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PREFACE

. This dissertation is concerned with the study of the
divalent oxidation state of the lanthanides. Divalent
cerium, praseodymium, gadolinium, holmium and erbium ions
in single—crystél calcium fluoride have been produced by
the techniques of irradiative and electrolytic reduction,
and their absorption and emission spectra have been ob-
tained. The available information in the literature on
the energy levels ofvdivalent lanthanides has been used to
obtain the variation of the electrostatic and spin-orbit
coupling parameters with the number of electrons in the 4f
shell. The intermediate coupling diagrams of the seven

lowest and seven highest terms of the £0 and £0

configura~
tions have been constructed. The diagrams illustrate the
change in the positiqns of the energy levels for the
change from Russellmséunders to jj couplinge.

I would like to express my gratitude for all the
assistance and interest expressed by the members of my
committee: Dr. L. P. Varga, Dr. H. A. Mottola, and
Dr. J. Po. Devlin of the:Chem;stry Depqrtment énd Dr. EoAEo
Kohnke of the Physics Departméntg |

| In addition, i would 1ike to thank Mrs. LaVerne Cook

for typing, Mr. Mack Crank for preparation of the figures,
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and Dr. George Gorin for irradiation of the crystals.
Finally, the understanding and sacrifice of my wife,

Cheryl, has made it possible for me to obtain this degree.
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CHAPTER I
INTRODUCTION

This study was originally designed to be an extension
of some work done on‘ the divalent lanthanides in c‘alcium
fluorlde, the divalent states of cerium (f ), praseodymlum
(f3), holmium (f ), and erblum (f 2) were to be studied.
These configurations were selected because thelr energy
levels could be leastwsquares fitted within'a reasonable
amount of computer time. Divalent gadolinium Wasjalso to
be examined because there was some uncertainty in the
literature abcut_whether its ground state:was f8'cr f7do

As_originally outlined, the program consisted of pro-
duction of calcium'fluoride single c;ystals, doped\with
the various lanthanides at low concentrations, reduction
of the trivalent lanthanideskto the divalent,state by
solid-state electrolysis at high temperatures, and examina-~
tion of the ebsorption and fluorescence spectra of the |
lanthanide ions in the reduced state. That porticﬁ of the
spectravwhich could be attributed to the fmfttransitions
of the dlvalent 1ons was to be fitted by leastmsquares
computer technlques to the theoretlcally predicted spectra
in order to obtain the electrostatic dnd}splnforblt

coupling parameters, which were then to be compared to



the isoelectronic trivalent ions to determine trends in
their variation with the number of-eleqtréns in the con-
figurations. If the data for the divalent ions were good
enough, a study of the crystal—field.splitting of the
levels was also to be.dqne, in order to obtain informa-
tion on the environment in which the divelent ions in
the crystal were situated. o

All of the origina1~goals in the study were not
accomplisheda‘ No single crystals were grown in the labor-
atory because some meéhanical Qr-electrical'defect in the
induction furnace which was to be used for the growth of
the crystals prevented the graphite crucibles'frqm reach-
ing a high enough temperature té melt more than a very
small quantity of calcium fluoride. Single crystal chips
of doped calcium fluoride were obtained from a commercial
source, and were somewhét‘less than ideal, ‘Some of them
contained impurities, an@, since;they were small, a good
deal of difficulty was encountered in mounting them in the
holder for electrolysis. One of the cryétals was found to
be unstable to heat, rendering it useless for réduction
purposes. The solid-state electrolysis procedure was
complicated by the deposition of calcium in the crystal.
This resulted in only localized reductipn of the lan-
}thanide‘ions in a small volume of tﬁe érystal near the
calcium dendrites, with a consequent reduction in the
number of diva;ent‘ions.available‘for studyo BeCause of

the difficulties encountered with the solid-state



electrolysis procedure, a second group of crystals were
purchased}from the same source for reduction by exposure to
ionizing radiation. No difficulties were encountered with
the crystals used in this procedure except the anticipated
one of instability of the divalent state to light and heat.
Due to the low concentration of divalent ions produced by
either of the two methods, no f-f absorption or fluores-—
cence lines were observed which could be attributed to the
divalent lanthanides, with the possible exception of gad-
olinium. It was found that the lone fluorescence line ob-
served for this ion could be adequately explained by

8

assumption of the f~ configuration and reasonable values
of the parameters used to describe the theoretical spec-
trum. However, the presence of previously undetected
impurities as the source of the observed fluorescence
could not be completely ruled out. As a result of the
lack of observed absorption or emission lines, no crystal-
field studies were attempted.

The part of the study dealing with the observation of
trends in the variation of the electrostatic and spin-orbit
parameters with the number of electrons enjoyed a somewhat
greater degree of success. Using literature values for
the free-ion spectra of Ce III, Pr III, and Ho III, values
for the electrostatic and spin-orbit parameters were com-
puted and compared graphically to those for the trivalent

cases. The plot of the spin-orbit parameter versus the

number of electrons in the 4f shell was then used to obtain



a value for divalent gadolinium. Using this value, the
electrostatic parameter was then varigd until‘a fit was
achieved for the parent level 6f the obsgerved fluores—l
cence-line of gadolinium° | o -

The intermediate coupling diagrams for the seven

6 8

lowest and seven highest multiplets of both the f° and f
configurations were constructed by use of literature values
of the elegtféstatic andvspin—orbit parameters for soﬁé of
the points on the diagrams. For other poinfs, assumed
values of the two paramefers which were consistenf with
the theory were used to obtain‘enough infprmation for con-
struction of the figures. it is hoped thét these figures
will prove useful to other ihvestigatorsa 7 |
Appendix A describes some previous sfudies and their

results. The first bart deals with some calculations
which were performed for the purpose of obtaining self-
consistent radial wave functions of some of fhe lanthanide
ions. The secong part outlines the construction and use
of a ruby laser as a light source for Raman spectrography.'
Appendix B consists Qf the major results of this study,
compiled in a form‘which is éuifable for submission to‘a
journal for publicationo

| One choice of‘nbtation should be explained. The so-
called spegtroégopic potgtionzpf the degree of ionization
of an element ig given by the symbol‘fér the element fblm
lowed byva Roman numeral indiéating‘the_iqnizatione If

the observed spectrum arises from the unionized atom, say



potassium, then the symbol for this spectrum is K I. If
it is singly ionized, the symbol is K IT. Chemical nota-
~tion consists of the symbol for the element followed by
a Roman numeral, enclosed 1n parentheses, which 1nd1cates
the degree of 1onization° Therefore, s1ngly 1on1zed
potassium, in chemical notation, is K(I)q In this study,
if the free-ion spectrum, eithervobserved orcalculated,
is under consideration, spectroscopic notation,will bev
used, while if an observed spectrum of an 1on in a con-
densed phase, such as an ion in a crystal, 1s being con;
s1dered, chemical notation w1ll be used° For example,
the free-ion spectrum of divalent samarium w111 be denoted
Ssm III, while the spectrum of divalent samarlum in a

crystal or a solution will be Sm(II).
Literature'Review

The study of the lanthanides has increased since
separation techniques have 1mproved to the p01nt that pure
»compounds of each of the elements of this series have be~
come available at reasonable prices° ThlS family of ele-
ments is almost unique in that the members have very
similar chemical properties. Conversely, an outstanding
diversity in their SPéCtrQSCOPiClPr°P§rtieS provides a
most convenient method for the‘study_of the differences
between individual members and the trend of chemical and
physical prOperties within the familyq Spectroscopic

studies have prov1ded 1mportant tests of the theory of



electronic‘spectra which finds immediate application in
the study both of lanthanide and actinide compounds°
An early review»of the spectroscopic_properties of
the lanthanides is that of“.Dieke ap;a "Crosswhite (1), in
which they outline_tne’work done at Johns Hopkins Univere
sity and elsewhere on}the vaiious oxidation states of the
- lanthanides in crystals and as free iOnSa’ A muohvmorelenv
tensive compilation of data on the lanthanldes in crystals
is that of Dieke (2), which contalns d1scuss1ons of the
types of crystals available for stndy, the varlous experi—
mental techniques involved, and the methods of comparing
experlmental 1nformatlon to that predicted by the fneory.
The book also containg a compllatlon of the avallable data
on the low-lying levels (O to. approx1mately 50000 wave
-numbers) of all the rare earths except promethlum° There
is also a table of the observed fluorescence llnes of all
the rare earths in LaCl3
Wybourne's book (3) contains a discussion of the

theory behind‘the observed absorption and emission lines
-arising from the f—f electronic trans1tlons of the lanu‘
thanldes. The book by Slnha (4) contalns exten51ve 1nfor~
“mation on the chemloal and phys1cal propertles of all the
lanthanldes, but special emphas1s is placed on europlum°
- Asprey and Cunningham (5) review some of the early work
on the- less stable oxldatlon states of both the lantha~
- nides and theactln;des° Fong (6) dlscusses fhe various

technigues and the theory pehind them for production of



the divalent lanthanides as impurities in calcium fluoride.
He also deals with the general subject of color centers in
the various alkallne earth halides, dlscusses the pro-
cesses. by which they are formed and the 1nfluence'of im-
purities on the opticai_pehavior of thé: crystals. The
paper by Carnall and Fields (7)‘discusses the spectra of
the trivalent lanthanides and actinides in solution and
tries to predict the'trends of fhe paraméters uséd tb fis
the observed speétrao Thé observed intehsities of the f-f
electronic tranéitions.are compared t§ those calculated
in the paper, : v“ | |

Several papers have'been published on the prqduction
of the divalent lanthanidéé in v'ariéﬁs ionic crystals.
The earller work was dOne on natural crystals, éﬁch as
fluorlte, in which the lanthanldes are found at impurity
levels because of similarities bgtween thelr ionic radii
and that of the cationvin the host latticeo One of the
earliest papers on synthetlc ca101um fluoride doped w1th
the lanthanldes was that of McClure and Kiss (8) They
give the absorption spectra of the dlvalent rare earths
obtained by expOSure of the crysfals to gamma radiatibn,
and some fluorescence llnes whlch are attrlbuted to f-f
electronic transitions between the low~ly1ng states°
They give the results of a calculation for each of the
ions in which an approx1mat10n to the ex01tat10n energy
from the fn configuration to the lowest 4fn 5dvleve; is

obtainedo The calculated energy difference is compared



to that represented by the onset of the observed broad-
band absorption, after the calculated values hafre been
adjusted so that an exact fit for divalent samarium is
aehievedo A fairly goodfitis obtaiﬁed for all the cases
considered except for cerium, gadolinium? and terbium.
They interpret this as indicating that»thefe is & possi-
bility thaf the 4fn“15d eonfiguration is the ground state.
| Two peﬁers by Merz and Perehah (9) illusfrate a
slightly different type of sfudy which can be done with
the divalent 1anthan1des in alkallne earth halldeso In
the study descrlbed in these papers, the 1anthanides are
reduced to the dlvalent state by exposure to gamma radia-
tlon or x-rays at 77 K, then the crystals are warmed up
lowly and the light emltted by the. recomblnatlon of
electrons and holesvfrem‘the various types of_traps in
the crystal is monitored; Both the tofai amount of light
emitted as a function of temperature ahd the spectral dis-
tribution of the light are studied. When a hole recom=
bines with the electron trapped at a divalent rare earth,
‘this leaves  the fafe earth in an excited state, and the
fluorescence observed ie.cheraeteristic of the trivalent
ion. Two results obtained by this technique are that the
thermoluminescent glow peakslare indepehdent of the rare
earth dopant, iﬁdicating fha$ the types of trepe are the
same for each ion, and that the comp051t10n of the ther-
moluminescent emlss1on 1s characterlstlc of the trlvalent

ion in a cubic site. The second result is obtalned from



a crystal-field analysis of the emission lines which are
intense enough for such a study. For emission above room
temperature, fhe»site symmetfy of the lanthanide:ion was
found to be tetragonal. Hayes and Twidell (10) and
Sabisky (11) condﬁcted paramagneﬁic resonénce sfudies on
thulium and holmium, and.holmium; respectively, and con-
clude that oniy iong at cubie sifes are reduced by ihonizf.-v
ing radiation. A paper by‘Karisg and-Feofilov (12) gives
the references for the_Ruséian work on the divalent lan-
thanides in the alkaline earth halides.

The.study»of the free ibn spectra of the lanthanides
is 6nly partially complete af the prééent\timep Dieke and
Crosswhite (1) give a table»containing the number of levels
for the four lowest configurafions ofvthe,trivalent raie
~earths, and a partial list of the éllowed transitions
between the levels. While the numbers are fairly small
for the members at each end of the sgries; they increase
rapidly as the numbe: of T electrons”increaseso In their
paper, they show rough diagrams of the third and fourth
spectra of the lanthanides, and the observed levels of
the trivalent ions in various crystals. Odabasi (13) has
published a partial listvof observed lines of La III9 and
has assigned some levels fqr about 20 configurations.

The assignments are rather simple, sincewonly one electron
outside of a closed shell is involved. Sugar (14) has
réported,the‘emission spectrum of Ce III and has con=-

cluded that the ground state of the free ion is the 452
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configuration, but also found that the lowest level of the
4f5d configuration is only about 3300 wavenumbers above
that of the ground state. Trees (15) reported 38 of 41
possible levels of the 4f> configuration of Pr III, and
found this to be the ground state configuration. The low-
est level of the 4f25d1 configuration was found to be some
31000 wavenumbers above the ground state. Dupont (16)
reported the ground multiplet of the 4f6 configuration

and some lines of the 4f55d‘I configuration of Sm III.
McElaney (17) made a partial analysis of the 4f11,
4£19%a’, 4£'%s, ana 4£'%p configurations of Ho III.

The 4f1.1 configuration was found to be the ground state

an¢ the levels reported included the 4

I multiplet, the
4F9/2 level, and the 2H11/2 level. The lowest levels of
the 4f1o6s and 4f105d configurations were found about
20000 wavenumbers above the ground stéte° Callahan (18)
identified the ground state of Gd III as 4£/5d' and fownd
all the levels for this configuration, as well as those
for the 4f76s and 4f76p configurations. He did not ob-
serve any levels of the 4f8 configuration, and stated that
thege must lie less than 10000 wavenumbers from the upper
helf of the 4£75d configuration. Finally, Bryant (19) has
performed an analysis of both the third and fourth spec~
tra of ytterbium.

