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ABSTRACT 

Electron paramagnetic resonance (EPR) was observed in 253d AgIIOm, 

present as Ag2+ in the [(iSO-C3~)2NCS2]2Ag complex. Eleven hfs (hyper

fine structure) lines were observed, the positions of the other two lines 

being obscured by other absorptions present in the sample, and the nuclear 

spin of 6 was confirmed. A hfs constant a llOm = (7.108 ± .02) X 10-3 cm-l 

was determined. A hyperfine anomaly of .6107,109 = -0.40% ± 0.110 was 

observed for stable Ag2+ in this complex, indicating tbat the hfs arises 

from contact interaction. A nuclear moment of ~llOm = +3.55 ± 0.04 nm 

was derived after a 3.710 hyperfine-anomaly correction. The nuclear 

moment does not agree with shell-model predictions using empirical g 
, 7 

factors, being low by l,nm. It is suggested that the (g9/2) proton 

configuration might be coupled to spin 7/2. This yields a moment of 

+3.54 nrn. 

EPR experiments on yttrium ethylsulfate single crystals containing 

terbium isotopes in the ratios Tb158/Tb157/Tb158 = 25/1.6/1 were carried 

out at Q-band frequencies (35 GHz). The nuclear spin of Tb158 was found 

to be 3 and by comparison with the observed hyperfine structure of Tb159 

and its known nuclear moment, a magnetic moment ~158 = 1.740 ± .007 nm was 

calculated. Transitions due to Tb
157 

were not observed, presQ~ably 
because they were obscured by the stronger Tb159 lines. AssQ~ing 
1159 = 1157 = 3/'2, the following limits were set on the value of " 

~157: 1.88 < ~157 < 2.10.' Tbl60 lines were also observed in YES 'single 
- -, 160 ' 

'crystals. They gave ~ = 1.685 ± .008 IlIll. Nuclear alignment experiments 

on Tb158 in a single crystal of neodymium ethylsulfate were also carried 

out in order to determine a relationship between the quadrupole coupling 

constant and the magnetic hyperfine structure constant. This information, 
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as well as. existing nuclear orientation results on Tb
160

, was combined 

with the EPR data to olit,ain quadrupole ,coup;ting: cOnstants. Quadrupole 

moments calCUlated from, the coupling constants were found to be: 

Q158 := 2.7 ± 0.5 barns and Q160:= 3.0 ± 0.5 barns. 

8 
The fir~t well-verified di valen't actinide ion, Ain

2
+ (5f 7, nominal 

8
7
/ 2 ), was stabilized in a calciu.1ll fluoride single crystal and character-

ized by EPR and optical spectroscopy. Reduction of the trivalent ion was 

obtained by solid-state electrolysis and/or as a result of the emission 
, , 

, of ionizing (X-radiation during the americium nuclear decay. The radiation-

reduced crystals were observed to thermoluminesce at 500°C; emitting radia

tion'characteristic of the A1ll3+ ion. The electrolytically-reduced crystals 

did not thermoluminesce. EPR measurements at liquid helium temperatures 

showed the f6 crystal-field state to be lowest in energy. The X-band EPR 

spectra were fitted with the following spin Hamiltonian parameters: 

Analysis of the americ.ium hfs allowed the determination of a contact hfs 

constant (corrected for the effect of the crystal field)' a:= (-) 
, -3 -1 c 
9.01 X. 10 cm. This is equivalent to a hyperfine magnetic field per 

unpaired 5f electron of (-) 285 kilogauss. Measurements on isoelectronic 

. 244em3+(I=O) at sites of cubic symmetry were also carried out, yielding an 

isotropic g value' which agreed within experimental error with that of' Am2
+. 

Two charge-compensated sites with trigonal symmetry about the [111] axes 

of the cube were also observed. The components of the g tensors were found 

to be: 

tgll(site r) ;" 3 .41 ± 0.02, gl (site I) = 6.88 ± 0.02 

:gll(Site II) = 2.69 ± 0.02, gl (siterr) = 5.91 ± 0.02. 

.-f\., .. 

'~ 



: , • 

-vii-

Subsequent studies at Q-band frequencies allowed the cubic crystal-field 

splittings to be determined. The splitting between the ground f6 state 

and the fir st excited r 8 state was found to be 13.4 ± 0.5 cm -1 and 

18.6 ± 0.5 cm~l for cm3+ and Am2+ at cubic sites in CaF2, respectively_ 

The splittings are shown to be due primarily to the effects of interme';" 

diate coupling on the ground state wave function. 

>, 
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I. INTRODUCTION 

Experiments are described in this thesis which utilize the tech

nique of electron paramagnetic resonance to investigate the static prop

erties of the lower lying electronic energy levels of radioactive transi

tion-metal ions in various substrates. It is useful to view'these levels 

as being characterized by three separate factors: a) the electronic 

properties of the ion in the limit of no outside fields acting on it (i.e., 

a "free" ion), b) the ion's nuclear properties, and c) the properties 

of the substrate in which the ion is being studied. The true energy levels 

are t~en obtained by allowing these systems to interact with one another. 

Hence EPR studies can be initiated from a variety of viewpoints, depending 

upon where one wishes to focus his attention. The work described herein 

focuses on the determination of nuclear moments of nuclei (AgllOm, Tb157, 
158 160 .' Tb _ ,Tb ) belonglng to the d and f-transition series and the elucida-

tion of solid-state chemical and crystal-field properties of the actinide 

ions Am2+ and em3+present as dilute -impurities in single crystals of cal

cium fluoride. 

Measurements of nuclear moments provide one of the most useful 

means of elucidating nuclear structure and of testing existing nuclear 

,structure theories,.:The, measurement of nuclear moments by direct reso

nance techniques such as nuclear magnetic resonance (NMR) are limited in 

sensitivity by the inherently weak coupling between the nuclear moment and 

externally applied fields. The study of short-lived radioactive nuclei by 

standard NMR techniques are thus often not feasible since the amount of 

sample required would present serious problems with respect to safe han-,' 

dling of the sample and radiation damage of the substrate in which the 

sample is to be studied. Even if half life is not a problem, it is often 

simply not feasible to obtain enough of the pure isotope to study. The 

interactiansof electronic magnetic moments with an external field, on the 

other hand, are about 2000 times greater than those of their nuclear 

counterparts,rendering EPR a more sensitive technique than NMR. Thus 

nuclear moments of radioactive nuclei which are inaccessible to standard 

NMR may be studied by analyzing the electron-nuclear hyper fine structure 

(hfs) in the EPR spectrum. However, since the hfs pattern depends upon 
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the ,electron-nuclear coupling, and thus on many, other variables besides 

the nuclear moment" its analysis is less straight-forward than that of a 

direct resonance exp~riment and usua~iYYieldS less accurate results. 

The nuclei studied in this thesis all represent cases which would prove to 

be <luite difficult to study by other techni<lues (the exception is AgllOm , , 

which has also been studied by atomic beam magnetic resonance). The iso-
110m ( , ')' '160( ) topes Ag , ti/2 = 253 d. and ~ t l / 2 = 72 d. are short-lived and 

thus impart a high specific activity to samples prepared from them. 
157 ( " ,)", 158 ( , , ' )' ' Tb t l / 2 = 150 y. ; and Tb t l / 2 = 1200 y. , on the other hand, are 

long-lived but extremely rare isotopes, s1,lch that the total amounts avail

able for study were very small. 

"The fiction of a: "free" ion 'existing in a solid is most nearly 

realized in nature by f-transition-series, ions present as dilute impuri

ties in crystalline hosts. Ions with unfilled' nf., shells' retain the 

better portion of their free-.10n charact~r by virtue of the fact that the 

radial wavefunctions of then-f'electrons peak well within those of the 

filled (n+2)s. and (n+2)p shells. These filled, ,outer shells effectively 

,prevent the surrounding ions in the lattice from approaching very near the 

nf valence electrons, thereby minimizing the a!Tlount of overlap. 'It is 

this outer-shell repulsion effect which mainly gives rise to free-ion 

'character, and not the more commonly held notion of electronic screening 

by the filled shells. 

The solid-state properties of the rare earths of the lanthanide 

series have been extensively studied in alkaline fluoride (e.g., CaF2) 

matrices over the past two decades. The motivation for such studies has" 

been two-fold. First, the systems are relatively simple to treat theoret

ically and thus provide an opportunity to test and extend basic understand

ings of solid-state proces~es. Second, the systems exhibit a wide variety 

of intriguing properties, the most well-known example of which is maser 

action. The experiments' on Am2+ and em3+' described in this work represent 

some of the first data concerning the behavior of rare earths of the actin

ide series in the alkaline fluoride CaF2 " The results obtained indicate 

that these systems, like their lanthanide counterparts, contain a wealth 

of fascinating solid-state chemistry and physics. 

~, . 

I' 
I" 
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II. THEOR.ErICAL BACKGROUND 

The 'theoretical background appropriate to this research is 

sketched in this section. As pointed out in the introduction, the work 

divides naturally into two topics: a) the determination of nuclear 

moments of radioactive species by electron paramagnetic resonance and 

b) the investigation of the SOlld-state properties of actinide ions by 

EPR. 

From a solid-state viewpoint, the principal task is to determine. 

what happens to the,energy states of an actinide or, more generally, an 

f-transition-series ,ion which is initially free (in the sense that no 

extra-atomic forces act on it) when it is placed in a crystal. We shall 
1· 2-6 . 

aSSQ~e that the free-ion Schr8dinger equation has been solved so that 

the energy level structure is known as well as the corresponding eigen

vectors, expressed in some convenient representation such as Russell-
1 Saunders (L-S) coupling. The interactions of f electrons with their 

surroundings are usually small enough to be treated as a perturbation on 

the free ion levels. That is, the following inequality holds approxi

mately for f-transition-series ions in solids: 

Vc » VSO » VCF » (other interactions) (II-I) 

where VC' the electrostatic Coulomb interact;on and VSO' the s~in-orbit 

interaction, comprise the free-ion Hamiltonian. VCF represents (the inter

action of the ion with the crystalline electric field of the so~id. 

"Other interactions ll can be due to the presence of an external m,agnetic 

field' (Zeeman effect) and electron-nuclear hyper fine interactions, among 

other possibilities. These effects can be introduced, in turn, as per

turbations on the IIcrystal-field states ll which are first obtained by 

diagonalizing the matrix resulting from the application of the crystal 

field perturbation to the free-ion wavefunction. 

From a nuclear viewpoint, the problem concerns the determination 

of nuclear moments from electron-nuclear hyperfine structure in the EPR 

spectrum. Accordingly, a theoretical framework is required which is 

detailed enough to permit quantitative calculations. Crystal-field 
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effects are important in this respect in that they strongly influence the 

hf interaction relative to the free ion. In this sense,. the solid-state 

I,,' and nuclear problems ,are tightly interwoven. 

A. Crystal-Field Effects 

1. Some Remarks·About Group Theory 

The spheri?al symmetry of the free-ion Hamiltonian insures that 

J, the total. angular momentum, is a constant of the motion. If we now 

place the ion into a solid we expect the .crystalline fields within the 

solid to remove partially the (2J+l) - fold. degeneracy. Bethe7 was' the 

first to use group theoretical arguments to predict how terms would split 

in crystals. The basic idea is that the resulting levels must transform 

as' irreducible representations' of the crystal field point sytn.1'Jletry group; 

the number of, levelsb.eing given by the nu.1'Jlber of distinct· basis functions 

that can be formed. The decomposition of J, J eigenfunctions into reprez 
sentations, f., ofa point sytn.1'Jletry group is accomplished using the equa

l. 

tion 

.' which gives the character of the Jth representation, X
J

, as a function of 

the angle of rotation ¢. The complications ofdouble-val~ed representa

tions introduced by half-integral J values is taken care of by the addi-

. tion of Ifdouble group's If to· the given character table. As an example, the 

representations of the first few half-integral J values in cubic symmetry 

using Bethe' s double group notation are: 

J = 1/2 ~f6 
J = 3/2 ~ fS 
J. = 5/2 ~ f7 + fS 

(II-2) 
r 

J = 7/2~f6+ f7 + fS 

Note that in these decompositions, representations do not occur more than 

,-
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once for a given J., This means that within a constant J manifold, eigen

functionsofacubic ~otential are determined by symmetry alone. Hence 

~hysical properties which depend upon the ex~ectation value of an observ

able within the state are com~letely symmetry-determined to first order. 

For exam~le, the Zeeman effect within af. state would only depend on 
, - -, 1 

syrrmletry ~rovided the Zeeman energy were smallcom~ared to the spacings 

between the states. Of course, group theory can say nothing about the 

energies of the states since group theoretical results only depend on the 

s~~etry of the Hamiltonian, not on the magnitude of its terms. 

2. Electrostatic Crystal-Field Model 

(a) General remarks. To go beyond the symmetry pro~erties of the 

crystal field, it is necessary to construct a physical mode~. The simplest 

model conceivable is that of a ~urely electrostatic, field perturbing the 

wave function of the central ion. This is called the electrostatic model 

and has been applied extensively and on many levels of sophistication to 
. , 

problems involving lanthanide and actinide ions. The justification for 

neglecting bonding' effects rests on the well-known fact that f electrons 

overlap very weakly with their surroundings. 

The general electrostatic model can be represented by a Hamilton

lan describing the Coulombic interaction between the crystal field and the 

nf- electronic level,8 viz: 

:·U qr k () q q 
<» = 2.: 2.: [Ak1. r i + Sk r i ] + Tk(r i )} CPk(8i '¢i) 

i k,q 
(I1-3) 

Here r
i

, 8 i " ¢i are the coordinates of the ith hf electron, CP~ is a linear 

combination of spherical .harmonics 'Y~ an~ y~q, A~ is a factor giving the 
, . 

strength of the crystal field, and Sk is a linear shielding term arising 

from deformation of closed electronic shells. T~ describes the effects 

of nonlinear shielding. (These terms will be completely defined as we 

come to them in the following discussion.) For f electrons only terms in 

the expansion with 0 :s k :s 6 are nonzero, 9 and within the ~ configura

tion, L is restricted to even values. The L = 0 term is usually neglected 

since it shifts all levels equally to a very good approximation. 9 Further 
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res'tricd.ons are placed on the su.l'Jl!llation by the requirement that the 

Hamiltonian possyss the symmetry of the ion site. The proper linear 

\: combinations of spherical harmonics for 1:l.' given .site symmetry are most 

easily found by performing an expansion in spherical harmonics ofa 
'10 

simple charge 'distribution possessing the ' requisite symmetry. 

(b) ,Phenomonological approach., ,The crystal-field problem can 

be approached using a method exactly analogous to that employed in atomic 

spectroscopy. That is, the angular matrix ,elements of (rr..;3) involving 

the spherical harmonics are calculated, While the remaining terms in the 

, expS3-nsion are treated as purely adjustable parameters. A successful fit 

of the experimental data (optical, fluorescence, paramagnetic resonance) 

in terms of a small set' of adjustable parameters merely reflects a correct, 

choice of symmetry. The parameters mayor may not be related to those in 

(I~-3), depending upon the validity of the electrostatic model. This 

phenomenological approach has seen remarkable success in explaining 

optical spect~a of rare-earth ethYlsulfates,9 wl:ere' many energy levels ,,' 

can be fitted with just four parameters. 

' .. ' 

The calculation of the angular matrix elements was first consid:"'-", 
, '11-14 

ered by Elliott and Stevens. The formulation, known as the method 

of operator eqUivalents, involves making a transformation from spherical 

harmonic operator-sto the corresponding linear combination of angular 

momentu.rn operators, for which the matrix elements are well known. The 

proportionality constants are called Steven's reduced matrix elements or 

:operator-equivalent factors. Originally, shielding effects were neg

lected so that S :::: Tq :::: o. The operator equivalent Hamiltonian, is then 
k k 

(rr-4) 

where ~k is Steven's reduced matrix element 0:, (3, 'Y for k :::: 2, 4, 6, 
,respectively, and the" O~I s are angular momentuin operators, a complete 
, . ' . 10 15 " 

_ list of which has been g~ven by Hutch~ngs and Orbach. The adjustable 

parameters are la:b~lled by ~ :::: ~ (rk) within this formalism. 

,-

, 1 

I 
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Within a constant J manifold, matrix elements are easily found 

using the tables of Hutchings.
10 

Reduced matrix elements have been tab

ulated for the ground and first' e'xcited L-S states of the' ~are earths .13 
" ' 16 

Crystal field mixing of excited states has been considered by Judd. 

The angular matrix elements can be more direc~ly and elegantly 

calculated using Racah tensor-operator techniques as developed by Elliott 

et al. 17 The Hamiltonian is written,18 

U = L NqAq(rk) Uk
= L B~k , k k' . n n 

, k, q ":I., k, q ':I. q 
(II-5) 

Here ~ = (4n/2k + 1)1/2 Y~ and N~ is a normalization factor which 
qq k 1 q 'q 

relates Bk to Bq' i.e., B~ = Bk Nf' Values of Nk'have been tabulated by 

WYbourne.,6 The matrix elements of ~ in an LSJ representation are given 
q 

in terms of 3 :- j symbols (:::) and 6 - j symbols19 (:::) as, 

, . J + S + L' 
(?:rSLJJ JUkJfNrr'S'L'J'J') = o(SS')(-l) z 

z q z 

(II-6) 

~ are additional quantum numbers needed to specify the state. The double

barred matrix element is tabulated forfN'configurations by Nielson and 
20 

Koster. 

(c) Point-charge approximation to the electrostatic model. We 

can give the crystal field parameters ~(rk) a physical interpretation by 

assuming that the surrounding crystalline lattice is composed of point 

charges. Within this approximation the ~ parameters are completely 

lattice-dependent, being given by the following summation2l : ' 

(11-7) 

Here the summation is over all charges ji in the lattice. R is the dis

tance from the j. th charge to the central ion. The quantity (rk) becomes 
, 1 ' 

the expectation value of rk", (</JfJ r
k

J7f/f)' within the f~electron shell. 
, q k 

Hence it is possible to calculate the crystal-field parameters Ak(r ) by 

, 
i 
I 
I 

1 
I 

, ! 
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performing the lattIce su.1'Jlsand using free-ion estimates of. (r /. These 

values can then be compared 'with the empirical' parameters obtained by' 

fitting experimental datain order to testthe validity of the model. 

Detailed calculation's of the crystal-field parameters, for rare-earth ions 

have been considered by Hutchison and Wong, 22 Burns, 23 Ii:ut~hingsand 
24, ", 25 ' " :', . ' 

Ray" and Bleaney" among others. When the 'calculat~ons are compared, " 
" 

:with the empirical parameters, good agreement is not obtained both :with 

respect to magnitude and to predicted Z - dependence. 21 The most discon

certing fact is that 'althOUgh A~(r4)is essentially proportional to 
2'22' ",06 2'23 .. '" 

(r ) /R ) /R and A6(r ) to (r ) /R ).!R, the emp~r~cal values of the former' 

parameters are, often smaller than the latter. 21 This is in direct con

tradiction to a basic assumption of the point':'change model; that is, 

(r2)<<..R2 • Attempts" to ameliorate this and other problems have led to 

the. concepts of k - selective shielding,:which are discussed 'in the next 

section. 
, ' 

(d) Shieiding and other refinements. In the initial formulation 

of the point- charge model t:wo simplifying assumptions :were made: (a) the 
, N' 

crystal field acts only on the f shell, (b) there are no interactions 

bet:ween ~and other.' configurations due to the' crystal field or any other 
26 perturbations. ' If these constraints are relaxed, three things can happen ,: 

( ) 
" , , 2 6 

,1 the crystal field can polarize the filled outer ns np shell. This 

polarized configuration can then interact :with the' fshell. (2) Config

uration mixing of the form nf~ ~nfN-ln'£, can occur. (3) Configuration 
, .N' 4£ '+2' Nr14£ '+1 ' 
mixing nr'n.l, £ I ~ nf n I £ can occur. The mixing in (2) and (3),' 

can be due to either crystal-field or electrostatic perturbations or both. 

The mechanism of polarization or closed-shell shielding, (l),:was 
,27 28 first proposed by Judd and Satten. Using first-order perturbation 

theory, a polarization charge density is calculated and allo:wed to inter

act coulombically :with the nf shell. The amount: of shielding or anti-
" 6· 

shielding is proportional to the matrix element (~0(ns2np )1~CFI~i)' For 

non-zero matrix elements:' ~i must transform as the terms in the crystal 

field ~ince ~0(ns2np6) is a closed shell and transforms ,like Y~. Thi~ 
suggests that each term in the crystal field expansion :will have a shield

ing parameter associated :with it. Within this formulation, 

,-" i 

~' r 
I 
I 

" 
~ 

,', 

, 
i, 
il 
I. 

! 
I 
" I 
I 
I' 
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I, 
.. 

0, J 

i 
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I 
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the empirical crystal-field parameters are written 

(11-8) 

where Sk is the polarization shielding term and is ui3ually defined by the 

equation Sk = (1 - O'k)' :Where cY
k 

is the linear shielding (or anti shielding) 

parameter .. 8 The term "linear!! is used to describe ,the polarization 

shielding since it can be seen from (11-8) that .the effect of the shield

ing is merely to uniformly scale up or down the crystal-field interaction 

with respect to the point:-charge model. O'k is "shielding" if 0:::; k:::; 1 

.and !!antishielding" for all other values. 

There has been a good deal of interest focused on the theoretical 

calculation of linear shielding parameters for rare-earth ions within the 

:past five ye~rs'.21,29-3~ The earlier, less exact perturbation methods 
'21 ' 29 32 . 

used by Burns,. Lenander and Wong, and Ray have been lmprovedupon 

by the exact !!single substituted configuration method" introduced by 
. 31 

Freeman and,Watson. The latter method also allows one to take into 

account exchange effects as well as Coulombic effects. It should be 

noted that although the method of Freeman and watson is exact for a given 

crystal-field Hamiltonian, their results can only be considered semiquan

titative since the electrostatic Hamiltonian is probably a poor choice 

(but the only one feasible at this stage) for outer-shell shielding. This 

is true because the outer ns
2
np6 shell probably overlaps considerably with 

the surrounding ligands. The results of shielding calculations show bas~ " 

ically that Bi shielding can be large, B~ shielding significant and Bl 
shielding weak. In other words, 10'21 > "I 0'4 > 1 0'6 1. Lenander andwonl9 

, 33 
, and Krupke and Gruber, . have used a perturbation method to get order of 

magnitude agreement with experimentally fitted :a; parameters for PrC~ and 

NpBry respectively. Lenander and Wong find 0'2 = 0..59,0'4 = 0.17 and 

suggest t~Bt even larger shielding is possible. They also find that the 

6th - order parameter agrees with point-charge calculations, which is 

consistent with 0'6 ~ o. Bleaney has found that large antishielding par am-
, 2+ 34 

eters are needed; to explain the optical data of the Tm : CaF 2 system. No 

theoretical estimates of the parameters have been made, however. 
I 
I 

'I 
, j 
I 
I 
.\ 



,1 

-10- ' 

The configuration mixing mechariisms'(2)' and' (3) reflect the fact 

that the central"'" ibn wavefunction is not de~iyed solely from the? con

figuration, but also contains admixtures of states from,many excited 

levels. The effects of this mixing on the crystal-field interactions 

have been considered by Rajnakand WYbourne
26 

and Freeman and Watson. 31 

It is, found that both "linear" and "nonlinear" shielding can arise. Non

linear shielding has no si.rnple scaling effect on the point charge param

eters. That is, in the limit, of strong nonlinear shielding, the relative 

, energy level spacings predicted on the basis 'of a "pure fN configuration 

would be altered due,to the aQ~ixture of other configurations. This 
g , 

'effect is represented by the factor Tk(ri ) in Eg. (II-3)~ 

Nonlinear shielding factors have been claculated by Freeman and 

, , Watson31 for selected ra:i:e-earthions and have been found to be signifi-
, , 

cant. However these authors, emphasize that the effects are extremely 

hard to catagorize since the parameters depend strongly on the strength " 

of the crystal field. The 'fact that the phenomenological approach of 

fitting adjustable parameters is successful, even when applied to differ

ent multiplets of the same ion suggests that the nonlinear effects are·, 

* small. However, possible evidence of electrostatically correlated non-

linear shielding in rare-earth spectra has .been given by Eisenstein.35,36 

* Although configuration mlxlng maybe due, to crystal field or electro"'" 
static perturbations, the latter are expected to dominate for rare 
ear.thsand actinides. 26 In this case, called "electrostatically cor
related" mixing, the terms introduced by the nonlinear shielding have 
the same JJ :dependence as the corresponding terms in Eg. (11-5), but 
differ int:5e -rSL dependence. 9 Hence within a given LSJ multiplet, 
,the phenomenological approach would work even in the limit of strong 

,'nonlinear shielding. However, one would find differentBk g para
meters for each multiplet. 

