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ABSTRACT 
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The electron paramagnetic resonance.spectra (EPR) of the 

.. 239 +3 ground state of Pu in the three-lattices CaF
2

, SrF2 and BaF2 have 

been measured at helium temperatures at frequency :v =:: 9 Gc/sec. The 

observed isotropic spectrum was fitted.to a spin-Hrumiltonian 

. ;;r,. -+ -+ -+ . 
H = g (3 ,Jt • s I + AI • s I 

with S 1 = l/2, I= l/2 and the spin Hamiltonian parameters: 

Pu+3/caF
2 jgj = 1.297±.001 jAj/h[ 239Pu] = 201±2 Me/sec 

+3 
Pu. /SrF

2 jgj = 1.250±.002 IAI /h[ 239Pu] = 253±3 Me/sec 

+3 
jgj 1.187± .004 Pu /BaF2 = jAj/h[ 239Pu] = 306±9 Me/sec 

We have interpreted the measured g-values·using the concepts of inter-

mediate coupling and crystal field J-mixing . 

The free ion ground state of 239Pu+3 (electron configuration 

[Rn] 5f5 ) is a J=5/2 state which splits into a doublet r
7 

and· a quartet 

r
8 

in a cubic crystalline field. We have calculated s
512

, the 4th

order operator equivalent factor using an intermediate coupling ground 
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state wave function. This showed that s
512 

is negative as required for 

the isotropic r7 to be the ground state. 

The observed g-values indicate that there is an appreciable 

amount of crystal field J-mixing. The calculated g-value for the r
7 

doublet neglecting J-mixing is lgl = .70. The amount of J-mixing 

required to fit the experimental data was calculated including the next 

term (J=7/2) which splits into a r
6

, a r
7 

and a r
8 

~tate in a cubic 

crystal field. This in turn allows one to calculate the 4th-order 

crystal field parameter for a given ratio of B~/B~ 
0· 0 

B6/B4 = -.2, we obtain 

Pu+3/caF
2 

0 
-6300 -1 

B4 = em 

+3 0 
-5400 -1 Pu /SrF2 B4 = em 

+3 0 
-4500 -1 Pu /BaF

2 B4 = em 

... 

Assuming 

The true values are most likely with ±25% of the values given. 

+3; +3; . For Pu CaF 
2 

and Pu . SrF 
2 

the most intense EPR s.pectrum 

. +3 +3 
observed was due' to Pu in cubic sites, whereas, for Pu /BaF2 the 

cubic spectrum was always accompanied by a much stronger trigonal 

·.spectrum which was fitted to the spin Hamiltonian. 

H = gil S H S' + g1 (3 (H S' + H S') + All I S' + Ai (I S' + I S') 
. Z Z X X y y Z X X X Y Y 

with S' = 1/2, I = 1/2 and the parameters 

lgll = 1.300±.005 

'!gill = .80±.03 

IA1 1/h = 678±8 Me/sec 

!~1 l/h = 365±15 Me/sec 

(A1 /g1 S = 372±4 gauss) 

(All /gil 8 = 326±13 gauss) 

··~. 

.. 

... 
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A1 /g1 is not equal to All/gil' which again indicates the importance of 

crystal field J-mixing. 
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I. INTRODUCTION 

The energy levels of lanthanide and actinide ions in cubic hosts 

are being extensively investigated by means of their optical spectra 

and their electron paramagnetic resonance spectra. The two main reasons 

for .such studies are: 

a) The cubic symmetry of the lattice allows detailed analytical 

studies of the crystal.field theory and thus provides an opportunity to 

test and extend basic understanding of solid-state processes. 

b) The systems exhibit a wide range of interesting properties, 

the most well-known of which is their potential use in lasers and masers. 

1ihen observing the emission spectrum of an element in one of its 

possible ionization states, we are dealing with the ions in a hot vapor. 

The properties of emission spectra are logically thought to be associ-

ated with what is in very good approximation a free ion. We are inter-

ested in the case of an ion which is placed in a diamagnetic crystal. 

When one pictures the proximity of a paramagnetic ion to the neighboring 

ions, it may see~ quite surprising that the crystal field effects may 

be dealt with as a perturbation on the free ion levels. There is 

experimental eviden~'e that lanthanide and actinide ions retain their 

essential identity even though bound within a crystal. The electronic 

wave function of the ion will be somewhat altered and may even overlap 

with wave functions from neighboring ions. 

'Ideally we should solve the Schroedinger equation for the 

electrons of the entire crystal. This is not yet possible and a first 

approximation would treat a cluster of ions with the paramagnetic iori 
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at the center. But even this complex is relatively difficult to treat 

quantum mechanically. A second approximation in which the conceptual 

approximations are gross, but the calculations can usually be carried 

through; is that of the so-called "crystal field theory". The crystal 

field theory assumes that the paramagnetic ion resides in a crystalline 

electric potential due to the surrounding ions whose charge density is 

assumed to be outside the region of space occupied by the central ion. 

(In its simplest form the crystal field theory assumes the surrounding 

ions to be point charges. ) The crystalline potential or field must 

have the symmetry of the array of its sources and this symmetrymani-

fests itself heavily in fixing the properties of the energy states of 

the ion in question. For this reason, group theoretical methods pro--

vide the most compact techniques for analyzing the problem. 

The effective spin Hamiltonian, which is the approximate 

Hamiltonian used to describe paramagnetic resonance experiments, often 

is in quantitatively poor agreement with the prediction of. the over-

simplified crystal field model. It is the task of the experimentalist 

to determine the appropriate spin Hamiltonian from simple symmetry and 

physical considerations and to measure the values of the parameters. 

The theorist has then the task of interpreting.these parameters. 

In this thesis experiments are described using electron para~ 

magnetic resonance (EPR) to investigate the magnetic properties of 

239 +3 . Pu ~n CaF
2

, SrF
2 

and BaF
2

. The g-values were measured and are 

interpreted using the concepts of intermediate coupling and crystal 

field J-mixing. The hyperfine constants A are also given. Their 

theoretical interpretation is outlined. 

.. ,, 
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Experiments to determine the lQwest electronic energy levels. 

of Pu+3/caF
2 

with spectroscopic methods are not complete. This would 

have allowed calculation of more accurate crystal field parameters. 

These experiments are described briefly in Sec. VI. 
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II. BACKGROUND 

A thorough discussion of the topics related to the defect 

chemi'stry of binary compounds containing a small amount of impurity 

l . . 2 
and their physical properties has been given by Van Gaol and Kittel, 

among others. We shall briefly sketc;h the topics most relevant to this 

work. 

A. The CaF
2
-Matrix 

The alkaline earth halides are ideal hosts for the investigation 

of energy levels of metal ions. They are diamagnetic and hence suitable 

for the investigation of the magnetic properties of the ground state of 

paramagnetic ,ions by EPR. They are transparent from approximately 

9 ]J - .l ]J (1100-100,000 cm-1 ) and therefore well suited for the inves-

tigations of metal ions with optical methods in the ultraviolet, visible 

and near infrared. 

CaF2 , SrF2 and BaF2 all have the fluorite structure w.ith 0~ 

space group symmetry. This·may be visualized as a cubic lattice of 

fluorine in which every other body center position is occupied by a 

divalent calcium ion. Some of their characteristics, as well as ionic 

radii, are given in Table l. 

•· 
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Table lA. Some ~hara3teristics of CaF 2 ~ SrF 2 a~d. BaF 2 (from E. S. Sablsky, except as otherwlse speclfled) -. ., ' -. ·-- '•, -, ..... 

Lattice Constant 
in A 

5.463 

5.799 

6.200. 

Density in g/cm3 

3.18 at 300° K 

3.21 at 40 K 

4.24 at 300° K 

4.83 at 300° K 

Useful Transmission 
Range a 

.125 to 9 ]J 

.12 to ll ]J 

.13 to 12 ]J 

Melting Pointb 

1395 
1450 

1355, l320c 

Some Ionic Radiie 
in A 

2+ 
Ca . 1.00 Sin+3 .964 
Sr2+ 1.16 Pu+3 1.00 
Ba2+ 1.36 0 2- 1.40 
-F 1.33 

Nearest Neighbor 
Distance d in A 

2.365 

2.509 

2.685 

Debye Temp. in· °K 
at 0° K 

513 (350 -1) em 

378 (262 em -1) 

285 (198 -1) em 

Restrahlen Peakb 

-. ~~" 

34 ~ (294 em -1) 

40 jJ (250 em -1) 

48 ~ (208 . -1) em 

Boiline; Point in 

ca. 2500 

2489760 

2137 

ocd 

b Dielectric Constant 
E 

0 

6.76 at 105 cps 

- 7 at 105 cpsf 
6 

7.33 at 2.10 cps 

· (Continued) 
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Table lA. Continued. 

aOptavac (Ref. 4), based on Optavac quality crystals, all polished 100 mm 
thick ±.1 mm. The cut-off point is taken to be that point at which the 
transmission drops to 60% of its maximum value. 

The cut-off in the U.V. is related to the threshold of continuous op
tical absorption at frequency w determined by the energy gap E = hw 
between valence and conduction ~lectrons. In this process a ph8ton i§ 
absorbed by the crystal with the creation of an electron and a hole. 
Electromagnetic waves in an infinite crystal will not propagate in a 
forbidden frequency region defined by (Ref. 2) 

2 2. 2 - 2. 
WT < w < wT + S/£(oo) = w1 . 

Between these 
w1 is related 
length. 

two frequencies, the dielectric constant is negative. 
to the I.R. cut~off, whereas, wT is the Restrahl wave-

bOptavac (Ref. 4). 

cAmerican Institute of Physics Handbook, Vol. 2, pp. 9-24. 
d 
Ref. 5. 

eEff t' ' . d·.' b d. ( IV02- ). l 40 (R f 6) The rad1.' 1.' ec 1. ve 1.on1.c ra 1.1. ase on r = .. e . . 
given are for 6-fold coordination and are not the actual ionic radii 
of these ions in the alkaline earth halides. 

fEstimated from Fig. 19 in Kittel (Ref. 2, p. 152, 3rd ed.). 

'\ 
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Table lB. This table gives the distance of the 50 nearest neighbors, as 
well as the distance df the 68 nearest intersticial voids from a cation 
position in the florite type lattice. The radius r of a sphere with a 
cation at its center containing a total of 

a) 201 cations b) .1001 cations 

is also given. If the center cation is replaced by an impurity ion 
(equalS guest ion), this corresponds to a 

a) . 5 mole % ·, b) .l mole % 

doped "Micromicrocrystal." (All distances are in A units.) 

2+ 
Ca at 

8F- at distance 

2+ . . 
12 Ca at dlstance 

24 F- at distance 

2+ 6 Ca at distance 

6 intersticial voids on 
the 4-fold axis at distance 

8 intersticial voids on the 
3-fold axis at distance, 

24 intersticial voids at· 
distance (on the 201 axis) 

6 intersticial voids on the 
4-fold axis at distance 

24 intersticial voids at 
distance (on the 221 axis) 

a) . 5 mole % 
"Micromicrocrystal" 

b) .1 mole % 
"Micromicrocrystal" 

0 

2.37 

3.86 

4.53 

5.46 

2.73 

4.73 

6.11 

8.19 

8.19 

r=l2.5 

r=21.3 

0 

2.51 

4.10 

4.81 

5.80 

2.90 

5.02 

6.48 

8.70 

8.70 

13.3 

22.7 

0 

2.69 

·4.38 

5.14 

6.20 

3.10 

5.37 

6.93 

9.30 

9.30 

14.2 

24.3 
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B. Trivalent ~-transition Metal Ions in CaF2 

Lanthanide and actinide ions can enter the lattice substitutionally 

* at the alkaline earth +2 site. The local electric field about a divalent 

"guest ion" would, therefore, be expected to be cubic. However, if we 

2+ 
replace a Ca by a trivalent guest ion, it will experience a crystal 

field of different strength and symmetry depending on the location of the 

additional possible charge compensator required because of the electro-

neutrality prin~iple. Density and x-ray diffraction studies of the 

systems CaF
2

-YF
3

, SrF2-LaF
3 

and CaF
2

-ThF4 by Zintl and Udgard1 a~d of the 

BaF
2
-uF

3 
system by D'Eye and Martin8 proved that the concept of substi

tution (this leaves the cation lattice intact) and intersticial anions 

was correct. The composition of the mixed crystals could also be accounted 

+3 . for if the cation lattice were incomplete, for example, 2Y replac1ng 

2+ 
3Ca , with an intact anion iattice. 

The concept of substitution was further substantiated by ionic 

conductivity measurements. 9 Numerous optical and magnetic resonance 

' 
experiments using "dilute crystals" identified several different charge 

compensation mechanisms in alkaline earth halide hosts which depend upon 

growth condition, impurity ion concentration, and thermal treatment of 

the crystaL 

* Since the distribution coeffic~ents for the lanthanide trifluorides in 
CaF are approximately unity,1 it is possible to achieve a fairly . 
uniform concentration of the lanthanide ion in a crystal. Using the 
Stockbarger method as described in Sec. IV-Al, one could obtain a uniform 
distribution of the'impurity ion by continuously changing the "pulling_ 
speed" which determines the rate of the crystal growth.ll For most 
purposes it is not essential to have a uniform concentration and the· 
crystals are pulled at a constant speed. 
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For mixed-crystal formation Zintl and Udgard7 considered that 

the cations in the component 'fluorides should have similar ionic radii. 
. I 

This is not necessarily the case; for example, the BaF
2

/uF
3 

system 

2+ 3+ ·. e · 8 
( Ba = 1. 36 A, U . = 1. 06 A) shows that the UF 

3 
has an appreciable 

solid solubility in BaF
2

, mixed crystals with the fluorite-type structure 

being formed. (The UF
3

-BaF
3 

phase diagram is shown in Fig. 1.) 

Trigonal, tetragonal, orthorhombic and also cubi.c ·symmetry sites 

have been experimentally observed12 for trivalent lanthanide ions in 

CaF2 . Cubic sites arise if the charge compensator is distant enough so 

that its contribution to the local electric field at the impurity site 

is negligible. Fig. 2 illustrates some of the possible charge compen-

sating mechanism for trivalent guest ions in CaF
2

. The most·commonly 

found site is one of tetragonal symmetry (c
4
) in which an additional 

F--ion is one of the six nearest neighbor interstitial sites along one 

of the 4-fold axes at a distance of -:'2.73 A. Trigonal symmetry results 

if the charge compensator F- is in one of the empty interstitial positions 

along the 3-fold symmetry axis at a distance of ~4.73 A, or if a nearest 

2-neighbpr F- ion is replaced by an 0 ion. 

C. Oxidation.States off-transition Metals in 
Alkaline Earth Halides, Radiation Effects. 

The f-transition metal ions can be introduced in CaF
2 

by adding 

the ion in any oxidation state available. For example, we can start with 

the metal itself, or an oxide or chloride of the metal or,' as in most 

frequently done in actinide work, we start with the actinide ion in 
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Fig. 1. 8 
FroDosed UFJ-BaF2 phase diagr.s.m by D' Eve and l"'artir: • 

s1 =Solid solution of UF_3 in Bar,2 (Pinlrish-brown) 

S2=Solid solution of BaF2_ in UF
3 

(purple-black) 
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F-

' 

Tetragonal about [001] 
Trigona I about [11 _1] 

[001) 

[010] 

Trigonal about [111] 
[loo] 

Fit2:. 2. 
Possible tyl')es of char~e corny.Jensa.tion for M+++ /CaF2 • 
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aqueous solution. The impurity ion enters the lattice substitutionally 

2+ 
for Ca but they are usually most stable in the trivalent state. 

Thie is also the most commonly found oxidation for .lanthanide 

ions in aqueous solution or in solid compounds. In the actinide series 

through californium the 5f electrons are more readily removed than the 

4f electrons from the corresponding lanthanide. This is reflected in 

;::::. the multiplicity of the oxidation states displayed by many actinides ih 

contrast to the very strong dominance of the +3 oxidation state in the 

lanthanide series. 

It is difficult to relate oxidation state to the electronic con,... 

figuration with the exception of the discernible preference for the f 0 , 

f 7 and f 14 ·configurations. The dominance of the +3 oxidation state in 

the lanthanide series in aqueous solution or in solid compounds is due 

to a somewhat fortuitous balance of ionization and hydration energy, 

ionization and lattice energy respectively, for the tripositive state. 

The existance of divalent Eu, Yb and Sm has long been known. 