Varga and Asprey (20) describe one version of a com—

puter program used to calculate the energy of the ' con-

figuration of the lanthanides and actinides. The program
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uses the coulomb and spin-orbit matrices for f electrons
calculated by Nielson and Koster (21). Two other types
of calculations which have proven useful for studies of
the lanthanides are those by Freeman and Watson (22) and
Herman and Skillman (23). The first uses the Hartree-
Fock approximation in the calculation, while the second
reference uses the Hartree-Fock-=Slater self-consistent
field approach. |
The previously mentioned review articles coﬁtain
many references to the spectra of lanthanides in the
alkaline earth halidéé end other salts. The paper by
Wood and Kaiser (24) on the absorptiqn and fluorescence

SrF, and BaF,.; one by Loh (25) on the

27 2 2}
ultraviolet absorption spectra of Ce(III) in alkaline

of Sm(II) in CaF

earth fluorides; the paper by Rabbiner.(26) on the cubic
crystal field levels of Tb(III) in CaF,; and the section
of”Judd°s book (27) on the problem of intermediate coup-
ling will all be considered in some detail in the dis-
cussion of the results of research performedrfor this

thesisa



CHAPTER IT

THEORETICAL ASPECTS OF RARE EARTH
SPECTROSCOPY

The number of possib;e terms which arise for a given
configuration is cheraeteristie‘for that eonfigur_atiori°
That is, a single electron or hole in the f shell gives
rise to a single tefm; two.electrens of‘holes‘giﬁe,rise to
seven terms, and so on. ‘Furthermore, these terms ere them~
selves degenerate and will give rise to a number of levels,
whose designation is dependent on the particﬁlar eeupling
scheme which holds for the ease uﬁder censidefe,tion°

The scheme which holds in most ceses forvthe lantha~
nides is called LS or Russellesaunders'coupiingo‘ In this
scheme, the individual orbital angular momentum of each
electron in the f shell adds Vectpriallyvte‘give the total
orbital angular momentum, L. Likewise,’the total spin, S,
is the vector sum of the individual spineo The gquantity
(2s+1) is called the multiplicity of the term, snd is
w}itten to the 1eft Qf.thevtotel angular momenfﬁm as a
superscript. _The standard nptatienfef a term‘with

L:vo, 13 2” 3" 4, 53 a " e o iS Sg Pg D, Fo G” Hg o (-] © SO
‘ 28+1;

fhat a term 1s represented as ‘Lo One further quantity,

J, needs definition. J is the vector sum of S and L and

12



13

the spin-orbit interaction removes tne degeneracy‘of the
levels of varying J-values within,a term. When L>S, J
takes on the.values L-S,“L-S+1, e o oy L+S; wnen‘L<S, Jd
takes on the values 5-L, SfL+1,_° o oy S+L, Therefore,
the designation of an individual level is 2S+1LJO As more
electrons are added to the shell,_the number of terms
with the same S and L increases and other quantuni numbers
have to be introduced in‘order to properly label the
levels. | | - |

Electrostatic interactions between the. electrons
within the f shell serve 1o produoe the Various terms
Wlthin‘a particular configuration. The centers of gravity
of these terms can be exnressed (4) as multiples of the

Fk integrals,

- I‘2 z ©
ey 2 2
e? S[g (v§/r5* R%ary + /e R er r%ar,
0’0 0

where e is the electronic charge, R is the radial wave
function, and k takes on the values 2, 4, and 6o A.simn
plification to remove large denominators consisted of |
redefinition of the PE 1ntegrals as Fk-—F /Dk where, for
the f-shell, D, = 225, D4=1089, and D6=7361064o

An alternate method of expressing the behavior of the
£ configuration is in terms‘of the Raczh parameters, Eio
They arise from the application oﬁ groupvtheoreticalktech—

nigues to the problem of calculation of the energy matrices
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‘of the % configuration. Judd (27) explains the similari-
~tiles and differences between the two techniques.
Inyhothrcases, the expression for the.energy-matrioes
of the £ configuration is written_as’a 1inear combination
of either the Eivor the F, .. There is a linear relation_=

ship between the two sets of parameters of the form

1/7 (7T2° + 9E1)

=
o
i

F, = 1/42 (B + 1438° + 118°)

1/77 (B = 13082 + 48)

|
~
I

Fg = 1/462 (B + 35E° - TEY)

Rearrangement of these expressions ylelds a similar set
for obtaining the Racah parameters as. a functlon of the Fk°
The coefficient of both EO and FO in the energy summatlon
depends only on the number of electrons Ain the conflgura~
tion, SO it only serves to shlft the whole conflguratlon,
without changing the relatlve posltlons of the terms.
Therefore, it 1s,usually’not cons1dered when a srngle:con~
figuration is under study, and the usualtpractice is to
subtract it off, ett1ng the lowest level equal to Zero.
In obtaining the energy levels of the llghter atoms,
it has been foundvsufflclent in most cases to consider
purely»electrostatic interactdons° As the size of the
atomaincreases, other‘effects,.suchbas spin-orbit, spin-

spin, and‘spinwotheraorbit_types of magnetic interactions
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must be includedob The first of.these,‘spin=orbit, is the
largest of these effects° Thenmatrix elements mdst be ex—
pressed as linear combinations of both the electrostatic
and spin-orbit parameters; The inclusion of the effect of
spin-orbit splitting:causes the levels Which belong to dif-
ferent terms, but with the sane vaiue of J, to become
mixed, thus S and L have little meaning as far as the
identification of the levels is concerned, since a level
may be comprised of ﬁhree or four terms éf about}equal per-
centaée composition. This effect is not too bad near the
ends of the 4f shell, but around the middle wnen the nunber
of.levels is the greatest, if is quite noticeable. It is
probably also evidenced in the large scatter in tne values
for F2 that different investigators have‘found for the ions
in this region. For instance, Carnall and‘Fields" (7)
values for F2 show:nearly linear behavior from the first
of the series up to eamarium,‘then.for:enropium, gadolinium,
and terbium the values are about 25% higher than. the value
for samarium. After these three, a dropzis taken, and the
rest of the series finishes out at about the same rate of
increase as the first members° On fhebother hand, the
change in the values for F2 is barely‘noticeable}in the
table givén by Sinha (4) or Dieke (2)°

When the data are not too good, or when only low
precision is desired, it nas:been found_usefnl‘to assume
that the 4f-radial eigenfunotions are hydrogenic in nature

and to express F4 and Fg in terms of onb The hydrogenic
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ratios are given by the two expressions, F4/F,==(41/297) =
0.13805 and Pg/F,=(7 x 25/81 x 143) = 0.01511. As was
previously mentloned, the effect of the other magnetlc
1nteract;ons, spin-spin and splnmotheraorblt, while small,
grow inoreasingly importent as theylevel_of_accuracy de%
sired is increased, and as‘the values for the terms which
lie at higher values are calculeted° At these energies,
the effect of the electrostatlc 1nteractlons between the
7 configuration and higher oonflguratlons of the same
perlty may also become important. These areas have not
yet beep sﬁgdied in any great detail, but.a start has been
made with a pair of papers (28, 2950

$he first paper obtains the matrix elements for spin~
spin and spin-other—orbit interections for‘the £2 con=
figuration in terms of three radial integralsg Mk, which
are more or lesslanalogous to the Slater infegralso The
introductionbof these perameters prodﬁoed a sﬁbstantial
reduction of the mean error for two fz‘oesesg-Ce IIT and-
Pr IV, Improvements in fit were also‘notedvfor\calculas
tions on the low-1lying sextets.of Pm I(f5) and deIV(fr])°

The second paper takes a slightly different approach
with the £- configu‘retion., Substantial reductions in the
_error for the case of Pr III is obtalned by the 1ntroduo-
tion of a group of effeotlve operators which can be made
to represent not only the various types of magnetic inter-
actions,‘but also configuration interactions of certain

kinds. The results were then used to obtain improvements
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in the fit for NA4(III) and Er(III) in LaClj. In both
papers, pure Russell-Saunders coupling was assumed to hold°
The computer program used in thls work orlglnated at
the Lawrence Radiation Laboratorles and was modlfled at
- Argonne National Laboratories (ANL Program 1849/CHM 177) and
at dklahoma State University by L. P. Varga im 1967. The
least—squares reutine-wae added by Beb Ryan at Los Alamos
in 1967. Since then,; the ﬁrogram‘has been further‘quified
in small ways both by L. P. Vargawand myselfo The program
- uses a tape of the Racah coefficients.of energy matrices
for the configuration prepared at‘MiT by Nielson and
Koster (21) anQ»modified at Lawrence Radiation Laborae
tories. The tape requires a maximum of six paramefers
for the f2 case, and up to ten for the f3 eonflguratlono
The program -is COntrolled -by 14 parameters which are
.read in at the start° They allow the program to determlne ‘
”whether F2 and ZetaD the Fk and Zeta, or the E are to be
‘used in the calculation of the energy levels. - Others de=
termine whether experimentalmlevels~are fitted, and whether
or not the least=squares subroutlne is to be usedor Two
- parameters are read in which deflne the welghtlng of the
~levels and the rate at which the EL are varied. A ‘second
| card is read which'defines the ﬁumber of electrons in the
configuration, the number of J=man1folds under considera~.
tlon, and the J values in halves w:Lth the ground.- state.
first and the_others in ascending order. ‘The trial values

of the parameters.used in the ealculation*are then read in.
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The E' are read in directly; if the hydrogenic approxima-
tion is assumed, F2 is multiplied by the hydrogenic ratios
times the factors in the linear relationship which converts

the Fk into the E'. For the lanthanides, these factors are

1

E' = 14.6818 x F,
2

E = 0007685 X F2

B3 = 1.4845 x F,

When the Fk are read in, they are converted by the follow-

ing expressions

1

E' = 1/9 (70 x F, + 231 x F, + 2002 x Fg)
E% = 1/9 (P, = 3F, + TFg)
B3 = 1/3 (5F, + 6F, - 91F)

If experimental levels are to be fit, they are read in
next, in increasing magnitude in units of wavenumbers.
They are assigned numbers within each J-manifold which
determine the levels to which they correspond.

The Ryan subroutine is then called if the EX are to
be varied in the calculation. Using the parameters which
were read in at the start of theﬁprogramg the‘energy
matrices for each value of J are built up by multiplica~-
tion of the proper Racah parameters by‘the coefficients
read from the tape and by summation in the proper mammer,

The arrays are then diagonalized to obtain the first values
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for the energy levelso This procedure is then repeated
after a small variation in the Racah parameters. The
differences between the two sets of calculated energy
levels, divided by‘a weighted value of one cof the Racah
parameters, are calculated, as are the differences between
the observed andicelculated energy levelso The sum of the
_weighted squares of the differences between observed and
~calculated energy levels is also calculated. A calcula-
tion then follows which results in a new set of E para-
meters. This involves construction of a matrix from the
various error parameters; This array is 1nverted and mul-
tiplied by a vector whose elements depend on the weighted
deviations between the ooserued and calculated energy
levels and the devietionsvbetween two sets of calculated
energy}levelso The resultant vectorxis multiplied by the
damping factor and its elements are added to the previous
set of E's.

At this‘point,‘the sum of the weighted squares of the
differences between observed and calculated energyvlevels_
is compared to the same quantity from the previous cycleo
If subtraction of the current value from the previous value
produces a p031t1ve quantlty Whlch is greater than or equal
to the previous value multlplled by 10 43 the cycllc pro*-=
cess continues. When e1ther one of these condltlons is
violated, or when the maximum number of cycles has been

completed,‘control is returned to thevmaln programe
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The main program calculates and prints ﬁhe Fk values
and calls the CHM/177 subroutine. This subprogram cal-
culates the intermediate eoupling Parametéfs'and’ ﬁsing
the final set ef E's, generatesvfhe energy metrices aﬁd .
the final eef of calculated energy_leveis; The“final
output is p;epared apd printed and contrei isvreturned
to the mainvprogram. Celculation.qf another cese, if

one is desired, is then begun.



CHAPTER ITI
THE INTERMEDIATE COUPLING PROBLEM

Candler (30) states that the interaetion between an
ion and an electron ean be repfesented by the method of
combination of four vecters, the orbital vector ef the ion,
that of the electron, the spin vector’of the ion, and that
of the electron. }Feur types of interactionsvbetween these‘
vectors should be considered. Thesevere, the response of
the spin of the ion to that of the electron, the behavior
of the two orbital vectors with respect to one another,
the 1nteract10n between a spin vector and 1ts own orbital
vector, and finally, the 1nteract10n between a spin vector
and another orbltal vector. Of these four9 usually only
the flrst three are cons1dered°

Let us now conslder an 1on (or atom) with a partially
filled shell. Each electron in the shell w1ll have a spln
ass001ated with it.

vector, s and an orbltal vector, 1.

1’ i?

The sy have only two allowed values, +%, while the l
values are dependent on the partlally filled shell under
eonsiderationo If the spin vectors are added vectorldlly
~to form a resultant S, and 1f the orbital vectors are
comblned in the same fashion to form a resultant, L, then

this method of combination is known as Russell-Saunders or

21
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LS coupling. L and S5 are combined vectorially to form
another Quantity,,J, the total angular momentum vector°
Since the allowed values of S4 and 1i‘are determlned, for
a particular shell, by‘the number of eleetrons_in the shell,
.combining the eleetronic vecters in this fashion produces
aset of 5, L and J Values which are characteristic of
each cqnfiguration; | |

For Russell«Saunders coupling, the interaction of the
spins has the effect of dividing the terms, Which are iden-
tified by a particular S andbL value, into groups, all the
terms of Wthh have the same S value° ‘The terms with the
maximum possible 3 value for a conflguratlon usually lie
the lowest. For a set of terms of the same S value, the
maximum value of L-will lie the lowest. This behavior is
a result ofithe interaction of the orbital vectorso Within
-a single term, the maximum value of .J lies the lowest for
configurations in which the shell is less than half full,
and highest for shel\ls(whichare more than half full. The
interactions between the s; and the 1, oan also be con-
sidered as coulomblc 1nteract10ns, whlle the one between
a single electron"s s and 1 values is magnetlc°

Por the lighter elements, partrcularly those on the
left s1de of the perlodlc table, the coulomblc 1nteract10ns
are the predominant factors in the determlnatlon of the
structure of the emlss1on’spec‘:tra,‘u FPor these.-ions in
crystalsg the absorption-or»emission spectra‘are deter-

mined by a combination of coulombic and crystal field
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effects. The spin-orbit interaction for most free ions
in this class is seen as‘a splitting of the terms which
is small in comparison to the energy difference between
the terms° Slnce one of the effects of the crystal field
is a broadenlng of the free ion levels, the spln—orblt
interaction is not observed for thls family of ions in
the solid state or in solution° As atomic welght in-
creases9 there 1is a generally 1ncreas1ng breakdown of
Russell-Saunders coupllng, startlng flrst‘w1th the higher
~terms of a spectrumabiEven for an element as light as
argon, the breakdown has progressed to snoh an_extent
that values of S end L cannot be assigned to thetobserved
levels (30). i | | -

of courseg the whole point of observing the spectra
of ions in the free state or in some condensed phase is to
-enable the researcher to. develOp a theory whlch will allow
him to predict the position of levels in a new‘system which
he wishes to study. As far as caloulations based on theory
are concerned, the effect of breakdown of Russell=Saunders
coupling evidences itself in several different ways. One
of these is that different levels of the same J-value are
mixed, so that levels no longer retain.their identity. An
immediate_effect of this‘is that selection rules\for
allowed trans1tlonsg whlch are e1ther theoretlcally pre-
dicted or emplrlcally found to hold for LS coupllng, are
apparently v1olated due to the levels haylng_mlxtures of

terms for which the seleotion rules are valid. The Lande
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interval rule states that the splitting between two levels
of a given term is proportional %o fhe'higher J=-value of
the two“levels° This rule islfel;owed for LS coupling,
and has been quite useful inlidentifieation of the members
of a term, but as deviatione occur it becomes invalid°

The g-~factor also behaves in a eimilar fashion, i.e. the
observed and calculated g-factors agree quite closely for
spectra which‘are well represented by‘LS coupling, but as
breakdown occurs, the gsfactors may deviateo These and
other inconsistencies which have been interpreted in terms
of LS breakdown do not necessarily‘occur at the same time.
The observed g-factors may agree guite closely with cal-
cglated ones while the interval ratios are abnormal. No
matter how abnorﬁal a spectrumbis, fhe Jd values for the
configuration remain the same (30).

The absorption spectra»fer the common valences of the
}anthanides and actinides are attributed to transitions
within the 4f or 5f shell. >Since the f.shell lies within
the filled s and p shells, it is not so strongly influenced
by environmental effects and the ebserved transitions are
sharp. They are weak, however, as transitions within tbe
f shell are theoretically forbidden. The observed levels
of the lanthanides seem to obey LS coupling, if the spin-
orbit parameter Zeta ie includedob The ground terms of the
lanfhanides obey this scheme the best, but J-mixing occurs
in nearly all the hilgher‘terms° LS breekdown increases

rapidly until the f shell of the lanthanides is half full,



25

then it increases somewhat less rapidly (3). This is due
not only to the fact‘that the spin-orbit coupling parameter
is increasing faster than thé electrostafic parameters, but
also because the number of states having the same J-value
is increasiﬁg greatly. This has the effect of increasing
the "density" of these levels, thus permitting the states
to J=mix more readily. | z

When the actinides are considered, it is seen that LS
coupling is a much less reaspnable choice for the calcula-
tion of energy levels. The f shell of the actinides is
less shielded from the environment. ‘Evidence has been
found (3) which seems to indicate that the 5f orbitals of
overlap those of the fluoride ions in the lat-

UPF, in CaF

3 2
tice. The spin-orbit coupling parameters of the actinides
are about twice those of the isoelectronic lanthanides,
while the electrostatic parameters are only two-thirds, so
one would expect a much greater departufe from LS couplings.
Comparisqn of the 7F term of Sm I with that of Pu I shows
that while the character of this term is 95% P for
samarium, it is less than 50% for plutonium (3).

