value of A suggests a break in

the variation of this parameter as a function of  Z  at the center of the series.

The present results are confirmed in the experimental investi-

gation of the levels of Cm in LaC13 reported by Gruber et al. Since the3+                                          27

3+                                          -- --

multiplets in Cm are all shifted toward lower energies with respect to
Gd3+,the presence of 6G levels directly above the 6P multiplet was confirmed
experimentally.

VVybourne has considered in detail some of the mechanisms74

that could account  for the reported ground -state splitting in Gd3+.   He

pointed out that experimental g-factors for the ground state require much
larger values of (4f than are consistent with the observed multip'let split-
tings. The value of <4f obtained in the present study is lower than that

adopted by Wybourne and gives a good representation of the experimental
data.  Use of a larger value (1480 cm-1) for <4f, while assuming the fixed
value of a = 20 cm-land Ekas before, gave  /12 = -20.58 andy = 1177.23.
However, the overall fit to the data was not as good as with the lower value
of C.f·

2.  Tb3+ (f8)

Only the ground -term multiplet and two components  of the first

excited multiplet of Tb3+ have been identified.65 The very complex spectrum

found in the ultraviolet region has not been elucidated.

In aqueous solution, only the 5])4 level is readily assigned.
Distinct bands observed near 5000 cm-1 in the nitrate meltg identify the
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centers of gravity of the 7F3,  7FT,  and 7Fl levels,  both in that medium and in
aqueous solution.  The 7Fo level is revealed in the shoulder of the absorption
due primarily to 7Fl in the melt.

Preliminary intensity calculations based upon fitting 06,  , and

7 to the levels assigned to Tb3+ in LaC13,65 assuming a value of F2 computed
using Eq. 15, FQ/FT =  0·15, F6/Fz = 0·015, and (*f =  1707 cm-; suggested
that a number of further assignments could be made to the solution absorp-
tion spectrum. Those transitions with large matrix elements of U(X) were
assigned to the centers of the more intense bands found in the range 26,000-

30,000 cm-1 as shown in Table XVII.

The relatively isolated bands at 30,650, 31,600, 33,000, and
33,900 cm-1 could be ascribed to transitions from the ground term to 51)1,
5H7, SH6, and SH 5, respectively. The large matrix element of U (6) for the
transition to sIB, and its predicted energy near 35,000 cm-1, was in good
agreement with the absorption band observed in this range.  This band was
resolved into two components.  The more intense component, centered at

35,200 cm-1, was attributed to the transition to 5.[8, while the weaker, at
34,900 cm-1, was identified with that to the 5Fs level.

The identification of the relatively intense broad band centered

near 38,000 cm-1 in terms of a 4f -+ 4fl\T-15d transition was discussed in
Section IV.A above. Three additional assignments were made to the centers
of bands superimposed upon the f -� d absorption. The weaker resolved
bands had intensities that were qualitatively in keeping with the magnitude
of the matrix elements  of U (X) for f-f transitions, as indicated  in
Table XVII.  A much more intense component of the 4fN - 4fN-15d system
is observed near 46,000 cm-1.  Any f - f transitions in this region would
be too weak to observe over such a large background.

A seven-parameter fit to the 23 levels assigned, where all
seven parameters were varied, gave the results shown in Table XXX.  All
the parameters were well determined and in good agreement with those
determined originally by extrapolation.