Over the last years it has been possible to stabilize all the divalent 

lanthanides in CaF 2 . ,The reduction of the trivalent to the divalent 

oxidation state has b~en achieved by ionizing, radiation13 ' 14 (x rays, 

y rays, etc. ) , solid state electrolysis15 or alkaline earth m~tal 

reduction. 16 The first well-characterized divalent actinide Am2+ (5f7 

configuration) was reported by N. Edelstein et a1. 17 in CaF 
2

• · The 

3+ 2+ . crystals contain origianlly Am ; Am ~s then formed through "self-

: d" +· " (
243.Am t' .-- 7650 yr). Att t t Am2+ b h · 1 ~rra 1a"~1on l/2 emp s o prepare y c em1ca 

methods had not been successfu1. 18 



-13- UCRL-18922 

The estimated aqueous reduct-ion potentials of the ( +3) I ( +2) 

l f . t . . d h . t. . d. -19-22 coup es or e1ns e1n1um an eav1er ac 1n1 es are 

Es, Fm > -.9 volts 

Md ""-.1 volts 

NO"" 1.2 volts. 

This suggests that it should be possible to obtain the divalent state 

of these elements in CaF2 . The corresponding potential for Sm is -.9 v 23 

and it is difficult to grow Sm'doped CaF
2 

crystals which do not contain 

Sm2+ (see Sec. IV-A4). 
2+ --

Experiments to establish the Es state in CaF
2 

with EPR are in progress in this laboratory. 

24 Divalent uranium· in CaF2 has been reported by Hargreaves but_ 

experiments by McLaughlin25 seem to disprove this. Under the usual 
- - -

growing conditions (strongly reductive) used for preparing U/alkaline 

earth halide crystals, the uranium enters the lattice in the trivalent 

or the tetravalent state or 'mixtures of both. These two valence states 

of U in CaF 2 , SrF 
2 

.and BaF 2 have been investigated by numerous workers 

using optical and EPR methods. 24-32 

239 ' The Pu-doped crystals grown in this work were colorless or 

' 239 +3 violet in appearance (depending ~.-n the concentration of Pu ) and 

·they changed to light blue (formation of a color center) in the case of 

- +3 
Pu. /CaF2 over a period of days. The optical spectra of Pu in CaF

2 
has 

been investigated by R. McLaughlin et al. 33 who fo-Lind that at room tempera-

ture tetravalent Pu and color centers are formed in the crystal as a 

239 ( --result of the decay of the Pu nucleus. Crystals grown with Pu t
112 

= 

24360 yr) changed to light blue within a few days, whereas, crystals 
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with 238Pu (t
112 

= 89 yr) turned deep dark blue within the same 

+4 They also found that no Pu was formed when the crystals were · 

kept at 77° K after bleaching. (Bleaching involves heating the crystal 

to 500-600° C until the crystal has its original color.) Similar radia-

tion effects (formation of the tetravalent state) have been observed in 

34 35 237 6 18 Np-Ca.F
2 

and Cm in CaF
2 

The Np (t
112 

= 2.16 x 10 yr) crystals 

were y-irradiated at room temperature using a 60co source to obtain the 

radiation effects. We have already mentioned that in the case of tri-

valent lanthanides in CaF
2 

y irradiation.converts some guest ions to 

the divalent state. In conclusion, we may say that the solid state 

chemistry of lanthanide and actinide ions in alkaline earth halides is 

quite intriguing and many more experiments are needed to shed light on 

this topic. 

D. The Thermodynamics of Impurity Centers in CaF
2 

We are interested in the relative concentrations of different 

sites at room temperature or below. If there were a thermodynamic 

equilibrium at these temperatures, one would not expect to find cubic 

sites in measureable quantities. The fact that cubic sites are experi;_ 

mentally observed shows that the doped crystals are not in thermodynamic 

equiiibrium at the temperatures we are interested in. However, at high 

enough temperatures the mobility of the fluorine F,... intersticials is 

large9 and we may assume that the concentrations of different sites are 

equilibrium con~entratioris. ·Depending on how fast one cools ("quenches") 

the crystal to a lower temperature, one obtains a crystal whose site 
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concentrations deviate more or less from the equilibrium concentrations 

at this.lower temperature. 

We shall briefly discuss the high-temperature equilibrium con-

ditions'of a trivalent impurity ion in a CaF
2 

crystal which is found in 

both tetragonal and cubic sites. For the tetragonal site we'assume that 

the charge compensator.is a single F- ion (usually designated as 

Tetragonal I). There are other possibilities to form a tetragonal site; 

it is also possible to have different and more complicated combinations 

of site symmetry but their discussion will bring nothing new. The 

equilibrium we want to discuss can be symbolically written in the form 

n(I 
ca ni ca 

. 2+ . 
where Ica represents an i~purity +3 ion replacing a Ca ion, F~ repre~ 

sents a fluorine ion.at an octahedral void and I • F- represents a 
ca 

pair consi ting of an impu:d ty +3 ion and an F- ion located at· one of the 

·. nearest voids (tetragonal site). 

The equilibrium state is characterized by a minimum free energy 

G (isothermal, isobaric conditions). Osiko36 calculated the dependence 

of the relative concentration of ''tetragonal" and "cubic" centers on the 

total concentration of the impurity added and on the temperature in the 

approximation that 

a) it is possible to neglect the change o:£: vibrational energy of 

ions of the crystal lattice on rearrangement of the point 

defects ((6C )T = 0) 
p 

b) it is possible to denote by E
1 

- E
2 

= 6E the difference between 

the potential energies of an F. ion in these two positions. 
1 
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In reality there is the lowest energy state (F. in the inter-
l . 

stitial site nearest to an I and a whole spectrum of sites ca 

with higher energies, corresponding to the gradual removal 

of the F. from the I 
l ca 

However'· all these "exc'i ted" states 

of F. differ significantly from the low one and only slightly 
]_ 

from one another; and it, therefore, is poss,ible to average 

them and to suppose that the F. are distributed over two 
]_ 

energy levels, one close to and one far from an I ca 

6S - 7aS + a2S 
a - 7aS + a2S 

. '-L1E/kT = e ( II-1) 

where A = number of octahedral voids in CaF
2 

crystal 
' .1 

N = total number of I = total number of F
ca 

2+ = number of .Ca 

2+ 
N/A = S Fraction of Ca replaced by I (gives the concentration ca 

of the impurity added) 

n/A = a Fraction of F- whicli at equilibrium occupy interstitial 

sites near to an I ca (a is the reaction coordinate. Eq. (II-1) 

was found by setting aG/aa = 0.) 

For example, a = 0, All F- far away (cubic sites only) 

a= 1, All F- close (tetragonal sites only). 

We obtain the same result by a more direct method which is less 

strict thermodynamically: consider a system in which N = S•A interstitial 

fluorine ion are distributed over two energy levels. Using Boltzmann's 
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Cubic (1-a)N 

liE 

Tetragonal aN 

principle, we obtain 

(1-a)BA aBA 
_,;..A __ ...,._=7 .,..:;BA~+;.;_a-:6-A = SA ( 6-a ) • e -liE/kT ( II-1 I ) 

This can be rewritten to give Eq. (II-1)., 

For a given value of liE we can caluclate a (fraction of tetragonal 

sites) and 1-a (fraction of cubic sites) for different values of B and T. 

liE can be estimated using a model of interacting point charges placed in 

a dielectric medium -vrith dielectric constant £:
0

• For CaF 
2 

we find liE = 

2 
e /E: a = 

0 

-12 (. 6 -1 4 ) R · = 1.22 x 10 ergs ~ 000 em ~ .7 ev for a= 2.73 ~~ , E: . 
0 

Gilvanov eta1. 37 have found liE= 800 cm-l from experimental data 

of Gd +3 /SrF 
2 

indicatl.ng that we can only expect order of magnitude agree-

ment with the electrostatic interaction energy, calculated according to 

2 - 1 
liE= e /E:

0
a (= 5000 em- for SrF2 with £:

0 
= 7.69, a= 2.89 A). This 

.changes the relative concentration by a large factor. 

However, the uncertainties in the value of liE does not change the 

qualitative information contained in Eq. (Il-l), namely 

1) For low impurity concentration at a high enough temperature 

1ve have predominant1y cubie sites 



-18- UCRL-18922 

2) As the impurity concentration is increased, the number of 

tetragonal sites increases. 

3) The total number of cubic sites does. not change appreciably 

as a function of total impurity concentration. 

From an experimental point of view, it is often desirable to 

enhance the number of cubic sites relative to other sites arid according 

to the preceding discussion this could be done by heating a crystal 

just below the melting point (the higher the temperature the higher the 

relative number of energetically unstable cubic sites) and then quenching 

the crystal to r6om temperature or below, thus, freezing in a high tem-

perature equilibrium. If the sample is cooled slowly, it remains 

approximately in equilibrium and we would obtain none or less cubic sites 

than when it is quenched. 

Experiments done with Gd+3/CaF
2 

crystals byFriedman and Low38 

and Sierra and Lacroix39 proved that the number of cubic sites could 

indeed be increased by quenching. However, similar experiments on 

Nd+3/CaF
2 

(Ref. 40) were not successful. 

We have previously mentioned that trigonal sites with F~ charge 

compensation have been observed for trivalent lanthanide ions in alkaline 

earth halide hosts. In the case of CaF
2

, there are eight interstitial 

voids at a distance of 4.73 A to give trigonal charge compensation if a 

F- charge compensator is in one of these voids. These positions. for the 

F- charge compensator should be energetically less favorable than the 

nearest intersticial voids at a distance of 2.73 A and it seems surprising 

that in soine cases the. observed trigonal sites with F- charge compensation 

'· 
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dominate. However, so far we have assumed that the lattice of the host 

is not disturbed when some Ca2+ are replaced with trivalent impurity 

ions of different size. If the trivalent guest ion is smaller than the 

2+ Ca , ·there is a contraction of the surrounding shell of fluorine ions 

which depends on the difference of the two cation radii. This contraction 

will be passed onto the outer shells by the elastic forces. This means 

that the relative energies of the trigonal and tetragonal sites also 

depend on the amount of lattice distortion at the two sites. An approxi-

41 mate calculation has been given by Brown et al. for alkaline earth 

halides, and by Das125 for alkaline earth oxides. Brown et al. have 

calculated a critical radius difference which de~ermines whether tetra-

gonal or trigonal charge compensation is energetically more favorable. 

If the radius difference for a given guest ion in a given host lattice 

is larger than the critical radius difference, one may expect to observe 

trigonal charge compensation. 
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III .. THEORY 

A. The Free Ion 

1. The free ion Hamiltonian 

An atom is visualized as a point nucleus of infinite mass and 

charge Ze surrounded by N electrons, each of mass m and charge -e. The 

' 42-44 nonrelativistic Hamiltonian of such a system is 

N 

. ( P~ _ ze
2
) 

N 2 
H L + I: e (1) = 2m r. r .. 

i=l 1 i>j=l 1J 

In this expression r. is the distance of electron i from the nucleus; 
1 

r .. is the distance of electron i from electron j. The approximation 
1J . 

that is made is that the potential in which an electron moves can be 

reproduced by a function -U(r. )/e. Theapproximate Hamiltonian is, 
1 

therefore, 

N 

H = I 0 

i=l 

(2) 

The Hamiltonian H gives rise to a series of energy levels called con
a. 

figurations which are highly degenerate. For example, the lowest electron 

. . +3 conf1guration of Pu is 

Only the 5f electrons.are not in closed shells. The basic eigenfunctions 

can, therefore, be written as 

, etc. 

... 

.. , 
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The brackets denote a determinental product state. The numbers speci~y 

values of m
1

; the plus and minus signs specify the spin. There are 2002 

different determinental product states. The 5f5 configuration is 2002-

fold degenerate. The degeneracy is partially removed by the perturbation 

potential 

N 

H- Ho = L 
i=l 

·(-ze2 - U(r. )) 
r. J. 

]. 
i>j=l 

2 
e 
r .. 

J.J 

(3) 

The effect of the first summation is to shift a configuration as a whole 

which can be neglected if we are only interested in the structure of a 

_single configuration. Dropping these terms we have 

N 
2 

Hl I e 
= r .. 

i>j=l lJ 
(4) 

If the average velocity of the electron is small compared with c, the 

velocity of light, then the relativistic corrections (due to the non-

-relativistic motion) can be represented by addition~l terms in the non.,. 

relativiqtic Hamiltonian. 45 The most important term can be written in 

the form 

2:. 
-+ -+ 

}{2 = I; (r.)s.•t. 
]. ]. ]. 

( 5) 

i 

where 

I; (r) 
h2 .. au = 2 2 or 

2m c r 
(6) 
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is the spin orbit coupling constant. For the free atoms and ions, the 

combination H
1 

+ H
2 

is usually the largest contribution to the perturba

tion potential. Under the influence of H
1 

each configuration is broken 

up into LS terms. For example, the 5f5 configuration gives rise to 73 

46 terms, namely 

2 (PDFGHIKLMNO) 
457675532 

4 (SPDFGIKLM) 
2344332 

6 (PFH). 

The number of times a given state appears is given below the letter 

indicating the orbital quantum number L. The number outside the bracket 

gives 28+1. In order to separate the different terms possessing identical 

LS lables, they may be further classified according to the irreducible 

representations of the seven-dimensional rotation groupH
7

. For our 

purposes, it is sufficient to use the classification described by Nielson 

and Koster47 who simply numbered the states with identical LS labels 

4 4 (e.g. , Pl, P2). Finally, H
2

, the spin orbit interac.tion will split 

each term into J levels. 

For light atoms (H2 << H1 ) we need only consider diagonal matrix 

components in a scheme of states labeled by SL~~. In this case, a given 

term will be split by the spin orbit interaction into a close group of 

levels characerized still by S and L to a good approximation and dis-

tinguished by a different value of J (Russell-Saunders coupling). 

. ~ 



,ii 

-23- UCRL-18922 

For heavy atoms with 1arge spin orbit coupling constants, we 

have to include off-diagonal matrix elements in a scheme of states 

labeled by SLJM. The resulting levels are distinguished by different 

J values but now contain admixtures of all LS t.erms with the same J value. 

This is the so-called intermediate coupling scheme in w};lich the eigen-

' vectors are given as 

I JM ) = L (JMI LSJM) I LSJM ) 

LS 

+3 For example, the ground state for Pu using the intermediate coupling . 

h 
. . 48 sc erne lS 

I J=5/2 > 6 = .81 H512 
4 . 

. 31 Gl5/ 2 
4 .38 G25/ 2 + •.• 

The direct method is to label columns and rows by the determinental 

product states, evaluate the matrix elements of H
1 

+ H
2 

and solve the 

secular determinant. This procedur~ is feasible for only the most 

. . +3 
elementary configuration. ·In the case of Pu , for example, 2002 x· 2002 

~ 4 106 .. = x matrLX elements have to be evaluated, which is close to 

impossible. 

Only the introduction of Tensor Operator Technique by Racah 49-52 

' 43 
permitted calculation of the matrix elements'. Judd has made an ex:ten-

sive review of t~e application of these methods to the fn configuration 

and we shall consider only the main results of the theory. 
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2. Brief review of Tensor Operator Technique 

An irreducible tensor operator of 

as an 
(k) 

operator T whose 2k+l compo_nents 

rank k is defined.by Racah50 

T (.q=-k,- k +1, ... k) 
q 

satisfy the same commutation rule with respect to the angular momentum 

J as the spherical harmonic operators Ykq" For k=l we have 

T(l) ;;,:-A (T ± iT )· T(l) = T-
±1 V2 X y ' 0 z 

( 7) 

We see that J is a tensor operator of rank 1 (a vector) with components 

-J +/J2, J _/ /2, J z. 

The perturbing Hamiltonic H
1 

(Eq. 4) can be expressed in Tensor 

operator form and the evaluation of. the matrix elements would be made 

possible if one had a procedure for evaluating the matrix elements of 

tensor operators. 

The m dependence of the matrix elements of T(k) in the jm scheme 
q 

is given by the Wigner-Eckart theorem53 as (~ refers to any additional 

. quf,l.ntum n"Llmber required to specify the states) , 

(a.jmjT(k) Ia' j'm 13 = A(jm,kq ;j 'm') 
q 

( 8 I ) 

where A is independent of m, m' and q. · The coefficient on the right is 

simply a VC coefficient (Vector Coupling coefficient, Clebsch-Gordon 

coefficient); on converting it to a 3-j symbol and expanding the descrip-

tion of A, we get 

.. 
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(ajmiT(k) Ia' j 'm') = (-l)j-m ( j k j') (aJ'IIT(k)lla'j') 
-m q m' (8) 

The final factor on the right is called a reduced matrix element; it is 

almost invariably determined by using Eq. (8) together with one explicitly 

calculated matrix element which is .usually done for the simple choice 

q=O, m'=m. 