If LS coupling cannot be used to describeithe observed
energy levels of‘some of the lanthanides and most of the
actinides, a choice must be made from other coupling
schemes. Ceallahan's analysis of the free-ion spectrum of
Gd III (18) will serve to illustrate one type of study

which can be performed. Some of the low-lying configura=

tions of divalent gadolinium appear to be 4f75d, 4f76s,



26

and 4f76p° The £8 configuration is also low, but was not
found in this feferenceo The first three configurations
suggest the type of coupling known as J1jo In this scheme,
the core eleétrons (the seven f electrons, in this case) are
assumed to interact strongly with one another to form a
total angular momentum, dye This J value then couples with
the angular momentum j of the non-equivalent electron,
hence the name, J1jo Al though there are no restrictions

on the kind of coupling assumed for the equivalent elec-
trons, LS coupling is used in this case, mainly for sim-
plicity. The choice, in this case, is to be made between
LS and J1j coupling, and an intermediate coupling calcula-
tion yielded the result that the 4f75d configuration is
close to LS coupling, while the 4f76p configuration is
close to J4j. An examination of the types of intermediate
coupling calculations is now in order.

The basic problem, as was previously stated, is to
choose which coupling scheme begt fits the observed data.
In order to accomplish this, a method of displaying the
calculated energy levels, starting at one extreme and
extending smoothly to the other, is required. When the
observed levels are placed on the same scale, then the
location at which the experimental and calculated levels
agree most closely dgterﬁines which coupling_gcheme is
more nearly followed. The method most §ommon1y ﬁéed is to
display»the energy levels‘on‘a gféphvas’a functidn of some

~ parameter which indicates where the levels are located with
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respect to the two coupllng schemes. Dieke (2) displays

11

. intermediate coupllng dlagrams for the 4f3, 4t , 4f4, and

4f1Q cases. For these graphs, the energy levels are

plotted for several values of the parameter, Chlg where

Zeta

Chi =

For a partieular”termg the appearance of the graph is as
followss va single point is present oﬁ the plot fer Chi=0
(the case for true_LS coppling) thenvas Zeta increases, the
various J values which are eharacteristic of the term ap=
pear as separate points9 whieh ma&‘er may not have separa-
- tions: correspondlng to the Lande interval rule9 dependlng
on whether or not LS coupllng is a good approx1mat10n°
As was prev1ously stated the calculatlon is performed for
as many ‘values of Ch1 as are necessary, and the points
correspondlng to each J value are connected to form a
smooth curve. | |

| For this_type of diagram, the transition in the type
of oouplingris from LS.fe altype ealled Jd where_each S;
and l° couples to form a j, and these in turn couple to
form the respeetlve_J‘valueso It is assumed that Zeta be-
comes very large in comparlson to F2 as JJ coupllng is
approached, so that for thls type of dlagram, it is phys1==
cally impossible to 1llustrate both extremes on the same
vgrapho Also, it appears that the slope of‘some of the
lines becomes- qulte steep as Zeta 1ncreases relatlve to

FQ, and thls mlght cause dlfflcultles 1n determlnlng
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whether or not an experimental level corresponds to one of
. these lineso‘ | | |
Judd (27) gives expressions for the ordinate and

absclssa functions of a plot whlch removes many of the ob-
gectlans to the 1ntermed1ate coupllng dlagrams of Dlekeo
The flrst and probably most 1mportant modlflcatlon 1s 1n
the abscissa. Instead of plottlng the levels as a functlon
of the ratio of Zeta to the electrostatlc‘paramstg;, a new

function, Zi is defined, where

7i = —Bi.
T T4Chi
end Chi =K x Zeta/G where K is a constant and G is the elec-
trostatic parameter. In Judd"s example for the sd conf1gu=
ratlon9 the ordlnate is obta;ned by solv1ng the perturbatlon
atrlx for the elgenvaluesg which are functlons of Zeta and
Go The function for the ordlnate, Eta9 is deflned as

G
-7

Eta =

(G2 + (K xZeta)Q)_E

where K=5/2, and E is the energy level. If the Zi func-
tion is considered, first for IS coupling, where Zeta is
small in comparison’to G, Chi approagnesszeros and S0 does
Zi. For jj oouplingg where Zéta is Very,large'in‘comparie
son to G, then 5/2 Zi;a>¢ﬂ and Zi spproaghes one. It is
seen, therefore, that thestransition fromvpure LSvcoupling
to pure jj‘coupling is accomplisned as-Zi varies from zero

to one.
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For this configurationg the choice of the constants
vappears to arise from the functlonal form of the eigen-
values, in fact the expre551on for Eta seems to arise from
the ‘same source. In addltlan to the property.of the Zi
function, Judd lists three other characteristics Qf this
plot. The difference between extreme Eta Valués is unity
in the limit of G::O‘or ZetaE:OO The center of gravity of
themconfigufation lies Qn‘the line EtaﬁﬁO; when each level
has the weightiﬁg fa@tor 2d+1, for all values. of Zi. TFor
any value of Zi, the separations of the‘Eta values are pro-
portional to the differencés between the energy levels.

Callahan (18) defines Chl as Chi = é%%% and the ordi-
nate as E/CG (1 + Chi )g, where C 5 for the 4f75d config= |
uration or C=3 for the 4f76p conflgurat;ono Recalllng
that the denominator of. Judd“s expression for Eta is

(62 +(K zeta)2)®, if 2

is factored out of both terms in=
‘side the parentheses9 it becomes [Ga (1<+Gh1 )]2 or

G (1=%Ch12)2 since Chi = K Zeta/Go~fItvls seen that the
denominator of Callahan's ordinaté is very similar to the
-denominator of Judd"é Eta finction. The abscissa functions
are the same, that is, 7w%£%ﬁ§9 and s0 have the same
limits, zero for Zeta=0 and unity for G=0. The only
difference other than the nuﬁerater'is that the G factor
is an exchange parameter whose value is deflned as belng
proportional to the separation between the hlghest levels
of the two multiplets present in each configuration.

Since the G value is fixed, the Zeta parameter is varied
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to obtain the best fit between the observed and calculated
levels. The plots of the energy levels on the intermediate
coupling diagrams indicate the previously mentioned results.
Varga and Asprey (31) use an ordinate function very
similar to Judd's. The expression is
E - =§%}
2 2%
((FZ/QOO6) + Zeta“)

Eta =

F2 ig the first Slater integral and Zeta 1s the spin orbit
coupling constant, both in units of wavenumbers. The fac-
tor 0.06 enables the values of Eta to be inuthe same range
for the limits of Zeta=0 (LS coupling) and Fy=0 (ij coup~-
ling). This expression does not retain all of the charac-
bteristics of Judd's Eta functiéno That ig, the center of
gravity of the levels does not lie at Eta=0, nor are the
extreme levels one unit apart for Zeta =0, This does not
hamper the utility of this function.

The abscissa is the same, Zi = TQ%Q%Kfﬁ but Chi is

defined as Chi = Q;QQFQQEQO ‘Usiﬁg this expression, the
intermediate coupling_giagram for the fZ @@nfiguration was
plotted, and values of the Fk and Zeta for identification
of the levels of Na(IV) in Cs,NdF, and in fluorinated borax
were obtained.

For cgnfigurations with a greater number of electrons,
the general compiexity of the problem increases, due both

to the greater number of levels which are possible and the

difficulty of obtaining analytical expressions for thé
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levels as a fuﬁction of the eleotrostatic parameter and
the spin-orbit coupling parameter. These seem to be re-
guired if the‘techniques of'eithér Judd or Dieke are to
be}followed rigorously. It seems, therefore% that an
approach.liké that of Varga and Aspréy ié more applicable
to the configurations of more than two electronsok Since
the values of thé highest énd lowesp levels are not re-=
stricted to a value of unity, this éllows the levels to be
spféad out more, which WQuld be important in the 1 con-
‘figurations near the middle of the familyo

| So far, the discussion has assu@éd that the shell is
half-full or less. When n is greater than seven, for the
Nielsen and Koster tapes to work préperly9 Zeta must be
‘negative. This requifes that Zi be redefinéd9 since the
dénominator goes to‘zero when Chi = =1. Varga redefined
7i in the case of negative Zetas as Zi = -Chi/(1-Chi),
where Chi is still 0.06 Zeta/F,. Note that for this ex-
pression, if_Ghi is a negative quantity, then both the
numeratdr and denominator are positive, and Zi is a posi-
tive number. Chi still goes from zeré for LS coupling to
very large\for 33 cquplingg so the limits of the new Zi
are zero and one as before. The value of Zeta as a fﬁnc=
tion of the number of f electrons inecreases at a greater
rate than that of Feg so0 a larger deviation from LS coup-
ling is observed for the £(14-0) oce then for the con;=
jugate 7 caseo That is, the Zi vélue for thé f8 case,
Tb IV would‘be greater than Zi for the f6 case, Eu IV.



32

Por the LS coupling limit (Zi =0), the Eta expression re-

duces to

_ 0.06E _,

Eta
Fs

Since Eta is unitless, the E Values are probably a linear
function of Fzy and the set.qf multiplet Etas will be the
same for both the f6 and f8 configurations, and independent
of the F2 value used in the calculation. The same state-
ment can probably be madé for Wybourne's diagrams, but not
for Dieke's.

If the Eta function of Varga and Asprey is considered
for the jj limit (FQ::O) then the expression reduces to
Eta = E/Zeta. If the energy values are adjusted by addi-
tion of a constant so that the ground state equals zero,
then the energy values range from zerc 1o %n:xZeta in steps
of 1, where n = (the number ofbele@trons for an f shell less
than half full), or n = 14= (the number of electrons in an
f shell which is more than half full). Therefore, the con-

Té-n o517 have the same set

Jjugate configurations f* and f
of Eta values in the jj coupling limit. For the fz case
the following results ocecur when the calculations are madeo
For E=0 xZeta, the J-values are 0, 2, and 4. For
E::%:xZeta9 the J-values with this energy are 1, 2, 3, 4,
5, 6o Por E=7 xZeta, the J-values with this energy are

0, 2, 4, and 6., The energy matrix for the whole con-
figuration is block-diagonalized, with each block corres-

ponding to one of the possible J values of the configuration,
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then each sub-matrix is solved for the set of eigenvalues
for that particular J. After this process is completed,
the smallest eigenvalue is subtracted from all the others
to yield the set of energy levels with the 'ground state
at zero. |

Now consider the conjugate configuration, f120 The
same set of energies, 0 Zeta, 7/2 Zeta, and 7 Zeta, will
occur, but since Zeta is negative for a shell which is
more than half full, the lowest energy value is now =7 Zeta
and it is this term which is subtracted from all others.
The effect is a rearrangement of the possible J=values for
each energy level. For the f12 case, the following results
would occur. For Eta=0, the J-values would be 0, 2, 4,
‘and 6. For Eta = 7/2, the J=values stay the same, 1, 2, 3,
4, 5, 6o For Eta=7, the J-values would be 0, 2, and 4.
Although the possible J=values for the Eta=7/2 level are
the same, they will not nécessarily arise from the same
source.

For the f2 configuration, the ground leVel is the'3H4
level, and, since the Eta=0 value has one J =4 associated
with it, Varga and Asprey assign this level to that vélue
for the jj limit. The J=5 and J;:6 levels of this multi-
plet are assigned to the Eta-7/é levelc The only other
Eta value Whl@h can have a J= 6 is the Eta= 7 level, so
-the 116 term is ass1gned to thato For the congugate f12

,conflguratlong if the J 6 level arlslng from the 3H6 term_;

is assigned to the Eta= 7/2 level as it was in the f2 case,
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then the 116 term must cross over-it in order to reach the
Eta=0 level, the only other one to which a J=6 level een
be assigned. A theory bylHund (30) states that terms aris=-
ing from the same configuration and having the‘same Jd do
not cross as they approach the limito Candler points out
(po 297). some experimental evidence_to the contrary and in-
dlcates that Hund restrloted hlS statement to terms which
showed no symmetry propertyo In faot Hund stated that - 1f
such orossrng occurred experlmentally9 it was ev1denoe of a
symme try property of the systemo At any»rate,vlt seems rea-
sonable to assign the level arising from the 3H6 level to
the Ete,_:zoyvalue9 since ﬁhe_3H6.level is tne ground state
for the LS oou.pling‘approximationq ‘As a result of this;
‘although the Eta= 7/2 level has a J =6 value ass1gned to it

for both the f2 end £2

eonflguratlonsy in the flrst case
it arises from the 3H6 level and 1n the seoond from the
116 termo

“ For the hlgher eonf1gurat10n39 the problem becomes
1norea31ngly complex, and any aid in eonstruotlng a’ coupllng
diagram, such as a table of vaalues for each Eta is cer-
~tainly useful. Tablee have . been pzepared for the f6 and
f8 configurations and will be dlsoussed further in a later
seotiono When the oonflguratlon oontalns an odd number of

eleotrons9 in the gg llmlt there are an even number of Eta

levels, so all of* the allowed J=sets w1ll be 1nver1;edo



CHAPTER IV
TECHNIQUES OF SOLID-STATE REDUCTION

The study of naturallymoecurring calcium fluoride has
been of 1nterest to researchers for more than a hundred
years (6)9 due in part to the w1de varlatlon in colors
which may occur in a's1ngle samplee The,preduetlon of
color in CeFQ by radiation or eddifive eoloretion, the
process of making the erystal sllghtly non=st01chlometrle
by heatlng in the presence of 03101um vapor, has also been
known for quite some time. Although methods of inducing
color have been epparent.for a long perlodvef time, the
interpretation of the mechanism is not yet completely,re=
solved, since small differenees and inpurities in the
crystsls can resnlt in widel& varying resultso ‘This has
resulted in a mass of papers in the liberature with con«-=
tradletory 1nterpretat10ns of the mechanlsm of coloratlon°

All of the teehnlques of coloratlon are dependent on
the presenee or productlon of defects 1n the crystalo In
each case, the defeet traps an electron or holey creating
a color: eenter, which absorbs llght° The alkallne earth
:fluorldes apparentlyvhave no color centers such as the
alkali halides, invwhieh‘fhe F c:céﬁgrrt;ezc',7 or electren frapped

at an anion vacancy, exists (32). This reference showed

35
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: that most of the results of previously reported studieS'of
" "pure" CaF2 were 1ncorrect1y 1nterpreted because of the
presence of yttrium in the crystalso The study reported
that the presence of very low concentratlons of Y(III) was
penough to produce strong coloratlono 'Only}arter the Y con~-
tent was reduced to less than one part permniliion was the
absorption of the 1rrad1ated crystal decreased to a low
value. The mechanlsm of coloratlon of calclum fluoride
must then depend on the presence of 1mpur1t1eso In~order
to understand the process by which th1s occurs, a dis- |
cus31on of the crystal structure ‘and the effect of impuri-
ties on the structure is in- ordero.