" 

i 

I 
! 
I 

j 

I 
! 

i , 
, I 
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'I 

Further refinements of the electrostatic model have been focused 

on the 
. . q 22 23 37 

calculation of the Ak parameters. " If the point-charge 

con:;:;traint is relaxed, generation of multipoles .at the ligand sites due 

to finite ligand polarizability must be considered. The standard 
22 

approach is to calculate the electric field at the ligand sites aSSQ~-

ing point charges and to combine this with available macroscopic polariz

ability data to calculate the·multipoles generated at the ligand sites by 

the field. General e<luatiOl1s have been derived37whi~h allow one to take 

into account induced point moments of any order in the calculation of ~ 's. 
Burns

21 
has pOinted out that since the distance between the rare-earth ion 

and the ligand is not large compared to the separation of charge in the 

induced moments, the validity of the above method is <luestionable. Fur-
. <lrv /k+l" " thermore, s~nce Ak aIR ,this nonidealness will have a profound 

eff~ct upon the magnitude of the parameters. Hence the calculation of 

rigorous lattice SQ~S is very difficult and at the present time, nearly 

impossible. It should be noted that these problems vanish for a cubic 

lattice, since th~ ligands are not polarized by ~ cubic field. 

In most examples available. in the literature at this time, the 

electrostatic crystal-field model allows one to semi<luantitatively repro

duce the empirical crystal field parameters, provided k - selective. 

shielding effects are included.
S 

If the model is valid then better theo

retical estimates of O'k as well as more realistic lattice summations 

should yield <luantitative agreement. However, the theoretical justifica

tions of the model.are based on. rather heuristic physical arguments and 

it would not be too surprising if the agreement were to deteriorate as 

the calculations become more refined. Attempts to put the crystal-field 

problem on.a more rigorous footing necessarily re<luires the use of molec

ular orbital (MO) theOry,3S ~herein the central ion and its associated 

ligands are treated as a uni<lue entity called a complex. The properties 

of the complex are determined by the chemical bonding between the central 

ion and the ligands. The electrostatic model is obtained from MO theory 

as a special case where there is no overlap between the ligand and central 

ion wave function. 
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,. 

Due to ·the complexity of the problem,. no q,uanti tati ve MO calcula-

tions are available on any f-transition metal ion c.omp.lexes at this time • 
. 39 ' . ·:,40' 

However, Burns .andAxe and Jprgensen, et al." have made some interest-

ing semiq,uantative calculations along these lines. The calculations seem 

to indicate that, although bond:ing effects. ina partly filled f shell are 
., 

small, they are still comparable to the electrostatic first order perturba- ~' 

tion. Hence the B~ parameters may ha~e little to do with lattice StLlJlS and 

radial integrals. As pointed out earlier, the success of the phenomenolog-

ical treatment merely reflects the correct description of the s~lJletry 

aspects of the distortions of the orbitals of the central ion by its 

associated ligands. 

Hence the theoretical understanding of the crystal-field problem 

is not complete at this time. The majority of the present theoretical 

activity is focused on the calculation of shielding· parameters, despite 

the fact that there is some doubt as to the validity of the calculations, 

. as expressed by J~rgensen, et al., and BUrns and Axe. It may well turn 

out that the correct description is a complicated mixture of electrostatic 

and bonding effects, such that. neither approach, in itself, will adeq,uately 

explain the experimental data. Fortunateiy, the experimentalist can focus 

his attention on the response of the ion to the crystal field without 

vTorrying too much about the origin of the interactions. 

B. Zeeman Effect 

The magnetic interaction between an N-electron system and an 

externally applied magnetic field is called the Zeeman effect. The 

Hamiltonian can be written 

(:I;I-9) 

. Here It is the magnetic field and i3 =e'tl/2m ·,c· .. is the Bohr magneton, where . e; :; 
e is the charge on the electron and ~e its mass. gs is the free electron 

gyromagnetic ratio given by 2.0023. 

~ 

I 
,j 
! 

I 
I 

\ I 
, I 
] 
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The evaluation of the matrix elements of Eg. (II-9) is elegantly 
6 

carried out using the Wigner-Eckart theorem. The theorem can be alge-

braically represented as 

(II-IO) 

The term on the left represents the matrix element of the gth of 2k+l 

components of Tk) which is termed a "spherical tensor" operator because 

its components transfonn under rotations like the corresponding spherical 

harmonics Y~. The double-barred matrix element on the right is the 

"reduced" matrix element of Tk and the bracketed term is a 3-j symbol. 
.-7 

The vector operator A can be placed in spherical tensor form using 

appropriate linear combinations) i.e. 

Where A+ = A ± iL\/..[2. The tensor components of the angular momentu.1'Jl 
- x 

vector J are obtained similarly. A relationship between the matrix ele-

ments of A and those of J is easily obtained using Eg. (11-14) to evaluate 

the ratio 

The angular dependence represented in the 3-j symbol vanishes and the 

following relation is obtained: 

Hence the matrix elements of A are proportional to the matrix elements of 

J. Accordingly the nonzero matrix elements of Ai in terms of J i are 



(TJJ z I.L\ IT' JJ~) '= gL (J)J z 

(T JJ z +11.L\± IT ,'JJ z),= ~ (J') ..f{J(J+l) - J z (J Z±l)}, 

Cr~+lJ z Ill.' IT' JJ Z)'='gL (J,J+;l) ..[C(J+JZ +1) (J -J z +1)), 

(-rJ+l J ±lIAlt'JJ ) = gL(J, 'J+l) ..[{(J±J +l)(J±J +2)} z , z z z 

, (II-ll) , 

Where ,gL is defined as the appropriate ratio of reduced matrix elements 

and is called the Lande g,value. The elements diagonal in J are given 
by6 

gL(J) . = 1+ ( -1) J (J+l) - L(L+l) + S (S+l) 
,gs 2J(J+l) , 

Landeg values,gL(J) andgL(J, J+l) have been tabulated by Elliott and 

Stevens13 for tripositiverare-earth-ion ground state terms. That the 

matrix elements are diagonal in Land S follows from the fact that ~ 
z 

co~~utes with L2 and S2. 

Equation (II-9) can now be written in a more familiar form, Le.; 

1.1 -4 -7 
<H = t)g J'H z L (II-12) 

Choosing the direction of It as the quantization axfs of:T, (II-12), reduces 

to simply 

~ = t)gLHJ 
z ,z 

(II-12a.) 

so that the (2J+l) - fold degeneracy of the L-S term is split into (2J+l) 

equally-spaced states, IJ, J). This is the situation fora free atom , ' z 
in, say ,an atomic beam. However, if other fields define the J -quantiza .. :., 

tion axis, then (II-12) becomes 

~ = t)gLH(2J +mJ +nJ ) z x y z (II-12b) 



.", 

-15-

Where P., 'm and n are the direction cosines of it with res]?ect to the 

coordinate system of 1. This formulation is ap]?ropriate ,for an ion in ,a 

solid, where the quantization axis is provided by thesynunetry axis of 

the crystalline electric field. Note that the Zeeman energy level spac

ings now vary as the field is rotated ,with res]?ect to the crystalline 

axes. This is, of course, a consequence of the spacial anisotropy intro

duced by the solid. 

The above first-order treatment of the Zeeman effect will be 

adequate for the requirements, of this thesis. Higher-order relativistic 
42 and diagmagnetic corrections will only effect the (JSL) quantQ~ numbers. 

Hence the corrections, if significant, can be conveniently absorbed into 

gL which, in view of Eq. (II-12), can be regarded as an adjustable param

eter. For a complete discussion of the Zeeman theory, the reader is 
42 

referred to the work of Judd and Lindgren. 

C. 'Electron-Nuclear Hyperfine Interactions 

Electric and magnetic multipole expansions of nuclear moments 

have ]?arity (_l)k and (-l)k+l, respectively, where 2k is the multi]?ole 

order. To a very-good a]?proximation, parity is a good nuclear quantQ~ 

number and it follows i!ll.Tllediately that k must be even for nonzero electric 

multipoles and odd for nonzero magnetic multipoles. The k = 0 term in 

the electric multipole expansion gives rise to the Coulomb interaction in 

the free-ion Hamiltonian. Hence the most important electron-nuclear hyper

fine interactions involve nuclear magneti~ dipole (k=l) and nuclear elec

tric quadrupole (k=2) moments. 

1. Magnetic Hyperfine Interactions 

Electron-nuclear magnetic hyperfine structure (hfs) is generated 

by two mechanisms: (a) electronic dipole (both intrinsic spin and orbital 

moments) - nuclear dipole interaction, which has a characteristic r-3 

dependence and (b) electron density within the nuclear volume. The 

latter is only important for s (and for heavier elements also Pl/2) elec

'trons. For simplicity we discuss the two mechanisms separately, but we 

should keep in mind that nature rarely makes such a separation. 
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(a) 
I I 

Dipolar interactions. The spin,and orbital.currents of each 

electron in an ion generate a magnetic field at the nucleus.' Neglecting 

core-polarization effects (see Sec. I,I.C.l.b.)contribut{ons from closed 
, , 

shells cancel ,each other so that one'need only consider' contributions 

from the partially filled valence shell. The Hamiltonian is 

(II-13 ) 

, , 6 
where the magnetic field generated by the ith electr'on is given by 

:;;7 , , ~ ~ ~r:? ~ / 2 / 3 rti = -gs~[£-s+3r~s.r) r ] r (II-13a) 

Where r'is the distance of the ith electron from the nucleus, and ~I is, 
" "-)-) 

the, nuclear magnetic moment. Noting that, ~I = gI~N I, where gI is the 

nuclear g factor, ~N the nuclear magneton, and I th: nuclear angular 

momentunl vector, and using Eg. (II-13a), Eg. (II:":13) can be rewritten as 

;;:7 ~ -) -) (-)' -))/ 2 Where l~. =£i-s.+3r. s.·r. r. 
l, l II l l 

(II-13b) 

Using the Wigner-Eckart theorem in a method exactly analogous to that 

described for the Zeeman interaction, the vector operator L:N. can be 
i i 

replaced by the operator, 

, {< 1:SLJII~ill1: I S I L I J:!)/ < 1: SLJIIJII1:SLJ) } ;t 
l, 

allowing (II-13b) to be expressed in a more tractable form: 

(II-13c) 

Here Ad is known as the magnetic hfs constan.t and is 'given by 

(II-14) 

,", 
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where (r-3) -rep~esents the expectation value of l/r~ for the valence 
~ 

electrons obtained by integrating over the radial wavefunction. The 

expression for the diagonal reduced matrix elements corresponding to an 

f N f' t· . . 'b 6 con-~gura ~on ~s g~ven y 

(fN-r SLJIIL:N .II?-r 's 'L' J ') . ~ 
~ 

(JIINIIJ) 

(11-15) 

where ~ =2- gL(J) represents the interaction of the electron orbital 

~6ments with the nuclear magnetic moment and ~ (representing the remain

ing terms in the bracket) ~eflects the electron-spin moment-nuclear 

moment interaction. (1Iv(12)11) is a- reduced matrix element tabulated by 
. 20 ~N 

Niels,on and Koster for r- configurations. The quantity {:::} is a 9-j 
symbol. Values of (JIINII'J) are tabulated by Elliot and Stevens13 for the 

rare earths} assuming pure L-S coupling. 

Ad can be empirically determined by fitting e~erimental hfs 

splittings to the Hamiltonian given by Eq. (11-13c). This provides a 

means of calculating th,e nuclear magnetic moment through the relation 

~I = ~~N I} provided the other parameters in (11-14) can be calculated. 

The only term that presents any difficulty is (r-3) . Reliable calcula-

tions of this parameter are hampered by the lack of sufficiently good 

radial wavefunctions. This problem can be circumvented in favorable 

cases by comparing the hfs of the ion of interest with that of an isotope 

for which the nuclear moment is known from some other measurement. In 

this way, the (r-3) dependence can be eliminated. 

The foregoing treatment pertains to "free" ions; toot is} ions 

which are free of extra-atomic fields which tend to decouple L from S, 

rendering J a,useless quantQ~ nQ~ber. The effects of the surroundings, 

especially crystal-field effects, on the dipolar hyperfine structure are 

discussed in Sec. I1.D.2. 
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(b ) Contact interaction and' hyper fine " structure anomalies. We 

need to consider another magnetic hyperfine interaction mechanism which 

is important when there is a finite unpaired electron density at the 

nucleus. This problem was first solved correctly by Fermi43 in 1930 and 

the effect is u,sually termed the Fermi contact interaction. 

Withil1 the confines of nonrelativistic quantum mechaniCS, only s 
electrons can have a finite density at ,the nucleus. This canarise eithe~ 

directly from a configuration containing an unpaired s electron or from 

the effects of exchange polarization. The'mechanism of exchange 

pOlarization44,45 is responsible for finite contributions t~ the Fermi 

contact term from closed shell or core s electrons. The physical picture 

of the mechanism is as follows. If an ion possesses a net spin s, due to 

its valence'electrons, the exchange interaction between core and'valence 

ele?trons with the same relative signs of ms and,M
S 

will be different 

than the exchange for those of opposite sign. As a consequence, the 

radial wavefunctions for "spin,'u,:p" core electrons will differ from those. 

of IIspin down" core electrons. This in turn generates a finite unpaired 

, electron density, at the nucleus, indicated schematically by 

17JI t (0) 12 - 1 iJ;4- (0) 12 1= O. 

Fermi 4~ showed that if one assu.1'Jles the nucleus to be a point 

dipole, the magnetic hyperfine structure constant due to the contact 
, . 

interaction can-be written 

(11-16) 

~here g1 = ~1/1 is the nuclear g factor when ~I is expressed in nuclear 

magnetons and 17JI' (0) 12 is the unpaired s-electron density at the nucleus. ,s -

Determination of magnetic moments from measured apd's alone is notprac-

- tical ,since there is no reliable way of estL1'Jlating 17JI (0)1 2. However 
s 

Eq. (11-16) does predict that the ratio of apd I s for two isotopes should 

be equal to the ratio of their gI I s. That is, 

(1)/ (2) a a pd, pd (11-17) 

';' 



-19-

since ,1<JI 1 (0)1 2 = I<JI 2(0)1 2 for isotopes 1 and 2. Hence, 'if gI(l) is 
s s '(2)' 

available from some other measurement, gI can be determined by measur-

ing a (dl ) and a (2
d

), and using (II-17). p ,p 

Experimentally, small deviations from (11-17) are found to occur. 

These deviations have been'termed "hyperfille structure, anomalies" and a 

quantitative theory to explain them "Was first developed by :Bohr and 
46 - , 

Weisskopf. The error .in Eq. (11-16) is introduced by the assumption 

,that the nucleus can be treated as a pOint. If the nucleus is allowed 

to assume a finite volQ~e, then the probability density distribution of 

an s electron will vary over that volume, 'rendering the hyperfine structure 

constant sensitive to the manner in which the nuclear magnetism is dis

tributed within the nucleus. This is demonstrated in Fig. (11-1) where 

the radial probability density for an,sl/2 electron (in the Schr8dinger 

approximation) is plotted for two cases: a) a point charge Ze and 

b) the same charge uniformly distributed within a sphere of radius~. 

The variation of the s-electron density within the nuclear volume is 

evident. (It should also be noted that the nuclear charge size results 

in a reduction in the hfs interacuion relative to a point charge nucleus 

since the hfs interaction is proportional to the specific electron 

density, Le., the density over the nuclear volume. From Fig. (11-1) 

this is unity for a point and always less than unity for a sphere of 

finite volQ~e.) Consequently the contact magnetic hfs constant "Will 

depend on the distribution of nuclear magnetization (DNM) within the 

nucleus as well as g1 and Eq. (11-17) will not hold if there is a signifi

cant difference in the DNM between the two isotopes. 

:BOhr47 extended +-he original work to treat specific nuclear models. 

Eisinger and Jaccarino48 have extended his t~eatment to include higher

order terms and have given useful tables of relevant coefficients. The 

problem is to calculate the fractional change in hyper fine structure 

relative to a point nucleus due to the finite extent'of spin and orbital 

magnetization distributions and it is solved by considering the inter

action of a Dirac electron "With the nuclear magnetic vector potentials 

associated "With spin and orbital currents. (The calculation must be 

done relativistically because the velocities of the electrons near the 
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Fig. (II-l) . ,Plot of the nonrelativistic probability density dsitribution 
, , of an sl/2 electron) showing the variation of s-electron density' over 

,the nucl~ar volume. 
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nucleus are very large. Relativistic theory allows both sl/2 and Pl/2 

electrons appreciable density at the nucleus. Both cases are considered 
48 

by Eisinger and Jaccarino.) The fractional changes can be written 

K: = I (a .. -a ) j a 
s .. pd s, pd 

(1I.,.18) . 

where '1\ is the change due to the finite spin distributiori and Kp' to the 

orbital distribution. The power series solutions to the Dirac equation 

required for explicit evaluation of the K's are obtained by ass1.l.1'J1.ing the 

potential of a uniform spherical charge distribution within the nucleus. 

The results for sl/2 electrons are
48 

(to avoid confusion, the intrinsic 

spin of the nucleon is.denoted s, while that of the electron sl/2·2. 

refers to the orbital angular moment1.l.1'J1. of the nucleon). 

(11-19) 

The factors b sn (sl/2)' bin (sl/2) and b2.n(sl/2)' bin(sl/2) are functionally 

dependent on both the electronic and nuclear distributions and are tabu;;'.' 

lated versus Z. ih:R~f.48 .. -.The parameter t; takes into account angular 

asymmetry of the nuclear spin distribution and can be written for the 
48 

single particle model, 

t; = 21-1/4(1+1) 

t; = 21+1/41 

I = 2. + 1/2 

(11-20) 

1=2.-1/2 

The R . parameters are defined as the average value over the nucleus of 

.. (R
i 
/R:r) where R is the radial coordinate of the 'nucleon under considera

tion and R: is the nuclear charge radius. These parameters may be obtained e 
from the single particle model of the nucleus and the means of obtaining 

them are given by Eisinger and Jaccarino. 
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. The ft· 1 d t .. 1 t· t' . t 1 . 48 . rac ~ona re uc ~on ~.n aJ' re a .~ ve 0 a po~n . nuc eus, ~s 

E = - (K a + Ky"ay")' . s s . (11-21) 

Where as and"ay" are the fractional contributions of the spin and orbital 

moments' to the nuclear magneti~ moment (as + ay" =l~;. For a shell model 

state a .... can be expressed in terms of g factors 'as 9 . 
s 

ex 
s 

gs g1-gy" 

g1 gs-gy" 
(11-22) 

Where gy" and' gs are the orbital and spin contributions to the nuclear spin 

g1' For an odd proton, one must calculate E = -(K a + Ky"ay") using p ssp 
(1.1-22)" "Where gs and gy" are t~e intrinsic spin and orbital g values of, 

the proton, "For an'odd 'neutron, gy" = 0 so that (11-22) yields as = 1, 

which in turn, gives E = -K. For an odd-odd nucleus the fractional n s . 
contributi~ns to the total magnetic moment from the. neutron and proton 

are obtained from the relation,49 

(11-23) " 

-Jp(J'p+l)] } 
~, ~. 

WithJ = Y..±1/2 and J 1/20 The total fractional reduction in the 
p n 

contact hyperfine structure constant -relative to a point nucleus is then 

ET = a E + a E pp nn 
(11':'24) 

The measUred.hyperfine structure constant is then given by48 

(11-25) 
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Where C is the same for all isotopes to a very good approximation. For 

isotopes 1 and 2 we now obtain 

a '(1) 
c 

. (2) 
a 

c 

l+E (1) 
T 

. l+E (2) 
. T 

(11-26) 

Hence if sufficient nuclear information is available to allow the calcula~ 

tion of E~i), the nuclear g factor can be accurately determined from the 

contact hyper fine structure constants. 

(c) SQ~ary: Calculation of gf from A. The magnetic hyperfine 

structure constant) A, of an ion is in general composed of spin and 

orbital dipolar terms and a contact term, that is 

where (11-27) 

In the limit of D » C, gI can be determined from an empirical value of A 

either by direct calculation, using an (r~3) e.stimate, or by comparison 
. . . -3 

with an isotope of known gI) wherein the (r )- dependence cancels out •. 

In the limit C » D, gI can only be determined by comparison with 

another isotope (e.g., Eg. (11-26)) because there is no reliable way to 

estL~ate 1~(o)12. The accuracy of the determination depends upon the 

size of the hyper fine anomaly and/or whether it can be reliably corrected 

for. 

When C and D are comparable in magnitude) the only feasible way 

of of obtaining gI is by using a direct ratio. Using (11-27), we obtajn 

for isotopes 1 and 2, 

DtC(l+E (2)) 

DtC (l+E (1)) 
(11-28) 
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Where g (2) is assu.rned kno,m and A (1) and .A(2) are the measured hfs 

constants. This ~quation can be evaluated in the limit of small hfs 
(1) (2)' . 

anomalies, i.e. j E , E «1, or when the two' isotopes have similar 

DNIYl l s so that E (1) ~ E(2), since then (11-28) reduces to simply, 

(n-28a) 

One could also determine the 'bracketed quantity in (11-28) explicitly 

using Eq. (11-27) to calculate C from the known values of A (2) and 

g(2), together with a value of D, calculated from a~ (r~3) estimate, and . 

a calculated value ofE (2). The uncertainties involved in this procedure 

are large and presmnabJ.y it would be used only if neglecting E (1) and E (2) 

gave rise to even larger uncertainties. 

2.' Electric Hyperfine Interactions 

Nuclei w:Lth spin I 2: 1 may possess an electric quadrupole moment. 

Interaction of this moment with electric.field gradients at the nucleus. 

set up by the valence electrDns gives rise to electric hfs. The Hamilton

ian can be written13 

(II-29) 

Where the su.~.kis over the valence electrons. Q is the nuclear quadru

pole moment defined by the matrix element of the quadrupole operator over 

the space of the nuclear coordinates evaluated when Iq has its maximum 

prOjection,49 vis.: Q = (II!Q. !II). 
op. . 

The matrix elements of Eq. (11-29) have been evaluated by Elliott 

and stevens. 13 They find for the elements diagonal in J and J : 
z 

(II-30) 

where (J!lcxIIJ) is the familiar second-order operator-equivalent factor. 

Defining the quadrupole coupling constant P as 
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P 
eQ,5E /oZ 

z 
(11-30a) 61 (21-1 ) 

where OE/OZ = ;9 e(r-3)(JllcxIIJ)(3J~-J(J+l)) is the electric field gradient, 

Eq. (11-30) can be rewritten as 

. 2 
(J, J IMr'I\J, J ) = P{31 - ,I(I+l)} z ~ z z (II-30b) i.' 

Thus P can be regarded as an adjustable parameter which can be empirically 

determined by fitting hfs data to ECl. (II-30b). The right side of (II-30b) 

is equivalent to an effective Hamiltonian and since it involves only spin 

operators, it is called the "spin Hamiltonian" form of the Cluadrupole 

interaction. We will have more to say about spin Hamiltonians in Sec. 

II.D.2., where the effects of placing the ion in a crystal lattice will 

also be reckoned with. 

D.· EPR Theory 

In this section the theory of magnetic resonance and the theoreti

cal framework necessary for the interpretation of EPR experiments are 

briefly sketched. 

1. Magnetic Resonance 

The phenomenon of electron paramagnetic resonance (EPR) was first 

observed experimentally in 1945 by zaV~iskY. 50 Essentially, the tech'- ':. 

nique involves inducing (and observing) transitions among the Zeeman 

energy levels of a paramagnetic ion by means of resonant excitation with 

microwave radiation. In practice, the paramagnetic sample is placed in 

a microwave cavity which resonates at the desired freCluency. Normally 

the microwave freCluency is held constant, while the static magnetic 

field is slowly varied until the resonance condition is reached. The 

resonance is observed by monitoring the change in reflected or transmit

ted power from the cavity caused by the absorption of energy by the 

sample at resonance. The transition probability is given by perturba

tion theory as 
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( 
-', . (II-31) 

, . !' , " . 

'VThere;U is the a:ppropriate perturbation Hamiitonian and p (v,) is the 

density of states function. The Zeeman states all have the same parity 

since they derive from the same electronic configuration. Ther.efore only 

magnetic-dipole transitions are allowed hy virtue of the "even'! character 

of the magnetic dipole operator. (Very weak electric'dipole transitions 

are allowed in s'ome cases due to slight admixtures of excited configura-
-.' . 

tions.) Hence it follows that ;W = C 1f! (t)·1,where Cis a constant 

for a given ion and H! (t) is the microwave magnetic field. The selec

tion rules governing the transitions are 6Jz = ±l, O. For a free ion, 

the energy levels are given by Eq.· (II-12a) and the states are written 

jJ, J ), jJ, J -1) , •.. , iJ, J -J:.). Since 6J=±1 only, anorizero': ,z z " ' , Zz " ,z 
tra'nsition probabiiityis given by}if" = C H*(t) JT 1 which requires that 

x x 
the microwave field be perpendicular to the 'static field. This is the 

usual configuration in EPR experiments. The resonance condition in this, 

case is hv= ~f3, H,. where v is the microwave frequency. 