( 
\. j2 ,j3) 

The 3-j symbols · . are tabulated together with 
. ml m2 m3 

review of their properties in the tables of Rotenberg et aL 54 

a general 

For 

example, the 3-j symbol ts zero unless m
1

+m
2

+m
3 

= 0 and the triangular 

condition is satisfied. From these restrictions for nonzero symbols, 

we see that Eq. (8) has nonzero matrix elements only if 

j + j' ;;;.k ;;;.lj- j'l and m-m'.=q. ( 9) 

In the case of H
2

, and as we shall see later, H4 and H
5

, we have 

a Hamiltonian that operates on different·parts of a system. For example, 

+ + 
in H

2 
(Eq. 5) s. operates on the spin space, whereas, l. operates on the 

1 1 . 

orbital space (equals coordinate space) . For such a case, we need matrix 

elements of a tensor product. The theory and calculation of the matrix 

elements of mixed tensor operators has been discussed by Judd43 (Chap. 3) 

and Wybourne (Chap. 2). We shall use the results given in these references 

and refe~ directly to them. 
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3. Electrostatic.interaction in fN configurations 

The matrix elements of the electrostatic interaction within the 

fN configuration have been calculated in their entirety. 47 The matrix 

elements are normally written as a.· linear combination of Slater radial 

integrals Fk 

I k nf) E = 'f F (nf, k ( 10·) 

k 
k ' 2 

Fk e1J r< 
[Rnf ( r i )Rnf(r j ~ = dr. dr. k+l l J r> 

(11) 

0 0 

and k=0,2,4 and 6 only. R f is the radial part of single electron 
n. . 

eigenfunctions. The fk's are the coefficients of the linear combination 

and represent the angular part of the interaction which is given in terms 

of 3-j and 6-j symbols. Essentially this is an integration over Legendre 

functions. 
,, 55 

These have been worked out and tabulated by Gaunt. A more 

. 42 
accessible table of results may be found in Condon and Shortly. The 

matrix elements are usually written as 

3 

E = ~ (12) 

k=O · 

where the ek's are the angular coefficients which are rela~ed to the.fk's 

of Eq. (10), and the Ek's are linear combinations of the Slater integrals 

Fk (Eq. ll). 

In conclusion, under the influence of H the fN configuration 
1 

is broken up into LS terms whose energy is given in terms of the 4 parameters 
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E0 , E1 , E2 and E3 . The effect of configuration interaction can be 

44 
included by introducing additional parameters a, S, y •. 

The electrostatic energy matrix is diagonal in S and L but there 

are off-diagonal matrix elements between states with the same S and L 

but different a's. Consequently, the electrostatic· matrices will have 

ranks equal to the number of states of a given SL-that occurs ih the 

configuration. 

4. The spin-orbit interaction 

To calculate the free ion energy levels of a lanthanide or 

actinide ion we must include spin-orbit, spin-other-orbit, spin-spin 

and similar. interactions .. Spin-orbit is by far the predominant inter-· 

action. The term to be added (H
2

) has already been given (Eq. 5) which 

is already in tensor operator form. The ~-dependence of thematrix 

. 44 
elements is (Eq. 2-l06,Wybourne ) 

N 

I 
i=l 

o(M,M') o(J,J') z:; (-l)J+L+S' [1.1' l} 
nf {S'S J 

N 

x (fNaSLI L 
i=l 

(;. ·1.) I fNa'S'L') 
l l 

(13) 

The matrix elements are diagonal in J and M which follows from the fact 
I 

that H
2 

commutes with H
0 

+ H1 . H
2 

does not affect the spherical symmetry 

of the ion and J is, therefore, still a constant of the motion. z:;nf is 
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the spin orbit radial integral (to be treated as a parameter) 

defined as 

c;nf = 
00 

J 
0 

2 
Rnf~(r)dr 

UCRL-18922 

(14) 

From the triangular conditions of the 6-j. symbol, it follows 

immediately that the selection rules for L and S 1are liS, liL=O, ±1. The 

matrix element to the far right .of Eq. (13) is proportional to thematrix 

elements of v11 which have been tabulated for all fN configurations by 

Nielson and Koster. 47 

For lanthanide and actinide ions the spin orbit splittings are 

in general not small compared to the separation of the LS terms. There-

fore, in order to get the free ion energy levels, the perturbation matrix 

of H1 + H2 has to be simultaneously diagonalized for each J level. For 

+3 5 example, for Pu with an f configuration, the J=5/2 matrix is of rank 

28, the J=7/2 matrix is of rank 30, etc., which is easily checked. (All 

73 LS terms for the f 5 configuration have been given before in Sec. III-Al.) 

B. Crystal Field Theory 

1. Preliminaries on group theory 

When an atom or ion is located not in free space but in a crystal, 

it is subjected to various inhomogeneous electric fields which destroy 

the,; isotropy of free space. Thus the symmetry group is. reduced from 

that of the full three-dimensional rotation group R
3 

to some finite crystal 

field point group. This reduced group allows the originally irreducible 
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representations of the fUll rotation group ·based on spherical harmonics 

to be reducedwith respect to this subgroup. This reduction in the 

dimensionality of.the irreducible representations causes the degeneracy 

associated with complete rotational symmetry to be lifted. Hence, the 

free ion energy levels are split by the crystalline electric field. The 

. complication of double-valued representations ·introduced by half integral 

·' 
J values can be taken care of by introducing the concept of crystal 

double groups. As first pointed out by Bethe, 56 the degree of residual 

degeneracy is determined from the symmetry by group theory with ultimate 
. . 

accuracy, since no perturbation approximation is involved. 

As an example, the representations of the first few J .. values in . 

. a cubic crystal field are given in Table 2. 

Table 2. Crystal field states for various angular momentum states. 

J = 0 -+ rl J = l/2 -+ r6 

J = l -+ r4 J = 3/2 -+ rs 

T = 2 -+ r3 + r5 J = 5/2 -+ r7 + rs. u 

J = 3 :+ r + r4 + r5 J = 7/2 -+ r6 + r7 + T8 2 

J = 4 -+ rl + r3 + r4 + r5 J = 9/2 -+ r6 + £ rs 

The character table for the cubic double group is given in Table 3, the 

characters of the J-th representation in the three-dimensional rotation 

group are given by XJ(<jl) = sin (J+l/2)<jl/sin (<jl/2). A rigorous treatment 

of the,g:roup theory involved can be found in Tinkham53 or Hamermesh.57 · 
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Table 3. The character table of the cubic double, group. 

O' E R sc
3 

8RC
3 

3C2+3RC2 6C
2

+6RC2 6c4 
6Rc4 

rl 1 1 1 1 1 1 1 1 

r2 1 1 1 1 1 -1 -1 -1 

r3 2 2 -1 -1 2 0 0 0 

r4 3 3 0 0 -1 -1 ( 1 1 

r5 3 3 0 0 -1 1 -1 -1 

. r 6 2 -2 1 -1 0 0 2 -2 

r7 2 -2 1 -1 0 0 :...2 2 

rs 4 -4 -1 1 0 0 0 0 

Several interesting facts emerge from such simple calculations. 

For example, it can be seen that the free ion levels with J <;,3/2 are not 

split in a cubic crystal field. Also.for .J <;, 4 no irreducible representa-

tions of the cubic double group occurs more than once. This means that 

within a constant J manifold, the eigenfunctions in a cubic field are 

determined by symmetry alone, independent of any detailed description of 

the perturbing field. For example, for a J=9/2 manifold in a 
c 

or a J=5/2 manifold in trigonal (c
3
v) symmetry (J=5/2 ~v £f4 

cubic field 

* +f5+r6), 

we observe that one representation occurs more than once. Therefore, the 

eigenfunctions are not determined by symmetry alone and they cannot be 

. given without a knowledge of the crystal field parameters which describe 

the details (magnitude) of the·crystal field. 

*The notation is that of Koster; 58 note that the dimensionalities of the 
representations of the c

3
v group are different from the ones in Table 1. 
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2. The crystal field Hamiltonian 

Group theory is very useful in providing the number of crystal 

field levels, symmetry-adapted wave functions (for J <;;;;; 4 in cubic sym-

metry as discussed in the preceding paragraph) and rigorous quantum 

numbers. But it cannot provide information concerning the positions of 

energy levels .. To get beyond qualitative results, it is necessary to 

have a more specific knowledge of .the crystalline field. As a first 

approximation, the presence of the surrounding atoms and ions can be 

allowed for by assuming their effect to be purely electrostatic. If 
. ' . 

V(r,8,cp) is the electric potential produced by this complex system of 

atoms or ions, the contribution to the Hamiltonian is 

V(r. ,e. ,<fl.) 
1 1 1 

(15) 

where the sum extends over all the electrons of the central ion. We are 

normally concerned with the sum over.electrons in unfilled shells only 

since the crystal field does not affect the closed shell (L=O) in first 

order. 

It is usualy to expand the potential in terms of the tensor 

operators C ( k) 
q 

1/2 

(2~:1) Yka (e.~) 
.. ( i qcp x Pq cos 8) e · 

k: 

1/2 
= (-1) q ((k-g)'] 

(k+q)! 

(16) 
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to give 

H3 = I (17) 

k, q,i 

As will be seen, the number of terms in this series that need to be 

considered is often quite small. The constants Bk can be.treated as 
q 

adjustable parameters. When the structure of the crystal lattice is 

known, they can in priciple be calculated. Group theory is again of 

assistance in limiting the SU1JII!lations in Eq. (17). For example, within 

an lN configuration, matrix .elements must--after decoupling--reduce to 
I 

expressions involving single-particle integrals <11 jYk j11 ) . The 
z 'q z 

spherical harmonics are the basis functions of the 2k+l dimensional 

representations of R
3

. In order for such an integral to be nonzero, the 

direct-product Dk x Dt must contain the representation Dt. But the 

reduction of such a product repr~sentation is just the familiar vector

coupling result: Dk x Dt =·Dk+t + ... + D(k~.Q,) •. ·.Therefore, k+t;:;;. t;:;;. 

jk-tj or 0 ~ k ~ 2L For f-eleetrons t=3 and the sum in Eq. (17) can 

be limited to k=0,2,4,6. [The integral vanishes if Yk has negative 
,q 

parity. This restricts k to even integers.] 

We have just restated the Wigner-Eckart theorem in a less general 

form. We would have obtained the same results using the selection rules 

for a Tensor operator (Eq. 9). 

The k=O term is usually neglected since it shifts all levels 

equally within a configuration. In magnitude it is the largest of all 

the terms and the most important one for lattice energy, heat of solution, 

·~ 
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and other thermodynamic properties. Further restrictions are placed on 

the summations by the requirement that the Hamiltonian must possess the 

synnnetry of the ion site. The proper linear combinations of spherical 

harmonics for a given site synnnetry are most easily found by performing 

an expansion in spherical harmonics of a simple charge distribution pos

sessing the required synnnetry. 59 For cubic symmetry with z=four fold 

axis, Eq. (17) reduces to 

H3 = B~ t C ~4) + V5ii4 ( C ~t) + C~ 4 ))] 

+ B~ [ c~6 ) - \f7i2 ( c~~) + c~6 ))] (18) 

As indicated B4 and B6 are adjustable parameters. A successful fit of 
0 . 0 

the experimental data (optical absorbtion~ fluorescence, par~agnetic 

resonance) in terms of these two parameters merely reflects a correct 

choice of syrrnnetry. k .The relationship between the B 's and the corrnnoner 
q 

A~ ( rk } have been given by Wybourne. 44 For c1.1.bic symmetry:. 

For a pure J=5/2 state, the sixth order term is zero. 

3. Evaluation of crystal field matrix elements 

First we have to decide what representation we want~ to choose 

for the unperturbed wave functions. In ions of the d.;...transition groups 
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the crystal field interaction H
3 

is comparable or larger than the coulomb 

interaction between d electrons and much larger than the spin-orbit 

interaction H2 ~ In this case, the natural choice of zero-order wave 

functions are properly antisymm~trized d-orbital functions. This choice 

leads to matrices diagonal in the crystal field interactions and it is 

also relatively easy to include corrections due to covalent bonding. 

The disadvantages lie in the calculations of electrostatic and spin-orbit 

interaction terms which are not diagonalized in such a scheme. 

The alternative approach, better suited to lanthanides and 

actinides in crystal matrices like alkaline earth hali.des for which crys"'" 

tal field interactions are smaller than the principle interactions of 

the free ion, uses as zero-order functions the free ion eigenfunctions 

in the SLJJ representation. For the calculation of the matrix.elements 
z 

we can choose from three methods. 

a) The direct integration which is far too tedious to be used 

in practice. 

b) 
. 60 

The use of Steven's operator equivalent method eliminates 

the need to go back to single-electron wave functions by the use of 

operator equivalents consisting of angular momentum operators which act 

on angular part of the wave func~ion of the coupled system. .The operator 

equivalent Hamiltonian is then 

H3 L z;;q 
~ 

( rk ) og_ 2: *Bq g_ 
(17*) = = ok k k k 

k,q k,q 

where z;;k is the reduced matrix elements a,B,y for k=2,4,6, respectively, 
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q, 
and the Ok s are angular momentum operators. For cubic symmetry this 

reduces to 

H3 = *Bo 
4 ( o~ + 5 ot) + *Bo 

6 (o~-- 21-o~) (18*) 

where *Bo 
4 and *Bo 

6 are adjustable parameters defined as 

*Bo 0 4 = A4 ( r ) ( 1jJ Jll Sll1jJJ ) . 4 

(19*) 

*Bo 
6 = A~ ( r 

6 ) ( 1jJ Jll yll1jJ J ) 

Within a constant J-manifold, matrix elements are easily found using the 

. . 59 . . . . 61 
.tables of Hutchings. .Reduced matrix elements have been tabulated 

for the ground and first excited 1-S states of the rare earths. This 

·approach is convenient for cases where. the deviation from Russell-

Saunders coupling is small. 

c) The matrix elements are more directly calculated using the Tensor 

operator technique as described in Sec. III--A2. The matrix elements of 

H
3 

(Eq. _17) using a LSJJz representation are given by 44 

(fNaSLJJzl L 
k,q,i 

= .L ~ (fN<:SLJJziU~k),fNa'S'L'J'Jz')(f!IC(k)llf) (20) 

k,q 



-36- UCRL-18922 

where 

(21) 

The matrix elements of the tensor operator U(k) are diagonal in the spin 

S and are readily evaluated
44 

= ( -1) J -J z ( J .k J .I ) 
-J.q J I 

?: z 
(22) 

x (-l)S+L
1

+J+k ([J,J 1 ])
1/ 2 {~~ ~~- ~} (fNaSLIIU(k)llfNa 1 S 1 L1 ) 

The reduced matrix element of U(k) are tabulated47 as well as all the 

3-j and 6-j symbols. 54 The selection rules are easily obtained from the 

triagnular condition of the n-j symbols. For example, for a cubic crys-

tal fie.ld with z=4-fold axis, we have 

t::.J = 0,± 4 
z 

J + Jl ~ k ~ J ..., Jl 

L + L I ~ k ·~ L - L I 

and obviously t::.s = 0. 

with k=4 resp. 6 (23) 

II 

Whether the effect of the crystal field can be treated by lst-

order perturbation on the free ion levels depends on the relative size 

of crystal field--and spin-orbit splitting. In the case of Pu+3 in CaF
2

, 

the crystal field splittings are not small enough to get accurate results 

, 
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from ~ lst-orde:r:- perturbation calculation. The. correct procedure would be 

to diagonalize for H
1 

+ H2 + H
3 

simultaneously; but the ranks of the 

corresponding matrices are too large and the diagonalization is not yet 

feasible.· The effect of the crystal field in second-order is to mix 

levels with different J values. The procedure used inthis .thesis to 

account for crystal field J-mixing will be discussed later~ 

4. Inadequacies of the crystal field theory 

The crystal field expansion used in Eq. (17) has been quite sue-

cessful in describing the observed crystal field splittingas long as 

;the coefficients· of the expansion are treated as phenomenological parameters. 

JAssumin~ a point charge model, the crystal field has been calculated for 

CaF2 by Bleaney, 62 i~cluding p~ssible polarization-effects when a trivalent 

ion occupies a Ca2+ position. The so-calculated crystal field parameters 

are an order of magnitude smaller than the values obtaiJ:led from experi-

mental ~ata. Similar discrepancies are observed for other crystal matrices. 

. 63-65 Several attempts · have been made to explain the discrepancies of the 

electrostaticmodels in terms of po~arization of the outer ns2 np6 shell. 