CaF2 has a cublc structure of the type Og, w1th a
lattlce parameter of 56 46 Angstromso Each ca101um ion is
s1tuated in the center of a cube, with a fluorlde ion at
each of the elght corners. Each fluorlde is surrounded by
a tetrahedron of calclum jons (33) The adgacent cube of
fluorlde ions does not contaln a calclum 1on, and thls pro-
vides a convenlent site for 1nterst1t1a1 ions. .If an
‘allovalent cation, a- catlon w1th a charge dlfferent from
that of calclum, is substltuted 1nto the 1att1ce at a
ca101um site, several types of charge compensatlon can be
postulatedo If the substltuted catlon has a single p051~
tive charge, the simplest type‘oftcompensatron_ls to.
associate the monovalent cationrwith/a fluoride vacany.
For the trlvalent case,- the slmplest type.. of compensatlon,

is the 1nclus1on of an add1t10na1 fluorlde 1on at the
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interstitial site to account for the extra positive charge.
A'slightly more complex compensation mode available to the
menovalent ease is the association ef two mohevalent ions
at celcium‘sites with a calcium interstitial. The analo-
gous case for trivalent ions is the aesociation of two
trivalent ions at calc1um 31tes with a ca101um ion vacancy
(6). These are the 51mplest charge compensalon models,
Iand do not complete the lista For exampleg the additional
peeitive charge of a trivalent ioh ceﬁ be compensated by
substltutlon of an oxide ion for a fluorlde 1n the lat-
tice (34). Fong (6) eited several studles Wthh 1ndlcated
'.that the predomlnant mode of charge compensatlon for YR

3

and LaF, in alkal;ne earth fluorides is by 1nterst1t1al

3
fluorides° Also; a study is mentioned in which it was
shown thet the transferenee number of fluoride in CaF2 is
essentially unlty and that the conductivity of CaF2 at a
glven temperature was 1ncreased by the addition of YF3 to
the matrix. |

‘The association of a trivalent impurity with its
charge compensator is somewhat dependent on the concentraa
ﬁtign of the impurityp Although it is energetically more
‘favoreble‘to have the interstitial adjacen®t to the site of
Vthe,trivalent ien9 the difference in energj between this
arrangement end one in which the interstitiaiiis,ﬁore dis-
tantiy located is‘probably smallQ At low cgncenﬁrations of
the trivalent cation, there are many sites available to

the interstitial fluoride which are not close to a
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trivalent ion, but as the doping level increases9 the
fraction of cations which are not locally compensated be~
comes smaller° It has been shown (11) that as the mole
percentage of holmlum in CaF2 changes from 2 x10 3 to
3.8 x 10" 19 the percentage of total holmium reduced by
gamma»irradiation‘goes fromﬂslightly less than 20 percent
down to about three percento Another study-(35)-showed
that the ‘divalent ions in the crystal were found at cubic
sites. A trlvalent ion Whlch is compensated by an adjacent
1nterst1tlal fluorlde would have a different s1te symmetry.
A study of Gd(III) in CaF, (36) reported the existence of
at least eight different(typesnof‘sites, depending on the
method of the charge compensation of the trivalent ion.
The results of these and other studies indicate that only
those trivalent ions which are situated at cuhic sites |
are capable of being reduoed‘by ionizing radiation. If a
trivalent ion is not ;ocally compensated, the excess posi=
tive charge of the cation behayes as an efficient trap
for electrons which have been freed by the ionizing radia-
tionob However, since the non=locally=compensated ions
comprise a small fraction of the total; this is an
inefficient process. | |

Two other processes occur whereby the reduction of
trlvalent impurities can be achlevedo Both of these
methods appedr to operate by the ‘same mechanism. As was
previously stated, the trlvelent cations which are not

locally compensated can act as electron traps, bnt the
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fraction of iqns with this property is small in normal
crystalso‘ If the cohpensating interstitial fluorides can
bé removed by some process, then the reducible fraction”
becomes much greaters |

The first of these two processes is additive reduction,
in which the doped crystal is expocsed at high temperafures
to vapors of the metal which makes up the cation of the
lattice. A study (37) of CdF,, which has the same struc-
ture as CaF, (38), showed, by exposure of a doped crystal

to the vapors of Cd109

, that a néw layer of CdF2 is de=-
posited on the surface of the crystal during additive
coloration. The crystal was reduced with radioactive
cadmium at 500 C., counted to determine its activity,
then etched with a mixture of HC1, HF, and H 0. After
the surface was removed by the etchant, the count rate
was redetermined and found to be negligible. It was also
shown that én undoped crystal was not colored by the pro-
cess of additive reduction. In this study, it was postu-
lated that the interstitial ohargé compensators migrated
to the surface of the crysta; to réact with the cadmium,
At the éame time, the electrons freed by oxidation of the
cadmium penetrated the crystal and were captured by the
dopante | |

The second method involves tﬁe removal of the inter-
stitial fluoride by migration through the ciysfal under
the influence of an electrical fiéld; The first study (39)

showed that by application of a DC potential of 10 volts
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across a 2:x‘104 ohm current-limiting resistor and the
crystal, reduction of about two—-thirds of the samarium
present in the crystal was achieved in fifteen hours. The
crystal was clamped between’graphite contacts in an inert
atmosphere during the reduction process at 700O C. It
was also stated that the rate of reduction, as estimated
by the movement of induced color through the crystal, was
proportional to the amount of current passed.

There are two basic differences befween the crystals
which are colored by radiation and those colored by elec-
trolysis or treatment with metal vapor. The radiation-
colored crystals are unstable with respect to heat and
light (34). Also, the fraction of trivalent ions which
can be reduced by radiation is limited, but if the charge
compensators can be removed, all of the trivalent ions which
are compensated by interstitial fluorides can be reduced.
This is possible because, as was mentioned earlier, the
fluoride ion is the dominant charge carrier in the lattice.
A good comparison of the two basic processes can be found
in (6). Bleaching of the radiation-reduced crystals is
accompanied by fluorescence which is characteristic of
the trivalent ion at a cubic site (9) when the crystal is
irradiated at liquid nitrogen temperatures and slowly
warmed to room temperature. In this study it is postulated
that the thermo-luminescent peaks, or fluorescence which
is obgerved as a function of temperature, are characteris—

tic of different types of hole traps which are activated by
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the increase in temperature. As the hole is freed, it
migrates through the crystal until it encounters an elec-
tron trapped at a trivalent iom. Recombination of the hole
and electron leave the trlvalent 1on in an ex01ted state
and the fluorescence is emltted durlng relaxatlon to the
ground state. If oxygen is present 1n the crystal, bleach-
ing by light appearsbto proceed in a slightly different
fashion (34). This study postulates the existence of an
electron‘trap consisting,of a dysprosium ion which is com-
pensated by an oxide ion at a fluoride siteal It is‘stated
that thls arrangement 1s a sllghtly 1ess efflclent trap
than the uncompensated Dy(III) ion. When the extra elecm
tron, which has been captured by the uncompensated ion,

. is freed, it is recaptured by the so=ealled RO center.

This center:has an absorption band slightly above

20000 cm” ! and the absorption at this energy is seen to
increase slightly after bleaching has started. An equili~
brium is established between the two sites, and both are “
gradually bleached after several hours. These and other
studles hagve done mueh to ¢larify the mechanlsm of reduc-
tion, but other questlons have been ralsed which will

require further studya



CHAPTER V
EXPERIMENTAL METHODS
vInstrumentation

The absorption measurements were made on a Cary 14
uv=visib1e9 near-IR spectrOphotometero Spectra taken with
this instrument were at bothxliquid.nitrogen‘and roomhtemm
perature. The infrared spectra were madééon a Beckman
IR=7, usually at‘room temperature. ng types of beam con-
densers were used in the infrared measu:ementsg since the
sampies were small° The first was a dOuble=lens type and
the other was a four-mirror type. The latterAwas used for
most of the spectra, since the former introduced some
spurious absorption bands into the spectrao‘ A Farrand
single-beam dual monochromator épectroflugrometer with a
Hanovia 150=watt xendn arc la@p was used for‘the fluores%
cence studies. This instrumént has manually interchange-
able slits ranging from 20 qanometer baﬁd width down to
one nanometer. bThe output from the 1P28 photomultiplier
was amplified by a RCA micfoammeter type WV=84C9 whose
output was placed across a set of varlable re81storsa The
‘potentlal drop across this load was measured by a Texas
Instrument (model PWS) recorder, which drove the scannlng

mechanism of the spectrofluc?rometer° The spectral range
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of the instrument was 220 %o 700 nanometers for both mono-
chromators, and the detectlon monochromator was also re-
»placed by one loaned by the Farrand Coo w1th a range of
700 to 1400 nanometers° A photomultlpller tube with an
S=1 surface was al so loaned for detectlon in this region.
A polystyrene gacket was made for the IR=sens1t1ve photo=‘
mul tiplier tube since it had to be cooled‘w1th p0wdered |
dry ice to reduce ithe noise level° Stanley9 eto alo (40)
found that for the uv-visible configuration of this same
instrument, 1x107° micrograms/ml of quinine sulfate in
0.1 N H SO4 was easily deteotableo All samples were
mounted on a cold finger by tying avfine oopper wire across
the faoe of the crystal. Thermal coﬁtact was‘enhanced by
wettlng the lower surface of the orystal with Fluorolube
(grade 230, Hooker Chemo COa)o Fluorescence spectra of the
crystals9 before and after electrolytlo reductlon,,were
obtained at liquid nltrogen temperatureo No fluorescence
tudles were performed on orystals‘reduced by gamma radia=
t:t.on9 since after the absorptlon speotra were obtalned,

the crystals were almost completely bleaohedoy
Electrolytic Reduction

For electrolysis of the crystals, a Hevi=duty type 70,
115 volt, clam=shell tube furnace was used to heat the.
crystals to the 600 to 7QC?CFtemperature range required for
the»electrolysis° The temperature was manually controlled

by two Varlacs conneoted to the two heatlng elements of the
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furnace. The temperature was monitored by means of a
chremelwalumel thermocouple atteched to'either a poten=
tiometer or e Hogking thermo=eleétric pyroneter, type HA°
The reactlon chamber was a 25 mm o do Vycor tube w1th a
female standard taper joint on each endo The male fitting
on one end contains the 1nlet for argon and the other fit-
ting had openlngs for electrlcal contacts and a thermo=-=
couple well whlch extended to the center of the tubeo

A stainless steel framework 4 cmx1.5 emx1 cm with a
rectangular hole 2.5 x1.2 cm 1n 1t held the CaF2 crystals
in the furnace. A hole was drilled along the long axis
at each end of the frame. One hole was five mm in diameter
and was used for mechanically elanping the orystal in the
framework and for‘eleetrieal contact with,one end of the
crystal. The other was twd mm‘in diameter and.wae used for
eleetricallcontact,with thevframeo Threaded holes for |
Allen screws were drilled;perpendieular toveach of the
ax1a1 holes to hold the dev1ces in them in pl;eeo

Several conflguratldns of clamping and electrlcal con-
tect were tried during the eeurseuof this study° The
greatest single problem encountered here was thermal ex-
pansion of the framework. . This caused partial or complete
loss of electrieal contact and; in extreme cases, the
crystal fell out of the frameov Thevfirst configuration
tried cons1sted of an alumina tube through the larger |
axial hole and a stainless eteel w1re with a tungsten tip

within the tube. A loop was bent in tnejstainless steel
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wire to compensate for the thermal expansion of the framee
This functioned as the cathode. The anode consisted'of a
platinum foil on the steel frame. Thls conflguratlon com~-
»pensated adequately for the expan31on of the frame, but
did not have lateral stability. In addlt;on, the tungsten
tip split some of the erystalso A more stable configuration
consisted of a graphite rod through the larger hole in the
frame for one eleotrode9 and another graphlte electrode
electrically 1solated from the frameo To compensate for
expans1on of the frame9 a sprlng of molybdenum or nloblum
foil was used to support the insulated electrode, and
another wire in an aiumihe tube provided its eleetrical
,eohtacte N

Sinee calcium i;uoride,reacts with water vapor at
high,temperaturesg all of the erystals were reduced in an
atmosphere of argon° The argoh‘wasbpassed thrOughba bed
of copper turnlngs at 4OO C to remove Oxygen, and a drying
column of anhydrous magnesium perchlorate to remove weter°
The gas train was~composed of glass except for Tygon con=
nectors at the joints. | H

The DC voltage source was a Heathkit EUW-17 transis-
tori?edvpower supply, and a seriee cireuit consisting of
the crystal to be reduced, a mioroammeter9 a 10000 ohm
current=limiting resistor, and the.powerysupply was used
for all the reductions. The fremework eonta@nihg the
crystal was plaoed'ih the Vycor \tu;be,J swept withvargon for

a few minutes, and the,temperature was slowly increased.
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At about 400-450°C, the first sign of current flow was
usually detected. The @urrent generally inere?sed with
increasing temperature, but if the'potehtial ar0p across
the crystal was less than four Or'five volte, no current
would flow. The minimumivoltage was dependent upon the
size of the ecrystal. DMNetallic dendrites, presumably cal-
cium, always appeered either within the crystal er on fhe
su:face,.end no,@me;hation of}temperature or:applied volt-
age was ever found for which reductioﬁ oeeurred and den-—
dritic formatiqn.did‘noto The velume of the crystal in
which reduction appeafed to occur (as evidenced by a change
in the color of the crystal) was generally confined to with-
in one or ﬁwo millimeters.ef the dendritie deposit§ »The
.induced color was not evenly distributed, and became

darker as the deposit was approached.

Reduction by Irradiation

A Gammacell 200 (Atomic Energy of Canada, Ltd.) Co6o

source was used for radiation reduction of the crystaleo
The>ebsorption spectia from the‘ultraevielet cut-off to

the infrared cut-off of the crystais were determined prior
to irradiation. The crystals were then wrapped in aluminum
foil to shut out light and for identification of each crys-
tal. The crystals were placed in a small beaker and‘ex%
posed to gamma radiatien for 707 minutes. ”At the position
occupied by the samples withiﬁ.the irradiation Qhahbery

the dosage rate was calculated to be 2870 rad/min, and the
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total ‘dose was slightly more than 2 x106 rads. After
irradiation, the crystals, still in their foil wrappings,
were stored under ligquid nitrogen until the. absorption

spectra were obtained.
Absorption and Fluorescence Equipment

An allaglassg demountable Dewar vessel was constructed
for the purpose of making absorption and fluoreséence mea%
surements. The inner wall of the.Qessel was constructed of
five cm 0.d. Pyrex tubingﬁ which was necked down at the
bottom to fit a three=eiéhths iﬁch KQvar=t0nglass seal. A%t
the top, the inner wall was inserted through, and sealed to,
the female part of a 71/60 standard taper joint. The outer
wall was made from seven cm o.d. tubing, and the pOp was
sealed directly to the male part of the staﬁdard taper fit-
ting. A high-vacuum stopcock was attached to the outer
wall to permit the assembléd vessel to be evacuated. The
bottom part of the outer wall was necked down and fitted
with three windowsi bf which\two were collinear, and the
third was set perpendioulér to the other two. The three
windows were 3/4 inch diameter quartz flats, which were
sealed to the body of the vessel with Glyptal. A brass
fitting was machined to fit outside the Kovar-to-glass seal
at the bottom of the inner vessel, so that contraction
during cooling wbuld not pull the brass away from the
Kovar tube. A 13 x13x2 mm brass square with a six mm

hole in its center composed the lower part of the cold
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finger, and the vessel was constructed so that the hole in
the square was centered in the collinear windows for trans-
missionrstudieso The square was set about a millimeter off
the axis of rotation of the inner tube, so‘that by rotating .
it by about 45 degrees, excitation light could impinge on
the sample through one of the collinear windows, and fluo=-
rescence from the sample could be observed through the
perpendicular window. The overall length of the assembled
vessel was 45 centimeters, and it held about half a liter
of ligquid nitrogen. The outside dimension of the collinear
windows was 5.5 cm, and the width, measured from the front
of the perpendicular window to the rearmost projection was
four centimeters. The outer wall of the vessel was wrapped
with black plastic tape, both to reduce stray light, and to
retain fragments in case of implosion. The lower part was
painted with flat black laquer to reduce stray light.
After the vessel was assembled, it was found that the
boiloff time of one filling of liquid nitrogen could be
doubled by wrapping the inner wall with aluminum foil,
since the vessel could not be silvered. This permitted one
filling to last at least three hours when the vessel was
evacuated with a mechanical pump. Al though condensation
would form on the upper portion of thé vessel, none was
ever observed on the windows, even on the most humid days.
For transmission studies, a 17.3 x15.8 ecm aluminum
plate, ¢ in thick with & 7.5 cm dismeter hole in it, was

substituted for the cover of the sample compartment of the
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Cary 14. Since the hole in the plate was slightly larger
than the Dewar vessel, the vessel could be moved in either
the x or y direction. For pesitioning in the z direction,
a Phenolie clamp was fastened around the outside of the
vessel, so that the lower part of the clamp was 8.5 cm
above the center of the 6 mm hole in the cold flnger9 Wthh
centered it 1n the light path of the Cary 14. The clamp
was wide enough to eompletely(eever the hole,ln‘the alumi-
num plate, so the sample oemﬁartment was light=tightwfor
gll positions of the Dewars

The samples were fastened over the 6 mm hole in the
brass plate. Sinee they did not alwaye eohpletely cover
the hole, copper foil withvavhole in.it cenforming‘te‘the
shape of the sample was wrapped}oyer the_brass"plate to
insure that all the light reaching the deteeter passed
through the crystalo The samples were tled to the plate=
foil arrangement w1th flne copper w1re and thermal contact‘
was enhanced with Fluorolube 0il, in much the same fashlon.
as for the fluorescence studieso If the crystal to be
studled was not too large, the Fluorolube alene was found
to be sufflclent to hold the sample 1n place9 prov1ded the
Dewar could be malntalned in a sem1=horlzontal p031t10n -
til the sample cooled down enough for the Fluorolube to
thicken.