The, properties of the EPR spectrum are greatly influenced by the 

density of states function, p (v), which depends on three factors: ,the ' , 

spin-lattice relaxation time Tl9, the spin-,spin relaxation time T~~, and,' 

the frequency of the radiation field. Very short relaxation times give 

rise to excessive broadening of the EPR signal as a result of the uncer- " 
. . ." 

tainty principle, 'while very long relaxation times give rise to "satura-:, 

tion" of the EPRsignal by the microwave field. Saturation occurs when 

the microwave field induces transiti'ons so fast with respect to the 

relaxation time that the populations of the Zeeman levels are effectively 

, equalized and hence no energy can be absorbed by the sample. These 
\ 

dynamic processes are only of interest in this thesis in so far as they 

govern the experimental conditions underwhich EPR spectra can be observed. 

For example, spin-spin and spin-la,ttice relaxation times characteristic 

of actinide and rare-earth ions in solids dictate the following two 

experimental conditions: a) _c::rystals yhich a:re dilute with respect to 

paramf.l;gnetic ions must be used in order to, lengthen sufficiently the very 

rapid (T
2 

rv 10-10 sec.) spin-spin relaxation time. b) The crystals must 
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be cooled to very low temperatures (usually below liquid nitrogen tempera

tures) in order to inhibit the coupling between ,the ion and the lattice. 

Often liquid heliu.'1l temperatures are required to sufficiently lengthen T
l

. 

2. Spin-Hamiltonian theory. 

The total effect of the crystal field, Zeeman and hfs interactions 

on the EPR spectru.'1l is sufficiently complex to warrant, the use of a less 

general but much convenient theoretical framework. The formalism was 

first proposed by Pryce51 in 1950 and, is known as the spin-Hamiltonian 

theory. In Se·c. II.A. we examined crystal field theory as applied to 

f-transition metal ions, since it is of interest in the actinide work. 

Here we are primarily interested in the effect of the crystal field on 

the EPR spectrum, as reflected in the Zeeman and hfs terms, and not in 

the crystal field per se. We will need to consider both d and f-transition 

metal ions in this respect. Fortunately, the only thing we need to know 

about the crystal field in order to proceed with this discussion is that 

it exists and has some well defined synL'1letry about the magnetic ion. We 

will also need to know about a very general theorem due to Kramers52 

regarding crystal field action on systems possessing half-integral angular 

momentu.'1l. The theorem states that the crystal field, no matter how low 

its synL'1letry, must leave each energy level at least doubly degenerate. 

The resulting f!Kramers doubietsf! quite often comprise the crystal field 

ground state in EPR work. 

For d-transition metal ions,the crystal field splittings are 

much larger than the spin-orbit interactions, which, of course, is just 

the inverse of the situation in f-electron systems. Hence, the general 

approach is to allow the field to interact with the d orbitals, and then 

apply the spin-orbit and other smaller interactions as perturbations on 

the ground state orbital. The resulting number of energy levels will be 

determined by the synL'1letry of the crystal field, and their detailed 

structure on its sign and magnitude and the amount of mixing introduced 

by the perturbations. Consider the'simplest case: an ion with a d
l 

configuration. Furthermore, suppose that the crystal field leaves the 

lowest orbital level nondegenerate (d orbitals have £ = 2 so that Kramers 

theorem doesn't apply) in the sense that only the electronic spin 
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degeneracy remains.' It is a general -result of quantu.1'll mechanics that 

such an orbital' singlet can have no angular momentum, and hence no 

orbital magnetic moment. This gives rise to the well-known effect of 

crystal field::Hquenching" of angular momentum. We would expect the 

magnetic' properties of the ion at, low temperatures to be determined by 

the free electron g-value, 2.0023. Howe,:er, the spin-orbit; ,c01?-pling can 

mix excited orbitals into, the ground state, and when the mixing is appre

ciable, significant departures from free electron behavior occur . 

. The perturbation to be' applied to the ground orbital can be 

written 

;U! = r...(r)t.t + ~K' (1+2;) + 2gI~~N 

X {(1-, .r: 3 (i". ~f·I)} + Srr/3 I 1f;(O) I 2 8"1 

-:7 -7 . 
where the only unfamiliar term is r...(r)£ 's, which represents thespin~ 

. 1 6 
orbit couplmg.' r...(r) is termed the spin-orbit coupling parameter. (We 

have set g = 2 for simplicity.) The spin Hamiltonian method involves 
s 

evaluating the energy of the orbital groUnd state to some perturbation 

order in terms of the spin operators s and I; that is, representations 

for s and I are not chosen. when the required matrix elements of;U! are 

evaluated. T,he r dependence within the curly brackets can be replaced by 
-:7 . 

a f'actor times £, using the methods described in Sec. II-B. The energy 

to second order is given py51 

E(2) =2~ (0 .. -Wi.. .)S.H. -BCKO
i 
·.+3~£. .+2M .. -3~r...u .. )S. 1. 

,lJ lJ l J . J . lJ lJ lJ l J 
(II-33 ) 

where B = 2gI~~N(r-3) and K is a factor which represents the a1'llount of 

contact hI' interaction expressed in terms of B. ~ is a factor which 
, -7 -:7 

.represents -:the transformation from r to. £ and depends on the electronic 

co~figuration of the ion. 51 The tensors £ •. , A .. , and u .. depend in a 
lJ lJ lJ 

. complicated way on the matrix elements of £ between the orbital ground 

and excited states-. 51 We need only note here that £ ., and u .. are trace-
lJ lJ 

less, i.e., £'" 
II 

u .. = O. 
D. 

,Ii' 
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We can now 'rewrite (II-33) as a spin Hamiltonian: 

J{ = t3g .. H.S. + A .. S.I. 
s 1J 1 J lJ 1 J 

gl'J' = 2(5 .. -M .. ) lJ 1J 

A .. = B(K5:. + 3~£ .. + 21-.!i... -·3~l-.u .. ) 
lJ 1J 1J .1J. 1J 

(U-34 ) 

(II-34a) 

gij is termed the spectroscopic splitting tensor or, more simply, the g 

tensor. A.. is called the hfs' tensor. Note that the interactions are 
lJ 

now anisotropic due to the spacial anisotropy introduced by the crystal 

field. When the crystal field has axial symmetry (trigonal, tetragonal 

or hexagonal) ab~ut Z, we expect g log =g and similarly for ,A ... 
. zz xx yy lJ 

If'we aSSQ~e A .. and g .. have the same principal axis system, we obtain 
1J lJ 

finally, 

t3[ gllHzSz + gi(H S +H S ) ] + A11 S I + Al(S I +S I () x x y y z z x x y y (II-34c) 

where gil = g. and gi = g =. g , etc. The two states resulting from zz xx yy 
the Zeeman interaction t·g·if clearly do not correspond to purely "spin up" 

and "spin down" intrinsic spin states. Nonetheless, because they' 

become two distirict states in a magnetic field., f it is convenient to assign 

a spin S (here 1/2) to the system) where 2S + 1 is the nQ~ber of levels 

into which a magnetic field splits the -ground state. Hence S is an 

Tleffecti ve II spin to which we relate the magnetic properties of the ion. 

The tensors g and A are treated as adjustable parameters which may.be 

determined empirically from the EPR data. 

Forf-transition series ions the perturbation approach is based 

on the inequality given in Eq. (II-l), which renders the total angular 

momentum J a reasonably good quantum nQ~ber. For an ion with an odd 

number of electrons J will be odd which insures that each crystal field 
I 

level will be at least two-fold degenerate. The properties of such 

TlKramers doublets" have been investigated by'Elliott and stevens13 for 

rare-earth ions. The states comprising the doublet are denoted 11) and 
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) 

12) and represent linear combinations of states IJ, J ) such that if13 
z 

, . 
11).= 8.1 J~/ z) + bI0::J:;) ,:-" ., then 

12) = (_l)J~J~ alJ' .-J ) + '(_l/+J~ blJ', -J')+ ... 
, . z z . 

(U-35) 

where the coefficients a j b ,.' ... are assumed. real. The perturbation to 
. . 

be applied, including a quadrupole term, can be written 

(11-36) 

The Zeeman portion of the spin Hamiltonian can be derived by applying 

the first term in Eq. (11-36) to the doublet. The zeeman energies to 

fi~st order for It parallel to z are. readily obtained by choosing as the 

Kramers pairs those linear combinations for which A is diagonal. Then' . z 
using Eq. (11-11) one obtains 

E~l) = r3HgL(1IJzI1) 

and - 'E(2) = r3Hg,,(21 J 12) 
. z ~ z 

In vie"l of Eq. (11-35), the energies are equal in magnitude but opposite 

in sign. These energy levels can also be obtained from the two eigen~ 

vectors 1 S = 1/2, Sz = 1/2) and Is = 1/2,. Sz = -1/2)' 'as a result of the 
. -7-:7 

·perturbation r3S'g'H, where the components ofg are defined by comparing 
rv 

corresponding energy levels,viz: 

or vice-versa. The proper correspondence is determined by the require-. 

ment that it yield the correct sign of the g value. T~e physical signif

icance of the_sign of g is that it determines whether the precession of 
53 . ,---

the magnetic moment is left-handed or right-handed. Pryce has shown 

that for axial sym.rnetry the correspondence is uniquely fixed by the 

-" 

,.' 

.. 
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requirement that' the, ,sign' of g .• equal the sign ofg "so that the axial , ' ,', ' xx __ ,- yy-
synmletry is preserved in'the effective formalism. However, in this work .' . ' , ". 

we will cohtentours'eives with merely a knowledge of the magnitude of g, 

in which case the correspondence is' arbitrary' and.-:weobtain 

(II-37) 

For, an axially symmetric crystal field we can obtain gl by apply

ing the fieldperpen9-icu;Larto Z in Eq. (II.;.35). 'This yields the matrix 

11) ,12) , 
, , 

0 A x ~H 
x 

A 0 
x 

, :whose ,solutiol',l is: Ex' = *:(1'I-0-x'12)r3H: The correspondenc~, is ,arbitrary 

'here because ~he ;'sign of,' glhe:S n~' physical. significance. 53 ' (The reade~: 
is referred to the work'of Pryce53 for further remarks' concerning the . " ( , 

sign of g in magnetic resonance.), Hence we obtain the relation 

(II-!8) 
r , 

.' 
The angular de:pen~enc,e of the'g tensor is readily derived using the well-

kno:wn 'ma.trix' elements of the 11/2; Sz = *1/2) basic states.' The result 
is 1; 

2 2 2 2 1/2 
g(e) ,r:J [SII' cos e + ~l sin e) (II-39) 

:where e ie the angle 'b~t:ween K and the. syminetry axis of the crystal field., .' , 

Note that for the case of cubic symmetry gil =, gl so that the angular 

d\':\lpend\':\lnce wn1([jh'~Hll yielding an iso-:t;ro:pic g value. 

The components of the hI's tensor contain'in general di:polar . 

. ,(intrinsi,c s:pin and. orbital) and contact t'erms. The di:polar com:ponents, 

are' obtained using the, equations given in Sec. II.C.l.a. and methods 

exactly analogous to those described above. The results for axial symmetry 

,', ,~ " 



, -31-, 

are 13. 

" 

)\1 = 4t3~N!lN<r-3)1<1INxI2)llI (II-4o) 

~here 

Using these equations together ~:i.thEqs.(II-37) and (II-38) and 

Eq. (II-14), the follo~ing relationship is easily derived: 
I 

(II-41) 

This relationship sho~s the effect of the crystal field on the magnetic 

hfs and is usef1)~ in obtaining "free ion" hfs constants (~hich cannot be 

directly'measured) from those ~~asured in, the laboratory. (Eq. (II-41) 

holds provided crystal field admixing of excited J-states into the ground 

state is negligible. )5
4 

For example, using Eq. (II-4l) one obtains 

(II-4la) 

-l· Theoretical treatment of the contact term in the magnetic hfs 

tensor involves consideration of core-polarization effects in fN config~a
tions. In vie~ of its length and complexity such a treatment ~ould be 

inappropriate in this brief sketch. (Solutions to the core-polarization 

problem are discussed in Refs. 6, ,44, and 45.) Ho~ever, a. fe~ salient 

points need to be mentioned. Using perturbation methods to calculate 

'the effects of the 'exchange interaction on the core s-~avefunctions, 

Cohen, Gooding~ and Heine
44 sho~ that the contact interaction should vary 

approximately as the net spin S of the ion. Making use of this and the 

fact that the matrix elements of S are directly proportional to those of 
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of J (a,s' shown in Sec. II.B.) Bleaney5~ h~s ]?ro]?osed an em]?irical rela::" 
. ' . 

tion for calculating acore'for free Tf:l,re-,earth ions. He finds 

a (free ion) ,core -(63±lO)(g (J)-l)g 'Mli 
L r >z 

(11-42) , 

where the q,u~tity (gL(J) -1) reflects the de]?endence.of acore on S. 

(Le., S = {(JiiSiiJ)/(JiIJiiJ)}J, where (JiiSiIJ)/(JIIJIIJ) = (gL(J) -1).) The 

components of the contact hfs tensor are given, within this approxima

tion, b? equations Einaiogous to Eq. (11-41). Hence, the contact tensor 
" , 

is in general anisotropic due to the anisotropy introduced by the '. 

exchange. This anisotropy per sists despite the fact that the interaction 

arises mainly from s electrons wh;i.ch have a spherically symmetric distribu

tion within the nucleus. On the other han~an ion with configuration 

[ciosed shells]nsi i~ a crystal would be expected to show isotro]?ic 

magnetic hfs since core~polarization effects would be small compared to 

the dire'ct c'6ntribution~ l<tt
ns 

(0 )J2 ,which is isotropic. There has been 

some confusion in the literature ,regarding this pOint. 54 

In a crystalline lattice, contributions to the field gradient at 

the nucleus arise not only from the ion!s valence 'electrons but also from 
, -3 

the surrounding lattice charges. The field gradient varies as r as seen 

from Eq. (II-30a) and hence it was naturally assumed' (see for example 

Ref. 13) that the lattice contrib~tion to the electric hfs would be very' 

small. 'However, it has been'found experimentally that the lattice con

tribution competes significantly with the gradient due to the f electrons?5 

, The reason for this effect is that the lattice charges distort the elec

tronic shells (closed shells and fN) in such a way as to establish a 

field gradient, electronic in origin, and in the same direction as the 

crystalline electric field. Thus through the intermediary of the dis

torted electron shells, the nucleus sees a greatly amplified crystal 

field gradient. This effect is called antishielding and was first 

proposed by sternheimer56 to explain anomalous electric hfs data. Henc.e 

the quadrupolr= coupling constant can be expressed as the sum of an anti

shieldea lattice contribution and an unpaired electron contribution. 

That is, 



• 
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p =p .,' + p' 
lattice. ,', f 

p', "= -~[3Q/I(2I-l}J' (11'00 )A
2
0 

lattice ,~" 

" '.' 

Here 'Y is the Sternheimer antishielding factor 56 and (JllaIIJ) is the 
00 , ' 

appropriate stevens' operator equivalent factor. The expectation value 

(3J
2 

-J(J+l) .is evaluated within the ground crystai field level and 
. 0 

reflects the effect of the crystal field on Pf · The quantity (1 ~ ~00)A2 

has been empirically determined for several rare earths by Blok and, 

Shirley. 55 The quantity varies smoothly enough when plotted versus the 

nQ~ber of 4f electrons to allow rough interpolations-over the whole 

series. The factor (r:"3)Q is the effective expectation value of r-3 for 

quadrupole interactions ~nd is defin~d bYi 56 (r -3) Q =' (1":R
Q
)(r-3) f where 

(r-3)f is the actual eXpectation value andRQ is termed the !!atomic Stern

heimer factor.!!R
Q 

is usually small enough to be.i.neglected in the calcu

lations weare concerned with. Hence) given sufficient information it is 

feasible to calculate nuclear electric quadrupole moments from experimen~' 

tally determinedqua~upole coupling constants. 

The form of the spin Hamiltonian for !!non Kramers" ions) i.e.) 

'ions fN) where N' is 'even) will be considered in Sec. IV. 

r.:' 

ii' 

i 
I 
I 
) 

! 
! 
I 
; 

I 
,! , 

. , 
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E. Nuclear-Orientation Theory 

The general theory of nuclear orientation (NO) has been thoroughly 

discus sed elsewhere. 57 Only those points germane to this "Work are 

included here. 

As assembly of nuclei are said to be oriented if the nuclear sub

levels are unequally populated. This can be acco~Plished d~amiCally58 
(rf pumping techniques) or statically59 (low temperature techniques). We 

are concerned here with the static or thermal equilibriQ~ technique. The 

criterion of static NO is simply that the thermal energy kT must be 

comparable to the energy separation 6E of the nuclear sublevels. One 

method of meeting this criterion is to utilize the very strong magnetic 

and electric hf coupling which exists in certain rare-earth ~~d actinide 

ions to maximize 6E together with adiabatic demagnetization techniques to 

minimize T. Effective fields tyPically on th~ order of l060e are 

generated by magnetic hf coupling while temperatures between lO~ and O.02°K 

are readily obtained by adiabatic demagnetization techniques. 

NO can be detected by observing the anisotropic intensity distribu:: 

tion of ~-radiation from the radioactive, oriented nuclei. The normalized 

intensity of ~-radiation from a system of oriented nuclei is given theo

retically as 57 

Here eis the angle the detector makes with the quantization axis and the 

Pk(cos e) are Legendre polynomials. The Fk depend on the angular momentQ~ 

properties of the transition being observed. Th~ Uk depend on the angular 

momentQ~ properties of all previous, unobserved transitions. Since parity 

is conserved in ~ transitions, only the even k!s appear in the sQTJJIIlation. 

The k = 2 and k 4 terms are always sufficient to fit the data. The 

UkFk parameters can be calculated if sufficient details (spins, multi

polarities, mixi..."1g ratios) of the decay scheme are known. Bk, the orienta

tion parameter, represents the degree of orientation of the nuclei; con

taining the temperature dependence of wee) as well as the entire depend

ence on the hf interaction mechanism responsible for the orientation. Bk 
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is defined by51;' 

B = 
k 

" , 
.. ~:" 1. 

-zJ~k+i C(rkI; I o)w(r,) . 
I z .~' 

. z 
"", J 

(II,.. 44) 

where C is a Clebsch:-GcirdoncoeffiCient.'and W(Iz ) is'~ the Bdltzman popula

tion factor given by 

WeI ) = exp(':'E(I )!Ki)! 2: exp(-E(r )!Ki) z z ·z . " ·r .. 
. (Ir-44a) 

. z 

The energies of the nuclear sublevels E(I ), can be related to the hf 
z 

interaction by the generai hfs spin Hamiltonian 

'! 

The energy levels are obtained by solving the Schrodiner equation, 



-36-

III. EXPERIMENTAL TECHNIQUES 

The more, general experimental techniques used in this research 

are discussed in this section. Techniques pertaining to a specific 

experiments not included here are discussed in thegection devoted to 

that experiment. 

A.Q-Band EPR Spectrometer System 

The experimental methods of EPR spectroscopy are well established 
, 60 

and have been thoroughly reviewed most recently by Poole. The spectrom-

eter used in the X-band work'has been described in detail by Wickman~6l 
A Q-band (35 GHz) superheterodyne spectrometer; the details of which are 

discussed in this section, was constructed in the early stages of this 

work. 

1. Description 

A block diagram of the system is shown in Fig. (III-l) • 

Microwave power from the signal oscillator (SO) (EMI-R5l46; 

nominal 50 milliwatt output) is split by a 3 db directional coupler and 

fed to a 3-port circulator (Ferrotec-R-532L matched for 34-36GH ) and a z 
balancing arm. The power is routed by the circulator to the EPR cavity. 

The power reflected from the EPR cavity is split by a 10 db directional 

coupler, the smaller component being fed into a wave meter (Hewlett

Packard-R532A) and terminating at a microwave diode (1N53). The dioqe 

provides a means of monitoring the portion of the SO output reflected 

from the cavity and a signal for the AFC loop A. The wavemeter is used 

to measure the resonant frequency of the cavity. The large component of 

the reflected power is routed by the circulator into a 3db directional 

coupler, where it is mixed with the radiation from the balancing arm. 

The amplitude and phase characteristics of the output from the directional . ' ' 

coupler can be varied using the attenuator and phase shifter in the bal

ancing arm," The resultant output is applied to the matched diodes of the 

balanced mixer-preamplifier (LEL-IillH-3). Power from the local oscillator 

(LO) which is oscillating 60 MH away from the SO, is simultaneously z 
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applied to the balanced mixer and the 

(IF freq.) of 60 MH is preamplified. z 

resulting difference frequency 

The output is fed into a tuned 

IF amplifier (LEL-301D50) which is followed by a video detector. This 

type of receiving system is termed If superheterodyne !,! and involves the 

use of an intermediate or beat frequency as the signal carrier. Super

heterodyne receivers have two important advantages over single frequency 

detecting systems. First) since the bias on the receiver diodes is 

established primarily by the LO) the detector is rendered independent of 

the SO power level appropriate for exciting resonance. This is made 

possible by the action of the balancing arm which is used) in the 

absence of resonance) to cancel out nearly all of the reflected power 

incident at the balanced mixer. (The change in the reflected power level 

at resonance due to the resulting bridge Q~balance is usually small com

pared to the level set up by the LO.) Independence of the detector 

system from the SO power level is desirable since the power level used' 

to excite paramagnetic resonance need 'not correspond to the optimum 

detector bias; (It is usually too low) giving rise to large conversion 

losses in the detector.)60 . The LO power level can be adjusted and held 
. 60 

at the optimQ~ bias level for the detector. The balanced mlxer is a 

device containing two microwave diodes arranged such that the noise 

generated by the LO is efficiently cancelled at the IF output. 

The second advantage of superheterodyne detection is that the IF 

frequency is sufficiently high (30 or 60 MH ) to render negligible the , z 
"flicker" noise in the detector diodes) which varies inversely as the 

60 
frequency. Single frequency systems m~st detect at the magnetic field 

,modulation frequency which is usually limited to around 100 KH. (Note: z 
this is not to say that high frequency field modulation is not desirable 

for superheterodyne systems. Hf modulation averages out noise on the EPR 

signal due to microplionics.) 

The video signal is finally fed into a lock-in amplifier (EMC

Model RJB) which is. referenced to the field modulation frequency. The 

'lock-in amplifier contains a phase-sensitive detector in series with a 

narrow-band filter) to ensure that only input signals which are at the 

same frequency and phase as the reference signal are amplified. In this 
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way the noise is li~ited without 'atte;nuating the signal. The band pass 

width can be·mad~.arbitrarilY sm~ll by adjust.ing the time constant of 
'" 

the filter. and is o:p.ly .limi ted by'the time'st?-pili ty of ,.,other spectrometer' 
. I . . 'J '. ;~., ". " ~..... " \ : . 

components. :The' details of 'lock-:-in or, sync'broncus deteCt,iqn have been 
, ,,' ' 62 

discussed by Ahdrew. 

Thefr~quency of th~ SO is lockedt;o the resonant frequency of 

the EPR cav:i,ty' by applyi~g a 60 KH ' modulating signal to the oscillator1s 

reflector :\Toltageas described by ~eo~ge '~nd Teaney.63 The components ' 

of the SOMe-unit are enclosed in dotted lines in Fig. (III-I). The Me 

loop can be, c;Loseq. either oh the crystal ,detector A or the Video detector 

B. The 60 M:a:~ IF frequel1cy is, stabilized by addipg the oU~I)Ut of a 

frequency dis~riminator (LEL-32D50) in series with the 'refl~ctor supply 

voltage of the lOcal,6scill~:tor. 

The amount of 'power' coupled into the, cavity ,is cotJ:~rolled by, a 

variable cou:P~ingdeVi'ce65 consist:LUg of a section of electroformedwave-
• - . 'I-<; 

. "- '" 

guide narrowed ,to beiow cut off for 8 .nun '~a(iiation. The's~~ti6ri is mated 
, " , " "', ',·',60 " . 

to the C:?-vity with an: appro}:lriate iris c9upling hole.',', A 'tapered teflon 

block is moved ;1', anqdo~ in the: .section'to effect the coupling action. 

In this way the coupling to th.e cavi'ty can be smoothly varied: from over-

coupled-through cr:Ltica11y couple'd-;-to under" c01J,pled. 'Th~, blo~k i~ moved 

with a 1/16" diameter teflol'). rod whichr~s down' the' center of the wave

guide. The rod 'is heid in position with styra~oam (poiystyrene foam) 

spacers machined to the 'inside, dimensions 'of the waveguide.' 'The entire 

length of guide running down to th~ cqupling section is stuffed with 

spacers which helps elim~nate the problem ,caused by the pres~nce of liquid 

He inside the guide and gives the rod rigidity. 