Configuration mixing of the form 

.· . . 

have been considered by Rajnak and Wybourne66 and Freeman and Watson. 67 

68 Further refinements of the' electrostatic model have been made by Burns 

who considered the calculation of the ~ values using the extended nature 

of the charge distribution of the ions surrounding the ion in question .. 
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All these calculations remove some of the discrepancies between the cal

culated and experimental Bk 
q 

However, as was pointed out in the introduction, an electrostatic 

model, however sophisticated, is not really physically significant. The 

commonly-made assumption that there is no overlap of the central J.anthanide 

or actinide ion with its surroundings cannot be justifi-ed. The existence 

of vibronic transitions in rare earth crystals shows that the electronic 

motion of the rare earth ions is coupled to the vibrational modes of the 

lattice. Ligand hyperfine 

2+ 
(Ref. 69), Eu /CdF2 (Ref. 

. 
. 2+ 

structure has been observed for Eu /CaF
2 

+2 - +3 
126), Trn /CaF

2 
(Ref. 70) and Gd /CaF2 

(Re·f. 71) indicating covalent bonding involving 4f electrons. The inter-

action of actinide ions with the nuclear magnetic moment of the fluorine 

nuclei is even larger and it should be easier to resolve the superhyper

fine structure in EPR experiments. For. u+3;caF
2 

ligand hyperfine struc

ture was observed by Bleaney27 already in 1956. The EPR.spectrum of 

+3 Pu /CaF2 shows well-resolved superhyperfine structure (see Appendix A) 

which indicates covalent bonding involving 5f electrons. 

The most obvious extension is to treat the lanthanide or actinide 

ion complex from the point of view of molecular orbital theory. In the 

most general case, MO theory includes the interaction of all the nuclei 

and electrons of the solid. For practical purposes, the MO description 

must be restricted in its development. Due to the complexity of the 

problem, no quantitative MO calculations are available on f-transition 

metal ion complexes at this time. 
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Eisenstein et a1. 72-:-74 have discussed octahedrally-coordinated 

actinide complexes from this point of view. Further discussion of co-

valency effects in f-transition metal ions can be found in Refs. 75-79. 

:A discussion of f orbitals is given in Refs. 80-82. 

C. Zeeman Effect 

1. The effect of an externally-applied magnetic field. 

The magnetic interaction between an N-electron system and an 

exter~ally-applied magnetic field cah be written43 

N 

H4. = L s· ;tc. (ti + gs;i) = s J(. ( 1 + gss) (24) 

i=l 

+ -
where Jf is the d.c. magnetic field and S = eh/2m c is the Bohrmagneton. 

. e 

g = 2.00023 is the free electron gyromagnetic ratio. 
s 

For lanthanide or actinide ions we usually have the inequality . 

H
4 

< H
3

, H
1 

and H4 can be treated as a perturbation on the energy levels 

whose eigenfimctions are of the type I fN S L J rR t ) where t distin

guishes the various functions that together form a basis for fR. 

If there is any deviation from LS coupling or if there is any 

crystal field J-mixing, the eigenfunctions can no longer be specified by 

LS and J. For a discussion of the Zeemann effect this is immaterial as 

long as only H
4 

<< H
3

, H
2

, H
1

• Of course, in the actual calculations of 

g values, deviations from Russell-Saunders coupling and crystal field 

J-mixing will have pronounced effects. 
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As.an example, let the symmetry at the nucleus of the ion in 

question be cubic; I'R denotes then an irreducible representation of the 

cubic double group 0 1
• Suppose we want to find the effect of an exter-

nal magnetic field on a doublet r6 . The two eigenstates JS'=l/2 Ms=±l/2) 

form a basis for the irreducible representation r
6 

of 0. The two bas{c 
I 

functions for any other doublet of the type r6 can be chosen to be in a 

one-to-one correspondence witb the components Ms=±l/2. Since r6 occurs 

#,+ + 
only once in the decomposition of r4 X r6 [8 Jt(L+2S) transforms like an 

] ;t, + +) axial vector which belongs ta. r4 , the matrix elements of S cK(L+2S. can 

be reproduced by g'~S 1 operating between the states for which Ms=±l/2 

where g' is a constant. This shows that the splitting produced by an 

external magnetic field in a doublet of the type r6 is independent of 

the orientation of ~ realtive to the cubic axis. 

We are more familiar with a similar result in the case of the 

fr~e ion. The states J,MJ . form a basis .for the irreducible repre-

sentation DJ of R3. An axial vector transforms like D
1 

and D1 
X D 

J 

contains in its composition the representation DJ once. Thus, the matrix· 

+ + 
elements of L+2S must be proportional to those of any other vector. Since 

our states are labeled. by J, it is very convenient to choose j for this 

role: 

= g 8 J{' J ( 25) L z z 
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'I 

The proportionality constant gL is called the Lande g-factor and 

depends op the detailed nature df the states. (Line 2 of Eq. [ 25] follows 

because we are free to choose J:c = 'JC for the free ion. ) 
z 

In the case of r 
8 

state the states IS 1 =3/2 ,M~ ) form a basis 

for r8. But in this case we have r4 X ~8 = r6 + r7 + 2f8. r8 occurs 

twice in the reduction f4 X f8 and We need tWO independent Sets Of func

tions involving 8 1 that transform according to r
4 

in order to reproduce 

the effect of H
4

. A possible f~rm for the spin Hamiltonian is37 

H4 = s J( ( gS I + fS I 3 ) + s J( ( gS I + fS I 3 ) 
X X X y y y 

+ s j( ( gS I • + fS I 3 ) . 
z z z 

(26) 

.This means that the splitting of a r
8 

state in an external magnetic 

field depends on the direction of the magnetic field to the cubic field 

axis. 

In the case where H4 has the same order of magnitude as H3 

(examples are the S-state ions which have extemely small crystal field 

spiittings) the site symmetry is that of H. + H4 3 
combined and we have to 

take account of the Zeemann admixing of crystal field states. It is 

also possible that although H4 « H
3 

two crystal field levels with 

6J ~ 1 are accidentally close together, in which case it is also possible 

to have Zeemann admixing of crystal field states. 
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2. The evaluation of the matrix elements 

Vle start by noting that H4 . (Eq. 24) commutes with 12 and s 2 and, 

therefore, all nonvanishing matrix elements must be diagonal vri th respect 

to S and L. Using a IS1JJ ) quantization scheme, we get for the J 
z z 

de~endence of the matrix elements from Eq. (8). 

-+ -+ l 
(aS1JJ 1(1 + g S) iaS1J'J ) 

z s q z 

x ( aS1JU 1 + g sll aS1J' ) 
s 

J-J 
= ( -1) z ( J l J') 

-J q J z - z 

(27) 

where q=O,± l. The r~duced matrix element has been calculated by Judd: 43 

where 

(c(SLJIIL + g sllaSLJ') = (-l)S+L+J+l ([J,J'])l/2 
s 

~'J 
J'l 
s J 

(a111LIIa1) + gs(-l)S+L+J'+l ([J,J'])1 / 2 

(aS II sll as) 

(a1ll1llaL) = [1(1+1)(21+1)] 1 / 2 

(aSIISI!as) = [S(S+l)(2S+l)] 1 / 2 . 

(28) 

-+ -+ 
The matrix elements of the components of L + g S that are diagonal in J 

s . 
-+ are easily calculated by finding the matrix elements of gJ where 

= J. + (.~. _ J.·) J(J+l) + S(S+l) - 1(1+1) 
g -s 2J(J+l) (29) 
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the well-known Lande g factor which is obtained by ~omparing the matrix 

~ ~ ~ 

elements ofL + g S with those of gJ~ 
s . 

Lande g val~es g!.,(J) and g(·J,J+i) -vrhich connects ground level 

and first excited level have been tabulated by Elliott and Stevens
61 

for 

tripositive lanthanide ground state terms. 

D. JiY.Jlerfine Interaction 

l. Nuclear moments. 

The energy levels of an atom or ion whose electrons are moving 

in a pure central field are eJ tl) -fold degenerate. This degeneracy may 

be removed not only by an external non-central field but also by the 

'<. 

interaction of the electrons lvi th the magnetic dipole or electric quadru-

pole moment of the nucleus. Only nuclei with spin I:> l may possess an 

l t . - l t th , . f 239P . I l/2 d e e.c rlc quad.rupo e momen , e nuc_Lear spln o · u lS = , an we 

shall not further discuss electric.quadrupole interactions. 

~ 

The nuclear magnetic-dipole moment ]JI for a nucleus may be. 

vritten as 83 

~ 

llr = (30) 

where gi is called the nuclear g factor by analogy vith the "electronic" 

Lande g facto-r and SN is the nuclear mag_neton, wh~.ch is defined as SN = 

e!i./2Mc, where l1 =proton mass and ]JI is the nuclear magnetic moment 

expressed in units of nuclear magnetons. 
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2. Magnetic hyperfine interact_ion 

Each £ electron will produce a magnetic field at t.he nucleus 

and if we regard the nucleus as a point magnet, the interaction energy 

+ 
~fs = H

5 
between this field and the nuclear magnetic moment ]JI is 

N 

I 1c. + 
H5 = . 

]JI l 

i=l 

(31) 

The magnetic field at the nucleus produced by an orbital electron ( t=l=o) 

is 53 (g =2) 
s 

+ + +++ 2 3 26[1 - s + 3r(s•r)/r ]/r . (32) 

The contribution to the Hamiltonian is then. 

(3la) 

+ ·! . + + ·+ + ) 2 84 where N; = ; - s. + 3r.(r: •s. /r.. Fermi has shown that when s 
~ ~ l l l l l 

. §n + 
electrons are present a term ·~3- .. - o ( r. ) s_. must be added to allow for the 

l l . 

contact interaction between electron spin and nuclear spin. 

The consideration of H
5 

amounts to finding the matri~ elements 

of the components of L Ni, a problem similar to that already considered 

+ + 
for the vector 1+28 in Sec. III-C2. 

The J dependence is exactly the same and the problem is one of . z 

finding the multiplicative factors <Jill: NiiiJ) and (J+lll I NiiiJ) defined 

by 
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(J .•• I I N. I J ... ) = ( Jll I N .II J) ( J ... I j I J ••• ) 
l l 

and 

(J+l,J I ~ i. IJ,J ) = · z L l z (J+lll I N .II J) 
l . 

This allows us to rewrite Eq. (3la) in the form 

++ 
H = A I•J 5 d 

where Ad i.s known as the magrietic,hfs constant and is given by 

T}1e reduced matrix elements can be calculated using Tensor operator 

technique. The selection rules on I N. are 
l 

llL = 0,±1,±2 llS,llJ = 0,±1 

as can be seen by i~specting the 9-j symbol 

u S' n L' 
J' 

which enters .the calculations. 

(33) 

(3lb) 

No discussion of the magnetic hyperfine structure of lanthanide 

and actinide ions is complete without considering th~ contact term. 

Within the limits of nonrelativistic quantUm. mechanics, only s electrons 

can have a finite density at the nucleus. This can arise either directly 

from a configuration containing an unpaired s electron or from the effects 

of ex_change polarization. Including the contact term the magnetic hyper-

fine constant is given by 
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A = A + a d c 

where Ad arises from the dipole-dipole interaction discussed before 

and a is the contact term given by
84 

(assuminga point nucleus) 
c 

(35) 

Experimental evidence44 (isotope shifts and hyperfine-structure 

anomalies) indicate that the nucleus cannot be treated as a point dipole. 

A complete treatmentof these anomalies would take us far into the theory 

of nuclear structure which is outside the scope of this thesis. 

It is important to realize that we cannot neglect the contact 

term for.tri~alent f-transition metal ions with anfN configuration. 

Only small admixture of configurations with s electrons are needed to 

. give an appreciable contact term contribution to the experimentally-

measured hyperfine constant A which makes it interpretation extremely 

difficult. 

E. Remaining Interactions 

We discussed the kind of terms we expect in,the Hamiltonian for 

the electrons of a paramagnetic ion in a crystal in the presence of an 

external magnetic field. 

H 

vlhere 
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H = central field approximation Eq. (2) 
0 

Hl = coulomb interaction, Eq. (4) 

H2 = spin orbit.interaction Eq. ( 5) 

H3 = crystal field interaction Eq. (15) 

H4 = ·electron Zeemann effect Eq. (24) 

H5 = hyperfine interaction Eq. (31) 

The effects of the interaction of the nuclear moment with the external· 

magnetic moment (nuclear Zeemann effect) is easily included by adding 

an additional term analogous to H4 to the Hamiltonian. For the case of 

interest, .the next largest interaction (an order of magnitude larger than 

the nuclear Zeemann term) is the so-called superhyperfine interaction. 

As was already pointed out, this requires some sort of an MO--theory to 

69--70 account for covalency and the calculations would be quite complex. 

F. EPR·Theory 

l., ~agnetic resonance 

Paramagnetic resonance is concerned with the investigation of 

the lowest energy levels of paramagnetic ions. Essentially, the tech-

nique involves inducing and observing transitions among the Zeemann 

energy levels of a par~agnetic ion as it is sitting :i,.n the crystalline 

cr;~rstal lattice. 

Kramer's85 theorem assures us that there always will be at least 

a two-fold degenerate state in the presence of electric fields having 

any kind of symmetry provided that the number of electrons is odd. 
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In practice, the paramagnetic sample is placed in an "absorbtion 

cell" in the form of a cavity resonator which ~its in between the pole 

pieces of an electromagnet. Normally the microwave frequency is held 

constant while the d.c. magnetic field is slowly swept through resonance.· 

The tra.nsi tion probability is given as 
86 

p ~n < r~jH'Ir: > ~:(k) 
11 1 1 

(36) 

where l:(k) is the density of final states defined such that l:(k)dEk is·. 

the number of states in the energy range dEk, and ( ·~IH'I ··) is the 

matrix' element of the perturbative Hamiltonian which connects the initial 

stater: with the final stater~. For magnetic dipole transitions 
1 1 

·(electric dipole transitions are parity forbidden) the Hamil toni an H' is 

given as 

(24') 

where Jf(t) is the microwave magnetic field. The selection rules for 

magnetic dipole transitions are t.J=O, t.J z =0 ,±1. The two states of a 

Kramers pair in a crystalline electronic field will be given in Eq. (37). 

Since t.J ~ ±1 only, the microwave field has to be perpendicular z . . 

to the d. c. magnetic field to get a nonzero transition probability. This 

is the usual setup in EPR experiments. It is possible that the ground 

state doublet has t.J > ±1 only in which case the intensity of the EPR 
z 

line is zero. Shekum87 has discussed such "nonresonant" doublets. 

The density of final states depends on four factors, namely spin 

lattice relaxation time T1 , spin-spin relaxation time T
2 

and the microwave 
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field frequency and amplitude. 88 , 89 Very short relaxation times give 

rise to broadening of the EPR signal as a result of the uncertainty 

principle, while very long relaxation times cause "saturation" of the 

EPR signal by the microwave field. Saturat,ion occurs when the microwave 

field begins to put energy into the e.lectronic paramagnets ·a.t a rate 

comparable to the ability of the spin lattice relaxation prqcess to 
: 

carry it off. 

A detailed discussion of these dynamic processes is beyond the 

scope of this thesis. The relaxation times observed for actinide and 

lanthanide ions in solids dictate the foilowing three exper!Lmental con-

ditions: 

1) The concentration of the ion of interest in the diamagnetic 

host has to be small in order to lengthen the very short spin.;.spin 

relaxation time T
2

. 

2) Low temperatures (usually below liquid N
2 

tempe.rature) are 

required to lengthen the·very short spin-lattice relaxation time T
2

. 

3) From an experimental point of view it is most convenient to 

us liquid helium temperatures. This may lengthen the spin-lattice 

relaxation time T
2 

too much and in order to avoid saturation effects one 

has to work with very small microwave powers. 

2. The spin Hamiltonian 

The Hamiltonian as discussed in Sec. III-A-D is, in general, 

very complicated. 90 91 . 
Pryce · and Abragam and Pryce have developed a very 

useful method for carrying out the perturbation calculation and have 
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applied this especially to the iron group; 61 Elliott and Stevens have 

derived a similar method for the rare earth group. For f-transition 

series ions the perturbation approach is based on the fact that J is a 

reasonably good quantum number. For an ion with an odd number of elec-
., 

trans, each crystal field level will be at least two-fold generate; and 

if one state is known, its Kramers conjugate state is simply related to 

it. The two states of a Kramer's pair are 61 

11 > = aiJ ,J . z 
+ biJ' J' 

' z 
+ ... 

(37) 
. J+J . J'+J' 

·12) = (-1) z a* IJ,-J ) + (-1) · z 
z 

*I . b J I ,J I ) + , , , z . 