The combination of the four surfaces of the quartz
flats, the 6 mm hole in the‘eold‘finger‘(the‘siae,of‘the

light beam in the Cary 14 is about one cm), and the low
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transmittance of the reduced samples produeed large absor-
bance readlngs on the Cary 14o To allevrate thls, a set of
six masks for the reference beam were made from copper foil.
Using these masks, the apparent absorbanee of the sample
could be reduced from 0.45 to 1.8 absorbanee unlts9 depend—.
ing on which mask was used. The masks 09351sted of a piece
of foil 1x5 cm9.withvrectangular holes, whose length was |
0.5 cm and perpendicular to the long dimeasion of the

strip. The width of the hole determined the absorbance of
the stripo All the holes were eentered 1.3 cm. above the
bottom end of the strlpo The masks did not affeet the
flatness of the basellne except for a small region near

350 nanometers and at the maximam waveleagthso .Of course,
the masks widened the slits,of the monoeﬂrematqrg but not
to an unreasonable degree, and‘they permitted the absorp-—
tion spectra of many samples to be deter@ined without

cleaving or grinding down and repoliahiﬁg the cerystalse
Materials

CaF, single erystal chips were ebtalned from Sem:n.A==

2
elements, Inc. (SaxonburgD Pao)o The nomlnal conoentratlon
of erystals doped w1th Prg Gd, Ho and Er was O 1 mole
percent. The same value for the Ce=d0ped crystal was

O 25 mole percento The crystals were grewn from the anhym

drous rare earth fluorides and ealelum fluorlde by the

Bridgeman teehnlque under vacuum (41)



CHAPTER VI
EXPERIMENTAL RESULTS
Absorption and Fluorescence Spectra

The absorption spectra of samples were determined both
before and after reductlon by both ‘t;echnlques° The fluom‘
rescence spectra of the samples whlch were electrolytlcally
reduced were determined in the same fashlono The radiation=-
reduced samples bleached out S0 rapldly during the determ
mlnatlon»of their absorptlon‘spectra that no attempt was
made to obtain fluorescence spectraﬁ SO any tlme fluores=
cence 1is dlscussedg 1t w1ll be on elther ‘the oxidized form

‘of'thelanthan;deg or an electrolytically reduced sample.
Cerium

The ceriumscontaining samples were’tannish=brown in
color, very brittle and difficult to cleave without sh.ata=
tering the crystals, and appeared to contaln some sort of
1nclu81ons when examlned under a mlcros00pe° The crystals
were unstable to heat and crumbled 1f subgected to much
pressure. Also; when a crystal was heated to 400-500 C in

argon and then returned to room temperature9 the appearance

was changed-drastlcally° After heatlngg the crystals were

51
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gray in color, and microscopic examination showed the pre-=
sence of black particles similar to the pre'\r:i‘,mxsly‘m,ena=
tioned inclusions, Qplmeuch‘larger in size. ZElectrolysis
attempts were generally ﬁnéuccessfulg due either tp shat-
tering of the crystal or loss of électrical contaot° One
- sample appeared to c@nduét current fdr awhile, but no
change in color qf the crystal was observedg cher than that
due to heating. The unreduced crystéls diéplayed a grad-
ually increasing absorptiqn in»the visible region, probably
due mainly to scattéring, but low peéks étv170009 19500,
22000,. 25BQO and.27405 wgyenumberé were observed. In the
ultra&iolet :egioh a very intense peak, centered at about
31000 wavenumbers Waso/ak:;ser"\fed,7 the maximum of which could
only be observed on the thinnest sampleso’ The transition
from the‘grougd state of the fj_configuration to the 7F7/2
level at about 2200 wavenumbers was not observed in
abéorptiono |

A peak centered at about 32440 cmgmvwas ocbserved in
praseodymium samples. The total Width‘@f the peak was
about 1200 cm=19 and it was rather broad with indications
of severa;.weak shoulders on it. The‘lowest portion of the
peak contained a very sﬁafp and pr@ﬁinent shoulder aﬁ'
31950 cma?D and there was the in@ication of at least three
weak shoulde:é.petween it and thetcentral peak. ‘On the
high-energy side of the central peak7 $here wére indica~
tions of at least three more weak sh@ulderso The interval

between the strong peaks was 490 cm”' and the intervals
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between the two shoulders and the central peak were about
80 a'nds90'cm=1° The locations of the high-energy shoulders
were difficult to determine, but the intervals seemed to )
range from 150 to-170 em™'. The weakest shoulder on the
low-energy side had an interval betweeﬁ.it_and the sharp
peak of about 180 em™ Vs o

It has been reported (25) that the first f-d transi-
tion of frivalent cerium iﬁ GaFQkoceﬁrs at 32400 cm=1 and
exhibits vibronie structure. 7Two types of structure occur;
a major interval of 460 cm=1 and a minor interval of 150-
180 cmw1; The major peaks were reported to occur at 31940,
32400, and 32860 em™ . The eorrGSpondenee in energy bet-
ween the first two of these peake‘and the peaks observed in
the praseodymium crystalsgwas well as the intervels of the
,shoulders? is so strong that ij must be coﬁeluded cerium
in the»trivalent,state occurred in veiy low concentrations
‘as an impurity in the preseqdymium crystalsé

The irradiated cerium=eontaiping_erystal exhibited a
very intense, broad absorption band with_the‘maximum at
19900 cm”! and shoulders at 10300, 12300, 15700, and
22000 cm%1o There‘was neuevidenee of absorption below the
first shoulder mentioned, in agreemeﬁt\with previously
reported spectra (8). No fluorescence was observed for
the crystals, either before er after redﬁctiono

| While the presenee of the streng band at 32000 wave-

numbers 1ndlcated that there was some trivalent cerlum

present in the crystals, the absorption bands present in
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the visible wouldfseem to indicate the presence of either
cerium in some 6the: form, spch as Ceozg which is reddish,
or some other undetected impurity. Studies of trivalent

cerium in CaF2 (25, 42) make no mentidn of any absorption

bands in the visible region.

Praseodymium

In the absorption spectra, all of the predicted levels

of trivalent praseodymium above 4OQO cm=1, except‘the 180

level, were observed during examination of the samples
~prior to reduction. Omitting the 1SO apd the 3H5 levels
from the list, the remaining 11 levels were least-squares
fit with six parameters with a root-mesn-square deviation

of 61.7 wavenumbers. F, was found to be 306.0 cm” | and

Zeta was 750.9 om ', compared to 305.4 om” and 730 om
from reference 31.  Fluorescence ffom the 3P multiplet and
the,1D2 level to the ground state was Qbserved during exam-—
ination of the samples by this method. No impurities other
than the Ce(III) were detected.

The reduced samples agreed with previously published
spectra (8), with bands at 4000, 8600 and a low, wide band
centered at 15000 cm=1o In the visible region, more in-
tense bands were observed at 20000, 22300 and 25500 em™ b
It is interesting to note the correlation between these
three bands in the visible and the.fhree central bands
mentioned in the section on trivalent cerium. While it is

difficult to draw any conclusions about impurities from



55

such limited information, it is within the realm of possi-
bility that the cerium crystals were contaminated with
praseodymium, thus accounting for the coloration of the
cerium~containing crystals in the Visible région° No
fluorescence was observed in.the réduced samples which

could not be attributed to that from the trivalent ions.

Gadolinium

The absorptiqn spectra of the gadolinium-containing
unreduced crystals exhibited‘no absorptioﬁ except for the
weak lines due to the °P multiplet. This was also seen in
fluorescence. In addition to this fluorescence transition,
one other was observed at about 15900,cm==1 aﬁd was believed
to be due to trivalent europium, probably the 5D647F2
transitione.

When the samples were electrolytically reduced, the
initigl color of the reduced region was a reddish=-b1ue°
After a few days, the edges of the colored region appeared
to be pink; but after thé color finally stabilized to
blue-green, no evidence of the initia; red coior was seen.
The only obvious change in the ébSorption spectra during
this period was an enhancement of a band at 25500 cn”' and
a shift of the 17300 cm™ ' peak to mbout 18000. All these
bands were at least 3000 wavenumbeérs wide; and it was not
always possible to position thé sample in the 1light path of
the Caryb14 at the same place, so it was difficult to tell

if the observed shifts were due to a change in the spectra,
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or merely due to an examination of a different region of
the crystal. After the color of ihe reduced crystal had
stabilized, the observed spectrum agreed with the published
one (8), with peaks at 18000, 25500, and 31000 cm=19 but an
additional one at 35800 cm™ .
The radiation-reduced crystal had a c¢olor similar 1o
that of the electrolytically reduced crystal immediately
after reduction. That ié, it was a bluish=purple color,
and the positions of the absorption bands differed only
slightly, being found at 18400, 25000, and 31000 cm™ .
‘The band with a maximum at 18400 was more intense than the

other two, and had a shoulder at 17500 em™'. There was

~also a very weak indication of a band centered at 12000 em™
No changes in the apparent color of this crystal during the
absorption measurements were observed, but after being
stored in a tape-wrapped desiccator for about three months,
it was unwrapped from aluminum foil, it was found to have
changed to a light green color, similar to that of praseo-
dymium in borax. While the crystal was being mounted in
the cold finger, the color changed back to the original
bluish=purple. The change must have been due to the in-
fluence of the fluorescent lights in the laboratory. No
explanation for this bhehavior can be given.

The fluorescence of the electrolytically reduced
crystal was first incorrectly thought to be at about 1.3
micrometers, or 7100 wavenumbers, but this could not be

8

explained in terms of either the f~ configuration or the
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f7d configuration, because of the absence of levels in this
region which might fluoresce. It was then recalled that the
monochromators used in the spectrofluorometer yielded strong
second order radiation, so a search was made at half the
apparent wave length and a weak peak at 665 nanometers, or
15000 wavenumbers was observed.

Since the presence of impurities in the crystals had
already been observed9 a study of the llterature was made
to determlne if thls level eould be . aserlbed to either
europium or terbium. The fluorescence of europium usually
occurs from either the 5Do or 5D? leveis, and laser emis—
sion has been observed (4) for the 5D6e7F2 transition in
the region\ef 16300 cm%ﬁg and this transition is apparently
a strong one in a number of host lattices and compounds.
The cubic crystal field analysis for trivalent terbium in
CaF2 hes been reported (26)9 aﬁd the fluorescenee from the

5D'4,llev_el to the 7F5 leVel,ef the ground multiplet should

oceur in the region of 18400 em™ ', .The absorption and
fluoreseenee speetra of Sm(II) in GaFQ have been reported
(24)9 and the hlghest energy llne appears at 14497 cm 10
The most 1ntense line appears at 14114 cm 19 or about 708
narlometerse The error in éeiibration‘of the detection
monoehre@etor wee prebably'ne more than four nanometers,

so it is unlikely that the‘ebeerved line is dee to samarium.
It has been reperted (2) that diraient eamerium is a per-

sistent impurity in- some crystals, and is detectable in

very highly purified salts.
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While the presence of other unldentlfled 1mpur1tles as
the source of the fluorescence eould not be ruled out the
assumption was made that the fluorescenoe was due to a
transition from the 5D4 1eve1 of the f8 configuration to

either the J=4 or J=5 level of the ground state |

F mul-
tiplet. The calculations based on this assumption will be

deseribed in a later section.
Holmium

The holm1um=conta1n1ng crystals were exemlned in
absorptlon prlor to reduetlan, and it seemed that they con-
tained less of the dopant than some of the other crystals,
since the observed fﬂf trans1t10ns were weaker than in
other crystalso Aiter ele@trolytle reductlong the erystals
were re-examined, and the @bserved speetra eorrespended to
those prev1ously publlshed (35)» w1th bands centered at
about 11000, 14600, and 19300 cm ~'. They were, however,
mueh,weaker;‘

One of ﬁhe erystels which had’been partially electroly-
tically redueed was ineluded with thedeateh of oiystals
which were irradiatedo The cfystal was derkened at the
cathode endg where the metalllc dendrltes were, but at
the other end of the erystalW whlch had been the anode
durlng the eleetroly31s9 no eoloratlon was observed. As
was prev1@usly stated the trlvalent 10ns; atvtheisite
occupied by a dlvalent ion in the lattleeg act es electron

traps unless the excess posltlve eharge is compensated for
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by a nearby interstitial anion. When a potential is
applied across the‘@rystalg the interstitial anions migrate
toward the anode, creating more unc@mpensated trivalent
ions at the cathode end, and reduéing»the number of un-
compensated trivalent ions‘at the anode end of the crystal.
Since ﬁhere-were fewef uncompensated lanthanide ions at the
anode end, the amount of‘@olgration_iﬁducéd by the radia—
tion at that end was lower, -

In addition to the previously reported peaks, others
at 22500, 27800, 32000, 39500 and 43000 ngm were'observedo
The first of these is al so reported in reference eight.

The fact that the @rystals used 1n thls study were s0
dilute in holmlum a@caunts for the dddltlonal llnesy since
the other reporis 1nd1@ated that the absorbance became too
high tc measure at about 25-27000 @mgjo No fluorescence
lines were observed in the reduced crystals which could not

.be accounted for by that of the trivalent ion.
Erbium

When a section of the erbium=containing‘crystal was
electrolytically reduced, for two or thrge days after the.
process was completed, the only coclor change @bserved was
a :eddish=orange color in the regicn neaf the metallic den-
drites, similar to that observed in most of‘the crystals
contaiﬁing other lanthanideso‘ After this period, a green-
ish region appeared, which extended»ane or two millimeteré

beyond the orange area. This region reproduced the
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previously reported (8) peaks at 10400, 16500, 20200, and
25800 em” . In addition to these, the irradiated sample
exhibited absorption peaks at 29200 and 32600 em™ . No
fluorescence not attribﬁtable to.the trivalent ion was

observed.
Free—=ion Levels from Spectroscopic Data

Cerium III (4£°)

Sugar (14) published an extension on the line list of
divalent cerium. In this paper, ten of the 13 possible
lines of the f2 ©onfiguration were idéntified9 thé only
omissions being the 3P multipleto The'first two columns of
Table I give‘the experimental values and Russell-Saunders
labels from (14). The third column gives the deviation of
the calculated values from the observed levels. The
fourth column gives thebfinal valueé of the Racah para—
meters and the roatcmean;square deviation. On initial runs
of the program, the experimenﬁal vaiues for the 150 and
116 levels were included in the data set; but they degraded
the fit to the lower levels, so they were omitted in the
final caleculation. This effect was also ﬁoted in calcula-
ﬁions performed on Pr(III), wheré the,prqgram consistently
placed the 116 level bglow "thefBI%u level, whgreas studies
for several crystals systems have shown.it to be'abové’(Q)o

The values of F, and Zeta of this configuration are 235.35

2
and 544.25, respectively.



TABLE I

Ce IIT CALCULATION

LS Name " J .Eobs " Ecalc-Eobs =

H A 0.00 0.0 .. E

w

1526.36 ’1;10i[  ; E,

6  3127.05 ‘:‘;2J3'f B, = 1ﬁ13
3p 2 3762.71  -11.77 -~ E, = 359.47

3 476476 - 1.99  Zeta = 5kk.25

b 5006.06 7 ;i?‘§;66ﬂ‘ . RMS = 8.52 -
G A '7120.00 __' -10,43 | RO
D 2 12835.70  o.12
I 6  17420.60 |

s o 32838.62

5034.90 . -

8113
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Praseodymium IIT (£3)

The spectroscopic data on this configuration were ob-
tained by Sugar (43) and analyzed by Treesi'("‘ﬂB)° ‘Iﬁ thesge
papers, 38 out of 41 possible leyels of the £3 configura~
tion were identified by the authors. Using these values
for the energy levels, a number of combinatidns of the var-
iable parameters‘and sets of the energy levels were put
into the program. As it was orlglnally wrltten9 it could
only accept 20 energy levels, so some @f the lowest levels
for each J-value except J = 17/2 were used in the computa-
tion. The three lowest levels for the J = 3/29 5/2, 1/2,
9/2, and 11/2; the two levels ‘given for J«~1/2 and two of
the three levels for J~=13/2, and one of three levels for

-15/2 were fltted with four parameters and ylelded a rms
deviation of 236 cm 10 With six parameters the dev1at10n
was redgced te 192 em=1° The proper arrays ln the program
were then redimensioned to allow for up tc 40 levels, and
_several runs were made with either 38 or 137 levels and six
variable parameters. After three trials, the rms deviation
‘was still decreasing, but so slowly‘that no further calcu-
lations were performed. The final result was an F, of

280.6 em=1 and a Zeta of.66499‘em°1a

Holmium IIT (£ 1)

A list of six lines identified as belonging to the f11

configuration of divalent holmium has been published (17).
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These included the 4I multiplet including the ground state
of J=15/2, the 4F9/2 level, and the 2H11/12 1eve;°' Al-
though these were only a few Qf the 41 possible levels, the
calculation was performed to obtain vglues of F2 and Zeta
for Figures j and 2 and'to compare witﬁ those”given in
another paper (35) for Ho(II) in CaF,. P, and Zeta values
of 395 om | and -2008 cm=1, respectively, were obtained
compared to about 400 cm=1 and =1982 cm=1 from the second

reference.