3.  Eu3+ (f6)

The levels of Eu that occur  in the visible region of the  spec -
3+

trum are of interest in connection with laser studies and thus have been the
subject of numerous investigations. However, the levels above 25,000 cm-1,
with the exception of 51)4, have not been clearly defined by investigations in
an appropriate crystalline medium. The assignments for Eu3+ in a LaC13
matrix 18 are recorded in Table XIII.  Thus, with respect to determining
electrostatic and configuration interaction parameters, the situation is

similar to that with Tb3+.
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In solution, the first excited component in.the ground-term mul-

tiplet is only :-360 cm-1 above the ground level; the second excited component

is near 1000 cm-1.  Thus, at room temperature, transitions originating in

both of these levels are observed. Such transitions give rise to satellites,

in many cases well resolved, to the low-energy side of bands due to transi-
7.-.

tions originating in  r o. They contribute to a complex spectrum in the ultra-

violet region.  It is this displacement of the satellites as observed in the

visible region of the spectrum that makes it possible to clearly define the

energy of the 7Fland 7FT levels with respect to the 7Fo ground state in the

solution spectra. In addition, Bayer-Helms placed 7F3 at 1900 cm-1 in
nitrate solutions.1 The energy corresponding to 7F6 was taken from results

7
obtained in the nitrate melt.

The extremely weak band at 17,277 cm is clearly identified-1

with the ·,Fo - 5Do transition. 1,18,31 It occurs at =360 cm-1 above the much

more intense, normally observed band near 16,920 cm-1 due to 7Fi - 5Do.
Sharp bands identified by their close correlation with transitions observed

3+for  Eu in LaC13 were assigned  for   7Fo  -+   51)1  and   51)2, as shown in Table  XIV.

As mentioned in.Section IV.A, the intensity of the band at 19,028 cnn-1 arises
entirely via a magnetic-dipole mechanism. The broader band at 18,691 cm-1
is attributed to 7Fl - SI)1, and very weak absorptions at 18,018 and 20,500 cm-1
correspond to the transitions 7Fz - 7Dl and 7Fz - 7DT, respectively.  The

7Fo - 51)3 transition was placed at 24,408 cm-1, where a small absorption was

found, in agreement with the results in LaC13·

On the basis of the foregoing assignments to 7F and SD, following
3+the procedure used with Tb  , an -attempt was made to obtain an energy-

level fit tothe data. The values F2 = 372, F F2.- 0·15, F6/Fz.- 0·015, and
44f =  1298 cm-1 were taken from Figs. 15, 16, and 17.  Only the three con-

figuration interaction parameters, a,  B,and 7, were varied. The results

gave a  =  -20 cm-1, but both'    and  7 were extremely large and poorly de-
termined. The energies and intensities predicted for higher -l*ing levels

bore no apparent relation to the experimental data. Since the values of a
and 7 for other lanthanides appeared to be sufficiently constant over the

center of the series to warrant an assumption of their magnitude for Eu3+

(as may be seen from Fig. 18), a further attempt was made to fit the assigned
7F and SD levels. The parameter values already cited, together with

a = 20 cm-1 and 7 = - 1200 cm-1, were used as constants.  Thus only one

parameter was varied. The results defined 8/12 = -23 cm-1 and made it
possible to obtain an excellent correlation between the assigned and calcu-
lated levels.  This set of parameters also predicted higher energy levels

and intensity relationships than could immediately be correlated with the

experimental results. As expected, the sharpness of the bands arising from

7Fo in the visible region was characteristic of the corresponding bands in the

ultraviolet.
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The intense band at 25,400 cm-1 and the weaker sharp band at

27,670 cm-1 (shown in Fig. 7) could immediately be assigned to transitions

to 5L7 and SI) 4, respectively, on the basis of an intensity correlation.  The
latter assignment also agreed with results obtained for Eu3+ in LaC13·18
Similarly, 5H6, 5F4, (SI, SH)6, 5K6, (3K, 3I)6, 5G4, and 566 were assigned as
shown in Table XIII.  In each case, satellites -360 cm- 1 to the low-energy
side of the assigned bands were observed as predicted.