The perturbation to be applied on this Kramers doublet (neglecting pas-

. • ;t,f (-+ -+) ( sible nuclear interactions for the moment) lS H4 = B o, L +gsS see 

Eq. 24). 

The two functions 11 ) and 12 ) are not purely "spin up" and 

"spin down" states. Nonetheless, because they become two distinct states 

in a magnetic field, it'is convenient to assign a spinS' (here S'=l/2) 

where 2S+l is the riumber of levels into which a magnetic field splits 

the ground state. Such a spin is in effect a fictitious spin to which 

we try to relate all the magnetic properties of the ion in question. 

The proper correspOI1dence between 11 ) , 12 ) and IS' =l/2, S ~ =l/2 ) . 

ls'=l/2, S'=l/2) is determined by the requirement that it yield the 
z 

correct sign of the g value. 92 
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3. Use of the spin Hamiltonian to interpret paramagnetic resonances 

When a paramagnetic ion diluted in a crystal is placed in a mag-

netic field, we are concerned with the crystallographic axis of the host, 

the axis of the local electric field of the paramagnetic ion as well as 

the magnetic field direction. When we were discussing crystal field 

theory, we denoted with z the symmetry axis of the local electric field 

which coincides with the crystallographic z axis for a cubic site. In 

discussing Zeemann effect one usually calls the direction of the external 

magnetic field the z direction. Henceforth, we shall use x, y and z as 

coordinates· fixed in the laboratory with 'J{ along z. The axis of the 
. 0 

local electric field of the local electric field of the paramagnetic ion 

site wiil be called p, q and r; an axis of symmetry, if any, will be in 

the r direction-. This is the coordinate system in which the g-Tensor 

is diagonal. Finally, if necessary, we shall denote the crystallographic 

axis of the host with P, Q and R. We shall only consider axial symmetry 

in which case we shall make axis transf,ormations so that 81 
' 81 and 81 

P q r 

are expressed in terms of 81 
, 81 

, 81 for which any convenient reference 
. X y Z · 

gives the well~known matrix elements. Fig. 3 indicates the definitions 

of the angles that are usually used in the transformation. 

The effective spin Hamiltonian for the Zee:rilann interaction for. 

axial symmetry is usually written as 

H4 = Sgi (JC s I + ~( s I, ) + Sgll ;1{' s I 
X X y y . Z Z 

(38} 

It can be rewritten as (using nmv. the p, q, r-coordinate system) 

H4 = (3gll :c s I - Bgi· 'J( s I + Sgi ~ • s I • · r r r r o 
(38a) 



-52- UCRL-18922 

1/n 

1 S symmetfi axis 
("site axis") 

J' 

Fi p: • .3 

Definition of the an~les for the description of the orient
ation Xnf the "site axis 11 .r in a 1Rbor8tory fr2me x, y' z 
with 0 AlOn!:':' z. 

7..r -+ 
Our convention is to take Jf a.long z and we have aL • s = H s . 

0 0 0 z 

From Fig. 3 we see that X = JC cos 8. Expressing 8 1 in terms · r o r 

·of S 1 S 1 8 1 one obtains. the spin Hamilt.onian in a convenient form. x' y' z 

For S=l/2 the solutions of the corresponding secular equation are93 

E/S 'JC = ± 1/2 [gl1 
2 

cos
2 8 + g1

2 
sin

2 e ] 1 ~ 2 . 
0' ' 

The resonance condition is thus 

where 

hv = g(8)S·JC 
0 

(39) 

(40) 
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Including axial hyperfine splitting, the effective spin Hamiltonian is 

(assuming g- and A-tensors· are diagonal in the same coordinate system) 

= Sgi (J( s I + JC s I ) + Sgll 'JC s I pp qq rr 

+ Ai (I s I + I s I ) + All I s I p p q q r r 
(41) 

Bleaney94 has carried out the perturbation calculation to second order 

and obtained the following resonance condition: 

.hv = g(8)S J-{ 
. 0 

·2 
Ai 

+ A(8)MI + 4g(8)B ·~ 
0 

. A 2 
1 

+ ··-------
2g(8) s J( 

0 

+ l 
2g( e) s ::'tC 

0 

(42) 

where g(8) has been given before (Eq. 45) and A(8) in energy units is 

given by: 

__ A 2 2 2 8 + A 2 . 2 8 II gil cos , lgl sln (43) 

In high magnetic fields or for small enough A, a first-order perturbation 

calculation suffices. The resonance condition reduces to 

hv = g(8)S J(
0 

+ A(8)HI" (42a) 

This leads to 21+1 hyperfine lines with spacing between adjacent lines 

of A/ h cps or A/g8 Gauss. 
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The spin Hamiltonian theory for cubic symmetry has already been 

discussed in Sec. III-C. The spin Hamiltonian for an isotropic doublet 

is (including now hyperfine interaction) 

(44) 

The resonance conditions are obtained from Eq. ( 42) or Eq. {lf2a) as 

special cases with gl = gil = g and A1 = All = A. 

4. 

The axial spin Hamiltonian parameters have been discussed in the 

61 preceding sections. They are usually written as follows · 

gil = 2 ( 11 L + 28 11 ) z z 

gl = 2 ( 11 L + 28 12 ) 
X X 

~I = (4f3f3NllN/I)(r-3 ) [<liNzll,) + 81T I~J~ ( o ) 12
< 11 s 11 > 1 3 z 

(45) 

Al = (4f3f3N]JN/I)(r-3 )[(liN)2) + 81T 1 1/) ( o ) 1 
2
< 11 s 12 > 1 . 3 X 

Within a J-manifold we can write 

<1l1z + 2Szll) =(l!IL+2SIIl )(liJz~ll) "== g1<11Jzl1) 

( 11 N 11 ) :;:; ( 111 Nlll ) ( 1-l J 11 ) ( 46 ) 
z . z 

where similar equations hold for the other components. Using these rela-

tions it can easily be seen that 

(47) 
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'l'his relation is independent of any breakdown of Russell-Saunders 

coupling or of configuration interaction. Nor is it necessary that 

there are no admixtures having unpaired S electrons. The only require-

ment is that J be a good quantum number. If this relation is not obeyed, 

the eigenstates cannot be eigenstates of J and the J-mixing which this 

implies can only be brought about by the crystal field. 

,This equat.ion was first derived by Elliott, 61 and he incorrectly 

~oncluded that the experimentally-measured hyperfine splitting is iso-

tropic when measured at constant frequency. 

The hyperfine constant has been given in Eq. (43). 

(43) 

where A( 8) is in energy units. Assuming that J is a good quantum number, 

we have All= (gll/g1 )A1 ... Inserting this in Eq. (43) and dividing by 

g
2

(8) S2 we obtain 

A
2

(8) 

g2(8)S2 (
in units 

2
) = A

1
2 

of Gauss 

and on expanding the right..;hand side by 

we have 

A 2 
2 1 (gauss ) = -----

202 
gl fJ 

2 . 2 
g1 s1n 

g4(8)S2 
8} 

I 
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4 . 4 2 4 . 2 . 
In general g (8) *~I cos e + gl Sln e Whlch means that 

A(8)/g(8)S, the hyperfine splitting (in units of gauss), is not isotropic. 
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IV. EXPERIMENTAL TECHNIQUE 

A. Preparation of Single Crystals 

l. 
+3 Pu /CaF2 

CaF2 single crystals of known orientation containing approximately 

.1 mole % plutonium were grown using the Bridgman-Stockbar.ger method. 95 

A concentrated Pu solution was pipetted onto powdered CaF
2 

(optical 

quality containing 2 wt. % PbF
2 

as a scavenger) which lay on top of an 

oriented CaF2 single crystal which had been placed in a carbon crucible. 

The amount of Pu solution added was usually 10..,.50 A.; the concentration· 

ranged from (.l-.5) moles/liter. 

A typical sample contains originallly 

CaF2 seed crystal.l-2 g = (1.3-2.6)10-2 moles 

= (.65-1.3)10-2 moles powdered CaF
2 .5-l g 

containing 

a) l wt. % PbF
2

: 5-lOmg =(2.06-4.12)x 10-5 moles 

b) 20A Pu solution: = l.l x 10-3 moles H
2 

0 

~ 1.2 x 10-4 moles HCl or HN0
3 

PbF2 acts as a scavenger. Any CaO formed reacts according to the 

equation PbF
2 

+ CaO "t. Pb0
2 

+ CaF
2 

and Pb0
2 

"sublimes" at approximately 

1050° C (m.p. 845° C, b.p. 1290° C at p = l atm). 5 

Oriented single crystals (diameter 4-5 mm; length 20-25 mm) and 

optical quality CaF2 were obt~ined from Optavac, Inc. 96 
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The crucible with content was placed in a furnace chamber which 

( -4 ) was then evacuated p * 5 x 10 mm Hg and positioned such that only 

the upper half of the seed crystal melted. The crucible was then slowly 

pulled out ( . 75 in. /hr) of the hot zone. 

This method of growing oriented crystals minimizes the amount 

of handling required since the need to determine the orientation of the 

crystal is eliminated. ·This is desirable when one is handling a-emitting 

radioactive samples. 

For EPR work the radioactive crystals (cleaved to approximately 

.5-l em lengths) was put in a teflon tube with slightly-oversized inside 

diameter to contain the a radioactivity. Styrofoam cylinders which fit 

tightly.into the open epd of the tube were used as plugs. Careful load-

.ing in a glovebox or hood resulted in a sample which was free of radio-

activity on the outside SUrfaces. The "swipe-free" sample could then 

easily be mounted in the EPR cavity. 

The less concentrated Pu+3;caF
2 

crystals were colorless originally 

and turned blue after approximately one day due to the formation of color 

centers (crystal defects) caused by the a radiat:lon. 

The more concentrated Pu/CaF
2 

crystals '(containing approximately 

.5 mole % Pu) were violet originally and then turned blue-violet due to 

the formation of color centers •. 

2. +3 Pu /SrF
2 

The plutonium-doped SrF
2 

crystals were grown as described above. 

The crystals were colorless or light violet initially and turned blue-

green due to the formation of color centers. 
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+3 Pu /BaF
2 

The first experiments using the same technique as described above 

to grown plutonium~doped BaF
2 

were not successful. The powdered BaF2 

containing the Pu always sublimed, whereas, test runs vii th a uranium 

solution always yielded orange u+3/BaF
2 

+3 +4 
arid sometimes green U . ,U /BaF 2 

crystal. Using relatively little powdered BaF
2 

and more concentrated 

Pu solutions, a 
' +3 

few Pu /BaF
2 

crystals were obtained which were adequate 

for EPR measurements. The crystals were green or brown (color centers) 

and transparent, but not as flawless as the Pu/CaF
2 

crystals grown. All 

further attempts to grow Pu/BaF
2 

of the same optical quality as the 

Pu/CaF
2 crystals failed. 

4. +3 .. 
Sm /CaF

2 

The Sm +3/CaF 
2 

from 
. 96 

Optavac, Inc. 

crystals used in the EPR experiments were obtained 

+3 We have tried to grown Sill /CaF
2 

crystals using 

the method described above. Samarium was added in the form of 

a) concentrated solution (1.14 x 10-5 moles Sm/10 A.) 

b) Sm2o
3 

and the amount of PbF
2 

added was varied from 0-2 wt. % PbF2 . The result-

. S /C F t 1 11 d . d' t· S +2 lng m a 2 crys a s were a eep green ln lCa lng m These crystals 

+2 . +3 
were most likely mixtures of Sm and Sm . Unfortunately, with the 

exception of one crystal where Sm had been added.in the form of Sm
2
o

3 

(no PbF
2

), the crystals grown were not transparent. None of the Sm/CaF
2 

crystals grown were further investigated. O-'Connor and Bostick97 used 

the same method {graphite crucible, 1 % PbF
2

, samarium was added as 
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Sm metal) and obtained crystals which contained Sm+3 exclusively. The 

different result must be due to some unknown factor in the growing con-

ditions. 

B. X-Band EPR Spectrometer 

The experimental methods of EPR spectroscopy are well estabiished 

d . d. . l b P 1 98 A an have been thoroughly rev1ewe most recent y y oo e. conven-

tional superheterodyne spectrometer operating at 3-cm wavelengths was 

used which has been described in detail by Wickniann. 99 A right-circular 

TE
112 

cavity was used and the sample (prepared as described in Sec. IV:-Al) 

was positioned near tne point of maximum microwave magnetic field (A/4 

from the bottom) using a styrofoam spacer which fit snugly into the 

cavity. 

First we· normally checked for an EPR spectrum·at liquid N2 

temperature and then the cavity was cooled to liquid He temperatures 

( di.rect contact). To eliminate the noise caused by the boiling helium, 

4 
the temperature was lowered below the A point·of He (2.19° Kat p = 

38 mm Hg) where 4He becomes a superfluid with non-attenuated temperature 

waves which prevents ordinary boiling. As was already mef!.tioned (Sec. IV-B), 

this may lengthen the spin lattice time T
2 

too.much and in order to 

avoid saturation effects, one has to work at the lowest available micro-

wave powers (- 1 ~watt). 
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V. EPR OF Pu+3 IN CaF
2

, SrF
2 

AND BaF
2 

This work was done in collaboration with Dr. N. Edelstein and 

100 D.r. R. Mehlhorn. The results have been submitted for publication in 

the Journal of Chemical Physics • 

A. Introduction 

239 +3 [ ] 5 Pu has an Rn· 5f electron configuration and a nuclear 

spin I=l/2. A cubic crystal field will split the free ion J=5/2 ground 

state into a r7 doublet and a r8 quartet. 

·. +3 .· +3 
For Sm in CaF

2 
(Sm has the same number of f electrons as 

Pu+3 ) the observed EPR spectra (Weber and Bierig) 13 showed that the 

+3 101 
Sm .ion was surrounded by a tetragonal crystal field. Low found 

I the same tetragonal spectra but also found additional resonances exhibiting 

cubic and trigonal symmetry; however, their interpretation has not yet 

been completed. 

+3 6 . 
The ground state of Sm is to a good approximation a H

512 

state (96%) which is split in r8 quartet and a r7 doublet in a cubic 

crystal field. In the absences of admixtures of excited sates, the r
8 

crystal field ground state gives rise to EPR transitions at g = 3.67 gL, 

2 .·34 gL and . 33 gL for Hll '[ 100] .. With the magnetic field parallel to the 

[111]_ direction the g factors of the allowed transitions would be 

g = 2.67 gL' 2.34 gL and .33 gL where gL = 2/7 = .286 for . 6H a pure 
512 

state. Using the intermediate coupling wave funct.ion for +3 102 
Sm , . one 

obtains gL = .296. The EPR spectrum of a lanthanide ion with r
8 

ground 

t t h b d . d b Bl 103 d W L d G v· 104 I. s a e as een 1scusse y eaney an . ow an . 1ncow. . n 

general, transitions will be allowed between every pair of level,s. The 
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cases where Jc is along [100] or [111] are exceptions where some transi-

tions have zero intensity. 

The proximity of the next levels, J=7/2 at approximately 1000 cm-l 

-1 
J=9/2 at approximately 2000 em will cause some crystal field J-mixing 

which would change the g values from the ones given. However, this will 

not appreciably change the general appearance of the EPR spectrum of a 

r8 quartet. 

+3' 
The first Pu /CaF

2 
crystals were grown in this laboratory by 

N. Edelstein. 105 The EPR spectrum consisted of a single isotropic line 

line whose g value was almost a factor of two larger than the calculated 

g value for a r7 doublet using the free ion g value calculated from 

+3 48 
experimental data for Pu . /LaC1

3
. 

+3 It seemed strange at first that the ground state of Pu /CaF2 

should be the isotropic r7 doublet, and we decided to further investigate 

Pu+3 in the series CaF
2

, SrF
2 

and BaF
2

. 

l. 

B. Results 

EPR resul,ts of 239Pu +3 /CaF 
2 

The observed paramagnetic resonance spectra from 239Pu+3/CaF
2 

in 

cubic sites at 9200 Me/sec and 1° K is given in Table 4. The magnetic 

field was rotated in the (110) plane of the crystal. A typical spectrum 

is shown in Appendix A. The following remarks are appropriate: 

a) No spectrum was observed at 77°.K. 

b) The spectra were taken at very low microwave,powers (- 1 ~watt) 

to minimize saturation effects. 