The reflex klystron tubes were originallyfan~Cfboled. .Howev:er) 

it was found that water cooling ~eatly enhanced their stability and 

reduced the required warm-up time'.' Microphonics 'int~oducedby air turbu~ 

lence were '~lso eliminated i,n this way. The water,coQlfng was accomr" 

plished simply by rulming tap water through 1/4 'o.d. X 1/8 i.d. copper . .. . 
, tubing which had b,E7en wrapped around a cop,Per: sheet, which ,was in turn 

firmly wrapped around tM klystron, tube. "'The ,copper, tUbing was 'cast" in 

epoxy resin which thermally ,and mechanieally ahchoredthe tubing to the' 
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copper plate and hence to the klystron. Small, long-term drifts in the 

~ater temperature had no effect on theEPR measurements. 

Most of the EPR measurements were carried out at liquid heliQ~ 

temperatures using standard cryogenic techniques. The heat leak due to 

the ~aveguide ~asreduced by using a short section (4" to 10") of thin

walled stainless steel waveguide near the top of the He dewar. The noise 

problems introduced by heliQ~ boiling inside the resonant cavity ~ere 

eliminated either ~y pumping the liquid He below the superfluid transi

tion temperature (/-. point::: 2.2°K) or by filling the cavity ~ith loss

less styrafoam, ~henever practical. 

The static magnetic field measurements were made using either an 

NMRprobe (Alpha Scientific - AL67) whose frequency was measured with a 

Hewlett-Packard 524-B frequency counter or a rotating coil gaussmeter 

(George Assoc. - 203A) which had been calibrated with the NMR probe~. 

Whenever feasible internal EPR standards (i.e., absolute gvalues 

accurately 1mown).~ere used to compensate for the fact that the field 

measuring probe is not at the same position as the sample. This is 

important for absolute g-value determinations. 

,The spectrometer detects 10136. H spins (S/N~ 1) at room tempera

ture using 150 H field modulation. z 
2. Operation 

Some methods and problems inherent in the operation of the Q-band 

system are ~orth mentioning at this point. For low sensitivity ~ork, 

klystron warm-up times of 3-4 hours ~ere found to be adequate. However, 

significant increases in frequency stability resulted from allowing 24 

to 48 hour warm-up times. Normally the SO AFC loop is closed on the out

put of the crystal detector A and once the LO is locked in and the bridge 

is balanced, the loop is s~itched over to the video detector B. Loop B 

gives much better stabilization (~hich results in a much better EPR 

signal to noise ratio) due to the high gain of the IF amplifier stages. 

It is particularly advantageous to use loop B ~hen operating at a very 

lo~ signal oscillator po~er levels, since loop A is quite ineffective at 

low po~er levels due to conversion losses in the detector~ The s~itching 

arrangement is very convenient since loop B can only be locked after the 
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bridge is' b~lance,q. ~ndh~Jice·,)ooPA :prevents cJilft 'during the 'timei t 

takes to 'lock-:-in' the LOana' balance):the'brldge .• -, The'microwave power 
, .... ' 

incident. on the· IN53 ,balanced mixer diodes ,from the LO is. adjusted to 
.. ., .. " , 

give approximately 0 ; 5 rnA. of'~reCti:fied 'current, l"hichis the optimum 
,':. . '.,.,. , .'. ':" '. 60 

value in terms of conversion loss ·a.p.d noise temperature. . 

The cavity is coupled' at a point ri~,arc:r;i~ical mat~h. {i.e' .,zero 

reflected power) using the variable coupler'. The point 'is determined ·by 

observing the reflected power' from the cavity at the diode A as shown in . 
. , "', ' . . 64 

Fig. (III-l). ·Coupling near match' is used a~ it ,has been' 'sho'wnby Feher 

to give the maximuIn sensitivity for superheterodyne detection systems.' 
. . , ..,.. . ~ '. . 

It should be cautioned that· coupling too near match :can. cause di~tor:tions 
in the line shape if the resonance ,is s:trong enough to. pull the cavity 

through critic~l match dur'ing the absorption.,: Th~s point is emphasiZed 
. ,". ". .' 

by·Feher. The' sensitivity actually varies rather slowly with the degree 

of coupling and. a' value around. 90% ,~o 95% (perc~nt ref),.ecte,d :power abs'orbed 
. . .... , ' .' .:' " . 

at cavity' resonantfre'quency)' suffices over awid'e rang~ .of·~igna:l 

strengths. 

The process of tlbr'idge-ba:la,ncing tl . G,onsists of 'varyingthf2 phase '. 

and amplitude of the radiation in the' balan~i~g a~m(se'e .Fig~ JII'-l) :uiltil .' 

. nearly all. the reflected, radiation' from the:third'J?ort of the circulator 

is bucked out.· (At .balance the leakage from ~he ¢ixing element is on the 

order of microvolts.) .. When resonance OCC),lX'S inthe.ca'vity, the phase and 

amplitude of the·reflected signal'change,which results 'in a bridge 

unbalance and t?e appearance of a signal in. the balancedmixer-:preampli'fier .. 

The.-use of a bridge system to, detect. the re'sonance is advantageous sin~e 

one c.an minimize the VOltage at the detectqr' due to .the ,sigrtal carrier. 

(i.e., the leakage'fromt~e miXing elem~:ht) the;eby'maXimizing'the sensi

tivity to s~all voltage changes due to res9uance absorp~ion.;. 

Ideally the SO is locked t?,. the resonant frequency of. the EPR 

, cavity and hence the spectrometer is sensi:tive only, to the power absorp

tion mode o'f the' signal. However, when: the SO is locked- on the video 

output 

true. 

(B), as. is usually the case duri~g a "run,this is not cO!Tlple,te}-y 

That is"the effect,',of loop B isa,ctually to hold the -video out:-

:, put at a constant level which means that the SO'.is locked ,t9 thE; output 

. ' .... 
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of the mixing element as determined by the bridge balance, and not ,to 

the resonance cavity. To see this, consider the following. When the SO 

is oscillating at the cavity 'frequency, the reflected power is modulated 

at twice the AFC modulation frequency of 60 KH .63 The power in the , z 
balancing arm is modulated at 60 KHz. ' The two signals are mixed such 

that the AFC component at the video output is effectiveiy 120 KH. Hence, z 
when the loop is closed no error signal is generated in the AFC unit. 

Now, if the SO frequency drifts away from the cavity frequency, a 60 KH z 
error signal will be generated in the reflected component to correct for 

the drift. This is the intended function of the AFC loop. However, 

should the amplitude of the signal from the balancing arm increase such 

that its 60 KH component dominates the mixed output, an unwanted signal , z " 
will be generated in the loop. This Signal can actually pull the SO off 

the cavity frequency in its attempt to re-balance the bridge. Drift of 

this type is probably mainly due to the effects of mechanical vibrations 

of the phase shifter and attenuatoI' in the balancing arm. In order to 

damp out such vibrations, the phase shifter and 'attenuator, as well as 

all the other EPR components, were insulated from the supporting struc

ture with thick rubber pads.' This type of shockmounting helped, but,did 

not entirely eliminate the drift problem. If the SO is off the caivity 

frequency, the resonance line shape will be asyminetric since the resonance 

signal then contains a mixture of absorption and dispersion modes. Normal

ly the bridge drift effects introduced only rather small asymmetries in 

the line shape that were not significant in terms of locating the center 

of the line (for g-value determinatiqns). However, this type or' AFC loop 

is not recommended for systems intended to study line shapes. 



.,.~. '.:~.' -43-

Preparation and Handling of Radioactive-lon-Doped Single Crystals, 

1. CaF
2 
The actinide-doped CaF2 slng1e crystals used in this work were, 

(,66 
grown by Dr .. Norman Edelstein., ' 

CaF2 sing1e crystals of known orientation conta:ining approximately 

0.1% by weight actinide ions were, grown using the Bridgman-Stockbager 
" 6 

technique 7 as follows. A concentrated solut:i.on of the actinide was 

pipeted onto a layer of powdered' CaF 2 which wa~ on top of a CaF 2 single 

crystal cylinder which had been placed in a carbon crucible. The orienta

tion of the crystal with respect to its cylinder axes was known. Single 

t 1 f t 'h' t bt· d . 11 68 'Th' . bl crys a SOlS ype were 0 alne commercla y. e crucl e and 

sample were placed in a furnace chamber which was then evacuated and was 

positioned such that only the upper half of the cylinder melted, the lower 

half acting as an oriented seed crystal. The crucible and sample were 

'then pulled slowly out of the hot ,zone in the usual manner. In this way, 

actinide-doped single 'crystals were grown whose'orientation with respect 

to the cylinder a,xis was known. This minimized the amount of handling " 

,required since the need to determine the orientation of the crystal was 

eliminated. This is desirable when one is handling eX-emitting radio~ 

active samples . 

The a-radiation was contained by housing the "hot" crystals in 

machined, teflon tubes with slightly oversized inside diameters. The walls 

and bottoms of the tubes were made as thin as possible (0.003 inch walls 

for Q':'band sa~ples), com.rnensurate with reasonable mechanical strength,in 

order to minimize shifts in the resonant frequency of the cavity due to 

'the insertion, of the sample. Styrafoam cylinders which were machined to 

fit tightly into the open end of the tubes were used as plugs. The excess 

styrafoam and tube was sliced off with a razor blade. Careful loading in 

a glove box or hood usually resulted in a sample which was free of radio

activity on the outside surfaces. The~'swipe-free" samples could then 

be easily mounted in the EPR cavity using styraf9~m spac~rs as discussed 

in III.C. The spacers acted to hold the wall of the teflon tube against 

the cavity viall. . Hence the orientation of the crystal in the static field 

was determined by the angle that the walls of the cavity made with the 

,. , 
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magnet pole faces. This is illustrated in Figs. :(III-2) and (UI-3). 

The orientation of the static magnetic field with respect to the crystal

line axes was known to within· about 2°. 

2. yttrium Ethyl Sulfate: Y(C2H5S04)3'9H20, 

160 3+ ( . . ) 158 3+ ( The. Tb half llfe 72.1 days and Tb. half life 1200 years) 

.measurements actually posed two completely different problems in terms of 
. 160 

sample preparation. The Tb problem arose from the fact that the 

; minimu.1U nu.1Uber of radioactive spins necessary for: observation in the Q

band spectrometer still imparted a high specific activity to the necessar~ 

ily small single crystal. Hence the problem was to grow and observe the 

spectru.1U of the crystal in a time short compared to the growth of radia-
14 158 

tion damage effects. Only about 6 x 10 spins total of pure Tb were 

available for the EPR measurement and, in view of the low specific activ

ity resulting from the long half life, time was not a factor. The problem 

here was to grow as much of the 158
Tb as possible into a small· yttrium 

ethyl sulfate (YES) single crystal. The solution of each problem will 

be disucssed in turn. 

At this point, a few remarks about radiation damage effects and 

optimu.1U sample size seem appropriate. The rate law appropriate to nuclear 

decay can be written 

~I = 0.693 N/tl / 2 (III-I) 

where N is the number of nuclei, dN/dt is the number of disintegrations 

per unit time and t
l

/ 2 is the nuclear· half life. dN/dt is usually expre's

. sed in units of m~llicuries (1 curie = 3 •. 700 x 10
10 

disintegrations/ 

second) for the levels of radioactivity we are concerned with here. Radia-

tion effects on the magnetic properties of doped YES crystals depend on 

th~ number of millicuries of activity contained in the crystal as well 
. . 

as the type (i.e., CX, 13, or )') and energy of the principal radiations • 

For Tb160, radiation da1Uage effects are due primarily to the (3- radiation 
- . . 160 

(the mean 13 energy is about 0.5 MeV) emitted in the decay to Dy 

Unlike ),-radiation, which has a very long mean free path, nearly all of 
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the ~ electrons deposit their energy within the crystal. This alters 

the magnetic properti~s of the c~ystal in the following ways: 1) free 

radicals and trapped electrons are produced. This results in the rapid 

growth of very broad and intense lines near g' = ,2 and is ,a 'severe problem 

if'the ion of interest has 'a' g value near 2. ' Fortunately, the g value 

of TbJ+ is 17.72:' 2) Radiation energy deposition raises: the temperature 

of the crystal. ~or 1014 Tb
160 ~ons in a 10 mg YEs crystal at 1 0 K, 

assuming 'all the ~ particles are absorbed within the crystal, the energy 

d.eposition is equi valent to a temperature increase of'5°K/minu~e. This 

heating effect was overcOme by keeping the c:t:ystal in contact with the 

liquid helium. This,point is emphasized because some EPR cryogenic 

systems rely on indirect cooling, via an exchange gas, to avoid the noise 

generated by helium boiling inside the cavity. For this type of system, 

the equilibrium temperature of the crystal could be considerably above 

that of the bath. 3) Gross'changes in the crystal structure can occur. 

This effect causes the resonance lines to broaden as the symmetry of the 

magnetic sites becomes altered and was the most signific~nt problem in 
160 " 'i 

, the, Tb measurement. As mentiOned above, the tri(!k is ,to grow the 
, ' 

crystal as, rapidly as possible. 

The intensity of the absorption mode oftheEPR signal is propor~ 

tional to the product X" ~,60 where' X" is the microwave paramagnetic 

: susceptibility an~Qu is the quality factor of the cavity in the,absence 

bf resonance; including dielectric and conductivity losses of the sa.l'llple. 

'For a set ratio of paramagnetic to diamagnetic ions, an: increase in 

sample size will (a) increase X" by increasing the number of paramagnetic 

centers and (b) will decrease~. These two factors have opposite effects 

on the senSitivity and result in the existence of an optimum sa.l'llple size. 

This is expressed by the equation 

Qu (w1.thsal'llple) = n ~ f (without sampl~) (III-2) , 

'here ~ is the optimum Q,Of the cavity containing the crystal and ~f, is 

the Q of the empty cavity. n is a fraction which depends on the cavity 

resonant mode, the position of the sample in the cavity and the 

I 
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sample dimensions. It was found experimentally for the configuration 

shown in Fig. (III-3) that maximum sensitivity was attained using a YES 

crystal weighing betwee,n 10 and 20 mg. 

The radiation level acceptable in terms. of rate of radiation-
. 160 

damage growth and which corresponded to a detectable nQ~ber of Tb ions 

was determined to be in the vicinity of 0.5 me (10
14 

spins). Hence the 
. ~ ~ . . 

problem was to grow about 10 Tb ions into a 10 mg YES single crystal 

as rapidiy as possible. (The complications due to paramagnetic-ion pairs 

are discussed in a later section and need not concern us here.) This was 

done as follow s: 0.40 ml of very clean (free of dust and other "nucleic" 

* matter) saturated YES solution was pipeted into a flat-bottom, 1 ml 
.. . i59 160 1 s9 160 "-

beaker wh~ch conta~ned about 0.1 mg of dry Tb - Tb (Tb ./ /Tb = 40) 

as the chloride. A YES seed weighing about 1 mg was added. The seeds 

used were rectanguJ.ar in shape since it had been determined that the c 

axis always ran parallel to the longest edge of the rectangle. In this 

way the location of the c axis in the rectangular product crystal was 

known, which·saved a good deal' of time. The. solution was allowed to 

evaporate in the open air; the evaporation rate being such that a perfect

ly formed 10 mg single crystal containing 1014 ~60Tb3+ ions was obtained 

in two hours. It was found, incidentally, that Tb ions tended to grow 

into ethyl-sulfate lattice sites some 5 to 10 times faster than Y ions. 

, The EPR spectrum had been observed after a total elapsed time of three 

hours. Crystals containing this level of activity showed no overt signs 

of radiation-induced line broadening over periods of several hours. No 

systematic study of the radiation damage effects was carried out, however. 

The limit set by the spectrometer sensitivity made it necessary 

to incorporate as much of the available Tb158 (6 X 10
14

) as possible into 

the YES single crystal. This required the use of very small volQ~es of 

saturated solution. The following procedure was finally devised. 0.050 

ml of clean saturated YES solution (which corresponds to 10 to 20 mg total 

of YES) was pipeted into small p'orcelain ignition boat (maximQ~ volQ~e 

* D20 was used as a solvent to reduce the dipolar linewidth. 
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0.150 cc) W~~Ch contained dry Tb158 _Tb159 (Tb159/Tb158~ 25) as the 

chloride. ·A srna:ll rectangular seed weighing about 0.5 mg was added, the 

boat was placed in a'weighing bottle (10 cc volume) and stoppered. In 

this w~y, the evaporation rate of the solution could be carefUlly control~ 

led, which was mandatory in view of the ultra-small solution volume. It 

was found that about the right evaporation rate was obtained by opening 

the bottle once a day for 30 to 60 seconds. In this manner a perfectly 

formed single crystal weighing 5 mg and containing 4 X 1014 (6afo of total) 

Tb
158 

spins was obtained afte~ a period-of four weeks. 

The crystals were held in position in, the EPR cavity with a small 

amount of silicone grease. The usual practice of growing a "cold~r YES 

layer over the crystal to contain the activity was. dispensed with since 

the small amount of~ contamination left in the cavity after a run was 

easily removed. 

'. C~ Resonance Cavities 

For the X~band CaF2 single-crystals wor~a right-circular TEl12 

cavity was utilized. The lower half of the cavity was' constructed of 

quartz which had been finished on the ,inside with high conductivity silver. 

paint and the upper half was constructed of silver-plated brass. The 

upper half had a machined surface which fitted snugly over the outside 

lip of the quartz half such that it held securely but could be easily 

removed for loading. The sample,' which wa~ usually housed in a teflon' 

tube, was positioned at the point of maximum, microwave magnetic field 

. (A/4 from the bottom) using a styrafoam spacer which was machined to fit 

snugly into the r quartz cavity. The configuration is shown in Fig. (III-2); 

The main advantage of using the quartz cavity is that it reduces eddy 

(surface) currents, whiCh are generated. in the cavity walls by the field 

modulation signal, since the thickness of the silver layer is much less 

than the modulation skin depth (but much greater than the microwave skin 

depth). These eddy currents interact with the static field to produce 

unwanted mechanical vibrations at the modulation frequency or some harmon

ic thereof. 

.. , 1 
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TuneableTEoln cylindrical cavities :were used in the Q-band CaF2 
work~ TheTEoln mode is particularly suited for tuneable cavities since 

there is no rf current flow required between the cylinder walls and the 

moveable end plate. A small gap between the moveable end plate and the 
. 60 

walls was purposefully left in order to suppress. other modes. A tune-

able cavity is very convenient for Q-bandwork, where frequency shifts 

due to the sample are relatively large. The teflon tubes containing the 

CaF2 samples were attached to the center of the end plate with a small 

amount of silicone grease .. Figure (111-3) shows ·the Q-band configuration 

for CaF2 single crystal work. Note that the iris coupling hole is off

set to give the maximum;~.coupling efficiency. The cavities were. fabricated 

out of brass and silver plated. 

The Tb3+ problem required that the microw~ve field ~ and the 

static field be parallel. This can be accomplished simply, albeit with 

a loss insensitivity, by positioning the ethyl-sulfate crystal as shown 

in Fig. (111-4). A more efficient way of obtaining the configuration is 

to use a "transverse" TEoln caVity. That is, the cavity cylinder axis is 

transverse to the microwave propagation direction, which requires that 

the microwave power be coupled through a hole in the wall of the cavity. 

The crystal is then placed in the center. of the cavity along the axis 

for maximum sensitivity. Transverse cavities were designed and constructed 

but it was found that, for some reason,. their Q-factors were lower than 

the "vertical" TE 1 cavities, which tended to nullify the advantage'of 
a n 

using them. ThiS, together with the difficulties of positioning the 

crystal in the center of the cavity,dictated the use of the configura

tion shown in Fig. (111-.4). 
2+ ' 

The Ag X-band work was carried out using a commercial TE012 

rectangular cavity (Varian-4531). 
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Fig. (III-2). Cylindd.cal. TEl12 cavity'used in the X-band CaF2 single
crystal work.' Ho is the static fieldE\.nd HMW the microwave field . 
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MAGNET POLE FACES 

IRIS 

} 

Ho 
) 

", SAMPLE TUBE 

MOVEABLE END 
PLATE 

XBL 678-4754 
Fig. (111-3). Tuneable TEO n cylindrical cavity used in'the Q-band CaF2 

single-crystal work. TEe shaft of the moveable end-plate is threaded 
to the base of the cavity to permit tuning. The threads are not shov7n. 
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Fig. (III-4) . Configuration used in the Tb3+ : YES Q-bandexperiments 
obtained using a tuneable TEOl . cylindrical cavity. Here ~ is 
parallel to the crystalline c Rxis and the static field H .' o 
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IV. ELECTRON PARAMAGNETIC RESONANCE OF DIVALENr Ag
llOm 

This work was done in collaboration with Drs. N. Edelstein, M. P. 

Dein, D. A.·Shirley, and H.Wickman. The results have been PUblished. 69 

A. Introduction 

The purpose of this experiment was to determine the nuclear spin 

and nuclear magnetic moment of AgllOm(half life 253 days) by EPR. The 

high specific activity imparted by the relatively short half life rendered 

a direct measure of the gyromagnetic ratio by conventional nuclear magnet

ic resonance virtually· impossible since detectable amounts would have been 

unsafe to handle. EPR, on the other hand, is a sufficiently sensitive 

technique to allow the use of more reasonable amounts of material. How

ever, EPR measures the hyperfine structure constant and not the nuclear 

gyromagnetic ratio directly. Hence, the nuclear moment must be calculated 

from the hfs constant; a process requiring a good deal of knowledge regard

ing the electronic and nuclear properties of the ion, as will be seen. 

B. Background 

EPR spectra of natural Ag(51.35% AgI07, lf8.65% Agl09) present as 

Ag2+ ([Kr]4d9) in the diisopropyl dithiocarbamate ~omplex have been 
n Q_ ~ . . 

reported by Pettersson and VtLnngcw:-d. The room, temperature spectra w~e 

characterized by narrow lines (approximately 2 Oe in width) which allowed 

the resolution of the Agl07 (I = 1/2, ~ = -0.1130 nm) and Agl09(I = 1/2, 

~ = -0,1299) doublets. The [(iso - C3H7)2NCS2]2 Ag complex is shown 

schematically in Fig. (IV-l). The four S atoms surrounding the Ag ion do 

t f f t 1 f ' t' 70· H no orm a per ec square p anar con ~gura ~on. . owever, we can aSSQ~e 

that the configuration is square planar with no introduction of error in 

this case. Divalent Ag has a 4d9 electronic configuration which can be 

.thought of as a single, unpaired "hole." That is, its behavior under the 

influence of a static crystalline field will be identical to that of the 
. 1 38 positron configurat~on 4d • The effect of the tetragonal field on the 
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Fig. (IV-I). [(iS~"C3H7)2NCS2]::; Ag mO'I,eC~le, showing the c~O'rdinate 
, 'system a:p:prO':pr~ate to' the d~scussiO'n ~n ,the text. R = ~sO'-C3HT 
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4dl configuration i$to lift the five-fold orbital degeneracy, leaving 

the d 2 2 orbital lowest relative to the coordinate system shown in Fig. x -y , , 

(IV-I). This follo},s innnediately from the fact that the lobes of the 

d 2 2 orbital point directly at the electronegative S ligands and there-x -y , . 
fore provide the maximwn stabil~ty for the unpaired positron. 

The parameters of the spin Hamiltonian are profoundly influenced 

by the fact that the paramagnetic complex undergoes rapid tQ~bling in the 

solvent. The effects of such molecular motion on EPR spectra have been 

investigated by McConnell. 7l He shows that the effect of the molecular 

motion of the complex is to impart a random time dependence to the 

angular dependent terms in the spin Hamiltonian. If the random motions 

are rapid relative to the Larmorprecessiori frequency of the complex, 

the time dep~ndent t~rms will tend to average to zero, so that only the 
. t' t . Th H . 'It . b 71 lSO roplC par s remaln. e affil, onlan· ecomes 

. J:{ == g I3HS + ar·g , 
e. z 

(IV-I) 

All and Ai are the components of the hfs tensor and include the effects of 

dipolar and contact interaction. It is important to investigate the 
, , 

relative contributions of these two terms to the total hfs constant. 

Using Eq. (II-34b) we obtain All == B(K + 2;>" Azz ) and Ai == B(K + 2Mxx), 

since £ii == u
ii 

== O. But from Eq. (II-3 4b), gil == 2(£ - M zz ) and gi 

== 2 (£ - AJ\.xx)' Hence the hfs constant can be written 

(IV-2) 

where B == 2g
11313N 

(r-3)/I.' K represents the isotropic contact contribu- . 

tron, while the quantity (2.00-;ge) represents tJ;1e dipolar contribution. 