Several further assignments were made after carrying out an
intensity calculation based upon transitions from 7Fl as the ground level.
This showed, for example, that of the group of bands observed in th6 range
25,800-27,000 c.m-1, the component centered near 26,000 cm-1 could be
accounted for as arising from the transition 7Fl - 5L7· A comparable in-
tensity was predicted to occur near 26,400 cm-1 due to 'Fl - 5Gs and 566,
but no intensity was calculated for 7Fl - 5L8, which was the only transition
originating in  'F 1 and terminating  in the 26,500-27,100-cm-1 range.    Thus,
sharp bands detected at 26,300 and 26,620 crn-1, superimposed on larger
absorptions, were assigned to transitions from 7Fo to sc;2 arid 564, respec-

tively. The larger absorption at 26,700 cnn-1 could then be attributed Rri-marily to 7Fo - 566, which has a relatively large matrix element of U(6)
(as given in Table XIII). Similar considerations accounted for the assign-
ment of SH.1 at 31,250 cm-1, superimposed on a band arising from the tran-

sition 7Fl - 5H5 at 31,162 cm-1, and 5Fz at 33,190 cnn-1 superimposed on
7F 1 - 5.F4 + 5I4 at -33,400 cm-1.  On the basis of the calculations, and ih
good agreement with experiment, the transition 7Fl - 5Hs was predicted to
have a slightly greater intensity than the isolated absorption at 30,656 cnn-1
arising from 7Fl - SH7·

At the highest concentrations examined, several extremely weak
bands were observed at energies that could not be correlated with allowed

transitions from 7Fo, 7Fl, or 7Fz·  They were also not attributable to rare-
earth impurities.  The most intense of these absorptions was at 36,205 cm-1.
A transition from 7Fo to 5Ks is calculated to occur at 36,235 cm-1 (as may
be seen from Table XIII), but would be forbidden by the selection rule

8 J  odd. Since the next higher allowed transition, corresponding to

7FO-* SK6, occurs at 37,440 cm-1, no transition from 7Fl could account for
the band in question. Similarly, 7Fz - 5K5 would give rise to a somewhat
higher energy band (36,400 cm-1), and from the results obtained at lower
energies, 7F2 is so weakly populated at 25°C, that transitions originating
in it are only detected at very high concentrations. We conclude that this

may be a case in which a slight breakdown of selection rules is revealed,
and that the transition involved actually is 7Fo - 5Ks.  An examination of the
energies calculated for all possible transitions from 'Fo to J = ODD (as
given in Table XIII) as compared to the experimental results shown in Fig. 7,
indicates that practically all these transitions occur in regions where they

would be masked by the presence of bands due to other transitions.
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On the basis of the 26 assignments made, a final fit to the data

was carried out in which all of the electrostatic, spin-orbit, and configuration
interaction parameters were varied. The res,ults in Table XXX show that each

parameter is well defined and varies 6nly slightly from that originally

predicted.

In connection with the experimental results shown in Fig. 7, we

found no absorption bands beyond 42,000 cnn-1 that could be r& solved from
the generally increasing absorption in the ultraviolet.  We did not observe

62                            63
the relatively intense band that Stewart and Stewart and Kato reported

3+near 46,700 cm-1.  For Eu  , the lowest 4f - 4fN-,5d band occurs at very
48 3+ ·high energies. Loh placed it near 68,500 cm-1 for Eu   in CaFz, and

Crozier17 calculated it near 90,000 cm-1. The present results are in agree-
38  '

ment With the foregoing and with those reported by J0rgensen and Brinen.

/
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VI.    CONCLUDING.REMARKS

At present it is possible to compare the solution parameters de-
3+      3+termined here with those of the free ion only for Pr  and Er (Refs. 64 and

72). One would expect covalent bonding effects in solution to reduce the

parameters slightly from those obtained for the free ion. The reduction

is about. 5% for the El': and 44f values of Pr3+. The configuration interaction
3+parameters are somewhat more sensitive.  The El< and C.4f values for Er

are slightly higher for the solution than for the free ion, while a and   are
lower, Since .the rrns errors on the parameters are nearly the same as the
differences, the effect may n6t be significant. We would expect the present
results to provide a good starting point for further analyses of the 4fN con-
figurations in the free-ion spectra.
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