,• 

-63- UCRL-18922 

Table 4. From the observed line position of 239:Pu+3;caF [110] 
H

0 
= (H(M1 ) + H(-l-110]/2 and A/gS = H(M1 ) - H(:-M1 ) was cafculated. Data 

are averages from up and down sweeps (T ~ 1° K). 

cpa b A/gS[Gauss] 
c 

g=hv/SH H [Gauss] . v[Mc/s] 
0 ·o 

-90 5082 112 9202 1.294 

-80 5084 111 9202 1.293 

-70 5084 110 9202 1.293 

-60 5084 112 9202 L293 

-50 5085 
, 

111 9202 1.293 
4 e - 0 5082 112 9201 1.294 

...;3Qd 5086 111 9202· 1.293 

-20 saturation, less accurate 

-10 5082 112.5 9201 1.293 
od 5087 111 9202 1.292. 

+10 5085 110.5 9201 1.293 

+30 saturation, less accurate 

+60d 5091 111 9215 1.293 

+90d 5090 115 9215 1.293 

Average 111.5 (cr = 1.5) . 1.293 

aArbitrary angle of rotation of the magnetic field in the [110] plane of 
the crystal. 

bThe magnetic field.was measured with a rotating coil gaussmeter. 
c The frequency of the signal Klystron was measured vri th a high Q wave-
meter. 

~p sweep only. 
e Down sweep only. 
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c) The spectrum showed well-resolved fluorine hyperfine struc-

ture. The superhyperfine constant was isotropic within the accuracy of 

I 

our measurements and its value is A/h [F19 ] = 13±2 Me/sec. Hyper fine 

interaction with eight equivalent spin 1/2 nuclei should produce nine 

equally-spaced superhyperfine lines whose intensities are in the ratio 

1:8:28:56:70:56:28:8:1. The Pu/CaF
2 

spectra showed seven to eight super

.hyperfine lines with a center flanked by lines of decreasing intensity' 

indicating the coupling is with an even number. of equivalent F19 nuclei. 

For the determination of the 239Pu(I=l/2) hyperfine line the center line . 

was used. 

·d) The line positiuncorresponding to the allowed LlM:r=O transi

tions are to secorid order (Eq. 42 with S'=I=l/2) 

(42b) 

Keeping in mind that a shift to higher energies means a larger splitting 

factor and, therefore, a shift to lower magnetic field, one obtains for 

the position of the resonance lines in gauss 

or 

where H corresponds to the field value at which the Pu+3 resonance 
0 

(42c) 

would be found if an isotope with I=O were used. The second-order shift 

is A
2

/4g
282

H
0 

Gauss and as a first and extremely good approximation we 
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may use H
0 
~ H(M

1
) + (A/g8)M

1 
for its calculation. 239 +3 . 

For . Pu /CaF2 , 

A
2

/4g
282

G. = .6 gauss which is within the accuracy of the measurements 
~ 

and was neglected in the calculation of the g value. 

e) It is very easy to get confused in the use of the units for 

the hyperfine constant A: A/gS is the experimentally-measured hyperfine 

constant and its units are Gauss. ~~at we are really interested in is 

A, the zero field splitting in energy units (e.g. ergs). For convenience, 

6 6 one often uses A/h x 10 (Me/sec) and the factor 10 is usually dropped· 

-1 
or A/he (em ) . The confusion arises because the experimentally-

measured hyperfine constant (in gau~s) is often quite incorrectly 

designated with just A instead of the correct A/gS. 

Fig. 4 illustrates the difference between A (in energy units) 

and A/g8 (in gauss· units)~ 

8;nerp:y (Me/sec) 

_.. 

.1- --
A/~~ H(Gauss) 

A/h ~ 1_ -- -- ----
·········-···-- ··-····-· ···----- ···-----·· ... -------------------·····-····-~---

Fig. 4. First-order energy levels (= high field approx. ). -for S=l/2, 
I=l/2. 
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f) The magnetic field was measured with a rotating coil gauss-

meter which had been placed as close as possible to the sample and 

checked by making simultaneous measurements of polycrystalline dipheny-

picrylhydrazyl (DPPH) which had been placed near the sample in the 

I 

microwave cavity. This allows the determination of the magnetic field 

with an accuracy of .1 %. 

However, in this particular experiment the magnetic field read-

ings could only be checked with a DPPH resonance which had been swept 

rather fast and up field only. Therefore, instead of correcting the 

measUred magnetic field value, the uncertainty in its value was included 

in the error limits of the calculated g value. 

g) In conclusion, the observed paramagnetic resonance spectra. 

from 239Pu+3;caF in cubic sites at 9200 Mc/s and 2° K was fitted to the 
2 

spin Hamiltonian. 

-7 -+ -+ -+ 
H = g B J(• s I + A I • s I with S 1=I=l/2 

and the parameters lgl = 1.293±.004. 

A/gB = 112±2 gauss IAI/h = 202±3 Me/sec 

The error limits of g were calculated from the.upper uncertainty limits 

of the magnetic field measurements (±12 gauss). For the error limits of 

A the standard deviation of the results given in Table 3 were taken. 

(See j) below for, the final and more accurate spin Hamiltonian parameters 

of 239Pu+3 in cubic sites in CaF
2

.) 
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h) +3 
The spectrum due to Pu in cubic sites was the most intense. 

+3 Additional weak anisotropic doublets due to Pu in other than cubic 

sites were observed but they were not further investigated. 

i) In an attempt to increase the number of nohcubic sites, a 

more concentrated Pu/CaF
2 

was grown. This crystal was deep violet with 

an estimated Pu concentration of .2 mole %. Only resonance lines due to 

239Pu+3/9aF
2 

in cubic sites were observed. (This crYstal had been 

unintentionally kept at liquid N
2 

temperature for four days prior to the 

measurements at liquid He temperatu~e. / 

j) This same crystal was later used for a more accurate deter-

· miriation of the spin Hamiltonian parameters, using a proton gaussmeter 

for the measurement of the magneticfield. These results are given in 

Table 5. 

2. 
+3 EPR results of Pu /SrF

2 

The observed paramagnetic resonance spectra from 239Pu+3/SrF2 in 

cubic sites at 9230 Mc/s and 1° K are given in Table 6. The magnetic 

field was rotated in the (110) plane of the crystal. A typical spectrum 

is shown in Appendix A. The following remarks are appropriate: 

a) Despite the very low microwave powers used (lt.twatt) the 

resonance lines showed appreciable saturation and made the determinationof 

accurate line positions difficult. 

b) To obtain more accurate parameters the spectrum at one angle 

was measured at even lower microwave powers (< 1 ]J watt) usii).g a proton 

g;aussmeter for the measurement of the magnetic field whose frequency was 
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Tabl~ 5. Observed line positions in 239Pu+3;caF0 Ill in Me/sec using a 
proton gaussmeter: v[Mc/sec] = 4.2577 H[kgauss] "' (v =.9195.,..9192 Me/sec, 
T=l°K). 

DPPH 

DPPH 

Pu/CaF
2 

Run 3 up 

Run 4 down 

Run 1 up 

Run 2 down 

Run 5 down 

Run 6 up 

Average 

H(M
1

) 

21.3187 

21.3158 

21.3334 

21.3383 

Average 21.32655 

(a = .0079 

13.9618 

13.9549 
I • 

13.95835 

H(-M1 ) H(-M1 )-H(M1 ) 

2L 7917 .4725 

21.7873 .4715 

21.8049 .4715 

21.8084 .4701 

21.79795 .4714 

(a = .0078 (a = .009 

= 1.9 gauss) = 1.8 gauss) = .2 gauss) 

H = 21.56225 
0 

From the results in Table 5 the following spin Hamiltonian parameters are 
obtained 

(g(DPPH) = 2.0037) 
13.95835 

g = 2, 0037 X 21. 56225 = l. 297 ± , 001 

A/g Q.. • 
4 714 ro3 - 110. 7+1 ..., 4 .
2577 

x - . - gauss 

1~1/h = (201±2) Me/sec. 

The second-order correction +A2/4g28H
0 

= .6 gauss is within the accuracy 
of the measurements. 
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Table 6. From the observed line position-of 239Pu+3;srF [llO] 
2 

H
0 

= [H(M
1

) + H(-M
1

)]/2 and A/gf3 = H(M
1

) - H(-M
1

) was calculated. Data 

. are averages from up and down sweeps ... T :::: 1° K. 

<Pa 

+80} e 
+80 

+70 

+50 

+30 

+30 

+10 

-10 

-30 

-70 
+90d· 

+60d 

'+70d 

Average 

b H [Gauss] 
0 

5289 

5291 

5289 

5289 

· A/ gf3[ Gauss] 

145.2 

145 

5285 (142, saturation) 

5287 146 

5285 146' 

5287 147 

5285 147 

5285 148 

5285 147 

5290 146 

5294 (compare 
above) 

146.3 

c v[Mc/s] 

9236.5 

9236.5 

9236.5 

9234 

9234 

9234 

9234 

9234 

9234 

9234 

9242.5 

9242.5 

9236.5 

·, 

g=hv/SH 
0 

1.248 

1.247 

1.248 

1.247 

1.248 

1.248 

1.248 

1.248 

1.248 

1.248 

1.248 

1'.248 

1.246 

i.248 

a . 
Arbitrary angle of rotation of the magnetic field in the [110]-plane of 
the crystal. . 

bCorrected values (magn~tic fieldmeasured with rotating coil gaussmeter 
was 7 gauss high! ) . 

c 
The frequency of the signal Klystron was meas11red with a high Q wave-
meter. 

~p sweep only. 
e . 
Between these two measurements more accurate measurements with a NMR 
probe were made. These results are given in Table 7~ 
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monitored with a frequency counter. The field values are calculated 

from v (Me/sec) = 4.2577 H (kgauss) using the proton resonance in wa~er. 

This would allow determination of g values with an accuracy of lin 105 . 

These results are given in Table 7. 

Table 7. Observed line positions in 239Pu+3/SrF
2 

[110] in Me/sec using 
an NRM probe: v[Mc/sec] = 4.2577 H[kgauss]., [v = 9236-9234 Me/sec, 
T =: l ° K.) 

DPPH up 14.0235 

DPPH doWn 13.9844 

. Pu/SrF 2 
Run I up 22.1693 

Run II down 22.1210 

Run III up 22.1703 

Run IV down 22.1114 

Averages 22.1430 

H = 22.4513 ·o 

Average 14.0040 

H[-MI] H[-MI)-H[MI) 

22.7896 .6203 

22.7301 .6091 

22.7859 .6156 

22.7327 .6213 I 

22.7596 .6146 

(o=.0059 

=l. 4 gauss) 

From the results in Table 4 the following parameters are obtainedi 
g(DDPH) = 2.0037 

lgl = 2.0037 x 
14

·
0040 = 1.250±.oo2 22.4513 

lA I /gS = 4 :~~i~ x 10
3 

= 144±2 gauss IAI /h = (253±3) Me/sec 

The second-order correction +A2/4g2s2H 2 = +l gauss is within the accuracy 
of the measurements The error limits 8f g were estimated from the upper 
uncertainty limits of the determination of the line positions. For the 
error limits of A the standard deviation of the results given in Table 7 
were taken. 
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c) In the preliminary investigation the EPR spectrum of a [lll]

SrF2 crystal with approximately .24 mole % 239Pu was investigated. The 

isotropic ppectrum could be fitted with the same spiri Hamiltonian para-

:meters. 

239 +3 Additional anisotropic doublets due to Pu in noncubic sites 

were observed but they were not further investigated. 

3. EPR of Pu/BaF 
2 

in cubic sites 

For Pu in CaF2 and SrF2 .the cubic spectrum was the most intense 

as described. In BaF
2 

the cubic spectrum was always accompanied by a 

trigonal spectrum which in two crystals grown was approximately 20 times 

stronger. In a third Pu crystal the ratio c>f trigonal to cubic sites 

was approximately 4:1 which allowed identification of an additional 

· t · · d t 239P +3 . b. . t (T bl 8) lSO roplc palr ue o u · ln cu lC Sl es a e . (The magnetic 

field was rotated in the [111]-plane and the trigonal spectrum has, 

therefore, also an isotropic pair. The trigonal spectrum will be dis-

cussed later.) An actual recording of a spectrum is given in Appendix A. 

a) The resonance lines were saturated which made the determina-

tion of accurate line positions difficult. For this the first peak 

instead of the center of the 1st derivative absorption line was used. 

The error involved was estimated to be at most +15-20 gauss. 

b) The g value as calculated in Table 8 is g=l.l90. However, · 

for this case.the following corrections to H have to be considered: 
0 
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Table ~. From the observed line position of 239Pu+3/BaF2 [111] 
H = [H(M ) + H(-M ) ]/2 and A/g = H(M1 ) + H(-M1 ) was calculated. Data 
a~e from ~p sweeps1only. T ~ 1° K. 

b 
H [Gauss] 

0 
A/gB[Gauss] 

90 e.st. 5546' · (est .. 190) 9239 

80 5551 188 9237 

70 (est. 5545) 9237 

65 5545 175 9237 

60 5542 194 9237 

50 .5551 186 9237 

40 5541 185 9237 

30 5546 186 9237 

20 5546 183 9236 

10 5547 179 9236 

0 5553· 175 9236 

Average 183. 5. (o=5. 7) 

aArbitrary angle of rotation. 
b . . 

Uncorrected values (magnetic field measured with rotating 

meter was only 1 Gauss low). 

est. = estimated (trigonal coincided with cubic spectrum). 

g=hv/SH . . 0 

1.190 

1.190 

. (1.190) 

1.190 

1.191 
I 1.190 

. 1.191 

1.190. 

1.190. 

1.190 

1.188 

1.190 .· 

coil gauss-
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saturated line shape: +(15-20) gauss 

data are up sweep only: -5 " 

.2nd-order shift+ A2/4 2f32H g 0 +1.5 " 

gaussmeter correction +1 " 

TOTAL +18 gauss 

This correction must be added to the calculated H values and using this 
0 

new H value we obtain for g 
0 

. g = i.l87±. 004 

A/gS = 184±6 gauss (from Table 8) 

or IAI/h = (306±9) Mc/s. 

4. +3 EPR of Pu /BaF2 in trigonal sites 

239 +3 Figure 5 shows the angular variation of the Pu /BaF2 spectrum 

in the [111]-plane. The location of the [111]-plane with respect to the 

crystal field axis is given in Fig. 6. The spectrum was taken at\>= 

9347.5 Mc/s and T ~ 1° K. A typical spectrum is shown in Appendix A. 

a) (No spectrum was observed at liquid N
2 

temperatures.) 

b) The spectrum consists of four pairs, one pair is isotropic 

and the entire spectrum repeats itself every 120°. Such a pattern is 

typical of trigonal site symmetry. 

For a discussiqn of the trigonal spectrum it is convenient to 

2- * -assume 0 charge compensation. There are eight nearest neighbor F 

*The observed trigona~ spectrum is probably due to a Pu+3 with F- charge 
compensation. For o~- charge compensation we expect a large g anisotropy 
whereas the observed one was only .5. 



·~1-r·r£1s~u¥sf.•l · :r••-•·!;JIJ:£ti-J-=::i•=-1••--1:•1•- +-A-~-•-1••·•1;: I--J~=l==-:J-:ii!.;·-;;~--·-1·=::!:_;- -~>-f<l_:~l- ···1···1 

i.., 
~7 

·t·· 

------ F-~ -~-L~.:~l: 
- i --1 J .. . . . . -- ~ .::-t :: 

-. --. ~r: :::::.t.: --

:: ::.:- . 

- .: j-
-··t· 

I--· 

--·-t-· 
. -· r- --
·.-.!:··-·· 

. ~-... ·· ···~-

-- .. ~ -------
___ -- -·-·-

---- .. ·-- ··-- --· 

• r:::: R=?~:?:t~ -?~~:=~:~= ~~~::=-: ~~~:~~t~:-= ~::~r~:-: ~~~n~-~;~ ~--~~~ ;z -~~~~:~ ___ -~~::_ ~: ~:1 :.= • ::::_]~~:= 
-~'::: -----c """'=+-. ------------ ---~- -/--·- --- ~ -' :;..oo. ... -f .. - ·1- /"-- --·------.- --- _._ -- ... ·"' 

-1::-- ::: --~.:-__ :: ... : .. .:.t=:~=' ---- :: .:.._:-_:_ .... :::. :: ___ _:_ _::~ -7 '•s.;;:J:~ ::- :·::: ::·~-= ::- ____ -::l:::- ::·::: :·,:: __ :_: :- :- ~:- "'--: : : .. -... -- -:.::-- ---. -------- -- - --:- -::.:: L:: 

_if.=: -~~t~.u~~:1=j:::;--~-:.~=~::s2~~~=:~ =_~:J)~1~~~= =·~: :::;~ ~=~:r~~~ ~-sz~~ -~. :~:=~-~~s~=:=::-:~J;~- ~:_:_ .. _::-.d2~~~~:=~ 
·!<WI.:.::·.·::___ ---- ::.-::.::· -- -:~:.:--·: ___ -------- ··------ -· -T---- ::::: ____ -~---~:::::_: :--::r: ::::.:~~=~----=-t::-:- --::~::::·t:=·:__:.:::;:-:.~=:::: 

-,-
L 

I 

Fi!X. 5. Ang-ular variation for 239pu+3-spectrum in BaF? in [111] -plHne; data taken 
at 9147.5Mc/s 8nd~ 1°K. The dashed lines on ~he ri~ht show the cubic 
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R' 

Q' 

}'' 

Fig. 6. . 
Location of the (lltl -plane with respect to the 
coordinate system P'Q'R' (Note these are not the 
crystallogrBphic axis for CB£<'2 ). The numbers 
1,2,3,4 show the 4 nossible F- positions which 
can be rep1Pced by an o2- to ~ive trigonal sy~metry. 
The eauive.lert diBs:;onal F·- positions are not shown. 
The [l.liJ -direction shown is apnroxim ... :.te only. 

i. 
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positions around the Pu+3 in which we can replace a F- ion by ari 02- ion 
. . 

thus causing a trigonal distortion of the originally cubic electric field 

symmetry at the Pu+3 site. Since they are energetically equivalent, we 

should expect to find an equal number of each complex in a Pu/BaF2 crystal. 