Bhas been estimated by Pettersson and vMringgrd to be 0.0074 cm -1, while 

ge and a were empirically determined from the EPR spectra to be 2.0194 

± 0.0003 and (0.280 ± 0.002) 'x 10 ... 2 cm-I, respectively.' So;Lving Eq. (IV-2): 

for K gives, K == -0.36 cm-l Therefore} the contact interaction 

, 
I 
'" 
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contrib~tes ~om~ 94% to, the total hfs constant.; This contribution is 

due to adnlixtures of configurations 'With un:paired selectrons into the 

4d9 ground state. The significance of this is that, since the hfs is 

almost entirely due to s electrons, 'We must take into'account a possible 

hf anomaly 'When calculating magnetic moments from measured hfs constants. 

The anomaly proves to be quite significant. 

C. ,Experimental 

The radioactive' isotope Ag 110m 'Was obtaine'd from OakRidge 

National Laboratory as AgNO; solution (5.3 ml), containing 0.002 atom per

cent Ag
1IOm 

in a total 6f 2.3 mg of AgI07 and Agl09 isotopes. This solu

tion 'Was ew.poratedto dryness 'and 2 ml of benzene (B and A reagent grade), 
, 

containing a large excess of tet:raisopropyl thiuram disulphide 'Was added 

to the residue. A blue color characteristic of the diValentAg complex 

, ) (iso':'C
3
I7 )2NCS2J2Ag formedirmnediately 72~rid the intensi t~ of the color' 

, increased upon stirring. The solution 'Was, degassed in a quartz sample 

tube by repeated freeze-pump-tha'Wcycles in order to remove ,02 , as 

dissolved oxygen broadens the resonance lines considerably. 

Measurements 'Were also made on the enriched isotopes AgI07 , 

(purity 95. 7%) and Ag
I09

(purity 99.1%) 'Which 'Were obtained from Oak ,Ridge 

'National Laboratory as Ag metal. With the addition of the benzene solu':' 

,tion of thiruam disulphideto the metal; the blue color of the Ag2+ 

complex formed; the samples .'Were also degassed before use. 

The EPR measurements 'Were made at room temperature at a frequency , 

of 9.5 GH'Wlth a superheterodyne spectrometer employing magnetic-field z , 
modulation and synchronous detection. The ~agnetic field 'Was mea~ured 

, 'With a Varian F-8 NMR fluxmeter 'Whose frequency 'Was measured 'With a ' 

'He'Wlett-Packard 524-B frequency counter. The line positions reported 

belo'W are average valUes,..of "Up" and Ido'Wn" field scans. 

,.; 

, ": 

i. 
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D. Results 

The energies of the allowe,d .6Iz = 0 transitions of the spin 

Hamiltonian appropriate to Ag2+ in solut~onEg. (IV~l), including second 
, 70 

order terms; are given by 

(1V-3 ) 

where I = -I, -I + '1, ... 1. We observed a thirteen line spectrum, 
z,' " , , 

including the two outside lines, which confirmed the spin assignment of 

1IIOm = 6 as found by atomic beam magnetic resonance. 73 Eleven of the 

thirteen lines were observed. The remaining two were obscured by either 
2+ the stable Ag lines or, by two unexplained impurity lines. Eight of 

the lines were measured accurately and the best fit to the data was 

obtained with ge = 2.019 ± 0.002 and a llOm = 75.39 ± 0.2 gauss 

(7.108± 0.02,X 10-3cm- l ). Table (1V-l) lists the calculated and experi

mentally determined magnetic' fieids of the transitions corre'sponding to 

the abo';e values of lallOmI andge . The hypeffine lines are 'listed 

arbitrarily because the data do not allow the determination of the sign 

of a and hence +1
Z 

cannot be distinguished 'from -1
Z

' 

The Hyperfine Anomaly and the Nucle~r Moment 

The hyperfine anomaly for isotopes 1 and, 2 is defined as 48 

(1V-4) 

where E. is the fractional change in hf interaction for isotope i rela
l 

tive to a point nucleus. Using Eg. (II-25) and a'ssuming E i « 1, one 

obtains 

a g , 1 2: 
.61 ,2 = a

2
g

1 
- 1 (1V-5) 

Measurements on the separated'isotopes gave a
l07 

= 27.64 ± 0.03 gauss 

and a
l09 

= 31·90 ± 0.03 gauss. Using these values together with the 
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Table (IV-l). " Calculated and experimental hyperfine, line positions of 
AgIIOni, allom= 75.39 ± 0.2 gauss. ,Lines are numbered arbitrarily: the 
highest field'lineisl, the next highest is 2, etc. 

Line 

1 

2 

3 

4 

5 

6 " 

7 

8 

9 

10 

11 

12 

13 

,\ ' 

..• r 

- .. ". ~ '. " 

". " 

'.' ..... 

Calculated 
(Gaus~) 

3752.2 

3667.4 

3584.2 

,3502.8 

.• f ; , . 3423.2 

3345.2 

3268.9 
! , 

3194.4 
t ' 

,,' 

3121.6 

3050.5 
' .. ~ 

2981.1 
. " ':. 

2913.5, 
. " .. ~' 

2847.5 

.. ~ 1'~: 

.. ;., , 
, " 

••••• > 

, " 
, :: 

...• 

.. 

Experimental 
(Gauss) 

, 3752.0 

3666.9 

3583.8 

3502·5 

3194.5 

3121.6 

3050·5 

2981.0 

., 

jl 
~ 

1 
\ 

. 
I 

,.. I, , 
! 
I, 
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, " A 107. 'd' A 109, 48 accurately known nuclear moments for g , an'" g we calculated 

an anomaly of 6
107 

109 == -0.40± 0.1%. This is in' excellent agreement' 
, " , 

'With the value found (-0~412± 0.004%) for Ag atoms by atomic qeam 

magnetic resonance.
74 

It is importarit to realize that 6 is a measure of 

the difference in the distributiqn of nuclear magnetism between the two 

'isotopes as probed by the s electron~ (PI/' 2 contributions are only impor-' 
48 " , 

tant for heavier atoms). The anomaly CCl-n tell us nothing about 'Which 

s electrons caused the hfs because,alls electrons have the same distribu

tion within the nucleus.' Furthermore, the hfs for Ag ,atoms 'With electron

ic configuration 4d
l0

5s1 is'almost entirely due to contact interaction. 

(The electronic spin 'dipole-nuclear dipole hf interaction ~ontributes 

only a small percentage to the total hfs constant.) Thus the fact that 
, . ,107 109 ..". . 

the anomaly found for d~ valent Ag '" agrees with atom~c beam value 

constitutes independent evidence for the conclusion of Pettersson and 

VMnngard that the hfs of Ag2+in the complex arises g.lmostentirely from 
• .' .... ':I; • ".', •• ' , ~ ,.' • .,' I . ~' . . '. • ,~: -", -. • ' " 

contact· interaction. . This is, animportaIit :.point bec~useinorder to 

correct for the magnetic mome~t of Ag
lIOm

, ,we assume that all the hfs 

arises from contact interaction. 

Using Eg. (II-28) we can write 

D + C(l+E 109) 

D + C(l+E IIOm ) 

,,' 

(Iv-6) 

where the a's are the measured.hfs constants, D is the dipolar contribu-

tion and C the contact contribution. " In view of the above arguments, we 

know that C. » D, which allows us to write 

'1+E'l09 . 

:L+ € 110m' 

to a very good approximation. Now we, must estimate E
109

' E
IIOm 

from a 

nuclear model. 

In Table (IV-2) we have listed the proton and neutron configura

tions as given by the single particle 'shell model for 4fgl07,109 and 

4fgllO ,llOm, for the higher lying states. 75 The assignment of the odd 

t 
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Table (IV-2) > Nuc;Leon configurations' according to the single particle 
, ',' shell model for some silver isotopes •. .) 

( Protons Neutrons 
, , 

2Pl /2 lf5/2 2P1/ 2 'lg9/2 2d5/ 2 197/2 3s
1/ 2 2d3/ 2 Ih11/ 2 '" 

Ag107 4 6 1 8 6 6 

Ag109 4 6 1 8 6 8 

Ag1lO 4 6 2 ,',' T 6 5 ',2 

Ag110m . 4 
' . 

6 '.2 7 5 6 2 
'. I 

i 

! 
I ..,. 

I 
! 
~ 

" ... 'i i' 

" \ 
, ~ . ! 
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; 107 109 . proton In Ag , to a 2Pl/20rbltal follows from the spin, sign and 

magnitude of the magnetic moments observed for these two isotopes. The 

configuration n(g9/2 ) v(g7/2 ) for the odd proton and odd neutron in Ag
IIO

, 

respectively, is consistent with the observed spin of one in the sense 

that Nordheim's strong rule as modified by Brennan and Bernstein 76 

predicts a spin one grOillld state for this configuration. The configura

tion n(g9/2 )V(d
5

/ 2 ) has been suggested for, AgllOm'by Funk and Wiedenbeck77 

on the basis that it gives the correct parity for the 6t state, and can 

account for the spin. We will have ,more to say about. the detailed struc

ture of the 6+ state in Sec. E. 

To proceed, we assume that the nucleon configuration of AgllOm is 

to a first approximation n(g9/2)7V(d
5

/ 2 )5. Fortunately, the reduction in 

hf interaction relative to a point nucleus, EIIOm, is quite insensitive 

to the detailed structure of the nuclear configuration. EIIOm is given 

by Eq. (II-24) as 

where a and a are the fractional contributions from the ~oton and 
p n 

neutron, respectively, and can be obtained from Eq. (II~23) as. 

a == [j (j +1) + r(I+l) - j (j +1)]/2I(I+1)· n n n p p , 

with ap + an == 1. This gives ap ~ 0.8, an ~ 0.2, so that EIIOm derives 

mainly from the odd proton. The proton and neutr,on contributions are 

calculated usi~g Eq. (II-21), E = - (K a + Kna n), and Eq. (II-22), 
gs gI g iSS . k k 

(a) = -- with (a) ==1 and (a) + (a) == 1. The parameters 
s p gr gs-gi _ ~ n s p s n 

K and Ki can be evaluated from the tables of 

Eisinger and Jaccarin~.48 The value of g (=3.7) used above was obtained 
I 

from Eq. (IV-6a)by neglecting EI09' E1IOm • We find in this way Ep ;:: -0·50 

and E 
n = -0.68. This gives EIIOm == -0.54%. The detailed structure of 

the 6+ state will affect this estimate somewhat. However, several 

quantitative estimates based on different assumptions about the 6t state 

all gave reductions near -0.5%. We will use this value to derive gllOm' 
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'107 ·····109· . 
Ag . and Ag ... have .Pl/2-proton ground statgS and EI07 and. E

I09 
are expected to be s·everal. percent. Burn: and Staub 7 calculated 

~'l07}109' == ~0.41%~ in excellent agreement with experiment, by using 

"effective"4&ntrinslC g factors for the Pl/2 protons .. Using tabulated 

parameters, . we.findE I07 (109) == -(1.01 a s + 0.25 a£')%. For as and 0:£ 

calculated from the Scmnidt-limit value of the ,magnetic moment of a 1'1/2 

proton, this gives E == -2.15%. This is, a rather large reduction, but 

probably represents a lower limit for the mag:qitude of E, because the 

real moments lie closer to zero than does the Schmidt limit and 0: and. 
s 

0:£ are probably ,correspondingly larger in magnitude. ' Evaluating "effec-

ti ve" intrinsic g factors J after ~ruil and Staub, from the empirical 

moments; we find E
I07 

== -5. 4910, E
I09 

== -4.92%. The calculated anomaly is 

then too large, ~107:, 109 == -0.57%, and assuming that the ground states of 

Ag~07 and AgI09 are similar (in the sense of consisting of slightly 

different admixtures of the same configurations into the Pl/2 proton 

state), we .may regard these estimates of E 107 and E 109 as somewhat too, , " 

large. Perhaps the best estimate of E 1~7(109) is obtained by adjusting 

. O:s and. 0:£ for Ag
I07 

ang Ag
I09 

to fi t ~107 ,109' Even this adjustment is 

arbitrary, but we assume that the two nuclei are sufficiently similar 

that we may move the two values of 0: proportionally toward the Schmidt 
s 

limits untll~107,l09 agrees with experiment. Then we have EI09 == -4.24%, 

and~109,llOm == -:-3.7%. We trust this estimate to ±1.o%. From Eq. (rV":6a) 

. the final value f'or the moment becomes 

!J.IIOrn == + 3 .55 ± 0'. 04nm 

The positive sign of the moment is assigned on the basis of ' the nuclear 

polarization results of Westenbarger and Shirley. 79 ,. 

i 
I 

I 
I 
I 

I 



-62-

E. Discussion 

Subsequent to this work, AgIIOm was studied by atomic beam magnetic 
80 

resonance. The results were: 1l11Om(ABMR) = 3·587 (4) and L:.I09,llO(ABMR) 

= -2.47 (12)%, which are in excellent agreement with the EPR results. 

The single-particle shell model configuration for AgIIOm is 

n(g9/2 )7v (d
5
/ 2 )5. It is profitable, in estima~ing theoretical magnetic 

moments for odd-odd nuclei, to use empirical g factors of the nucleon 

configurations, 

tabulation81 it 

neutron) states 

interpolation we 

and d
5

/ 2 neutron 

obtained from neighboring odd-A nuclei. From Lindgren!s 

is clear that the magnetic moments of g9/2 proton (d
5

/ 2 
vary systematically with proton (neutron)' number. By 

can estimate gp = +1.24, ~ = -0·32 for th~ g9/2 proton 
in AgIIOm. The moment is then calculated as 

almost one unit too high. The difference is far outside what would be 

expected from the regularity of the empirical single-nucleon g factors. 

This method of estimating the moment should account for pairing and con

figuration-mixing effects in the configurations of the two types of 

nucleons. 

An attractive explanation for the low moment is the coupling of 

the proton configuration to spin 7/2. The 6+ state would then be 

described as In(g9/2)i/2 v(d5/2 )§/2)6' There are precedents for such 

higher-seniority coupling (for example in V51). The calculated magnetic 

moment is then 

II = +1.24(7/2) - 0.32 (5/2) = +3.54 run, 

in good agreement with experiment. 
80 )7 5 Schrnelling, et a1., point out that the In(g9/2 7/2v (d

5
/ 2 )5/2 ) 6 

state is reasonable because both AgI07m and AgI09m have 1=7/2 and that 

the magnetic moment of AgI09m is consistent with having three g9/2 proton 

holes coupled to I = 7/2. That I = 6 for AgIlOm then follows from the 

weak Nordheim rule as modified by Brennan and Bernstein. 76 
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V. EL"ECTRON PARAMAGl'iJE~'IC RESONANCE OF TRIVALFm Tb157 ,Tb158, AND Tb160 _ 
82 This work was carried out in collaboration with Mr. J. A. Barclay. 

The results have been submitted for publication in The Physical Review. 

, A. Introduct:i.on 

Several years ago two isotopes of terbium (Tb156, t l / 2 == 5dj 

Tb
160

, ·ti / 2 = 72d) were studied, in this laboratory by nuclear orientation 

(NO) in the neodymium ethyl sulfate lattice.83 ,84 NO is a useful method 

of studying nuclear moments of short-lived species because "I-ray counting 

is an extremely sensitive method of detection.' Hm~ever, because the 

degree of nuclear orientation depends on the SQ~ of the contributing 

hyperfine interactions and because of the complexity of the hfs Hamilton

ian relevant to this case, t.he nuclear orientation 'parameters exhibited 

temperature dependencies that -v:ere at once unique to terbium ethyl sulfate 

but rather insensitive to the values of the individual nuclear moments. 

The data however did yield for each isotope accurate functional relation

ships between the magnetic dipole and electric quadrupole moments, so 

tr,at. combinat.ion of this relationship with an accurate determination of 

either moment by a different technique would. yj.eld the other moment 

accurately. EPR measurements on these :lsotoIles in an isostructural dia

magnetic ethylsulfate lattice could provide the supplementary measure

ment, in the form of magnetic hfs data. It was felt that Tbl56 was too 

short-lived for EPR stUdies (the results of this research tend to dis

prove this assumption),' and consequently no EPR experiments were done on 
- 160 

this isotope. The EPR spectrQ~ of Tb was studied in yttrium ethyl-

sulfate and. the data was combined. with the existing NO data to calculate 

nuclear moments. The is otoIle Tbl58 (ty 2 = 1200 y) bad not been studied 

previously 'by NO, but it offered such an attractive candidate for this 
, 158 

method that both NO and EPR experiments were carried out on Tb • -, , 

" , 

I 
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B. Backgro1.U1d: 'Energy Levels and Magnetic Properties of Tb 

(C2H
5

S0
3

) • 9H20 

Tb3+ has an electronic configuration [Xe] 4f
8 

which in pure L-S 

coupling corresponds to aground state term 7F6(~ ~ 3/2). The gro1.U1d 

state of the free ion is actually al 7F6) + bI 5G6), but b2 ~ 0.06, so that 

it is some 94% pure 7F6 .85 The first excited J level (7F5) lies about 
-1 

2100 cm higher in energy. 

The cluster M(C2H5S04)3·9H20,. 'where M is a tripositive rare-earth 

ion, can be regarded as the 1.U1it magnetic cell in the ethylsulfates. 

(There are actually 2 M ions per unit cell, but they are magnetically 

equivalent.) The 'rare-earth ion is at the center of a triangle of water 

molecules, and in parallel planes above and below these are two more 

triangles of water molecules, which are rotated through 7T/3 with respect 

to"the middle one; the ethylsulfate radicals lie in the middle plane, 

between the water molecules. When the 'more distant surro1.U1dings are 

considered, the syrmnetry of the electric fields at the M3+ site is very 

nearly C
3h

, where the hexagonal c axis of the crystal is a three-fold 

axis of rotation for each cluster. 

The crystal field Hamiltonian corresponding to C
3h 

symmetry can 

be written 

).1 ~.m 0 0 0 0 0 0 6 6 
~ = ~ vn = B202 + B404 + B606 + B606 

m,n 
(V-I) 

The first three terms of (V-I) involve only powers of J
2

• The effect z 
of' these three terms is to split the 7F 6 term into six doublets character-

ized by 16, ± Jz)' and one singlet 16, Jz =0). The last term in the 

Hamiltonian has' an operator equivalent term 1/2 (J6 + J6), which connects , + -
states whose values of JZ differ by ±6. This splits the doublet IJz = ±3) 

directly, and the I JZ = ±6): doublet indirectly through the matrix element 

of the latter with IJz = 0). This splitting is a consequence of the fact 

that Tb3+ is a non-Kramers ion. The other states of the J = 6 manifold 

remain doubly degenerate; such states are called "nonKramers ~ doublets." 
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Baker arid Bleaney found that for dilute Tb3+ in yttrili.'1l ethylsulfate 

(l'ES), the .' ! ± 6) state 'was lOVlest in energy. 85 .. The for~ulation of a spin 

Hamiltonian. for such a noniu-a~ers"idoublet" (we can consid~r 
doublet bec~use.:the V~ s:p~itting is small) is complicated by 

the state a 
, 6 

the V6 

crystal-field interaction which is comparable to the Zeeman and hf inter'

actions. The zero field splitting of the doublet can be included in an 

empirical way by the adding theterins 6. S + 6. S to the normal spin x x y y 
Hamiltonian forS :::.1/2, where the parameters 6.,6. can be'related to the 

. x y 
crystalline potentials V~.. The spin Hamiltonian becomes . 

(V-2) 

The actual states of the effective doublet!'l/2, ±l/ 2)', are composed of 

linear combinations of the: states. 1 0), 16), 1 .. 6) and in' view ofEq. (II-39) 

'it is clear that gl == O. Similarly, fro~Eq .. (II~4l), Ai == O. Also, 

from Eq. (II-40), g (e) == g II cos e. Using .these facts, we can re'w,rite 

. Eq. (V-2) in the more frequently encountered form for the spin Hamilton

ian of a nonKramers doublet: 

J.{s (NK) == I3g
l
l cos ellS + 6. S + 6. S + All S I . z x x y y. z z (V-3) 

. Because. of the structure of the states, the normal 6.Sz (6.J z) == ±l magnetic 

dipole tran~itions have zero transition probability (i.e., the transition 

probability is proportional to g12). 6.Sz == 0 transitions can be induced 

however by applying the microwave magnetic field parallel to the c axis 

of the crystal •. 
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C. Experimental 

1. Nuclear Align!!1ent of Tb158 

The experimental as well as theoretical as~ects of thermal 

equilibrium nuclear orientation have been recently reviewed by Shirley.58 

Details of the experimental apparatus and ~rocedures not included 'in this 

discussion can be found there or in the experimental section of Blokfs 

th 
. 86 

eSlS. 

Figure (V-l) shows the details of the demagnetization cryostat used. 

The upper end of the cryostat is accessed to ,'a mechanical pur'llp and a 

diffusion ~u.'I!lP to evacuate the chamber, or to a cylinder of helium gas to 

fill the chamber with a partial atmosphere of He for heat exchange between 

the paramagnetic materials and the 1° K He bath. The NBS single crystal 

to be cooled is sus~ended from a'long, 3 nun diameter glass rod. A glycerin 

slurry of chromiu.l!l potassium alum and a compressed pill of manganous am

monium sulfate are placed approximately half'way up the rod. ' These mate

rials are cooled by the fringe field of the electromagnet to the approxi

mate temperatures shown in Fig. (V-l) and serve as thermal shields for 

the'NBS crystalj absorbing any residual gas in the vacuum chamber and 

any heat conducted down the glass rod. The cryostat is painted with 

collodial graphite to shield the salt from external radiation. The two 

sets of inductace coils com~rise ~art of a mutual inductance bridge which' 

is used for relative susceptability measurements on the NBS crystal. 

The Tb158 was prepared by neutron irradiation of se~arated Dy156, 
156( ) '157 ( ')' 157 ( ) 158 via the ~ath Dy nil' , Dy '. E9 ,Tb n(y Tb • Three microcuries 

of Tb158 were grown substitutionally into a 5 gm single crystal of neo

dymium ethylsulfate, which was cooled by adiabatic demagnetization to a 

series of 'term~eratures in the range 1 0 K> T > lO-2 oK. The tem~erature 
range was generated by demagnetizing from various values of the magnetic 

field (which determines' the a'mount of entro~y removed from the ~ara

magnetic salt) ~ ~'he absolute tem~erature reached upon demagnetizing 

,i'las determined from a Imowledge of the ratio of the magnetic field to 

the initial tem~erature, (HIT)., using the revised tem~erature scale for 

NBS due to Blok, et al. 87 Thelinitial temperature, T., was determined 
, l 

by measuring the va~or ~ressure over the liquid helium bath. The warm-u~ 

I 
! 
! 
! 
I 

I 

I 
l 

'I 
r 

I 
I 
I 
I 
I 
~ 



GLASS 

CRYOSTAT 

INDUCTANCE 

COILS ~ 

NES XTAL. 

(0.1- O.02·K)- ~I!-

-67-

GLASS ROO 

MANGANOUS AMMONIUM 
SULfA TE PILL 

( 0.14e K) 

CROME ALUM- GLYCERIN 
(O.O'-K) 

HELIUM BATH ~ 

C AXIS OF 
XTAL 

FIELD 
DIRECTION 

XBL 678-4757 

. 'Fig. (V-l). Details of demagnetization cryostat used in the nuclear align
ment experimerrts on Tb15ts. 
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rate of the crystal was monitored by following the change in the relative 

susceptability of the NES crystal using a mutual inductance bridge. Both 

Na1(Tl) and Ge(Li) detectors were used to measure ~-ray intensities along 

the crystalline c axis. Heat leaks into the sample were small enough 

that usually three five minute cold counts could be taken in succession 

and the results averaged. Since each five minute cold count agreed 

within statistical error) inhomogeneous heating effects were shown to be 

small. 

The temperature dependence of .the~-rayanisotropy (182 keY ~-ray) 

wa.s determined us ing two 3 II X 3" Na1 (Tl) s·cintillation crystals which 

were positioned at 0 0 and 180 0 with respect to the crystalline c axis. 

(Both give the same anisotropies because parity is conserved in ~-ray 

·transitions.) After demagnetizing, the electromagnet was rolled away 

and· the detectors were rolled into position. (The detectors were mounted 

on a table which moved on a set of tracks. The position of table with 

respect to 0° and 1800 alignment had been predetermined.) Upon comple

tion of the· cold counting period, He exchange gas was admitted into the 

cryostat, bringing the crystal back to the bath temperature. A normaliz

ing warm count was then be taken 'over the same time interval as before. 

Division of the "cold" count.by the "warm" count then gave a radiation 

intensity distribution which was independent of such unknowns as counter 

efficiency. The ratio of the cold count to the warm count can be written. 

where G
2

(n) is a geometry correction and G
2

(B) is a background correction. 