Additional Information

In the section in Dieke's beok (2) on divalent rare
earths in crystals, a diagram of leve;s attributed to
Sm(II) in LaCl3 was shown, along with the same levels of
trivalent suropium (f6) calculated with F, and Zeta reduced
by 20% and 22.2%, respectively. Using the values for
Eu(III) from page 65, the reduced values for F, and Zeta
were 321 em” ! and 1027 cm=1ﬁ respectively. The values of
Zeta for Tm TIT (£13) and La III (f') can be found in
references 8§ and 13. All these values are compiled in
graphic form in Pigures 1 and 2, aléng with the corres-

ponding values for the trivalent ions.
Divalent Gadolinium

The absorption spectrum of divalent gadelinium ob-
served in this study, for both the gamma=redu¢ed and the

electrolytically reduced crystals, agreed with the
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published spectra (8). The fluorescence spectrum of the
electrolytically reduced crystals, however, exhibited a
very wesk fluorescence centeréd at abdut 15000 em™ s This
did not appear to be due to any impurity, sc under the
assumption that it was due to a transition from the 5D4
level to the 7F4 or.7F5 level, values of F2 and Zeta were
sought to reproduce the energy difference between the 5D4
level and the average of the 7F4 and 7F5 levels. Figure 2
had been plotted for the trivalent ions and the Zeta values
for the divalent ions seemed to parallel the itwo halves of
the trivalent part of the figure. Therefore, a straight
line was constructed through the Zeta values from one to
six electrons, and this line was extended to intersect with
the f6 line of the ordinate. By fixing the start of the
second half of the divalent figure at this point, another
straight line was constructed through the points for diva-
lent holmium and thulium. This fixed the value for Zeta

at =1360 em™'. A series of calculations were then per—
formed by varying F2 wtil the energy difference between
the two levels was 15000 en 1, During this process, it

was noted that the positions of the levels of the 7F mul-=
tiplet were virtually unaffected by changes in F29 indi-
cating Russell-Saunders coupling is a good approximation
for this relative method of calculation. The initial guess
for F, in the calculations was obtained from consideration

of Figure 1. Values of F, for Ce III (£°), Pr TII (£3),

0
sm TIT (£%) and Ho ITT (£'") had been plotted on Figure 1,
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so a straight line was constructed through these points and
the intersection for the f8 case was used in the first
calculation. After a coupie of trials, it was noted that
the difference between the two levels, divided by the posi-
tion of the higher level was about equal to the difference
in the two values of sz divided by the larger, so this
information was used to compute the final value of F

371 cm=1o

257

The Intermediate Coupling Calculations

for the f6 and f8 Configurations

It should be borne in mind that many approximations
are built into calculations of this type. It has been
assumed that higher configurations of the ion do not inter-
act with the one under considerationy but there is much
expefimental evidence to the contrary (3). A second
assumption is that the ratids of the Slater integrals for
the 4f shell of the lanthanides are the same as for the
4f shell of hydrogen, for which the ratics may be calcu~
lated exactly. Another approximation is that the electro-
static interactions described by the Slater integrals or
the Racah paramefers and the magnetic interaction des-
cribed by the spin-orbit coupling parameter ére the only
ones which must be conside;ed in a description of the
behavior of the energy stétes of a paftially=filled f shell.
The_deg:ee to which thesevand other}apprOXimapions made

during the course of an intermediate coupling calculations



68

are valid depends to a large extent on the accuracy re-
quired of the result. In other words, if it is desired
to fit a set of leveié preeiselyg_more parameters must be
included in the calculatioﬁ in order to achieve the re-
quired agreement; but if the studyvof the set of levels
is only a préliminary one, then the approximations made
are sufficieﬁt° | |

In this study, the expression

E - 2
066
((F,/0.06)% + Zeta *)®
was used for the ordinate for both the f6 and f8 configu~-

rations. The expression Zi = T’%Q%E' where Chi =

0,06 Zeta/F was used for the f° configuration and
sevely, a1 S _ |

=Chi

2 = T2GhT

was used‘for the f8

configuration9 with Chi defined the
same as beforeo 4f hydrogenlc ratios of the Fk were
assumed in the calculatlons performed for thls study.
Table II llsts the values of F2, Zeta, and Zl which were
“used for the ordinates of the f6 and fs 1ntermed1ate
coupling diagrams, with the wnits of F, and Zeta in
wavenumbers. |

For the,f6 configuration, the Zi values of 0,160 and
0,165 correspond to the Fé and Zeta values given‘by Ofelt

(44) for divalent samarium and trivalent eur@plum9 re-

spectively. The fact that these values for dlvalent
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TABLE IIX

F,, ZETA, AND Zi VALUES
Configuration - ,f8 Configuration

F,  Zeta z1 CF, Zeta A
400.0 1x 107 0.0 00 | - 7h0.7 0,1 
400.0  740.7 0.1 ."37i;o . -1360 o.i87:
330.0 1050. 0.160 ,434.07 ~1705 0.191 
401.0 1320.0 0.165 465.8 -2270. 0.226
300.0 2692.3 0.35 v J,36o;o -2692.3 0.35
200.0 3333.3 0.50 © 200.0 -3333.3 0.5
100.0 5000. 0.75 100.0  -5000. 0.75

1 x.104 1.0

0.0 -1 x ‘lOlk 1.0
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samarium are slightly different from thosé cited previously
mazkes a difference of only one uhit in the third decimgl
place of Zi, and it was concluded thaf this was of no“
consequences. The rest of the values of Fé and Zeta were
obtained by selection of regularly spaced values of Zi.
The expression for Zi was then solved‘fqr the ratio of
Zeta to F29 decreasing wvalues of F2 wéfe ch&sen‘aﬁd thé
~corresponding value of Zeta was calculatedo- Thevvalue of
F, at the LS coupling limit was chosen at 4QO ¢mmj because
both the value for F, for europium and terbium in’the
trivalent state are in this r:a.‘r.lg‘eo‘. -

- The Zi values listéé in Table II for the f8 configu~
ration, of 0.18, 0,191, and 00226'correspgnd_to the F, and
Zeta valués calculated in this‘WOrk}for divalen® gadolinium,
Ofelt's values for trivalent terbium}zand fhé parameters
which desgribe tetravalent dysprdsium from Varga and
Asprey (20), respeétively° The other values were obtained
as previouély describedo Calculationé for the LS éoupling
limit were not perfdrmed for thé f8 case, since the re-
sults would have beén idenﬁical to that for the f6 con-=
figuration. It was only after Tables'III and IV were
constructed as an aid in éompletioh of the diagram that
the symmetry of the number 9f J%Vélués in each Eta level
for the two configurations Wgs fouﬁdo :

The twp tables were construcﬁed By_inspectiqn of the
computer output of the two configﬁfétions for the limiting

jj case. The Eta values are listedfon the first rdw of
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TABLE IIIX

£ CONFIGURATION, ALLOWED J VALUES

FOR EACH ETA
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t

J Values

.- Eta Values
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TABLE IV

f CONFIGGRATION, ALLOWED J VALUES FOR EACH ETA

Eta Values

J Values
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- 1h
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37

e

ke

3
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of Levels 4 3k

100

106 .

B




73

each table and the J values are givén in the first column

on the left. The column on the right of the f£O

configura~-
tion, in Table IV, giyes the fankvof each J matrix, and
295 is the total number of levels of all Jis. For an Eta
value of seven in the f8_configu;ation? thére are 16 levels
which terminate here with a J value of foufo Blank spaces
in a column indicate that for ﬁhat Eta value, there are no
1evéls of a particular{ﬁ»whi@h ﬁéfminate there. The bottom
row gives the $otal number of levels of all J valués which
terminate at that Eta value. |

| Bfief inspection of the ﬁables indicates the previous-
1y mentioned symmetry. Wheﬁ‘the totals are g@nsidered, it
is also obvious that all of these le&els could not‘be
vplotted on a single'diagréma In £act3 for some of ﬁhe
J=values, a plot containing’allqu the J's ferminating in
a particular Eta would pr@bably be unwieldya‘vlt was there-
fore determined that the diagramé sh@uld'be draﬁn for each
LS termg.with an.effgrtﬂmade to keep each multiplet.oﬁ the
same scale, so that they could be réproduced“and combined
.1f desired. The scale of the original dfawings Was cne
ineh per Etavunit.on thé ordinate. When they were reduced
for printing, an effort was made to have all of them re-
duced by the same amount, so that they would;remain on the
same soaléo It is suggested that if aréémﬁosite of several
multiplets is desired, they either bebseparately Xeroxed
onto transparencieé and overlaid, or thaf they be traced

off onto a single‘pagéo If the multiplets are Xerdxed onto
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transparencies, it is suggested that the abscissa be masked
off if possible, since the scale on the bottom and the
legend tend to add to the confusion.

Since only the ldwervmultiplets were considered, a
choice had to be made as to where té‘st0po All thé Eta
values for the LS llmit were plotted and a pair of multi-
plets? which the program denoted as 5F and 51 lay just
below 40000 wavenumbers, and the density of terms:was low
in this region, so it was decided that these two multiplets
~would bgfthe highest ones coﬁsidéfedo

Al though essentially‘no faithncanwbe‘put in the numer-
ical values of the eﬁergy 1evels df the highest_terms in
the two conjugate configufaﬁionsﬁ the degree to which they
are incorrect will probably notlvary too much betiween the
terms, so0 their relative spacings might‘be fairly correet.

Many_lines observed in free=ion spectral studies arise
from transitions between different configﬁratidns of the
same ionization state. ihe parity of a Qonfiguratian is
deflned as the sum of the one=ele@tron orbital angular
momenta of the conflguratlon (3) 1f the sum over the
electrons is odd, the configuration is said to be of odd
parity, and is called an odd conflguratlono An atom or
ion in an excited state can make a tran51tlon to a lower
conflguratlon of opposite parity with em13319n of a photon.
Likewise, the transition from a lower copfiguréti@n to a
higher one of opposite parity by‘absorption of:energy is

~also allowed. If the energy separation beiween thg two
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configurations is of the right order of magnitude, then the
emission lines will be accessabie to the spectrOQCOpisto
Since the highest levels of the f6 and f8 configurafions
are more widely spaced than a‘lot of other levels, and thus
more easily recognizableg‘a figure des@ribing the variation
of the levels with.the change from Russell=Saunders to jJ
coupling was included. The scale for this diagram is one
inch per 0.2 Zi Unitég‘and one iﬁ@h per two Eta uniﬁso

For the‘féiooniiguration” thé Eta =0 #alue could only
accept one levei with a J=value of zero, so this_was easily
assigned. The Eta= 3.5 value coulé accept a total of six
J-values, so these, 1too, were easily assigned. Thirty out
of the forty=four possible J-values wé;e assigned to the
Eta=7 value. On the diagram for the high térm39 the four
possiblé J-values of the Eta=21 were assigned? seven of
the thirty-four possible vaalues‘were assigned for the
Eta=17.5 level; and a singlevJ::O level was indicated as
heading toward thé Eta=14 value whiéh.was not snown on
the diagram. | | |

Since the Eta = 21 levei of the f8 c@nfiguration had
only one J:éo term, it was Satisfied? althdugh not without
difficulty. All six of the ievels terminating at Eta=17.5,
and the five remaining levels weré indicated as going to
Eta§=14° To summarize, 49 of the 295 levels Were assigned.
The theqry of Hund which was previously éited was generélly
followed with no difficulty for the lower diagrams, but
‘seemed to be freely violated for the highest termso The
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details of the individual figures will now be considered.
The f6 Diagrams

The levels of J=0, 1, 2, 3, 4, 5, agd 6 originating
in the 'F multiplet (Figure 3) were assigned in the jj
limit to the Eta values of O and 3.5, with the single J=0
term going to the Eta=0 lqvel and the rest‘terminating at
Eta= 3.5, Thg'multiplet remained erect except for the
J=6 level, which is just above the J=2 level when Zi = .75

Thg calculated or experimental Eta values were not
plotted on the figures in @fder to keep them uncluttered.
As an illustration of the type of results which can be
obtained from these figures, andwas an example that the
usefulness of the figures is not reStricted to the lan-
_thanide39 two cases fﬁr the agtinides‘will be considered.
F2 and Zeta values have been reported in the literature
for a few low levels of Am IV and Pu I (37). The 'P mul-
level, and the 5G2 level

2
were used in obtaining the F, and Zeta values for Am IV,

tiplet, the "Ly level, the °D

which has the 5f6 configuration. For Pu I, which has the
5f67s2 configuration, oﬁly’the energy levels of the;7F
multiplet were reportedo The two electrons in the 7s shell
do not interfere significantly, since they constitute a
closed shell. Using the values F, =268.6 en”! and Zeta =
2605 em™ ! for Am IV, experimental Eta values were cal-
culated and compared to the graphical Eta values at

Zi=0,368. If the root mean square of the Etas is
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calculated from the expression

i
2

rms Eta z.(Z(A)Q/ (n-1))%,

~where A& 1is the difference between the corresponding exper-
imental and graphical Eta values and n is the number of
levels, then for Am IV the rms Eta value waé 0,106, The
agreement was considered satisfactory, since the range of
Etas spanned nearly 4.25 units and,three of the levels
accounted for almost 75% of the error. For Pu I, the

1 1

values of F, and Zeta of 230.6 cm = =znd 2174.6 cm ,

2
respectively, yielded a set of Etas which, when compared
to Pigure 3 at Zi=0.361, had a rms Eta of 0.064 for a
range of 2.2 units. At this point, the J =3 level c¢on-
tributed almost two-thirds of the total errcr.

Pigure 4 gives the behavior of the J=0, 1, 2, 3, and
4 levels arising from the 5D term. The multiplet is erect
for the LS approximation, and remaing soc, except for the
J=1 level, which becomes the highest in the 1limit of jj
coupling. The experimental Eta of the J =2 term for Am IV
was within 0.08 units of the graphical value. A value of
9772.5 em” | has been reported (46) for the 5DO level of
Pu I, placing it 466 cm~ ! below the J =6 level of the 'F
term. On PFigure 4, this level would be about 0.157 Eta
units below the graphical value, still within a reasonable
range for identification purposes, since it is the c¢nly
J=0 level in that region of Eta values. It is interesting

to note that a composite of Figures 3 and 4 indicates that
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the J=0 level lies below the J =6 level for Zi values from
0.370 to 0.465, although it has been reported (3) that no

set of P, and Zeta values will yield this result if the 5f

2
hydrogenic ratios are assumed. In short, although the order
of the two levels is not predicted correctly for the Zi
value of Pu I, the cfossovef point is close by, and is
probably a fﬁnction of the drawing of the figure.

‘The-5L term gives rise to J values of 6, 7, 8, 9, and
10, all of which terminate at Eta=7 (Figure 5). All the
levels remain erect except for J =10, which is below J =8
in the jj limit. The J::G_experimental Eta lies nearly
0.2 units‘above the graphical valug and is the larggst
- contributor to the error ;n.the éalculation‘for Am IV.
During the calculations for these diagrams, the two lowest
J=6 values seemed to approach onebanotherg_but it was
decided that théy should not cross, and that the lower
should terminate at Eta=3.5. It is felt that these two
experimental points justify the choice, since, if the
al ternate Option had been takeng‘the'resulf WOuld haﬁe
been a larger deviation from‘the’experimeﬁtal Etas of
both the terms. That is, éroésing the ﬁwo J=6 levels
would have lowered!the gr’jaﬁhical value for the level aris-
ing from the‘5L texjm9 and it was already tdo_l@w, whilé the
7F level would have been rgised from a position which 1is
greater than the”experimental}Efa to one at least a tenth
of a wmit higher. -

Figure 6 indicates the assignments of the =2, 3, 4,
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5, and 6 levels arising from the 5G term. As the figure
indieates, Russell-Saunders coupling is a poor approxima-
tion for this term for any value of Zi, The order of the
levels is badly distorted for el 21 velues, but the
graphical and experimental Etas of the J =2 level agree

to within the ability of the author to read the graph.