The g-factor of each complex is determined by the angle between the mag-

netic field and the site axis. 

For a general orientation of the magnetic field we expect 8/2=4 

different g-values, giving rise to four resonance lines. In our case, 

each line is split through the hyperfine interaction and we obtain four 

pairs of lines. If we rotate the magnetic field in the [111]-plane of 

the crystal, it is easily seen that the angle between the magnetic field 

and one magnetic site does not change (e = TI/2) which gives rise to an 

isotropic pair with g(e = n/2) = g1 , and A(e = n/2)/g(e = n/2)S = A1 /g1 S. 

From the experimentally-measured isotropic pair the following parameters 

were obtained 

gl = 1.300 +' .005 

A1 /g1 S = (372±4) gauss 

The angles between the magnetic field and site axis of the remaining 

three magnetic sites is given by 

mag. site 2• .. cos 82 = (8/9)112cos ¢ 

mag. site 3: cos e3 = (8/9)112cos (¢ + 2TI/3) 

mag. site 4: cos e4 = (8/9)112cos (¢ + 4TT/3) 

where ¢ is the angle of rotation in the (111)-plane with ¢ = 0° when 
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Hll [iii] rote.;t ing toward [ lOl] ( <P = 30°) . The calculation of gil and 

All/gliB from the experimental data requires some caution unless the mag

netic field is rotated in the (100) or the (llO)-plane. 

The proper procedure would have been to fit the experimental 

data to the axial spin Hamiltonian (Eq. 41) using a least square fit 

calculation. Instead, for the calculation of gil , the experimental data 

were fitted to 

= 2 2 8 + 2 . 2 8 gil cos g1 sln (40) 

. 2 
using only the nine points where cos 8 = 8/9, 2/3 and 2/9 with gl = 1.3. 

The g-values at these points were obtainedfrom a plot of g vs. the arbi-

trary angle of rotation <P'. The result: 

gil = .80±.03. 

For the calculation of A the experimental data were fitted to 

A2(e) g2(e) = A 2 2 2 8 2 2 . 2 8 II gil cos + Al gl Slll (43) 

using only the three points 2 where cos e = 8/9 with A_t_ /h =· 678 Mc/s, 

gl = l. 300 0' = .80. The A/h values at these points were obtained from 011 

a plot of A/h vs. the arbitrary angle of rotation <P ' • The result: 

All/h = (365±15) Nc/s 

(All /gil B = (326±13) gauss). 

Using these parameters, g(e) and A(e ) /h were calculated using 10° iricre-

ments for <P. The calculated values for g(e) and A(e) /h and the experi-

mentally measured values are shown in Figs. 7 and 8. The calculated 
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+90 

.+50 
-70 
-10 

~F . 
::t . ' .. 

Fig. r. C~mpariso~ of2 calc~late~ g (9) (~olid curve) from 
g (e) =g 11 c.os 9 +p:.l sin 8 with !2:.1. -=1. 100, g 11 =. 80 
with the ex-oerimentally measured values. 
¢'=arbitrary angle of rotation,~ =angle of rotation 
as defined in text. The relBtion between e and 4 
is ~iven in the text. 
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. . .... .. .• i' 

• -90 -70 -50 -30 -10 +10 +30 +50 +70 +90 
0 +50 +70. .:t90 -90 -so -30 -10 +10 +30 +50 
6. -70 -50 -30 -10 +10 +30 +50 +90 .:t90 -70 
0 -10 +10 +30 +SO +70 ,:t90 -70 -50 -30 -10 

Fig. 8. 
C~mpar~son of2 calcula~ed A~S)~h (solid curve) fro~ 
A (9)g (S)=Au gu 2 cos 8 +A~ p;,1. s1n29 with &=:1.3, 
g 11 =.80, AJ../h=678Mc/s, Aij/h=365Mc/s with the 
exnerimentally measured values. q, '=arbitrary angle 
of rotation; q, :=an!rle of rotl'ltion as defined in text. 
The relation between~ and 9 is given in the text. 
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curves fit the experimental points within the accuracy of our measurements 

and a least square fit using all the data would not have improved the 

accuracy of the spin Hamiltonian parameters. 

c) ·The second-order shift + A
2

/4g
2

8
2
H = 5-7 guass is appreci

o 

able but was not included in the calculations because all the data are 

up sweeps only and were approximately 5 gauss too high already. 

d) In conclusion, the observed EPR spectra from 239Pu+3/BaF
2 

in 

trigonal sites was fitted to the spin Hamiltonian 

H = g
11
s 'JtrSr1 + g1 B(Jes 1 + JCs 1

) + AIIIrsr +A (I.S 1 +Is 1
) pp qq . 1 pp qq 

with S = I = l/2 and the parameters 

I gill = . 80±. 03 lgll = 1.300±.005 

IAII l/h = 365±15 Mc/s (All /gil B = 326±13 gauss) 

IAll/h = 678±8 Mc/s (A1/g18 = 372±4 gauss). 

The data clearly shows that there is appreciable crystal field 

J-mixing. If J were a good quantum number, we would have found 

A11 I gil 8 = A1 I gl B. It is also evident that the error for ISjj is much larger 

than for g1 . We have.no explanation for this peculiarity. It cannot be 

due to misalignment of the crystal in the microwave cavity since this 

would change both g-values by approximately the same amount. 

e) 239 +3 The spectrum due to Pu /BaF
2 

in trigonal sites was the 

most iritense in this crystal. An additional less intense isotropic pair 

due to 239Pu+3/BaF2 in cubic sites was observed. Its identification was 

only possible after the g-value of the isotropic pair had been determined 

in a crystal whose cubic spectrum was more intense. 

·~· 
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5. Summary 

A summary of all Pu crystals investigated is given in Table 9. 

It is interesting to note that in BaF
2 

trigonal sites are dominant, 

+3 whereas, in CaF
2 

and SrF
2 

cubic sites are dominant (ionic radius of Pu 

is 1.00 A.). A similar trend has been found for Yb+3 (ionic radius .86'A) 

in alkaline earth halides106 where the trigonal sites outnumber cubic 

sites in BaF2 and SrF2 . 

We have searched for cubic lines but none were observed. The 

observed EPR spectra showed that the Sm+3 ion was surrounded by a tetra-

gonal crystal field and was not further investigated. 

If the tetragonal spectrum is dominant, it is difficult to fol-

low the resonance lines of other sites as long as one uses naturally 

147 +3 .. 
occuring Sm. The hyperfine structure due to Sm (I=7/2, abundance 

15%) and 149sm+3 (I=7/2, abundance 14%) in tetragonal sites is super-

imposed on the spectrum of the even mass .number isotopes (I=O, abundance 

68%) in non-tetragonal sites and it is extremely difficult to follow 

their spectrum as the magnetic field is rotated. 

.c. . .·. +3 
Calculation of the Cubic Crystal Field Parameters for Pu in CaF

2
, 

SrF 
2 

and BaF 
2 

1. The free ion Pu+3 

The free ion energy levels were originally obtained by Lammerman 

107 . ' +3 
and Comvay from opt1cal data of Pu in Lac1

3 
and La-et~yl-sulphate 



Table 9. Summary of "Pu crystals" investigated. 

est. cone. 
in mole % 

+3 
Pu /CaF

2 
llO .045 

+3 Pu /CaF 
2 

lll .174 

Pu+3/SrF
2 

110 .24 

Pu +3 /SrF 
2 

lll .24 

Pu +3 /BaF 
2 

lll .22 

Pu+3/BaF
2 

lll .48 

Pu+3/BaF
2 

111 .34 

aBased on initial amount Pu 
b . 
a [ c/m] was measured on· top 
relative Pu concentration. 

a 
b d c 

a[c/m] Appearance EPR Results 

6.4 X 104 

{ $=4. 7 mm 

colorless cubic:noncubic 
(blue color center) -2:1 

5 X 105 ··.~ 

cubic dominante violet 
(blue color center) 

2.8 X 105 { light violet only cubic 
¢=4 mm (blue-green color center) spectrum invest. 

2.3 X 105 light violet cubic:noncubic 
(blue-green color center) - 1:1 

2.9 X 104 (brown color center) cubic:trigonal 
- 1:4 

1. 8 x io5 ¢=4 mm light violet cubic:trigonal 
(green color center) - 1:20 

1.0 X 105 light violet cubic:trigonal 
(green color center) - 1:20 

added. 

and bottom,plane and averaged. This should give a better estimate of the 
Note that the diameter is not the same for all crystals. 

cThe original color is given if known, the color of the crystals changes due to color center formation 
which is given in brackets. 

dAccurate relative concentrations cannot be given because the relative magnitude of the matrix elements 
are not known. 

eThe EPR spectrum was investigated carefully at one angle only. No absorbtion lines other than the 
isotropic ones were observed, which is rather surprising. This ·crystal had been unintentionally kept 
at liquid N2 temperature for four days prior to the measurements at liquid He temperature. 

~ 
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. 48 
and further\refined by Conway and Rajnak. Table 10 gives the lowest 

five free ion energy levels for, Pu +3 in LaC13. r 

a 

Table 10. Energy 
. +3 

levels, eigenvectors and g-values for, Pu 

J E calc. 

5/2 82 

7/2 3237 

9/2 6191 

5/2 6802 

3/2 6910 

Only the leading LS term 
lowest J-states is given 

48 in Lac1
3

. 

E 
exp. 

0 

3190 

6038 

is·given; the 
in Appendix B. 

·Eigenvector a 

.81 6n 

.90 
6

H 

.93 
6

H 

-.69 
6

F 

.84 6F 

complete eigenvector for 

g 

.420 

.865 

1.070 

1.141 

.977 

the two 

34 . ~· +3 
R. McLaughlin et al. found three groups of lines in Pu /CaF2 

whose center of gravity shifted only slightly compared to Pu/LaC1
3

. In 

+3 . the following calculation we shall assume that the Pu free 1on energy 

levels are the same in Lac1
3 

and the alkaline earth fluorides. 

2. Calculation of the cubic crystal field parameters 

The Hamiltonian for a cubic crystal field has been discussed 

(Eq. 18). We have 
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The correct way of calculating the crystal field effects would be to 

simultaneously dia.gonalize the electrostatic, spin orbit and crystal+ine 

field matrix for the f 5 configuration. This would require diagonaliza-

tion of a very large matrix, which is not feasible. As a first approxi-

mation we consider only the two lowest free ion levels J=5/2 and J=7/2 

using the complete free ion intermediate coupling wave. function given in 

Appendix B. The effect of neglecting high J-states will be discussed 

later. 

The eigenfunctions within the J=5/2 and the J=7/2manifold 

separately are easily obtained. 
. .·. 108 

They are given in Table 11. 

The calculation of the crystal field matrix elements is straight-

forward (Eq. 20-22) but rather tedious. The results are given in 

Table 12. 109 

The point model usually gives the correct sign for the crystal 

field parameters ·in alkaline earth fluorides. For a cubic crystal field 

Bo · t· B0 ·t· 
4 1s nega 1ve, 6 pos1 1ve. Neglecting J-mixing for the moment, .we see 

that the ground state for Pu +3 is the f 
7 

doublet, which explains the 

isotropic EPR spectrum observed. 

J=5/2 

. 0 
-.0052 B4 

0 ·.0104 B4 



0' 

Table 11. 

J=5/2 

J=7/2 

-85-. UCRL-18922 

Eigenfunctions for a J=5/2 and
8
J=7/2. manifold in a cubic 

crystal field.~0 · 
. ' 

.. ::i 
f!!J 

. 1 
.. , 

r7 = +.4o83fiMJ = 5/2 > -.91291-3/2 ') 

2 
r7 = :....40831-5/2 > +.91291 3/2 > 

rl 
8 = -.912915/2 > -.40831-3/2) 

r2 
8 = +.91291-5/2 > +.40831 3/2 > 

r3 
8 =~l.ooool 1/2 > 

4 
r8 = 1.ooool-112 > 

rl 
7 

= -.8660'1 5/2. > +.50001-3/2 > 

2 
r7 = -.866ol-5/2 > +.50001 3/2 > 

rl 
8 = +.50001 5/2 > +.866ol-3/2 > 

r2 
8 = +.50001-5/2 > +.866ol 3/2 > . 

r3 
8 = +.76381 7/2 > -.64551-1/2 >. 

r4 
8 = +.76381-7/2 > -.645511/2)' 

rl 
6 = +.64551 7/2 > +.76381-1/2 > 

r2 
6 = +.64551-7/2 > +. 76381 1/2 > 

For Pu+3 each term in the given expression is a ~urn of 28 LS terms for 
the J=5/2 manifold,: 30 LS terms for the J=7/2 manifold, respectively. 
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Table 12. Crystal field matrix elements for Pu+3 in a cubic crystal field. 

r
7 

J=5/2 

r
7 

J=7/2 

. r 8 J=5/2 

r8 J=7/2 

r6 J=7 /2 

r
7 

J=5/2 

0 .0104 B4 
0 

.0792 B4 -

0 .0669 B4 -

r 8 J=5/2 

. 0 
.0052 B4 .0613B~ + 

0 -.0074 B4 + 

. . 0 0 J ~.0520 B4 - .2068 B6 + 3190 
> 

0 .2302 B6 
0 ' .1242 B6 +:3190 

. : 0 
.1486 B

6 

.1655 Bo + 
6 3190 

.; 
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This is usually discussed in terms of the operator equivalent factor 

which is given below: 

.olo4 B0 
4 

0 4 0 4 = .0104 • 8 A4 <r ) = -4 x 6oA4<r >s
512 

s
5

/ 2 = -3.476 X 10-
4 

We see that the 4th-order operator equivalent factor for Pu+3 is negative. 

. no 6 -4 For comparlson S( H
512

) = +25.016 x 10 This means that for a pure 

6 H
512 

state in a cubic crystal field the r8 quartet is lowest. 

6 the effects of intermediate coupling are small, the H
512 

state accounts 

still for 96% and the r
8 

quartet is lowest as observed experimentally.
101 

It is important to realize .. that in the case of Pu +3 it is not sufficient 

to use a truncated intermediate coupling eigenvector. For example, if 

we use l)J
512

= .81 
6
H- .31 

4
Gl- .38 

4
G4 which accounts for 90%, we 

Obtain s
5

/
2 

= 18.9 X 10-4 . It is .a rather fortuitOUS addition Of all 

the termr:; with small coefficients which finally renders s
512 

negative. 

The experimentally-measured g-values for Pu+3 in cubic sites in 

CaF2 , SrF2 and BaF2 were lgl = 1.293, 1.250 and 1.187, respectively. 

The g-value for a pure I J=5/2 r 7 ) s.tate is I g I = . 70 which' indicates 

that we have to consider crystal field J-mi~ing. Restricting ourselves 

to the next J=7/2 level we have calculated the g-value using the wave 

1' 1 
function. r~ = cos cp I J=5/2 r 7 - sin <P I_J=7 /2 r 7 ) . The calculation of 

the,matrix elements of the Zeeman operator H4 has·been discussed in 

Sec. III-C2. The matrix elements diagonal in J are easily calculated 

using the free ion g-values given in Table 10. For the calculation of 

the off diagonal matrix element Eqs. (2'7-28) were used. The result: 
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g = - .6994 cos
2 

¢ + 2.5946 sin
2
'¢ + 3.2601 cos ¢ sin ¢ 

(sin¢= 0 corresponds to no crystal field J-mixing). 