The other terms are defined in Sec. II.E. Comparison of this equation 

with Eq. (11-43 ) gives 

C~W-l . 
G (n G (B) + 1 = w(e) 

2 2 

I ~ 

t 
r 
? 
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The geometry factor compensates for the fact that,th.e detector intercepts 

a finite solid angle., Correction factor's h8.ve been 'Worked out for various 

scintillation crystal snapef.'l as a function of the distance of the face of 

the crystal to the radioactive source. 88 

The backgrollid correction arises because not all the counts under 

the photopeak belong to the transition of interest. For an isotropic 

background 'We have 

'Where P 'is the area under ,tpe photopeak for the 'Warm count and B .' is' 'W ' 'W 
that part of the area due to background. 

The pulses 'from the t'Wo detectors 'Were routed into 200 channels 
. ' 

each of a 400 channel,Hewlett-Packard mUltich.annel analyzer. The problem 

of electronic drift over the relatively long ,counting periods was elim~!v ,",,;' 

iooted by the use Of adigi tal gain stabilizer~ 89 The counts per channel 

'Were printed out automatically by a high speed Monroe MC,10-40 solid-

state' printer. 

Spect,roscopy on the' 946 keV-y-ray (see Sec~ D.l) was carried out 

. using a Ge(Li) detector90 in order to obtain resolution from the 964 keV 

transition (see Fig. (V-2)). .! 

Follo'Wingthe completion of the nuclear alignment experiments, 

the Tb 'Was separated from the Nd using a cation exchange colQ~ 'With 

, a-hydroxyisobutyric acid as eluent. The resulting sample was then used 

in the EPR experiments. 

2. EPR Measurements 

yttrium ethylsulfate 'Was chosen as the diamagnetic host for the 

EPR measurements because it is the only salt isostructural to NES 'Which 
85 sho'Ws an interpretable EPR spectrQ~. An isostructural salt is required 

in order to allo'W the direct comparison of parameters obtained by nuclear 

, alignment 'With those obtained by EPR (this point 'Will be expanded ina 

later section). Baker and Bleaney85 have observed the spectrum of natural 

terbium (100% Tb159, I = 3/2) in YES and have determined the values of 

the parameters in the spin Hamiltonian (Eq. (V-3)). 
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2+,2-r~~~-------

3 ... 
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1190 
(1.8 ) 

E2 
1110 
(2.2 ) 

782 
(9.9) 946· 

El . {46.7l 

E 1 

928 
(0.2 ) 

E2 964 
(22.2 ) 

E 1 

2+,0~~~~~L-~ 

O 0 
~_..;.7:.:.9.:..:.8 • .%-:,;( 8::.::;3~.8.:...) _ 

+, -

InK 158 
64Gd 94 

158Tb 
65 93 

T1I2 = 150 ± 30y 

E.C. ~ 55, 4. 2 %,~ 9.1 _. 
E.C.l::j 200, 32 %, 9.8 

E.C.1i:I220, 40%, g 

E.C. 980,~3%,>12.5 

E.C.1165,~ 3%,>12.3 

79.5 T1/2=2.47 ± 0.10 nsec 

o 

XBL671-302 

Flg. V-2. Portlon of the Tb158 decay scheme relevant to this work. 
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The ;rocedures·used.in growingt~~'T~158a~d'Tb160_doped YES 

single crystals have. already been described in Sec. IILB.2. The micro

wave cavity used for'the measurements and the appropriate. configurations 

. (static and microwave fields, etc.) are shown in Fig. (III-5). The 

measurements were made at 1 0 K using the Q-band EPRspectrometer described 

in Sec. (III .A.) . 

The Tb
160 

was prepared by irradiating 0.1 mg samples of natural 
- . . . . . 

Tb metal (Research Chemicals, 99.g% pure) f'ori7 days at a neutron flux 
" . 14 -2', -1 . . 

of 5.5 X 10 . cm . sec . in the MI'R' . reactor, Arco, Idaho. 

The positions of the transitions were determined by making a 

series of up and down field sweeps and averaging the results. The 

. positioning of the crystal in the, cavity such that ~ was parallel to 

the c axis could be' done quite accurately by eye (within about ±5°). The', 

alig~~ent of the static field in the plane of the surface on which the 

crystal rested (i.e.; the cavity bottom; see Fig. (II1-5)). could be 

accomplished by rotating th~ magnet and observing 'the shift in resonance 

field as observed on an oscilloscope. The field was positioned as to 

give the minimum resonance field (i.e., the resonance field varies as 

hv / gil t3 cos ~, which is a minimum for e = 0). However, any misalignment 

such that the. c axis of the crystal was not copara.llel with the plane . .-

defined by the bottom of the cavity could not be compensated for. 

Fortunately the alignment of the crystal did not need to be known 

accurately because relative measurements were made, eliminating the e 
dependence ~ . 

. 158' : 
The Tb sample was. analyzed in the LRL mass spectrograph in 

order to determine the relative amounts of Tb157,Tbl ?8, and Tb159.91 

'-.:',, 

,", 

'; 
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D.Experimental Results 

A complete s~~ary of the results of this research is given in 

.' Table (V-l). Derivations of the var'ious quantities appearing in the 

Table (V-l) are discussed in this and the next section. 

1. Nuclear Alignment of Tb158 

The spin Hamiltonian appropriate to terbium-doped NES is given 

by Eq. (V-3)} -where H = 0 and to -which has been added a term to account 

for Tb-Nd electron dipolar interactions, -we obtain 

J:{ = AI S + f:::, S + f:::, S + P[3I
2 

- "I (I+1)] + cT s z z x x y y z z 
(V-4) 

, here c =, -2g
11 

(rrb)gll (Nd)13
2

/R3 , -where R is the distance from the Tb ion to 

the nearest Nd ion (7Jt) along the c axis of the crys;ta1. The perturba

tions due to more distant neighbors are considerably smaller and can be 

neglected. T is the projection of the resultant spin of the t-wo nearest z 
, Nd neighbors on t~e c axis and assumes the values 0, ±1. ,At the "higher" 

experimentaltemperaturt1s (10 < liT < 40 in Fig. (V-3») the depopulation 
" 

of the lo-west T state (T = +1) via thermal excitation into the first z z ' 
excited state (T

z 
= 0) is significant and must be taken into account in 

the analysis of the data. 

The secular determinant corresponding to the matrix of (V_l+) 

factors and the exact solution is 

, 2 
-where !:::; 

doublets 

(V-5) 

, 2 
+ P[3I - I (I+l)] . z 

2 2 
= f:::, + f:::, • x y 

In zero magnetic field the levels consist of 

I ±I )} and z 
for integral I, a singlet II = 0). z , (The, term in 

A tends to align the nuclei parallel and antiparallel to the c axis; 

both states hav~ the same 'energy in zero field.) This hfs Hamiltonian 

therefore gives rise to nuclear alignment (nuclear orientation -where 

parallel and ant i- parallel senses are equally populated.) The magnetic 

and electric hfs terms compete in the characterization of the nuclear 

,~ .. 
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Table (V-l)','-liyperfgne structUre congta~ts and nuclear moments' of tri
positive Tb157, Tb15 ,Tb159, and Tbl 0 in yttriuJl1 ethyl-sulfate, 

'. '. 157 
Tb 

I. (3/2) 
- -4 -1 . 

A(10 cm ) "2090(120) 

-4 -1 P(10 cm') 

~ (n .m.) 1. 99(11) 

Q(barns) -

a _ ...... '. . .", 
Taken from reference 85. 

b 8 Taken from reference 9 . 

cTaken from reference 94, 

...... .' -

~ '.' . 
~ ... ' 

• 'r>~ 

Tb158 

3. 

912(9) 

48(5) 

, 1. 740(7) 

-2.7(5) 

. . . . 

TbJ-59 

3/2
a 

-2090(20)a 

, b 
';,1. 994(4) 
.... c 
-·1.3 

... 

',-

Tb
160 

, 3 

883(8) 

55(5) 

1.685(8) 

··3.0(5) 

". .... 

,,;. . 
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XBL671-301 

'Fig. V-3. Plot of the orientation parameter, B2 , vs. liT for the 182 
keY ~-ray of Tb15 , obtained using NaI (Tl) detectors. The detectors 
were placed along the c axis(e = 0).. The solid and dotted curves 
are theoretical fits to the data points corresponding to the indi
cated parameters. 
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alignment" For':e~mpi~, a' positive quadrup?le coupling constant P tends 

to align the nucle'i'so that "the!'I ~ 0) state:,lieslowest" which means , ,' .. , ',' z 
that the nuclei:w~lltend to precess in a plane perpendicular to the 

"" ."" 

crystalline axi's'. The magnetichf interaction:, "on the other hand, tries 
" ' 

to alignth~ nuciei parallel to the c axis. The net result will be an 

alignment which is" smalier than would be' expected from either interaction, 

alone. This observation can. be used to determine the sign of P.Nuclear 

alignment data' are obviously not sensitive to the sign of'A. 
," .. . , . . 

, The splitting 6. depends in a complicated way on the terms in the 

crystal field expansion, Eq. (V-I). For a Tbion in the ethylsulfate, 

these terms are· determined for the most part by the structure of the 

unit Tb(C2H5S04)3'9H20, as noted earlier. Hence we would not expect 6. 

to vary strongly with the surrounding posi ti ve ions.,. In light of this 

a;gument, we can adopt the value of 6. = 0.387 cm-l as found by Baker and 
8' " . 

. Bleaney 5 for Tb3+ in YES at 200K for the analysis of the nuclear align-

ment data of Tb3+ in NES at O.O~oK. (The temperature difference ,is quite 

insignificant because nearly all thermal contraction is complete at 200K) •. 

For a given Tb isotope then, A, P and sometimes I are unknown. 

If I is known or a value is assumed on the basis of nuclear systematics, 

then for arbitrary coupling parameters A and P, a series of curves for 

the variation 'of nuclear alignment with temperature may be calculated using' 

the equations given in Sec. II.E. The parameters can be determined by " 

fitting the experimental data to these curves. 

The theoretical expression for the normalized intensity of ~

'radiat1on emitted from 'oriented nuclei is given by Eq. (11-43) as 

where the solid angle and background corrections have been taken into 

account. Higher-order terms were found to be negligible for this experi

ment. The portion of the decay scheme of Tb158 relevant to this work is 

reproduced in 'Fig. (V-2).92 Although the 946 keY ~-ray showed the largest 

anisotropy (32% at liT = 900K), we studied the~emperature dependence of 

B2 through the 182 keY ~-ray, using 3" x 3" NaI(Tl) scintillation crystals 
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in order to enhance statistical accuracy. Unambiguious calculation of 

U2 for the 182 keV 'Y-ray was not :possible, so U2 (182) was obtained by 

com:partson of the angular distribution. coefficients of the 946 and 182 

keV'Y~rays, using a Ge(Li) detector. We found 

[W(o) 11946 U2(946)F2(946) 

[w(o) - 1]182 = U2 (182) F2 (l82) 
= 1.025 ± 0.020 

since U2(946) = 0.829, F2(946) = -0.418, and F2(182) = -0.448, we thus 

have U2 (182) = +0.757 ± 0.020. The Ge(Li) and NaI(Tl) raw data are 

given in Tables (V-2, 3), res:pectively. A :plot of the em:pirical B2 

values determined from W (0) values is shown in Fig. (V-3) • The indicated 

errors are statistical. The data corres:ponded to a :positive value of P, 

which agreed with the results of the Tb156 84 and Tbl60 83 experiments. 

Th~ solid and dotted curves in Fig. (V-3) are theoretical fits for the 

indicated values of IAI ~nd P, assuming r158 = 3. (The spin of Tb158 is 

expected to be the same as that of Tb
160

, i.e., threeo) The :plot suggests 

that the true values lay within the limits 0.0607 < A (cm-l ) < 0.103 and 

0.00l95 < P(cm-l ) < 0.00602. The theoretical fits were obtained by 

mf3,chine calculation using a :program called '.'PRIME" on the LRL IBM 7094 

com:puter. 

A relationshi:p between IAI and P can be derived in the following 

way. For arbitrary values of IAI, families of curves relating B2 to P 

can be generated using PRIME. Values of P corresponding to the most 

accurately known experimental value of B2 (B2 = 0.960 ± 0.010 at liT = 90) 

can then be picked off for each value of IAI. These values of P are then 

:plotted versus IAI, which results in a straight line. Such a plot for 

IAI vs P corres:ponding to B2 = 0.960 is shown in Fig. (v-4). This 

curve defines the following equation: 

(v-6) 

. - 0.00418 ± 0.0003 
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Table (V-2). Ge(Li) data for 946 keV~-ray of Tb158 . liT = 90.5 ± 2.7 
(OK)-l and ~(n) = 0.955 for all entries. The (C/W)-ratios are cor:!: 'cted 
for background. ' 

Demag. C/W(OO) B2 ,C/W(ave. ) B2(av<2.) 
nmnber 

23 0.701(7) 0.910(60) 0.682(6) 0.960(50) 

24 0.670(7) 0.990(60) 

25 0 .. 670(7) 0.990(60) 

26 0.681(7) 0.960(60) 

27 0.689(7) 0.940(60) 

. , 

,I 

,4 I 
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Table ~~-3) .. NaI(T£) data corresponding to e = 0° for the 182 keV ~-ray 
of Tbl . Hi) Pi and (liT). are, respectively, the initial magnetic 
fields) He vapor pressures tmicrons of Hg); and reciprocal temperatures. 
(l/T)f is the reciprocal of the temperature reached upon demagnetizing. 
The (c/w)- ratios have been corrected for background. ~(D) = 0.810 for 
all entries. 

Deme-g. H. Pi (l/T)~ (HIT) . (l/T)~ ·c/W(oO ) B2 
Nmuber 1 1 

(kg) (~) 

3 21.2 80(5) 1.037 20.5 0.735(3) 90.5(27) 0.970(9) 

5 16.3 90(5) 1.025 16.7 o. 721(3) 86.6(25) 1.020(10) 

6 10·75 80(5) 1.037 11.15 0.790(3) 69.5(20) 0.769(8) 

7 7·20 80(5) 1.037 7.47 0.868(3) 45. 6(11) 0.483(5) 

8 3.67 75(5) 1.042 3·82 . 0.975(4) 15.6(4) 0.0916(90) 

9 19.4 100(5) 1.014 19·7 0.735(3) 90.5(27) 0.970(9) 

10 17.8 95(5) 1.020 18.2 0.744 (3) 90.5(27) 0.937(9) 

11 8.60 75(5) 1.042 8·96. 0.812(3) 56.7(14) 0.688(7) 

12 5·07 90(5) 1.025 5·20 0.935(4 ) 26.7(9) 0.238(2) 

13 6.50 80(5) 1.037 6.74 0.878(4) .39. 6(12) 0.447(5) 

14 5.80 80(5) 1.037 6.02 0.916(4) 33.0(10) 0.307(3) 

15 7·90 80(5) 1.037 8.30 0.815(3 ) 52.1(13) 0.651(7) 

16 12.5 75(5) '1.043 13·04 0.770(3) 77.1(19) 0.842 (9) 

17 4.30 70(5) 1.050 L~.50 0.939(4 ) 20.7(5) 0.224(2) 

18 4.36 110(5) 1.005 4.40 19.9(5) 0.970(6) 0.110(1) 

19 5.10 95(5) 1.020 ·5.20 26.7(6) 0.925(6) 0.274(3) 

" 
20 3.64 90(5) -1.025 3· 73 15.2(4) . 0.982(6) 0.0658(70) I 

a . f 
COK) -1 

I· 

f 
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Fig. (v-4)., Plot. of IAI' versus P corresponding to B2 = 0.960. The 
curve defines a 11near relationship between IAI and P as given by 
Eq. (v-,6). 
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The accuracy of this equation is determined for the most part by the 

accuracy to which the experimental value of B2 is known. Hence this 

equation represents the most accurate result of the nuclear alignment 

experiment. 

2. Correction of Tb160 NO Results 

The temperature scale used by Johnson, et al,83 to interpret the 
160 87 Tb NO results has been shown to be in error.·· We have redetermined 

the relationship between IAI and P given, using the revised temperature 
87 scale of Blok, et ale We find 

3. EPR Results 

. '1 
(0.100 ± 0.002) IAI (cm - ) 

-0.00334 ± 0.0002 

(V-7) 

The energy levels of dilute Tb3+ in YES are given by Eq. (V-5). 

The trans i tion energies for' the allowed 1).I :::::; 0 trans i tions are 
z 

(V-8) 

(Note that the 1).Iz = 0 transitions are insensitive to the quadrupole 

interaction.) Figure (V-5) shows the energy levels of the doublet 

plotted as a function of the magnetic field for Tb159 in YES, wi~h,e.=, O. 

For Tb159:YES" Baker and Bleaney85 found gil = 17.72 ± 0.02, 1). = 0.387 
-1 -1 

.± 0.001 cm and A = 0.209 ± 0.002 cm • At constant frequency v 0' the 

values of the magnetic field at which the resonances occur are found by 

solving Eq. (V-8) for H, which gives 

(v-8a) 

The spacing between two adjacent lines is then 

(V-9) 

, 
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Fig. (V-5). 'Energy 'levels ~orrespondingto I· = 3/2 for the ground doublet 
of the TbJ+ ion in yttrium ethylsulfate as a function· of magnetic 
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field. ,The vertical arrows indicate the allowed Q-oond EPR transitions. 
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Hence at a given e, 6H is directly proportional to,A and for two iso

topes, 1 and 2, whose splittings are measured simultaneously in the same 

crystai, the e dependence vanishes when the following'ratiO is taken: 

(V-9a) 

, 157 158 160 
We make use of Eq. (V-9a) to determine A's for Tb . ,Tb and Tb by 

making relative measurements in crysta~s which also contained Tb159• The 

accuracy of such measurements depends almost entirely on th~ uncertainty 
" ) 

in A159, i.e., ±10j0. Equation (V-9a) is also used to accUrately determine 

the corresponding magnetic moments, the details of which are discussed 

in Sec. E. 

(a) Tb157,158. The Tb158 sample contained natural Tb in the 

a~proximate ratio Tb159/Tb158 ~ 25. The EPR spectrum consisted of four 
~9 1~ strong Tb " hf transitions superimposed on the weaker Tb seven line 

.' .' '. . 

spectrl,lln. In Fig. (v-6) aportiolJ. of the 'spectrum is reproduced showing 

, the positions of three of the Tb158 lines' as indicated by the vertical 

arrows, and including the center line. Five of the seven Tb158 lines 

were completely resolved, including the two outermost at either end of 

thesp~ctrum, and the nuclear spin of three was confirmed.' Two of the 

lines were partially obscured by the strong Tb159 absorptions as shown ' 

in Fig. (v-6). In addition to these lines, a satellite structure associ

ated with each Tb159 line and designated A, B, and C in Fig. (v-6) was, 

observed. These extra lines are attributed to Tb159 dipo1ar~coup1ed 
pairs. The details of the pair spectr~~ are discussed below. Table 

(v-4) gives the line positions for H II c, where the positions of the pair 

lines have been omitted. The Tb158 and Tb159 measurements were made 

during the same experiment, so that the values in Table (V-l) correspond 

to a common frequency, static field orientation, and crystal orientation. 
"W f d I A' \158 -1'" , e oun = 0.0912 ± 0.0009 cm • This value agrees with. the 

( ( )) \A,\ 158 ( 6) , nuclear alignment results see Fig. V-3 • Using in Eq. V-

we obtain p158 = 0.0048 ± 0.0005cm-1 

, 158 . 157 
The Tbsamp1e also conta~ed Tb (t1/ 2 = 150 y.) in the 

ratio Tb157/Tb158 = 1.60 ± 0.08. 91 Tb157 is a rare isotope which h8.s 

! 
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! 
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Fig. v-6. Portion ofthe'158,159Tb3+: YES EPR spectrUm corresponding 
to e = O. Three of the' l58

Tb transitions, including., the one at the' 
centroid (cnt.) of the spectrum, are· indicated by the vertical 
arrows. The strong line is due to

l
159rb single-ion transitions. 

, The satellite structure about the 59Tb line, A, Band C, is due to 
dipolar-coupled 159% pair transitions. 
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Table (v-4). 
~ 34.5 GHz.) 

158 159 . 
Tb. .' EPR line J?osit~ons in yttrium ethy1su1fate. (v 
The values are averages of "U]?" and "down" field swee]?s. 

158 Tb (gauss) 

978.2 

1088.4 

1308.5 (center) 

1528.6 

1638.1 

.6J!158 (Ave.) = 110.0 ± 0.3 

. .6J!159 (Ave.) = 252.1 ± 0.3 

Tb159 (gauss) 

930.2 

1182.2 

1686.6 
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been studie~~~ry l:Lttle. 94 It is expect~dto have the same nuclear spin, 

~s %159 (3/~), i~:-:-whichcase th~ intensity-of the T~157 hf transitions 

-would be 1.6 x, 7/4 ~' 2. 7tim'esas int~nse as the Tb158 
lines. No lines 

, , 

..... 

of this intensity -were observed in the EPR spectrum. ,This is not unexpec-

- ", ted in vie'W ,?f the'fa'ct that the magnetic moment of Tb157 is expected to 

arise all'llOst _ entirely from the 3/2 + [411] proton orbital; the same 

orbital responsible for the moment of Tb159• " Hence it is quite likely 

that the Tb157 lines are buried beneath the stronger Tb159 lines (Tb159 

, 157 ""' -", - 157 
/Tb = 16/1). If this is-the case, then the Tb 'lines must surely 

lie -within +15 gauss 'of the Tb159 lines. This limit is based on an 

estimate of -where lines" of the exPected intensity 'Would begin to effect 

the shape, of the Tb159 line • This estimate is complicated by the pres-

-ence of the partially resolved doublet "A". (Fig. '(V-9) shows the 

structure of "A",most clearly). Ho-wever, it is clear that the Tb15T 

line could not lie outside the doublet -which "is ±13 gauss (see Table v-4) 

-a-way from tl;le Tb159 main line. The hyperf:ine structure constant is then 
" 157 -1 
A = 0.209 ±0.012 cm 

(b) Tb160• Figure (V~7) sho'Ws the same portion of the Tb160,159 -
" 158 159 ' ,-

spectrum as sho'Wn for Tb ' in Fig. (v-6) and Table (V-5) gives the 

corresponding'line positions. The line -widths are apprOximately t-wice 
, , 

, those in Fig. (v-6) due to radiation damage ei'fects or imperfections in 

the crystal caused by rapid gro'Wth, or both. This increase in line -width"., . 
, ' '~O . 

prevented us from resolving four of the seven Tb lines due to the over- , 

lap of either the Tb159 single-ion o~ pair lines. Ho-wever, since the ' , 
'160 85 92 93 _ '. " . 

nuclear spin: of Tb has been conclusively established as 3, , , -we - -~. 

are confident in the assignment of the follo-wing hfs constant based on 
160 , -1 

the positions of the three observed lines: IAI = 0.0883, ,± 0.008 cm '" 

Further verification that the tm-'ee observed lines 'Were duet'o' Tb
160 

-was' 

obtained by e'IDimining "cold" Tb159:YES'" crystals -which had been grO'Wll 

inexactly the same -way ~s the radioactive crystals. A portion of a 

typical "cold" spectrum corresponding to the region bet-ween the t-wo inner , ' , 

Tb159 hf lines is sho-wn in Fig. (V-8). The signa~ appearing at the cen~ 
troid of the spectrum sho-wn in Fig. (V-7) is absent in Fig. (v-8). The 
'~O ' 

t-wo other signals assigned to Tb -were also absent from the spectra 

of these crystals. 

,', 

. " 

" 
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Table (V-5). Tb
160

,159 EPR line positions in yttrium ethyl 'Sulfate. (v 
~ 34.1 GHz ).. The values are averages of "up" and "down!! field sweeps. 

Tb160 . (gauss) 

1088.4 

.. 
1307.3 (center) 

1520.8 

160 
6H (Ave.) = 10'7.0 ± 0.5 

6H159 (Ave.) = 253.2 ± 0.8 

" 

Tb159 (gauss) 

923.7 

1176.2 

1686.6 
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. 160 159 . 
Fig. V-7.· Portion of, " Tb: YES EPR spectrum corresponding to e= 0. 

The l60Tbtransitionsj includtlng the one at the centroid (cnt.) of 
the spectrum}. are indicated by the verticai arrows. Only the pair 
transitions B andC are resolved from the 59rbsingle-ion.line. 
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Fig. (V-8). Partian .of a typical spectru.lll .obtained by grawing' "cald" 
Tb159:YES single crystals using the exact pracedure as used 'far the 
radiaactive crystals. The regian shawn carrespands to that between 
the twa inner Tb159 single-ian hf lines at high gain. Note that the 
line at the centraid .of the spectru.lll shown in Fig. 6~V-7)' is missing 
here, indicating the line Fig. (V-7) is due ta Tbl • 
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Fig. (V -9). Satellite structure of the high-field transition in the 
Tb 158, 159: YES crystaJ with e = O. The vertical arrows 
represent the predicted positions of the dipolar-coupled pair 
transitions as given in Table (V -7). The lengths of the arrows 
indicate the relative intensities of the various transitions as 
obtained from Table (V-7). 
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U's;ng I AI 160 ( 6') 160 ~ in Eq. V- we find P = 0.0055 ± 0.0005. 