It ig felt, though that the ass1gnment is correct because
of the close agreement w1th the experlmental values for the
5D2 level. Also the next J=2 Value lies more than one
Eta unit higher.

Figures 7, 8, and 9 indicate the assignments of the
levels arising from the 5H,_519 and 5F terms. They are so
closely spaced that it is highly likely that incorrect
assignments ﬁave been made, particularly sinee they have
so many J-values in common. = All ,‘chree ﬁerms are badly
J-mixed from the stert, as would be expected from the
close coincidence of so meny eo@mon Jd=values. Since LS
coupliqg is probably not a goqd'approximation £or any Zi
value at this high an energy_leveia_the\main_utility of
these figures is probably to give the reader an idea of
what happens at even higher values where the density of

states is much greater.
The f8 Diagrams

The Eta=0 level can accept J-=values of 0, 2, 4, and
6, so these values were assigned from levels arising from

the 7F multiplet of the‘f8 cdnfiguration (Figure 10). The
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fit the levels better. J-values of 2, 3, and 4 are common
to the 5D and‘5G terms, and the lower set»was assigned to
the 5D term and the higher to 5Go

One of the more interesting features of the 5G term
in Figufe 13‘is the J=6 level. .At about Zi of 0.4, it
bécomes lower than thevJ=:4 level arising from the 5D term.
Since the fégion_from Zi==C°3 to 0.4 encompasses most of
the ionization states of the actinides, it will be interest-
ing to see if thié behavior is corroborated by the exper-
imental spectra. It should be mentioned that the way the
levels are a551gnedg the J= 6 curve for the 5L term is
higher than that of the 5G terma for most Z1 values? even
though the 5L term is lower for the Russell Saunders limit.
At any rate, the Russell- Saunders scheme of labeling levels
is -of questionable value, since the calculations performed
for these figures show that these levels are badly J=mixed
for most values of Zi.

Figures 12, 14? 15, and 16 display the assignments of
- the J=le?els arising from the 5L9 5H; 51 and 5F termsq
They overlap to a 1arge degree and aga1n9 some of the
assignments are probably incorrect. They serve to satisfy
33 of the 34 J-values which ferminate at the Eta= 3.5
level. The next highest term in.the LS limit which can
provide the missing‘ d=4 value is a 5(} term at 'Eta=4a79‘
but there are several more before Eta=5.0. |

To summarize; 37 of the 38‘§ossible levels terminating

at either Eta=0 or 3.5 in the jj limit have been assigned
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for the f8 configuration. As there was a gap in terms at
the LS limit, and since the next Jj limit Eta level re-
gquired 100 J-values, with only the highest J-values being
easily assignable, no more figures were constructed. The
same 37 J-values were also assigned to the three lowest eta
levels in»the 33 1imit for the f6 configuration. Quite
'satisfaétdry agreement between the figures and two sets of
energy levels for actinides in very different ionization

states was obtained.

The High Levelsg of the f6 and

f8 Configurations

As was previously statéd9 Figure 17 was constructed
not so much in the belief that the levels represented the
true behavior of the configurations, but in the hope that
the relative Spacings might be useful to spectroscopisis.
If two Eta values are subtracted from one another, for g
particular value of FQ and Zeta9 the Eta expresgsion re-

duces to

wj-

AE = AEta((F2/0006)2 + (zZeta)?) .

Pigure 17 was initiglly constructed under the premise that
the theory of Hund (30), previously mentioned, was operable.
That is, levels of the same J should not cross. As was
previously stated, calculations for the jj limit of both
configurations showed that the Eta =21 level of the f8

configuration should have a single J =0 term, and the
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- Eta=17.5 level should have J-values of 1, 2, 3, 4, 5, and
6. For the f6 configuration, J-values of 0, 2, 4, and 6
should terminate at the Eta =21 levelp and 34 J=values
from O to 10 should terminate at the Eta=17.5 level.
Calculations at the LS limit showed‘the following terms

present, in decreasing order: TS©9 1D29 ﬂGﬂp 3PO g o9
: 9 9

1169 3F293949 and 1H5o Then there were a group of terms
which were not plotted including, 1..G49 either 3P or oH,
1D29'3F29 and a closely spaced group which included a 3PO
level which was plotted. Since the 1SO term was highest,
it was‘assigned to the Eta=21 level for both configura-
tions. The Tng 1G49 and 116 terms were aséigned to the
Eta =21 level for the f6 configuration and the Eta=17.%
level for the f8 configuration. This left only the 3? and
3F termgs for assignment, because the 1H5 levél could be
designated for Eta=17.5 on both sides of the figuieo The
lower 3PO level was not chosen for assignment initially.
The first hint of a problem was encountered when.the next
highest J:zb level was plétted.for the Zi values for which
the computations were performed. For the fg ©onfigurati@n
at 21 =0.5, a J =0 level was ld@ated‘slightly bel@@
Eta=17.5, but for 2i=0.75, a J:%Q level was found
slightly above Eta=17.5. Recalling that this level cannot
acceptza Jd=0 term in thé jd 1limit, this meant that if |
this level arose from the *p term, it had to make an ex-

tremely sharp turn downward past Zi =0.T75 in order to

terminate at Eta=14. When the f6 ©onfigurati©n‘was



99

e‘:t:a.rn:‘med.,7 the situation was the same because even though
the Eta=17.5 level could accept one J =0 value, there were
apparently two levels in this region. At Zi=0,35, the
values were 18.5 and 18.8, at Zi =0.5 they lay ai; 17.8 and
20,6, and at Zi=0.75 the J=0 levels were found va‘t about
17.6 and 18.7. Clearly, another J =0 level was rising from
a lower Eta value to produce these effects, so the LS limit
calculation was studied for a lower term with this property.
The result was the 3}90 level plotted at the lower part of
Figure 17. This figure shows the way *@l;le d =0 problem was
resolved. By discarding the no-crossing rule, the 1SO level
was terminated at Eta=14, the higher 3130 level was termi-
nated at Eta=17.5, and the lower -P, level was sllowed to
terminate at the Eta=21 level. An alternate choice would
have been to switch the final assignments of the two 3:PO
terzﬁs9 and there are others, depending on which lower J =0
term one wishes to invoke.

On the f8 side of the figure, a similar solution was
obtained. As finally constructed, the J =0 term coming
from off secale and terminating at Eta =21 was drawn as
arising from the lLower of the two 3? termg, but this need
not ne@essarily be the case. The lower 3P level could
terminate at Eta=14 and some still lower J =0 level could
rise to Eta=21. This would produce a glope of the J=0
curve between 0.5 and 0,75 which would not be as steep as
the one shown in the figureo Similar problems with the

J=2 levels and the J =4 levels were solved by assigning
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the 1I) and 3F terms to Eta=14. The J =4 level arising

from the 1@ terms was assigned to Eta=17.5 and the 3F
level to Eta=14. As with the f6 case, other solutions

are possibleg‘and the @hances of this figure being entirely
correct are extremely remote. The method of labeling the
diagrams and levels according to the Russell-Saunders
coupling scheme is merely a convenient @ay of giving the
various levels a name, and nothing else is implied, par—

ticularly on this figure.
Other Configurations

As was stated in a previous section, the free ion
levels for divalent cerium from reference 14 were least-
squares fit and Eta and Zi values were calculated. Eta
values for this configuration were plotted on the‘f2 inter-
mediate coupling diagrsm of reference 20, at a Zi value of
0.122. The agreement hetween the calculated Etas and the
points on the curves was quite good, except for the pre-
viously mentioned prdblem of the 116 level and the WSO
level. The f2 intermediate coupling diagram indicates that
the 116 and BPT levels cross over near this Zi value, so
perhaps the 116 level should have been retained. While
the Eta value of the TSO level did not come very close to
the curve, neither did most of the other data points for
this curve. Overall, the agreement between the Etas cgl-
culated for Ce III and the diagram were good. One par-

ticularliy interesting aspect of the figure is the
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- comparison of the three 4f2 configurations, Ce III, Pr IV,
and Nd V. The 2i value of praseodymium is 0.125, while

that of neodymium is 0.1595 indieating that there is a much
larger deviation from Russell-Saunders coupling between the
tetravalent and trlvalent states than between ‘the trivalent
and divalent statesodl |

| The set of Eta values for the free~ion levels of

Pr III from reference 15 were compared to the 1ntermediate N
'coupllng dlagram of the 3 conflguratlon (47) The Eta |
values were plotted at Zl..O 124, The low=ly1ng data
p01nts seemed to be cons1etently lower than the curves,
averaglng about O 05 Eta units per. 1evel° Thls would :Ln«==
dicate that a slightly hlgher value for F2 would have given
a better flt for the lower levelso On the other hand, the
hlgh levels f1t very mueh better than the 180 level of the
f2 conflguratlon, S0 a hlgher F2 would have 1mproved the |
lower level fit only at the expense of the hlgher levelso
The Z1 value of trlvalent neodymlum 1s O 136, 1ndlcat1ng
ﬁthat the change from trlvalent to dlvalent 1s a larger one
for the f3 case than 1t is for the £2 %ﬂThe dlfference
between the Zi values of the dl-'and trlvalent states of B
ithe f8 conflguration 1s O 011, compared to O 012 for the
Vf3 conflguratlono Thls 1ndlcates that there may be some=
thlng anomalous about the dlfferenee of only O 003 for the{

f2

conf1gurat10n03 On the other hand9 the Zi interval of
the di~- and trlvalent states of samarlum and europium for ‘

the-f6 eonflguratlon is only O 0059 80 there 1s probably
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not enough experimental information tc confirm any kind of
trends with respect.to this parametero Using F2 and Zeta
values estimated from reference 20 for tetravalent pro-
methium (£3), a Zi of 0.169 can be calculated (F,= 355,
Zeta = 1200), and the tetravaient=trivaient difference is

0,033, which compares very well with the f8

0.035, and the £ difference, 0,034.

difference,

To summarizeg the intermediate Qoupling diagrams of
the f6 configuration, and its conjugate case, the f8 con-
figuration have been constructed for ﬁhe mul tiplets belbw
40000 ©m=1 and compared to experimental information. In
addition, free-ion spectra for two divalent cases have been

recalculated and compared to intermediate coupling diagrams

for their respective cases.



CHAPTER VII
CONCLUSIONS

The results of the experiments on reduction of the
lanthanides in CaF2 by electrolys1s and irradiation were
inconclusive,; at best. The fact that the observed absorp-
tion in the visible and near-IR regions matched the pub-
lished spectra indicated that eome reductioﬁ occurred, but.
the fluorescence bands for the divaleﬁt faf.transitions
were net observed, exeepf for gadoliniﬁmo The abeence of
absorption bands for the‘seme traheitions was not particu-
larly surprising, since most of the trivalent absorption
bands which were observed were weak. Almost total reduc-
tion would have had to oecur’in order for some of thevbandee‘
to be observed,'and this‘was»piainly not‘achievedg However,
the fluorescence transitions should have been more easily
observable, in spite of the lower concentraﬁion of the re-
duced ion, because ef the broad,bstrong.ebsorption bands
available for pumping in the visible region; HoWever,
con31derat10n of the absorptlon spectra of the reduced
crystals 1ndlcates that fluorescence ~above about 104 cm 1,
the lower‘llmlt of the study, whould not appear, since for‘
all the crystals except cerium and gadolinium, strong

absorption bands, characteristic of f-d tramsitions, occur

103
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at or below this energy. The ceriumécontaining crystals
seemed‘to be impure or inperfect.dn somebfashion, so the
-.results are not surprlslngo | |
The observed fluorescence of the gadollnlum must also
be consldered in the light of past studleso The ground
state of Gd iII has been found‘to be 4f75d1 (18)0 ~Approxi=-
mate calculations (8) for Gd(II) in CaF, lndlcate that there
is a possibility that the same conflguratlon is the ground
state in the crystal. However, the f8 conflguratlon was
notvobserved in the study;reported by Gallahan918
end in that paper, it was stated thaﬁ the‘lack of observes
tion indicated that this configuration Was_close to the
45754 configuration. Also, when the absorption barids
observed in reference 32 are plotted on. the: same scale as
(8), all the observed bﬂnds fell at the same energleso.
- Divalent yﬁtrlum-should have a 4d configuration, and it
may be argued that this would be sinilar>to the 4£75d1
- econfigurations because of the‘outer d/elecfrong.but'the
.correspondence between~Gd(II) and La(II) spectre¢,(5d1)9
which, by thisrargumentgxshould be even better,yis not as
good as that with Y(II). ” R |
A second possible explanaﬁion might be the mixing of

the'f8

and £7a' configurations by the crystal field. A
study (24) was made of the fluorescence andvabsorption of

- Sm(II) in CaF,, BaF,, and SrF,. Fluorescence from the §DQ-
level on the £6 configuration ;o‘the.ground multiﬁlet was

observed for¢SrF2 and,BaFé a$w44353.and'14374‘em°19
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respee_tively° For CaF29 it was found at 14118 cmﬂ1, indi-
cating a structure-sensitive shift which should not be
found for the shielded 4f shell. This was confirmed by
preparation of two crystals, one 98% CaF, and 2%'SrF2, the

other 98% SrF, and 2% CaF,. In the first crystal, the

2
14118 em™ ! line was shifted by 15 cme1s while in the second
crystal, the line did not move appreeiably‘from the energy
observed in -the pure SrF2 crystal. Also, Zeeman studies
showed that the fluorescence observed in the SrF, and BaF2
crystals were magnetie dipole transitions, while for CaF2
it was electric dipole in nature, whieh is forbidden for
this system for f=f transitionso This evidence indicated
that the fluoreSeentllevel Was appreciably or perhaps pre-
dominantly 5d in character. A similar mechanism might be in
operation for the gadolinium-doped crystals.

Good agreement was found between‘the intermediate
coupling diagrams and the experimental levels for the f6
and‘fs.configurations° It is hoped that these figures will
be an aid in further interpretation of free-ion and solid-
state spectraﬁwhieh have_already been studied, and in
studies 6f higher ionizaﬁion stafes which are still being
carried out. PFurther studies of divalent lanthanides in
alkaline earth fluorides should be carried out on crystals
in which the interfering impurities are known to be absent
or at negligible ceneentrations° Only then can the exper-

imental results obtained in this and other studies be

affirmed or refuted.
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APPENDIX A
OTHER STUDIES

Construction of a Ruby Laser

3

A ruby laser was constructed for use as a light source
for Raman spectrography, with a 2;5=meter,JarrellmAsh
grating spectrograph,énd Poiaroid type 413 infrared-
sensitive film used for detection. The three inch by
4 inch diameter ruby crystal was purchased from Adolph
Meller Co., and was positioned at one focus of an elliptic
cavity. At the other fpcus was an E.G. and G. F x42 Xenon
flash tube for Optical pumping of the crystalol Thé reso-
nant cavity of the laser was forméd by two 99.8% reflect-
ing, dielectric coated spherical mirrorsbof 0.5 moe focai
length. The cell, with eﬁd windows eitherhperpendicular or
at the Brewster angle, containing the liquid to be examined,
was placed within the resonant cévity of the laser, and the
light which was scattered bykthe liquid waé focuséd on the
slit of the spectrograph. |

The elliptical cavity had a major axis of 2% in. and
" a minor axis of 2 inches. It was fabricéted from a split
braés block by laying out the ellipse and, by a trial—-and-
error process, the number of cufs of a lathe which would

remove the maximum amount of stock were determined. A
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honing tool was ground to fit the curve of the ellipse at
the point where excess stock remained. By this mqthod,
the variation of the‘cavity from the true eliipse was re-
duced to about one thousandth of an inch. Three successive
lapping holds for final polishing of the ellipse were made
by filling the cavity with Devcon 101 liquid epoxy. The
first two molds were used with the cavity separated and the
two pieces placed in line. The final polish was»done with
the cavity assembled. During each step, the mold was ro-
tated and changed end-to-end to reduce the residual ridges.
After the final polish, the cévity and the end plates, to
which the crystal and flash lamp woula be attached, were
given a final cleaping by ionic bombardment in a vacuum
systeﬁ, and then coated‘with aluminum by vapor deposition.
A Westinghouse 2 Kﬁ industrial RF generator was modi-
fied to obtain a variable DC voltage source with a maximum
output of about 3000 volts. The variable voltage was used
to charge a 420 microfarad capacitor bank which was wired
so that four capacitances were available, in steps of 105
microfarads. The circuit was completed by a 395 microhenry
aircore choke and the flashtube. To fire the laser, the
capacitor bank was charged to the chosen voltage by the
power supply and the flash lamp acted as open switch pre-
venting discharge of the capacitors. A high voltaée pulse
to a fine wire wrapped around the lamp then ionized enough
of the gas in the lamp to start conduction. The choke was

included in the circuit to give the right discharge rate for
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the lamp-=capacitor combination. The voltage pulse was
obtained by discharge of a capacitor through the primary
of a step-up transformer, with the secondary windings pro-
viding the pulse. The switching of the circuit was accom=—
plished either by a tap key or a thyratfan trigger circuit.