The amount of crystal field J-mixing required to fit the experi-

mentally-observed g values is easily calculated. This provides us wifh 

the eigenvector for Which the. 2 X 2 f 
7 

crystal field matriX gi Vin befor·e 

is diagonal, which in turn allows us to calculate the 4th-order crystal 

0 0 0 field parameter B
4 

for a given ratio of B
6

/B4 . In order to get an 

estimate for the crystal field parameters, the 2 X 2 r
7 

crystal field 

matrix was diagonalized . Bo us1ng 4 as a parameter for two ratios of Bo/Bo 
6 4 

and then the g value was calculated. We choose the ratios 

a) 

which is the ratio which has been experimentally observed for lanthanide 

ions in alkaline earth fluorides, 13 ,lll,ll2 and 

b) 0 (B6 = 0) 

which will allow us to estimate the effect of dif-ferent B~/B~ ratios. 

We have plotted the g value for the ground state of Pu+3 vs. the 

crystal field parameter B~ for the given ratios of B~/B~ in Fig. 9. From 

0 . 
this figure we see that there are two possible sets of B

4 
values that-

will give the experimental g (since the ground state is the r7 doublet, 

B~ must be negative and positive B~ values need not be considered). We 

expect the 4th-order crystal field parameter to be largest (meaning most 

negative) in CaF
2 

and smallest in BaF2 which eliminates one possible set 

of B~ values. The arrows in Fig. 9 indicate the remaining set of B~ 

values which are summarized below 
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+3 Bo -6300 
-1 Pu /CaF2 4 = em 

/SrF2 
Bo -5400 

-1 Bo/Bo -.2 = em = 4 6 4 

/BaF2 
Bo -4500 

-1 
= em 4 

Converting to the often-used 
CJ{ k . Ak r >-parameters, we have 

+3 A~( r 4 
) ~ -790 

-1 
Pu /CaF 

2 
em 

A~( r 6 
) 

+3 0 4 
-675 

-1 
Pu /SrF2 

A
4
< r ) = em 

A~( r 4 } 
-.1 

+3 A~( r 4 
) -565 

-1 Pu /BaF2 = em 

The B~ values are very sensitive to the ratio of B~/B~ as can be seen 

in Fig. 8. We estimated that the actual crystal field parameters are 

within ±25% of the values given. The effect of higher J states and 

0 0 
configuration interaction on the crystal field parameters B4 , B6 was 

estimated from a calculation in which the electrostatic, spin orbit and 

crystal field matrix were simultaneously diagonalized using a truncated 

bases set consisting of only 6H and 6F. This showed that the effect of 

higher J states on crystal field parameters· is appreciable, on the order 

of 10%; but considering that the crystal field parameters calculated are 

rather uncertain (±25%)' we may neglect higher J states. 

However, this only applies to the crystal field parameters which 

determines the relative energies of the crystal field states. The g 

value of the r
7 

groundstate is hardly affected by higher J states. The 

groundstate eigenvector is of the type 

+ d!J=ll/2 r
7 

>+ ... 

.... 
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The calculation with the· truncated LS basi,s set showed that c is for-

tuitously small, much smaller than d; whereas, one normally expects a 

gradual decrease for the coefficient a,b,c,d •.. Since cis close to 

zero, we are in the fortunate position that we can safely neglect higher 

J states. 

The coefficients a and b (a2 + b2 = 1) which we had previously 

called cos e and sin e and which fit the experimentally-measured g value, 

are given below for completeness. 

a b 

+3 Pu /CaF
2 

.9650 .2623 

+3 .Pu /SrF2 -9740 .2265 

+3 Pu /BaF 
2 

.9820 .1887 

3. The point charge model crystal field parameters 

We have discussed the virtues and deficiencies of the point 

charge model in detail. It is illustrative to actually calculate the 

crystal field parameters using a simple point charge model and compare 

these values with the experimentally measured ones. We have to calculate 

the crystalline electric field at a Ca2+ site due to all the charges in 

the crystal. The presence of a trivalent ion will induce some polariza:-

tion, whose effects on the fourth and sixth degree potential are on the 

order of 15-20%. The polarization .of the nearest fluorine ions is eqtiiv-

% 
. +3 .. 62 

alent to a decrease pf -3 in their distariGe from the M ion. Bleaney 

has taken the lattice summation far enough to get good convergence and 

finds for trivalent ions in CaF
2 
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0 ( 4 ) -l B4 (P.C.M.) = -5267 r em 

0 ( 6 ) -l B6 (P.C.M.) = +647 r em 
For CaF2 

when r is expressed in A. n +3 · 
The ( r ) values for Pu · have been calculated 

by Dr. J. Mann. 113 They are <r4 ) = .3744 (A) 4 <r6 ) = .5442 (A) 6 .-

Using these values, we obtain for 

Bo (P.C.M.) -1972 
-l 

= em 
4 

Bo -l 
(P.C.M.) = + 352 em 

6 

The "observ:,ed" values are 

-6300±1500 
-l em 

-l 
+1240±300 em 

+3 Pu /CaF2 

For 
+3 

Pu _/CaF2 

Fit ex'p. 
g value 

I. 

The point charge model parameters are a factor of 3-4 smaller than the 

observed one. Similar discrepancies were observed_f6r lanthanide ions 

in CaF
2
.l3,lll,ll2 

Using the point charge model one would predict that 

a) the crystal field parameters are p~9portional to ( rn } for 

different guest ions in·a given crystal matrix 

b) the nth-order crystal field parameters are proportional to 

d-(n+l) for a given guest ion in different crystal matrices with anion-

cation distance d. 

The observed cubic field parameters for trivalent lanthanide 

13 ions in CaF2 are 



.. 

3440 2000 

720 480 

-1 
em 

-1 
em 
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and we expect that the crystal field parameters for the trivalent actinides 

are 2-3 times larger since ( r 4 ) and ( r 6 ) increase by this a.Iilount •. The 

+3 . 
"observed" values for Pu /CaF2 agree with this. 

4 P +3 . 
The ratio.for the th:..;.order crystal field parameter for u 1.n 

,the series CaF
2

, SrF
2 

and BaF
2 

is compared with the point charge model 

ratio in the following table. 

+3 Pu /CaF
2

-

+3. 
Pu /SrF

2 
+3 Pu /BaF

2 

0 -1 
B4 [em .• ] . 

-6300 

-5400 

-4500 

· o(· .. · )/ o 
B4 CaF

2 
B4 

1 

.86 

.71 

Point charge model 
ratio (no pblarization) 

1 

.53 

From these values it is easily calculated that the observed B~ vary as 

2 5 . 0 . 
d- · . According to the point charge model, the B

4 
parameter should 

-5 vary as d . One way of looking at this is to assume that when the Pu+3 

ion with ionic radius of 1.00 A replaces a cation with bigger ionic 

~+ +3 
radius (e.g. Ba with radius 1.36 A), the ligands about the Pu contract, 

reducing the effective local distance.· 

In all point charge model calculations we have used lattice 

parameters for room temperature, whereas, our estimated crystal field 

parameters are for -1° K. The temperature dependence Of the' cubic crys-

+3 2+ tal field parameters has been measured accurately for Gd and Eu in 

I, 
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. 114-118 many matr1ces. For alkaline earth fluorides it was found that 

the crystal field parameters at liquid helium temperature are approxi-

mately 5% larger than the ones at room temperatUre. For a comparison 

with the point charge model we should use room temperature values. But 

mations made in the point charge model. 

this correction is small compared to the consequences of all the approxi-

1 
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VI. OPTICAL TRANSITIONS IN Pu+3/CaF
2 

A. Introduction 

In the previous section we have calculated crystal field parameters 

from EPR data. The calculations. are tedius and the approximations made 

result in uncertain parameters. Direct observation of the lower energy 

levels of Pu+3 in cubic sites in alkaline earth fluorides with spectra-

scopic methods would allow calculation of J:D.Ore accurate crystal field 

parameters. 

·In the last 20 years the sharp f-f transition of the lanthanide 

and actinide ions have been studies successfully in a variety of hosts 

where the guest ion is surrounded by a crystalline field lacking a center 

of symmetry. For a free ion, electric-dipole transitions between states 

of the same configuration are strictly parity forbidden .. In a crystal-

line field lacking a center of symmetry, states of opposite parity are 

mixed by the static crystal field and f-f transitions are now weakly 

allowed. For a cubic crystal field pure electric dipole transitions 

are forbidden. In this case we may have 

a) magnetic dipole transitions 

b) vibronic transitions 

c) electric quadrupole transitions. 

Vibronic transitions will occur only if there is a change in the 

vibrational quantum number and thus will'occur at energies that differ 

from the pure electric~dipole transitions. In general, the vibronic 

spectrum appears to consist of broad bands on which relatively-sharp 

1 . . d 119 lnes are superlmpose . The theory of vibronic transitions for 

lanthanide .and actinide ions has been discussed by Satten. 120- 122 . 
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The expected values for the oscillator,strength of lanthanide 

ions for the different types of transitions have been discussed by 

Broer et a1. 123 and El'Yashevich. 124 

-1) 'visible region (v = 20,000 em are: 

Electric dipole transit:i_.ons 
(forced by the sta.tic crystal field) 

Vibronic transitions 
(forced by the dynamic crystal 
field, temperature dependent) 

Magnetic.dipole transitions 

Electric quadrupole transitions 

I 

The estimated values for the 

· f = 4 X 10-6 - 4 X 10-5 

f = 4 X 10-7 

f = 8 X 10-S - 8 X 10-7 

f = 2 X 10-lO_ 2 X 10-9 

We are interested in the possibility of observing magnetic 

dipole transitions of Pu+3 in cubic site~ in CaF
2 

in the region 3000-

3500 
-1 

em and we have to compare the intensities of these transitions 

with the intensity of electric-dipole transitions of Pu+3 in noncubic 

sites. 

Lammermann and Conway107 found that the plutonium spectrum due 

to electric-dipole transtions is much more intense than the spectrum of 

the corresponding lanthanide samarium. Quite generally, the electric-

dipole transition probabilities in the actinides are some 10 to 100 

times as large as in the lanthanides. For transitions between the lower 

electronic levels the lower limit is probably more reasonable and we 

+3 -1 expect for the oscillator strength of Pu at 3000 em (values given 

3,000 ) for lanthanides x 10 x 
20

,
000 

, 

f = 7 X 10-6 - 7 X 10-5. 
e 
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In general, it is also true that. the magnetic dipole. trans,i tions 

for actinides are more intense than for the lanthanides. In the presence 

of intermediate coupling~ transitions may occur between two levels if 

they contain admixtures of a common LS state. However, for the transi-

tions we are interested in this' is not true. The relevant reduced matrix 

element (J+liiL+g
8

SII J) was calculated for 
6 a pure H

512 
state and the com-

plete intermediate coupling wave function 
+3 for Pu . The results are 

The upper limit for the magnetic dipole oscillator strength at 

3000 cm-l is f =l0-7 . The estimated oscillator strength for etectric 
m 

+3 . -1 . . . . 
dipole transitions for Pu . at 3000 em . J.S a factor of 70-700 tJ.mes 

larger. 

In order to obtain a Pu crystal in which the cubic sites out-

number the noncubic sites by a factor of 70-700 we would need a Pu 

crystal with a very small total Pu concentration; and we could not 

expect to observe magnetic dipole transitions in a crystal of normal 

. size .. 

The concentration of the investigated Pu +3 /CaF 
2 

crystals was. 

approximately .1 mole %. The relative concentration of Pu in cubic and 

noncubic sites is approximately 2.5:1, which corresponds to a=.286 

(estimated from the ratio of the EPR intensities (10:1), assuming all 

noncubic sites have trigonal symmetry). The observation of magnetic 

dipole transitions is, therefore, unlikely. 
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B. Estimated Energy Level Diagram for Pu+3 in Cubic Sites in CaF
2

, 
SrF

2 
and BaF

2 

The approximate energy level diagrams for .Pu in CaF2 , SrF2 and 

BaF
2 

are given in Table 13. They were obtained by. diagonalizing the 

2 X 2 matrices given for r
7 

and r
8

, respectively, for the crystal field 

parameter values·· indicated. (These parameter ·values cor:respond to the 

experimentally-observed g values. ) The effect on the energy levels by 

changing the B~/B~ value is evident from the data given in Table XI. 

However, as was discussed previously, we have neglected higher J states 

and configuration interaction which have a pronounced effect on the 

energy level position. 

C. Optical Absorption Spectrum of Pu+3;caF
2 

The observed spectrum of Pu+3;caF
2 

from 2000-5000 cm-l is given 

in Fig. 10. The spectrum was taken at room temperature only, using an 

I.R. 5 spectrometer. The spectrum observed agrees roughly with our pro-

posed energy level diagram. However, we f~iled to observe the spectrum 

in larger but less-concentrated crystals. If the spectrum were due to 

magnetic dipole transitions, we would expect the spectrum to be stronger 

in the less-concentrated crystal. Therefore, we conclude that the 

observed spectrum is most likely due to Pu +3 in no~cubic sites. 
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Table 13. 

J=7/2 fe r6 

r7 

J=5/2 
[ r8 

r7 

*f6 is above the r8. 

Estimated energy level diagram in cm-l for Pu+3/CaF2 , SrF2 and Ba~2 . 

+3 
Pu /CaF2 

+3 Pu /SrF 
2 

. +3 Pu /BaF2 
0 0 0 B6/B4=-.2 B

6
=o 

0 . 0 . 
B4=-6300 B4=-9700 

0; 0 . 0 B6 B4=-.2 B
6

=o 
0 ~ 0 

B4=-5400 B4=-8450 

0 0 . 0 B6/B4=-.2 B
6

=o 

BE=4500 BE=~7050 

3750 36801 * 3630 3580} * 3530 34801 * 
3540 4000 3460 3870 3390 3640 

3110 3050 3070 3020 3040 3010 

300 250 230 205 175 160 

0 0 0 0 0 0 

I 
\0 
\0 
I 

c::: 
0 
~ 
t" 
I 
f-' 
co 
\0 
[\) 
[\) 
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APPENDIX A 

TlEical EPR SEectra 

Fig. A-1. 239Pu+3/CaF2 cubic spectrum. 

Fig. A-2. 239Pu+3/SrF2 cubic spectrum. 

Fig. A-3. 239Pu+3/BaF 
2 cubic spectrum. 

Fig. A-4. 239Pu+3/BaF2 trigonal spectra. 
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APPENDIX B 

Intermediate coupled wavefunction for Pu+3 J=5/2 and J=7/2 

. f ld 48 man1. o . 

+3 . 
Pu (J=5/2) 

" . +3 
Pu (J=7/2) 

Coef. Coef. 2 X·lOO Coef. 2 Coef. x 100 

6 p .0126 .02 .0049 <.01 

6F .1003 l.Ol .1037 1.08 

6H .8121 65.95 .8950 80.10 

4Pl -.Oll8 .01 

4P2 .0277 .08 

4Dl .0339 .ll .0170 .03 

4n2 .03868 .14 •. 0197 .04 

4
D3 -.0437 .19 -.0276 .08 

4Fl .0601 .36 .0426 .18 

4F2 .0013 <.01 -.0035 <.01 

4
F3 -.1283 1.65 -.1018 1.04 

4F4 -.27 -.0403 -.0403 .16 

4Gl -.3097 9.59 -.2451 6.01 

4c2 .0727 .531 .0479 ~23 

4
G3 .ll06 1.22 .o6n· .46 

4c4 -. 3775 14.25 -.3053 9-32 
4Hl -.0350 .12 

4H2 .0003 <.01 

4
H3 .0583 .34 

2Dl .0268 .07 

2D2 .o46o .21 

(continued) 
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APPENDIX B. (Continued) 

+3 . 
Pu (J=5/2) +3 Pu (J=7/2) 

2 2 . ' Coef. Coef. X 100 Coef. Coef. x 100 

2D3 -.0060 <.01 

2D4 .0282. .08 

2
D5 -.0538 .29 

2F1 -.0680 .46 .;...0253 .06 

2F2 -.0986 .97 -.0433 .19 

2
F3 -.0039 < .. 01 -.0051 <.01 

2F4 .0418 .17 .0154 .02 

2
F5 -.0617 .38 -.0234 .05 

2F6 -.1013 1.03 -.0397 .16 

2
F7 -.0979 .96 -.0490 .. 24 

2G1 .0076 <.01 

2G2 -.0199 .04 

2
G3 -.0113 .01 

2G4 .0055 <.01 

2
G5 .0124 .02 

2G6 -.0002 <.01 

'· 
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