(c) Pair s;pectr'a .. 95 A satellite structure composed of three 

doublets, designated A,B, and e in Figs. (v-6) and (V-7), was observed 

about each of the Tb159 single-ion lines. .The lines were nearly 

syrrmletr:i,cally displaced about three main hf components; the asymmetry 

indicating an apparent g. value shift (rvO.yjo for 'doublet "e") of the 

doublet relative to the single ion. The overall splitting of the dou

blets varied somewhat from one hf component to the next. Table (v-6) 
gives the line positions of a typical spectrum of the Tb

158
:YES' crys

tal observed with H approximately parallel to the c axis of the crystal. 
160 

A similar structure was observed in the Tb : YES spectra. The lines 

comprising doublet e were broader than those of B and slightly less 

intense. The high-field lines of each doublet were slightly more 

in~ense than the corresponding low-field lines. We have assigned these 

extra lines ,in the spectra to dipolar-coupled pair transitions. The 

followil:ig remarks' support' this assignment. , 
. 157 158 160'-

Both the Tb ' and Tb :YES;· crystals contained spectros-

copic concentrations of total Tb on the order of 1%. (The crystals tend 

to grow such that the interiors are richer in Tb ions; the concentration 

diminishing as the availableTb ions are depleated. Hence the "spectros

copic" concentration can be considerably larger thEm the actual concentra

tion, as would be found by quantitative analysis of the crystal.) At 

these concentrations there are an appreciable nu.TUber' of Tb-Tb pairs. 96 
These pairs are composed of nearest and more distant neighbors. The 

distinction between two isolated ions and a distant neighbor pair is 

determined by whether or not the effect of the coupling between the two 

ions can be detected spectroscopically. Hence for moderate coupling 

energies one need only consider a relatively small nu.TUber of neighboring 

sites in carrying out a calculation. 

A pair of interacting paramagnetic ions can be approximately 

described by a spin Hamiltonian which is the sum of the two single-ion 

spin Hamiltonians plus the dipolar interaction. For the special case of 

two ions lying on the c axis separated by a distance R, the interaction 
'-!- -;:i) ~ . 2 2/ 3 term can be wr~ .... ten atilz 'S2z' where a = 2gll . t3 R. The general form of 
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Tabl~ (v-6). Line positions of satellite structure in Tb:YES correspond
ing to H approximately parallel to C andl) ,~ 34.7 ME. The doublet "An 
-was orily partially resolved from the main hf cOTIlJ?one~t. The indicated 
splitting is an estimate. 

C (gauss) B (gauss) A (gauss) 

877.7 . ·ir 904.5 
I :--- ' 

C B A 932.4a 
110~7 55·1 25 ± 6 L= ---

959.4 
, '988.4 

, ,1128.5 

.. ·~1155.4 
,.r . 

. ' '~ ---

, C B A 1184.oa 117.5 57·3 25 ± 6 lJ= ---
, " 1212.7 

1246.0 

~1376.8 
. ~1405,.1 ... · 

I ---
, C B A 1435.0a , 119,.2 58.0 25 ± 6 

~ ---" 1463.1 
1496.0 ' 

II .~:;::; 
I ---I ~16~:~6a 123·8 61.3 25 ± 6 

1716.8 
1750.0 

aposition of single ion transition 
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the dipolar interaction between two ions is more complicated., The energy 

levels of the pair are found bydiagonalizing the total spin Hamiltonian 

matrix. Baker and Mau96 have performed this tedious calculation for the 

pair composed of the two nearest-neighbor Tbions which are separated by 
o 

7A along c. At magnetic fields corresponding to 35 GRz' they found a 

spectrQ~ composed of many lines because the states are thoroughly mixed 

by the large dipolar interaction (a = 0.395 cm-
l

) .. Although some of these 

lines lie within the main hfs) we did not observe them,presQ~ably because 

their intensities were.too low. (These transitions will be at least 3 to 

4 times less intense than the observed satellite structure.)95 . ' 

The interaction between more distant pairs is much smaller, which 

results in a simple spectrum of two lines, one on either side of the 

single-ion lines for each central ion-distant neighbor pair. 96 The exact 

eri~rgy levels of such pairs are found by solving the complete energy 

matrix problem, which is rather tedious computer calculation. However, 

the unique thing about such pairs is obviously the magnitude of the 

dipolar splitting and this can be readily estimated without resorting to 

a rigorous calculation. We can think of the distant neighbor as the 

source of a dipolar field which is experienced by the other member of the 

pair. The splitting to first order is then just twice this field (i.e., 

the effective electronic spin (S ;::: 1/2) can be either up or down). The 

component of the dipolar field along the' c axis of the crystal due to a 

neighbor at a point (R, e, ¢), where the polar axis is taken as the c 

axis with origin at the central ion, can be written 

(V-IO) 

where / 3[4 2 e . 2 e] Hd = gil t3S
Z R cos + s~n . 

and 

(The dipolar field is independent of ¢.) Using the' x-ray data of Fi tz-
. 97 . 

water and Rundle, and allowing for an isotropic l% contraction of the 

lattice parameters due to the temperature difference between our 
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measurements and theirs, we can calculate dipolar fields due to the 

various neighbors.' The results are sU!'1Ltnarized: in Table (V-7). The 

,;' contributions are. seen .to fall into three. groups with average splittings 

which correspond very well with the observed splittings of A, B, and C, 

" 

as shown in Table (V-3). 'The first-order approximation is best at higher 

fields because then gil f3 His suffiCiently larger than the dipolar perturba

tion.Figure (V-9) shows the structure of the high field transition in 

theTb158,159:YES~' crystal and the positions of the pair lines from 

Table (V-7) as indicated by the vertical arrows. The' lengths of the 

arrows correspond to the relative intensities as obtained from Table 

(V-5). The slight ("'-3g.for A, B, and C) downfield shift of the center' 

of the pair with respect to the single ion is due to a shift in gvalue. ' 

This shift agrees in magnitude but' is in the, opposite direction to that· 

oQserved by Baker and Mau for the nearest-ne1ghbOrpair. 96 

Further verification of the origin of the satellite structure 

was obtained by exa~inihg Tb159 :YES:; crystals of nominal concentrations, 

0.1%, 1%, and 6%. The dilute crystal showed only the single ion transi

tions (within the sensitivity of the inl?trument);the 1% crystal showed 

a structure identlcalto that described ~bove,whileth~ 6% crystal 

showed a very broad structure (main hf components were about 35 g. wide) 

in the vicinity of the foUr, single-ion transitions., 

, ' 

.' , 

... .", 

• ""~ OJ. 
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Table (V-7) . Components parallel to the c axis and at the central Tb ion 
due to'dipolar fields of neighboring Tb ions. 

". 

Pair No. of sites R 0.) e H (gauss) 
c 

2 7.00 0 479.0 

c 6 8.71 66°24' . 64.6 

B 6 13·2 37012 r 32.2 

6 13.8 1T/2 
I 

B 31.2 
I 

14.0 58.3 .C 2 0 , 

A 12 .15.4 66°24' 12.0. 

A 6 19.2 24°29' 16.6 

A 2 21.0 0 17.6 

. !' 
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E. : Calculation of Nuclear Moments 
• I • .'. • 

The magnetic ,hfs constant A is related to the measured spacing 

between the hf components, by the 'equation I AI =, k H,.where k = 

(t3gll cos e)"';l is constant for' allTb isotopes. Hence, the nuclear magnetic 
, "158 "160 ' ',,'_' 

moments of Tb and Tb can be accurately calculated from the,EPR 

results using,the equation 

1l-l1 158 , 160" =~159 b.H158 ,1601158,1601 DJI1591159 
, , 

(V,..ll). , 

which follows i~~ediately from Eq. (11-28a). The values ofb.H used in 

the calculations are given in Tables (V-I) and (V-2). This equation 

eliminates the dependence of the determination one and the ot~er param

eters of' the spin Hamiltonian. l-l159 bB.s been determined from ENDOR 

me.asurements as +1.994 n.m. 98 ' Equation (V-II) neglects any possible 

hyperfineanomaly. " B~cause most 'of the moment in the odd-odd isotopes 

'arises from the same proton orbital, 3/2 + [411], as in Tb159, the " 

anomaly is expected to be quite small (certainly less than l%). Using 
. 158 160 -1 ' 

Eqs. (11-41) and (U-42) we calculate a ' = -0.007 cm , which is, ' core ' 
less than 10% of ' the total hfs constant and therefore the uncertainty 

due to any hyperfine anomaly must be less than 0.1%. The results of the 

calculations are: 1l-l1158 = 1.740 ± 0.007 n.m. and 1l-l1
160 

= 1.685 ± 0.008 

n.m. From the limits set on Al57 we also find:: 1l-llc157 =1.99 ± 0.11 n.m. 

" 

The nuclear electric quadrupole moments, Q, can be calculated,' 

from the alignment and EPR data, using Eq., (11-42), the anti-shte1ded 

crystal field gradient (1 - ~oo)A; can be estimated by interpolating 

from the plot given by Blok and Shirley.55 We find a wlue of 
"'-, -. 

, -1 -2 3 
3.5 ±0·5 cm a . The effective 4f radius (l-RQ)(r- )4f used was 

o ~, ) 
that given by Baker, et a1., 8.23 a. u. (RQ was as sumed to be zero .' 
,2 ' 

The matrix element OJz - J(J+l», was evaluated using the results of 
85 2 2' 

Baker and Bleaney, Le., (3J
Z) = 3(gII /2g

L) , where gil = 17.72 and gL 

= 1'.1.1-91. This gives (3J~ J(J+l» = (106.0 - l~2.0). The reduced matrix 

element (JllcxI!J) = -1/99. 13 Using these values together with p158 and 
, 160 '. 
P in Eq. (II-42), we find 

I 

I 
I 
I 

I 
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which yields 

-1 158 p = (0.00180 ± 0.0004 cm /barn)Q. Hence Q = +2.7 ± 0.5 
160 . 

barns and Q = +3.0 ± 0._5 barns. 

F. Discussion 

The odd proton and odd neutron in Tb158 and Tb160 occupy 3/2 + 

[411J and 3/2 - [521J states respectively.99 Theoretical calculations 

of magnetic moments using Nilsson wave functions (withTj = +6) have been 

ca!ried out previously, yielding +2.0 n.m. 85,86 It is interesting to 

note that, using the magnetic moment of the 3/2 + [41~~roton state of 

. Tb159 (+1.994 n.m.) and the average of th~ moments of the 3/2 - [521J 

states of Gd155 and Gd157(-0.283 n.m.),9
4 

and neglecting odd particle 

correlations, one obtains a moment of +1.711 n.m., in excellent agree

ment with the magnitudes of the experimental values. 

Another estimate of the expected moments can be made using the 

empirical coupling rules for odd-odd nuclei given by Gallagher and 

Moszkowski.
100 

Using their notation the expression for the moment is 

I-l = (f!.;{1. + ~)I/I+l (V-12) 

where gR ~ Z/A is the "core" g factor and ~n = [1\ + 5.6 L; ) - 3.8 Z ] 
. p 158 p 160 n 

depends on the coupling of the odd particles. For Tb and Tb we 

have 1\ = 1, Z = 1/2 and ~ = 1/2. Using these values in (V-12) we 
p p n 

calculate 

158,160 - 1 73 I-l - +. n.m. 

(The difference in ~ for the two isotopes is insignificant.) Again 

excellent agreement is obtained. On the basis of these results, we can 
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" . '... , ... 158." \ 160 *' 
assign positive signs to both A and llof·.Tband Tb. • The signs of 

the quantities in Table. (V-i)·. correspond to this assignment. 
. ..' ..' ~ 49 .... I, 2I -1 . ' 

From ~he relat~on .Q = Qo I+l :2I+3'. we may calculate intrin-

sic quadrupole momentsQ (158) = 6.5 ± 1.2 barns and Q (160) = 7.2 ± 1.2 o. . 0 

barns. These values are in excellent agreement both in sign and magni:-." . 

. tude with those of other nuclei in this region. For example, for 

Tb159(I =3/2) Q =+1.3 barns,9
4 

which gives Qo =.+6.5 barns. 

* The sign of A depends on the sign of the electronic g factor and the 

sign of· the nuclear moment. This follows· by noting that by using Eq. 

(II-37), Eq~ (II-42) can be written 

where the factors 'within the curly brackets are all positive. Hence All 
, is positive since both g and IlN are pos~t'.ive for Tb157, Tb158, and . 

. Tb160 . 

\ . 

.: ,." 

. , 

'-.....--..--' 

\' ~. 
'~ . 

.. ~ : 

.'.,' . 

". 

_,t' 

j 
I 
I 
I; 

·1 

! .' 
L 

! 
t 

I 
1 

:f 
I , 
J 
I 
I 

1 ' 
: 
! 
I 
I 
! 



:. 

-98-

VI . EPR of· Am 2+ AND em3+ IN SINGLE CRYSTALS OF CaF 2 

This ~ork ~as done in collaboration ~ith Drs. Norman Edelstein66 

. 101 and Ralph McLaughlln. 

A •. Introduction 

The solid-state properties or rare-earth ions of the lanthanide. 

series dissolved in alkaline-earth halide hosts such as calcium fluoride 

have been the focal point of a great amount of research during the past. 

decade. The availability of "bulk" amounts (i.e., microgram to milligram 

amounts) of the heavier (synthetic) actinide ions, ~hich has been brought 

about by the development of efficient preparation and separation tech

niqUes,102 no~ makes it feasible to extend these stUdies to the 5f series. 

Accordingly, a program has been initiated in this laboratory to carry out 

studies along these lines. The systems are being studied chiefly by 

optical and paramagnetic resonance techniques. As the author only 

participated in the EPR phase of this research, the discussion herein 

deals mainly~ith some initial EPR results. Ho~ever, portions of the 

optical results are included for completeness. 

Recently it has been sho~n that the divdlent oxidation state of 

all the lanthanides can be formed and stabilized in various crystalline 

matrices. The divalent state "~as produced by ganuna irradiation, 103 

1 · d ttl t 1 . 104 lkal' so l -s a e e ec ro YSlS, or a lne-

earth metal reduction,l05 of the trivalent lanthanide ion in a dilute 

solid solution of an alkaline-earth single crystal. Of all the lanthanide 

ions, europiQrrl is the most readily reducible. The free-ion reduction 

process can be pictured schematically as 

3+ 6 7 ). - 2+ (4 7 8 ) Eu (4f J F 0 + e ~ Eu f, S7/2 

The ease of reduction is associated ~ith the ~ell:-know fact that the 

half-filled electronic shell, f7, imparts unusually high chemical 

stability to the ion. Prior to the advent of solid-state reduction 

methods, various attempts ~ere made to chemically prepare Am
2
+, the 
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new reduction methods'.in mind" we 
2+, 

Am in single crystals of CaF2 . 

~ ,,' .,.' 

The attempt was,' successful and the 

results given below represent the first well-characterized divalent 

actinide. , 

The J?roperties of S-state (f 7,887/2 ) ions prese~t as impurities 

in'various dielectric matrices are quite unique and have ,been the topic., 

of' an unusually . large amount of re'search.(The "references are far too 

numerous to list here. 

sive bibliography.I07) 

See the work of B. G. Wybournefor acomprehen-
. . . - . 

The intriguing thing about such systEmS is that. 

the ions exhibit ground state crystal field splittings which have persist

ently evaded an adequate theoretical explanation.
107 

"Such S:Plittingsare' 

expected to be small 'at the outset since a "pure" 8S7/ 2 ground state 

could not be split by a crystal field at alL The physical reason for 

this is that in the absence of any spin-orbit coupling (i.e., recall that '. 

'. ;Usa == ;JJ: 8) the product 's:pinor space representing the s:pin and the . , 

coordinate space of the crystal field are entirely independent, which 

means that the (2&t1)-fold degeneracy of the spin space must remain 
8 

intact even in the presence of a crystal field. Of ,course such S7/2 

states are not pure, the most obvious departure being due to s:pin-orbit 

coupling of excited terms into the ground term, and small crystal field 

splittings are expected. 
2+ 3+ Eu and Gd have been the most thoroughly studied S-state, 

, " 

f-transition-series ions. Recently Wybournel07 carried out an exhaustive 

calculation in an attempt to explain the sign and magnitude of the observed 

splitting of Gd}t in lanthanum ethylsulfate ~ He considered eight dif,..·. ,c·-

ferent mechanisms in the calculation and obtained. a total contribution. , 

twice that of the observed magnitude t;3.nd of the opposite. sign. Other", 

albeit less ambitious calculations have met with a similar fate. I07 We 

'have studied. the actinide analogs to Eu2+ and Gd3+ , 'namely Arr?+ and em3+, 

in CaF2 in the hopes of shedding some light on this problem. 
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B. Background: The CaF 2 Matrix 

Before laUnching into a discussion of the results of this section, 

it will prove useful to discuss some of the properties of CaF2, especial

ly with respect to its use as a matrix for solid-state chemical and 

crystal-field studies. 

CalciQ~ fluorite has the fluoride structure with o~ space group 

s~~etry. The structure can be pictured as a cubic array of fluoride 

ions with divalent calcium ions occupying alternate body centers. Hence 

each calciQ~ ion is surrounded by eight nearest neighbor fluoride ions 

with a separation of 2.36 A. The microsymmetry about a divalent impurity 

ion would therefore be expected to be cubic. However, when a trivalent 

impurity ion is introduced a charge compensating species is required to 

maintain electrical neutrality. If the species is located near enough\.in. 

the lattice to the impurity ion then the symmetry will be loweredj if not, 

the s~~etry will remain effectively cubic. Experimentally, cubic,. 

trigonal, 'tetragonal, and orthorhombic s~~etries have been observed for 

trivalent rare-earth ions in CaF2 •
l8 

Figure (VI-l) illustrates the charge-compensating mechanisms 

commonly held responsible for observed trigonal and tetragonal symmetries 

in rare-earth: CaF2 systems. The most COIlL~on trivalent rare-earth site 

in CaF2 has tetragonal (C4v) crystal-field symmetry about the cube edges. 

Charge compensation is attained by the presence of an F ion in one of 
o . 

the six nearest-neighbor intersitial sites at a distance a/2 = 2.73 A. 
- +++ Thermodynamically, this is the most stable F - M complex, having the 

minimum distance between the two ions. Trigonal (C
3v

) symmetry about the 

four body diagonals of the cube ([tfl] axes) can be generated by F - ions 

located at a distance of 4.72 A along the [lll] axes. Compensation via 
= replacement by one of the eight nearest neighbor F ions by an 0 ion 

has also been reported. This complex also gives rise to trigonal symmetry 

about [lD.]. 
EPR spectra showing cubic syrmnetry (e.g., a Kramers doublet would 

have an isotropic g tensor) are observed when the charge compensation is 

not achieved locally. Since the excess F in the interstitial position 
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a 

Tetragonal about [001] Trigonal about [lIIJ 

[OOIJ 

[01 OJ , 

Trigonal about [IIIJ 

[I00J 

XBL 678-4801 

. Fig. (VI-l) •. Possible ty:pes of cbarge compensation responsible for 
lowering·the cubic symmetry about tripositive·lanthanide-ion.sites 
in CaF

2
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, is not tightly bound to the rare earth, cubic 'sYlll."uetry sites can usually 

be obtained by heating the crystal followed by rapid quenching. 18 In 

this way a substantial nQ~ber of excess F ions are trapped in sites 

removed from the M+++ ionic site. The relative abundances of the various 

syrr~etry sites depend upon the experimental conditions under which the 
18 

crystal is prepared. For example, if a sa~ple is heated in the pres-

ence of a small amount of water vapor, H
2

0 molecules dissociate at the 

surface and the resulting OH ions 'can replace F ions. Further heat 

treatment dissociates the OH- which gives rise to O~ charge compensation. 

Of principal interest in this work are the properties of ions at 

sites of cubic s~~etry. By performing an expansion in spherical harmon~ 

ics of a simple charge distribution possessing cubic (four, six, or eight

fold coordination) sym."lletry, the appropriate fourth and sixth-order 

spherical harmonics are found to be 

t 
ll~14 

By making operator-equivalent transformations of the ype 

where the O~ are linear combinations of angular momentum operators 

which transform under rotations identically to the Y~ , and S is the 

is the corresponding stevens' reduced matrix element, we obtain for the 

expansion given by Eq. (II-4) 

(VI-l) 

Within the electrostatic crystal-field model, the Bk parameters are 

written 

ABO:::: AA0
4 B4 :::: f-' 4 f-' (VI-la) 

(VI-lb) 
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where f3 and 'Y 'are the fourth:'aildsixth-order o:perator equivalent factors 

(reduced ma.trix elements) and the :possibility of, shielding has been 

allowed '. for' through the inclusion of (J • . shielding parameters. 
, . 108 ~,,' 

Lea) Leask and Wolf have determined the eigenfunctions and 

eigenvalue. solutions of Eq. ,(VI-I) as a function of the' :parameter X which 

is defined by the equation 

X F(4)B4 

1-1 xl. == F(6)B6 (VI-2) 

where-l <X<l and the F(i) is a multi:plicative factor common to all of 
th ".. ' " 

, the i -order matrix elements. The ordering of' states within a J mani

fold is de:pendent on the ratio of B4/B6 and hence on X. As an exam:ple,. 

consider the effect of a cubic field on an isolated J == 7/2 manifold. 

From Eq. (II-2) we obtain the decom:positionin cubic symmetry 

A plot of the energy levels of ' these states versus X is shown in Fig. 

(VI-2). The energy scale factor W is defined by'the equations., " -

'(VI-3a) 

(VI-3b) 

. . vlhere F(4) == 60, F(6) == 1260 for the J = 7/2 manifold. The sign of X is" 

determined by the, sign of B4/B6, since F(4) and F(6) are both I)ositive 

for all J' s. From Eg,. (VI-3), we see that the sign of W is determined 

by the sign of B6 since (l-lxl) is always positive for'..;l <X < +1-

The signs of B4 andB6 , of course, de:pend on .the details of the crystal 

field interaction, and within the electrostatic point-charge model they 
. , 

' .. ~ . 

are i!mnediately obtained from Eg,. ' (II-7). For exam:ple, for eight-fold, ,.', 

cubic coordination and summing only over the nearest neighbors in Eq. 

(II-7) we obtain 

, ,. 
," 

. ," 
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XI3L 678-4803 

Fig. (VI-2). Energy levels of a J = 7/2 manifold in cubic symmetry 
. plotted versus the parameterX. X and the energy scale are defined 
in the text. 
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'(VI-4) 

.,! , '~ . 

which gives 

(VI-5a) 

(VI-5b) 
'. 1 

Hence, if CY4 < 1 and 0'6 <1, then the signs ofB4 andB6 are fixed by 

the signs. of ~'and ~. For lanthanide rare-earth ions in cubic. fields 

it has been found that such a qualitative picture usually predicts the . '. w " 
correct crystal-field ground state. 

Since each r i state appears only once in the decomposition of the. 

J = 7/2" state, the corresponding eigenvectors are eigenstates of both the 
, . ' . 

fourth and sixth degree terms considered ~eparately. Hence, the explicit 

form of the eigenvectors is independent of X, and the corresponding 

eigenvalues are linear functions of X. The eigenvectors can be written 

, in IJ ) notation . z 

I r~) = 1 h' {J"517/ 2) + J"7 l-l/2)} 
2~5 . 

I r26) = L.. {J"711/2) + J"5 1-7/2)} . 
2 J"3 ' 

IS) = - .. ~ {J"315/2) - I -'3/2)} 

Ir~) =~, CI3/2) - J"31. -5/2)} 

I~) =.~ {15/ 2) + J"31 -3/2)} 

I~)= 

I r3
S

) = -L ,( J"717/ 2) ~ J"51 - 1/2)} 
·'2 J"3 

Ir~) = ~ ( J"313/2) / I - 5/2)} 

(VI-6)' 
., '. 
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C. Experimental 

Single crystals of CaF2 containing 0.1-0.2 'wt. % fun243 

(tli~ = 7650 y. I = 5/2), Arn241(tl/2 = 458 y., I = 5/2), and/or 

Cm2 (t
l

/ 2 = 17.6 y., I = 0) 'were grown by the Bridgman-Stockbarger 

technique as described in Sec. III.B.lo The EPR measurements were made 

at 4.2°K and 1 0 K at X-band (9.2 GH ) and Q-band (35 GH ) frequencies. . z z 
The electrolytic reductions were carried out by sandwiching the 

CaF2 crystal bet'ween two carbon electrodes which were housed inside a 

small furnace. In most runs, the temFerature of the furnace was near 

600°C. The voltage aFFlied across the electrodes was in the range 10-20 

volts, which gave rise to currents on the order of 200 ~amFs. 