Several configurations of the laser system were tried
to maximize the amount of scattered light incident on the
slit of the spectrograph. One such configuration was the
positioning of the laser on another optical track, with
the sample cell in front of the slit. Light collection in
this case was accomplished by cylindrical or spherical
lenses. A second configuration consisted of a set of 15
flexible fiber optics light_guides arranged around the
sample cell. The opposite ends were then positioned before
the glit, and focusing of the 1light was provided by the
lens system. Since a fairly high pulse rate was required,
the crystal and flash cavity were cooled by flowing N2 gas
through a coil immersed in a dry ice-ethanol bath and then
directly into the flash cavity. To prevent condensation
of water on the cooler components, the whole system was
enclosed in a large polyethylene glove bag. Since the dry
N2 gas was vented directly into the bag, this provided a
very effective barrier to condensation and allowéd the
laser to be triggered as many as 200 times in a reasonable
period.

Reference lines were obtained from an iron arc spectra

which was recorded on each piece of film. After arranging
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the components in what was considered to be the optimum
configuration, the laser was triggered 200 times for two
separate exposures. No lines were ever observed in any of
these studies, except for the excitation line of the laser
and some regularly spaced lines of equal intensity on
either side of the ruby line, which were determined to be
grating ghosts produced by the high intensity of the laser
pulse. In this region;pf the spectrum, the dispersion of
the spectrograph was féund to be about 23 wavenumbers per
mm on the piate, so this should have been sufficient to re-
move the Raman lines of CCL,, which should be displaced

from the ruby line by 218, 314, 458, 762, and 791‘cmw1

(48)9
from the intense clouding of the ruby line. No indication
of lines at these positioﬁs was ever noted. It was finally
determined that inefficient light}eollection or low power

of the laser resulted in the absence of observed spectra.
Self-Consistent Field Calculations

A Hartree-Fock-Slater selfmconsistent atomic field
program (23) was obtained for the purﬁose of calculatiﬁg
the radial electronic_distribgtions for some configurations
of the lanthanide iogso The input to the program consists
of thé nuclear charge of the‘atom or ion for which the
calculation is to be performed,‘fhe charge on the iqn9
trial eigenvalues for each COmpletély or partially filied
shell in the configuration under examination, and a trial

value for the potential in which the electrons move. The
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program is not particularly sensitive to the trial eigen==
values used, and it has been found sufficient to use those
for the neutral atom whiéh‘are listed in referenqé 23 for
each shell. The trial potential is the sum of the nuclear
coulomb potential, the total electronic coulomb potentials,
and an approximation to the electronic exchange_potentialo
This approximation is given by the exchange potential for
a free electrbn.gas whose total electronic charge density
is equal to that of the cdhfiguratiqn under_éxaminationo
The exéhange potential has a total charge-content of plus
one unit, and has a magnitude at any value of r which is
equal to the like-spin charge density at that point. This
is a reasonable approximation at small &alues of r, but for
larger values, it does not approach zero as it should.
Therefore, the_potential is redefined‘for values of r g'ro
so that V(r) = ~2(Z-=N4-1)/r, where Z is the nuclear
charge, N is the number of electrons,‘andvr0 is that value
of r for which the free electran éxchange potential is
equal to w2(Z=-N-+1)/rQo | |

While the program will converge for a starting poten-
tial which is not very selfmconsistent, experiencé has
shown that one cannot go top fai‘° For instance9 the‘poten=
tials given in reference 23, for thevneutfal 1§nthanides

worked satisfactorily for the di- and trivalent ions



114

derived from the same atom, but if the potential for the
adjacent_afom was used, the pregpam would not converge.
Al though thig problem wes not encountered, it ﬁight also
be true that the neutral potential would not be self-
consietent enough if fhe calcu;etien for a highlyécharged
ion was attempted. Avmethod of circumventing this‘might
be to perform the calculation for an intermediate ion, in
order to obtain a starting potential which is closer to
that required for the highlymehe.;ged‘ien° |

Thevprogram requires a vaiue‘for‘the potential at a
specific number of points, usually every fourth point of
the integration mesh. The listiné‘in;reference 23 does
not always contain this many points, since it was truncated‘
as soon as a limiting value weevfeachedo Additional input
cards may have to be added in order to attain the required
number; | | |

The integration and differentiation procedures in the
program are written 1n terms of an 1ntegrat10n mesh, with
the potential functlon, V(r), and the radlal wave function,
n}‘(r),, represented'by their values at the points of the
meshw. The general eperation of theﬂprogram uses a 441
point mesh for the ground S£ate and leWmlying configura-
~tions, but highly excited states are beﬁter represented
" with a 481 or 521 point mesh. The units of the mesh are
Bohr radii, and, in order 'to be able to represent all the
atoms in the perlodlc table on a common scale, the unlts

-are reduced by-a factor called the ThomaSerrml parameters.
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The relation is given by r = uX where

@) Gr/a)?/3 71/
0.88534138 7~ /3

¥
]

"

In the program, the results are displayed in terms of the
X parameter. and a conver51on table is printed to convert
back to regular Bohr radii.

The 441 point mesh is divided into 11 blocks of 41
points each, with:each block consisting of 40 equally
spacedvintervals, AX::OoOO25 units in the{first’hlock and
the interval is doubled in each succeeding blocko. This
allows the potential and radial wave functions to be repre-
sented at closely-spaced intervals’near theunucleus, where
they change rapidly, and at wider distances farther from
the nucleus where they are exponentialiy damped.

Using the starting values for the potential and the
eigenvalues, the.wauefunction‘is generated and the
Schroedinger equation is solved~for‘each orbital in turn
in a subroutine. Then the potential is modified by one of
a number of procedures,;and th‘e‘processis.repeate‘d° ‘When
the test for self—consistency is satisfied, the procedure
is terminated and the output information is transferred to
magnetic tape. Anotherprogram preparesuthe output infor-
mation for display in the format of.reference 23. The
first part of the output;consists of a table for conversion
of the units of the integration mesh to Bohr radii. The

final potential as a function of the integration mesh is
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displayed next, and then the numerical value of the radial
wavefunction for each shell as a function of thevinfegram
tion mesh is given. The display is condensed so that the
value for every fourth point of the integration mesh is
shown. At the start of the listing for each shell, the
configuration for that shell and the eigenvalue_arg given.
The main program does not take the.multiplet structure of
partially-filled shells into account; but corrections to
the energy of each shell for relataivistic and spin~orbit
effects can be obtained by use of another subroutine.

A plbt of the square of the rédial wave functions of
the 4f, 5s, 5p, and 5d shells of divalent gadoliﬂium as a
function of the radius in Bohr‘. wits is displayed in
FPigure 18. The additional nodes of the 5s, 5p and 5d
orbitals betweenvabouf r==O°8:ahd r =0 have not been dis-
played in this f“igure° The indicated ionic rédius of
trivalent gadolinium was given by Dieke (2), and the 90%
of charge point was obtained from integration and summation

of the total charge of each orbital,
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APPENDIX B

SPECTRA OF DIVALENT RARE EARTHS IN
CALCIUM FLUORIDE AND CALCULATION

OF ENERGY LEVELS OF THE £0 AND

f8'CONFIGURATIONS IN

INTERMEDIATE COUPLING
Abstract

Absorption studies of Ce(II), Pr(II), GA(II), Ho(II)
and Er(II) in CaF, were performed from 40000 em™ ! to
900 em™ ! on samples reduéed by 0060 gamma radiation or
solid-state electrolysis. Emission studies weré performed
on electrolytically reduced samples from 40000 cm""1 to
10000 cm_1. In addition to previously reported spectra,
new bands were ébéerved at 27800,'32000, 39500, and |

43000 om™ | for Ho(II), and at 29200 and 32600 em~ ! for

Er(II).. A weak fluorescehce peaking at 15000 cmé1 was
observed in the Gd-doped éfystals. Calculations were per-
formed og»all the available £ coﬁfiguration, free-ion
energy levels of the divalent‘lanthahides in order to
obtain the variation in F, and Zeta with the number of

f electroﬁs. This information was used to propose an

interpretation of the fluorescence of the Gd-doped crystal.

Thevintermediate coupling diagrams for the seven lowest

118
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and seven highest terms of the f6 and f8 configurations

were constructed for the transition from Russell-Saunders

to jj coupling.
Introduction

Survey studies of all the lanthanides in CaF2 have
been reported for reduction by gamma irradiation (8, 9),
and detailed studies of pérticular rare earths have also
been published (10, 11, 12). Some of the divalent lan-
thanides have also been produced.by solid=-state electroly-

2
lanthanide fluoride, is heated to 600-700°C and a DC poten-

sis (6, 35, 39). When a CaPF, crystal, doped with the
tial is applied across the faces of the crystal, reduction
of the dopant to the divalent’staté occurs. Since fluo=-
rides are the predominant charge-carriers in the lattice,
the electrical field probably causes the interstitial
charge~compensating fluorides to migrate towafd the anode,
making the trivalent lanthanides at a divalent cation site
available for reduction (6). The divalent state produced
by this method appears to be stable to ordinary tempera-
tures and wave lengths of light. In contrast, the radia-
-;tion induced coloration is wnmstable, and emission charac-
;teristic of the trivalent lanthanide is observed upon
?warming of the crystal, which frees the holes produced
iduring irradiation. The holes migfate through the crystal
Eénd recombine with the electron at the reduced lanthanide.

ﬁFurthermore, only a small percentage of the lanthanide ions
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are reduced by gamma radiation. The thermoluminescence
which is observed on heating is characteristic of a tri-
valent ion at a cubic site, so only those ions which are
not locally compensated by an interstitial fluoride are
capable of being reduced by this method (9).

Various schemes have been proposed for aid in the
identification of free-ion or condensed phase spectra
which deviate from Russell-Saunders coupling (2, 28), where
the spin~orbit interaction cannot be neglected. Varga and
Asprey (31) have proposed a pair of functions, dependent on
the electrostatic parameter, F2, and the spin-orbit coupling
parameter, Zeta, which give the variations of the energy
levels of the f* configuration from pure Russell-Saunders
to pure jj coupling. These functions have been used to

obtain the intermediate coupling diagrams for the f6 and

£8

configurations.

The present paper involves absorption and fluorescence
studies of some divalent lanthanides in CaF2 produced Dby
electrolylic or radiation reduction techniques. The var-—
‘iation of F2, the electrostatic interaction parameter, and
Zeta, the spin-orbit coupling parameter, with the number of
electrons in the 4f shell has been obtained. The inter-
mediate coupling diagrams for the seven lowest and seven
highest terms of the f6 and f8 configurations have also

been constructed,
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Experimental

Single crystal CaF2 chips were»purchased from Semi-
elements, Ince., (Saxonburg, Pa.). The nominal concentra-
tions of Pr, Gd, Ho, and Er Were 0.1 mole percent, and the
Ce concentration was 0.25 mole percent° ‘Thetunreduced
Ce-doped crystals were unstable to heat and had visible
inclusions. The Prwdoped crystals contained Ce(III) as
an impurity and the Gd-doped crystals contained Eu(III).
Absorption spectra of the orystals before and after reduc-
tion were obtained‘from 40000 em™! to 4000 cm”! on a
Cary 14 spectrophotometer at 77°K, and from 4000 le1 to
900 cm-'1 on a Beckman IR-7 at room temperature° Fluores-
cence spectra of the crystals before and after electrolytic

reduction were obtained on a Farrand spectrofluorometer
from 40000 cm - to 10000 em -1 at 77_Ke Electrolytlc reduos
tion of the crystals was performed in a fashion similar to
that of - Guggenhelm and Kane (39), in a dry argon atmogphere.
Irradlatlon of the crystals was accompllshed at room tem-
perature in a Gammacell 200 (Atomic Energy of Canada, Ltdo)
Co60 source., The erystals were exposed to abtotal dosage

of 2x 106 radse.
Results and Discussion

No absorption bands were observed in the rad1at10n=
reduced Ce-=doped crystals whlch had not been prev1ously

reported (8). Because .of the instability of these crystals



-to temperatures higher than aboutv400°C, no electrolytic
reductions couid be performed. The Pr-doped crystels also
exhibited no bands not previously reperted, as was true for
the Gd-doped crystals, In additienbto thevpreviouslyw
reported bands for Ho(II) in CaFé, additionelpeeks were
observed at 27800, 32000, 39500, and 43000 cm™ ', For the
Er(II)-doped crystals, additional bands at 29200 em” ! and
32000 e were observed in absorption. |

- Fluorescence studieg of the electrolytlcallymreduced
semples yielded & single line at 15000 cm™ for the Gd(IT)-
doped crystal. All others gave only lines characteristie
of the various trivalent ions. This emission coﬁld not

be attributed to Eu(III), Sm(II) or to the f'd configura~
tion reforted by Callahan (18) as the grond state of

Gd III. The free-ion spectra of La III (13), Ce III (14),
Pr IIT (15), Ho III (17), and Yb III (19) have been pub~
lished and calculations, using the program described by
Varga and Asprey (20), wefe performed on the reported
levels of Ce III, Pr III and Ho III to obtain enough in-
formation to construet Figures 1 and 2. Using the velue

of Zeta (-1360 cm‘1) for the f8 configuration from Figure 2,
the value of F2 in the program was varied until the energy
difference be tween the 5D4 level and the average of the

7F4 and 7F5 levels was equal to 15000 cm 10 The value of
F, obtained was 371 cm -1, Wood and Kalser (24) have re-
ported a fluorescence line prevlously attributed to the

5DO level of Sm(II) as being substantially or perhaps
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predominantly of 4 character, and a similar mechanism may
be in operation here, but it would take a study similar to
the one théy performed to determine if this ié the case.
Al so, the presence of other impurities cannot be ruled out.

Intermediate coupling calculations were performed at’
enough values of F2 and Zeta to coﬁstruct Figures_3 through
17. The ordinate for these figures is defined by the
expression

_ F,
E -~ 5708
1

Eta = :
((F,/0.06)% + zeta®)®

where E is the energy of the level, and F2 and Zeta are the

electrostatic and épin—orbit parameters. The abscissa is

0.06 Zeta/Fp
T+ 0.06 Zeta/F2

Z2i =

for positive values of Zeta. For negative values of Zeta,
Zi is defined by the expression

~0,06 Zeta/F,

Zi = :
1 - 0,06 Zeta/F2

since Zeta is negative‘for‘an f shell which is more than
‘half full; As Zi va;ies‘from zero to one, the cbupling
goes from pure Russell—Saunders_(Fé» Zeta) fo 3d (Zeta>>F2)°
The calculated values of Eta were not plotted on the figures
invorder to keepvthem és simple as possible, but good
-agreement was obtained between the figures and experi=

mental values of some levels of Am IV and Pu I reported by
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Conway (45) for the £6 configuration, and for Dy(IV), éf
the f8 configuration, reported by Varga and Asprey (20).
These figures were qonstructed in the hope that they might
aid spectroscopists in identifiéation_of more of the 295
levels of these configurationse. 1
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