D. Results and Discussion 

The results of the X-band experiments have been Fublished. 109,110 

The Q-band results have been submitted for Fublication in the Journal of 

Chemical Physics. 

1. Formation and Characterization of Di va'lent. Americium in CaF 2 Crystals 

Americitl.m-doFed CaF2 crystals (0.1%), which were originally trans-

. lucent, turned a deeF reddish-brown color uFon electrolytic reduction.at 

600°C. The "reduced" crystals exhibited no fluorescence in the visable 

region at room temFerature, but uFon heating to about 500°C they emitted 

radiation characteristic of Am3+ ions .106 (A green glow could be seen . 

with the naked eye. This Frocess is called thermoltl.minescence.) After 

about one hour of heating at 500°C, the crystal had returned to its 

original translucent state. other Am-doped crystals which had not been 

electrolytically reduced turned the same dark color uFon standing, but 

at a much slower rate. 

Optical absorFtion spectra of the radiation-damaged and electro

lytically-reduced crystals at room temFerature were taken with a Cary 

model 14 sFectrometer. Figure (VI-3a) shows the sFectrum of a radiation

damaged crystal about 6 weeks after FreFaration. The sharp lines around 

5000A are characteristic of Am3+ in CaF2 . 'The other broad peaks we 

attribute to Am2+ as discussed below. Figure (VI-3b) shows the sFectrtl.m 
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Fig. VI-3. Optical spectra· of electrolytically-reduced and radiation
damaged. Am: CaF2 . single crystals taken at room temperature. 
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of the same crystal after heating for one hour at approximately 500°C. 

Figure (VI-3c) shows the spectru."U of ari electrolytically-reduced crystal 

subjected to the same heat treatment as the previous crystal. The .:Peaks 

attributed to A"U
2
+ are still visable in Fig. (VI-3c), indicating that the 

electrolytically-reduced species is thermally more stable than the radia

tion-reduced species. A similar phenomenon is observed in lanthanide 
104 3+ CaF

2 
systems. We also tried to reduce the U ~on in CaF

2 
by the 

same technique as used on the A~+ ion. Although the crystal darkened, ' 

the spectru."U showed no new structure in the visible region. Thus the 

radiation-·damaged and electrolytically-reduced Am crystals give rise to 

the same new optical absorption features which are not produced in the 

electrolyzed J+: CaF 2 crystals. Therefore we assign the new bands to a 
. (2+) reduced spec~es Am and not to color centers. 

The above observations ,concerning the behavior of the electro~' 

lytically and radiation-reduced Am-doped CaF2 single crystals are con-
104 sistant with those reported for the rare-earth:CaF2 systems by Fong. " 

Thus the radiation-induced reduction mechanism can be pictured, quite 

simply, as follows: a) (X-radiation from the decay of Am nuclei produces 

electrons and associated "holes" in the lattice. b) the electrons can 

now migrate through the lattice and will be trapped at a trivalent site, 

where reduction'occurs. The radiation-reduced. crystals thermoluminesce 

at elevated temperatures due to the recombination of the holes with the 

excess electron at the divalent site. This leaves the trivalent ion in, 

an excited state and results in the emission of radiation characteristic 

of the trivalent ion. Such a reduction will be inhibited by the presence 

of, say, an F charge-compensating ion near the trivalent site. Hence, 

the process is rather inefficient. Electrolytic reduction, on the other 

hand, is known to be much more efficient (up to 100% in some cases) than 

radiation reduction; a fact which has led to the conclusion
l04 

that 

application of the electric field causes dissociation of the impurity 

complexes and migration of the interstitial' fluoride ions toward the 

anode, leaving the 3+ ions locally uncompensated and therefore readily 

reducible. This mechanism is then consistent with the observed thermal 

stability of the electrolytically-reduced crystals, since the 
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concentration of hole centers will- be depleted due'::to their migration 

toward the 'cathode. 

Although the behaviour of .the "reduced" Am-doped CaF2 crystal is ' 

consistent, ina ~ualitative way, with the behaviors of reduced rare

earth: CaF 2: -, systems, unambiguous proof, of, the existence of divalent 

americiQm is obviously lacking. Such proof was obtained by characteriz-

,ing the strong EPR spectrum observed in these crystals. 

AmJ+, which has an 5f6 electron configuration and a first-order 

7F ground state term, would not be expected to have an EPR spectrum. 
,0 2+ -7 -' '8 

However, Am has an 5f ' configuration and a first-order S7/2 ground --

state. Neglecting for the moment the origin of the splitting, a cubic 

crystal field will give rise to two doublets f6' f7' and a f8 ~uartet, 

as shown in Sec. IV.B. The relative ordering of these states cannot be 

determined without knowledge of the crystal-field parameters B4 and B6 • 

(cL Fig. (VI-2) ) Ident'ical EPR spectra were observed at X-band in the 

electrolytically-reduced and radiation-damaged crystals at'4.2°K and 1 0 K. 

'A typical X-ba~d (Am21-l-3) spectrum is shown in Fig. (VI-4). The spectrum 

was isotropic to ,dthin the uncertainty of the measurements and could be 

fitted to the parameters of a spin Hamiltonian 

(VI-7) 

with S = 1/2 and I = 5/2. No spectrQm was observed at 77°K. The line 

positions corresponding to the allowed transitions LU' = 0 in E~ (VI-7) 
70 z 

are to second order 

(VI-8 ) 

where H is defined by the relation hv 
p 0 

frequency, and A is expressed in gauss. 

= g~H ,v being the microwave o 0 ' 

(Note that Eq. (VI-8) is insensi-

tive to both the sign of g and the sign of A.) The parameters which 

fitted this expression best were found to be: Igl = 4.490 ± 0.002, _' 
- 243 '-2 -1 

IAI (Am ) = 86.89 ± 0.05 gauss (1.821 ± 0.002 X 10 C'jll. ), and 

IAI_(Am241) = 87.64 ± 0.05 gauss (1.837±0.002 cm- l ). The uncertainty 

in the determination of the magnetic field at the sample was 

, ,. 
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Fig. (vr-4). 243 . 4" 0 X-band EPR spectrum of A1'Jl:CaF
2 

at .2 K .. 
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1)y making . simultaneous 'measurements on :polycrystal~ine diphenyl picryl, 

hydrazyl which ha.d been :placed near the samplei~, the microwave cavity. 

Table (VI-I) gives the observed field positions together with those 
, . ' ' ' . (241) (243) calculated uSlng the above parameters. The ratlo of A Am to A A'll , 

is equal to 1.009 ± 0.001. This ratio is in excellent agreement with the 

value :),..ooS found by optical spectroscopy for the ratio of the hfs split.,. 
241 243 ,Ill tings of A'll and Am atoms. 

If we aSSQ'lle tha.tthe EPR spectrQ'll is due to divalent Am, then, 

the isotropy of the g tensor'tells us immediately that we are observing 

ei ther the f 6 or f 7 state. This follows because, as shown in Sec. II. D., . 

. the gtensor of a Kramers doublet in cubic symmetry is isotropic, whereas 

the g tensor for the ~S quartet in cubic symmetry is not isotropic for a 

general orientation .Jl2 Using the wavefunctions given in Eq. (VI-6) and 

" the relation (Eq. (II-37)) 

. 
together with the Lande g value of· 1.937 obtained from atomic-beam data 

241 . :113')(-
on A'll atoms, we may calculate g values g(~6) ~4.517 and g(f7) 

= 5.81l. 
Hence we concJ_ude that we are observing resonances from an 

isolated f6 Kramers' doublet. It is difficult to account quantitatively 

for the small difference in the calculated and observed g values; how

ever a few remarks of a quali tati ve nature ar'e appropriate. The calcu;',;,>.' 

lated g values are to first order as the effects of crystal-field admix:-

, '. ing of higher J manifolds and Zeeman admixing of excited crystal-field ~ 

states (f
7

, fS) are neglected. The results of the next section show that 

the first excited state is fS and in view of the isotropy of the resonance 

spectrum, its effect on the calculated g values via Zeeman admixing is 

negligible. Similarly, the o:ptical work of Gruber, et al.,114 on iso

'. electronic em)+) places the first excited 6P7/ 2 term some 17, 000 cm-l 

S 
S7/2 ) is expected to be very similar * 0 72 The Lande g value of;;un (5f 6S , 

2+ 7 'S ) 
to that of Am , (5f) S7/2' 

I 
I 
I 
l 
I 
I 

f 

i 
I 
t 
i 
I 

J 
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Table (VI-1). Calculated and Observed Line Positions of ~41Am2+ and 
243Aru2+ in CaF2 Corresponding to the Spin Hamiltonian Parameters 
g = 4.490 ± .002, A(Am241 = (- )87.64 ± 0.05 gauss and A(Aru243) = (- )86.89 
± 0.05 gauss. The observed values are averages of up and down field 
sweeps. The nuclear quantum numbers were assigned assuming A is negative. 

Am243 y=9222.0MHz 

Iz -7 I Z 
Observed, (gauss )_ Calculated (gauss) 

5/2 1243.2 1242·9 

3/2 1319·9 1319.6 

1/2 1401.2 1401.3 

--1/2 1488·3 . 1488.3 

,,' -3/2 1580.4 ],580.4 

-5/2 1677.5 1677.7 

Am241 v=9159.0 MHz 

5/2 1232·3 1232.2 

3/2 1309·2 1309·3 

1/2 1391·5 1391.7 

-1/2 1479.6 1479.3 

-3/2 1572.2 1572.2 

-5/2 1670.5 1670.4 

/ 
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from the ground term, which indicates that crystal-field arunixing in 
2-'-

Am ' must be very small. (Results of the next section show th~ crystal-

field energies in the groUnd term to be on the order .of; 50 cm -1.) The 

above perturbations will affect only the matrix element (r6iJzlr6> in 

Eq. (11-37) and hence the dlscrepancy must arise from the value of· ~ 

used in the calculations. It seems reasonable to attribute the change 

in gL from the free ion to the divalent ion in CaF2 to the effects of 
115 covalent bonding. Fidone and stevens have considered the effects of 

covalent bonding in this regard and have shown that a negative shift in 

g value is expected if the covalent bonding tends to draw electrons away 

from the central ion. By virtue of their unfilled p orbitals, the 
, 

fluorine ligands wou.ld be expected to give rise to such a drainage of 
. 2+ 

electron density from the Am ion. Thus covalent bondingpl'ovides a 
2+ . 

qualitative explanation for the decrease in the Lande g value of Am 

relative to the free ion. A, quantitative .estimateof the magnitude of . 

the expected shift would require a knowledge of the appropriate overlap 

integrals and promotion energies. 

The orbl t-lattice mechanism dis.cu~sed by Inouel16 should also be 

mentioned here. This mechanism gives rise to acl.TJl.ixturesof excited 

crystal field states (which are diagonal in static cubic symmetry) via 

orbit-zero-point lattice vibration interactions. Using an appropriate 

model, Inoue calculates that such admixtures should give rise to an 

(isotropic) shift of approximately -O.Y/a in the g value of the r 7 ground 

doublet of Tm2+ in CaF2 . However, such interactions vanish in the limit of 
, 2+ 

a pure S-state ion.. But for ATJl. considerable breal~down in L-S coupling. 

is expected (see Sec. D.3.) and hence s.uch effects could be significant • 

. To account for this effect quantitatively, however, one would need to use 

the fulJ_ ATJl.2+ wavefunction and, assuming this were known, the job would 

be exceedingly difficult because of the large number of terms which 

undoubtedly comprise the wavefunction. 

In an analysis of·the hyperfine structure of EuI (it's convenient 

to use "optical" notation here. Thus EuI'refers to the atom, EuII to 

Eu+, etc.) Borda,rier, Judd and Klapischl17 showed that the following 
. 2+ 

equation relating the hfs constants of EuI and EuII(Eu ) is obeyed 

approximately: 
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, 78. . 78 2 
Af [EUI4f (s)6s6p] = 1/2Af [EUI4f ( s)6s ] 

+ 1/2 Ai[EuIII4f 7 (8S)] 

where Af represents the hfs due to the f shell, including the effects of 

core polarization. We can use an analogous relation to estimate the 

expected free-ion hfs constant of AmIII (Arn2+). The corresponding 

expression can be written 

Af[A~III5f7(8S)] = 2Af[AmI5f7(8S)7S7P] 

- Af[A~5f7(8S)7s2] 

F~om the atomic beam data of Armstrong and Marrusl18 we have 

(VI-10) 

The other required quantity can be obtained using the relation1l9 

'The values A(9Sg) and A(7S3 ) can be obtained from the optical data of 

Manning, et al. I20 They are 

-1 
cm A241(9S4) = 79.5 ± 1.0 X 10-3 

A241(7s)' -88.1/± 0.9 X 10-3 cm-l 
3 

241 7 8 -3 -1 Hence, Af[ AmI 5f ( S)7s7p] = -4.30 ± 1.0 X 10 cm • Using these 

quantities in Eq. (VI-10) we calculate 

-1 
cm 
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From the EPR data (corrected for'the effect of the crystal field using 

Eq. (I1-41))' we 'obtain 
c, 

- 3 ) '1. 937 6 - 3 -1 
(18.21 X 10 X 4.490 = 7.85 X 10 cm, 

which agrees excellen~lyin magnitude with the latter estimate. Calcula

tion of the expected hfs constant starting from first principles is, of" 

course, not practical because there is no reliable way to estimate the 

core-polarization contribution. Armstrong and Marrus
l18 

have calculated 

the s]?in and orbital contributions to A (241AlnI5f 76s
2

) which are nonzero 

" due to the breakdown in L-S cou]?ling induced by the spin-orbit perturba

tion. They included relativistic effects in their calculation and found 

: t'· r , 

, , 

241 7 2 -3 -1 ' 
Ad' [ AmI5f 6s ] = + 1.15 X 10 cm . Furthermore, they found ,that a. 

, l , ' , 241' 76 2 '-3 -1 
cope-polarization; contribution a

c
[ AlTl15f s] = -1. 71 X 10 cm was, 

required to explain the observed hfs. That the signs of a and Ad.::are , core l 
opposite is not unexpected in view of the nature of the core-polariza-

tion mechanismjthat is, the effect of exchange is to draw core electrons 

with magneticquantu.lTl numbers ms parallel to MS away from the core, there

by generating a tlnegativetr spin density at the nucleus'. (For a detailed 

discussion of this, seethe work of Watson and Freeman.)45 This fact, 

together with the result of the estimate from the optical data makes it 
, , 241 243 7 

very reasonable to assume that the Slgn ofA[ , AmII15f] is negative. 
241 7 2 241 7 . 

Since A,. [ Am15f 6s ] = Ad' [ AlTlII15f], we can then wrlte 
'Ql l 

241 241 .241 ' -3 -1 
Af[ AmII1] = Ad' [ AlTlI] + a L AlTlIII] = -7.856 X 10 cm • l ' core ' 

The large increase of a (5f7) over that of a : (5f 76l) can be ascribed 
core core 

to the possibility of exciting inner s-electrons into the now vacant. 76 . 

orbitals., (Froni the point of view of perturbation theory, corepolariza-, 

, tion can be viewed as resulting from admixtures of' excited', configurations 

containing unpaired s electrons. Such admixing is ehhanced'by' the 7-s. 

orbi tal vacancy.) 117 ,Another factor which contributes to the differen~e 
is due to the polarization of the 7s

2 
shell itself. This results in a 

'contribution of opposite sign to that of the inner shells, and hence 
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reduces the net splitting. A similar difference is found between l5l.Eur 

and l51EuIII.118 We can use the above value of a [241AmIIIJ in a 
- 4 core 

method analogous to that suggested by Bleane~ for lanthanides to derive 

the follOldng equation pertaining to actinides: 

a (actinide ions) = core 

. 119 '1241 5/2 d 241 "58 t t MH d uSlllg = an Il = 1. n.m. and conver ing 0 ,we fin z 
(the limits of error were obtained by direct comparison with Bleaney's) 

a (actinide ions) = -(420 ± 40)(gL-l)gI,MHZ core ' (VI-ll) 

which can be compared to Bleaney's result (Eq.(II-42) for lanthanide ions. 

a (lanthanide ions) = -(63 ± 10) (gL' - l)gI',MHz core " 

It is interesting to consider the effective core-polarization induced 

hyperfine magnetic field arising from one unpaired 5-f electron. The 

contact field may be written45 

&rr 2 
H = -3 g ~sl?jJ (0) I c s s 

(VI-12) 

But from Eq. (11-16) we have 

so that 

(VI-12a) 

The contact hf field per· unpaired spin is just 

(VI-13 ) 
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Using the values given above in Eq'. (VI-13)we obtain 

H /5-f spin 
c 

(.:..) 285 kilogauss 

The corresponding values for 4f,3d45 and 4d121 electrons, ,together'with 

the' above value are grouped in Table (VI-2). ,The trend of increasing 

hyperfine field with increasing principal quantum nu..mber· is evident. 

One might not expect this trend in view of the fact that the h~avier ions 

have more tightly-bound (Le., le~spolarizable) core electrons than the 

corresponding lighter ions. However, fo~ the 3d-4d pair,Freeman and 

Vatson121 have shown 'that this effect is over-shadowed by the existence 

of a node in the 4d radial wavefunction, which alters the exchange 

between the sand d electrons sufficiently to accoUnt for the better 

pa~t of the difference in contact hyperfine fields. It seems likely 

that a similar mechanism will account for the 4f-5fdifference. 
~ ~ lW 2. Am, Cm X-Band Studies. 

C 'T':'I t ] t .. 0" of em"244 (t 17 6' I 0)' a.r 2 crys a _s con alnlng • .J..yo 1/2 := ,. y, := are 

initially pale yellow or almost colorless after annealing. Because of 

the daYlage due to the high radiation level they are rose-colored after 

one hour. After three to four hours the color has changed to burgundy' 

red, and in about 15 hours the crystals, are coal black. At all tempera

tures the characteristic orange glow of em3+ is present. This is due to 

radiation induced excitation and. subsequent emission from crystal-field, 

levels of the first excited electronic state down to the ground electronic 

state. This IIradiation luminescence", effect is rather interesting in 

that the radioactive-ion doping renders the crystal a source of fairly, 

narrow-banded light, which is internally generated. 

Measurements were carried out on crystals which .contained approx

imately equimolar amounts of Am and em. The relative amounts of Am
2
+ 

and em~ at cubic sites depends, of course, on the relative oxidation, 

reduction rates (e.g., in addition to Am3+ reduction, oxidation of em3+ 

to em4+ occurs)110 and the charge-compensating mechanisms. Conditions 

could be found, however, which allowed us to measure simultaneously 
244 3+ 243 2+. 3+ em and Am resonances at cublc sites. The results were g(em ):= 
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Table VI-2. Lande g values of some free atoms and divalent ions in 
calcium fluoride .. gl (Tm III) has been corrected for orbit-lattice and 
crystal-field admixing. 

gL ~L(I-III) Configuration Term Ref. 

AmI 1.937 5f7 7s 2 8 114 S7/2 +.012 (3) 
5f7 8· Am III 1·925 . (3) 

87/ 2 This work 

Eu I 1. 9935 (3) 4f7 6s 2 8 . 
124 'iS7/ 2 +.009 (5) 

Eu III 1.9926 (3) 4f7 8 
87/ 2 125 

'l'IrLI 1.1412 (2) 4f13 6s 2 2 126 F7/2 
+.005 (1) 

Tm III 1.136 (1) 4f13 2 
F7/2 126 
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4.492 ± <0.002 and g (.Am2
+ ) 4.490 ± 0.002. H~nce'we conclude that the 

f6 crystal field, state .islowest for the cin~+'ion also. Using the Lande 

... g value of 1.925 ±'0.002 o?tained by Abraham; Judd andJ.JiCkman122 from 

E1PR measurements' onem3+ in LaCl}', and Eq. (II-37), we calculate 

in excellent agreement with 'the observed g value. ,'This constitutes 

independent evidence that we are indeed observing ,resonances from a very 

pure f6 crystal-field state. Hence we conclude that the Lande g value 

of A~2+ in CaF
2 

is given by 

( 
2+), ,', , 

gL Am' = 1. 925± 0.003,. 

This result implies a quite large shift relative to ,the Lande g value of" 
.. the atom. 113 In Tab~e (VI.,j) are 'listed the corres'poriding shifts, for the 

. E 1124 "E' '1'1'1 :',124T 1
125 TIll 125" 11 Am' I AmI'II (The' pa1rs u- u , 'm m,' as we as - . 

2+ 
Tm value has been corrected for crystal field admixing of the J = 5/2 

, manifold,125 and the zero-point vibration admixtures of excited crystal-

, field states within the J ~ 7/2 manifold.)116 All the Shif~S are in 

the same direction,.which 1's that expected from the effects of covalent 

bonding. The EuI - EuIII shift' is expected to be smallest since Eu
2
+ is 

very nearly a pure S-state ion and will, therefore, show little tendency. 

to engage in covalent bonding with the fluorine ligands. That the shift 

for the A~I - A~III pair is greater than that for the TmI TmIII pair is 

a little less amenable to qualitative explanation. Despite the break

down in L-S coupling within the Am2
+,ion; it is still about 80% pure 

8S7/
2 

(by analogy with em3+ /14 see Sec., 3,' c.) and, given all other 

factors equal, one might expect more covalent bonding to occur in Tm:CaF2 . 

than in A~:CaF2' It. is tempting to ascribe the larger shift in the , 6 
, americiQ~ pair to the well-known fact that covalent bonding is more 

pronounced in the, actinide series relative to the lanthanide series, due 

·to the more diffuse nature of the 5f wavefunctions. However, a shift of 
116 ' , 

the type described by Inoue could also be important here. 

" 
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Table VI-3. Approximate contact hyperfine fields per unpaired electron 
for 3d, 4d, 4f, and 5f electrons. The minus sign indicates that the 
hyperfine fields are antiparal1e1 to the net electronic angular momentum 
of the ion. 

H contact (Ki1ogauss)/unpaired spin Ref. 

3d - 130 45 

4d - 350 122 

4f - 43 54 

5f (-)285 This work 
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In addition to .thesil1g1e isotroPi~em3+.CUbiC resonance, a 

nt.JJllber of anisotropic reson~ces in the s~~~.vicinity were also observed. 

'j' The relative iniensi ties of these lines with respect to the cubic line 
. . 

and to each other were'strongly'depe?dent on'the' experimental conditions. 

For exaniple, , when the crystal was an!lealeduntil'colorless and then 

allowed to remain at room temperature, the anisotropic sites grew in 

rapidly. If the crystal was .then cooled'to 77°K and kept there between 

4 oK 'runs, the intensities of the anisotropic sites slowly dropped off' 
, . 

with respect to the cubic sites.· The lines~ouldbe divided into two' 

groups of equal nurnbers'according to the1T characteristic decay times 

'(both wi tht
1

/
2 
's on the order 'of severEd days) . Similarly, when the 

crystal was annealed and thEm· qu~'ckly' cooled·· to 77°Kj the' growth of 

. anisotropic sites was ai'nost completely inhibited. This property was 

. u'sed to obtain em3+ ions at predpminB:-tely cubic sites. 

The positi(:ms' of the resonances as a function of the angle of' 

. rotation of'·the st~t.ic field' in-the [:1.:1-1]. an~ [liOJ"p~nes are shown . . ~".' .. 
in Figs. (VI~5) and (VI-6); The .[111] spectrum shows for a general 

orientation eight anisotropic res.onances (the points, connected by the 

horizontal dotted lines in. Figs. (VI-5) and (VI-6) represent the iso

tropic cubic resonance). The.lines are actually two sets of four as 

noted above with each set conta,ining one isotropic component (connected 

by the solid horizontal lines in' (VI-5)) and with the entire spectrum 

repeating every 60°. Such a pattern suggests that the species is a ,. 

trigonal charge-compensated complex of the'general type (not necessarily 

F- and 0= compensating agents) shown, in Fig. (VI-l)j i.e~, there are. 
~ .. 

four [111] axes for such a complex and since all eight possible sites 

for the charge-compensating species are ~nergetically equivalent, we 

should expect to find an ,equ,al nu.rnber ofthc:; complexes with their axes 

lying along each of. the eight directions.' But complexes which lie on a 

com.rnon axis' give rise toa sipgle spectru.rn 'and hence for rotation in the 

[111] 'plane,one would expect to see four resonances. The field would 

always be normal to one axis,. yielding an isotropiC: resonance at gr'and 

three other anisotropic :resonances with 6-fo.ld sym.'lletry. The fact that, 

there are two setso:f four' lines with g t'ensors having tbe same principal 
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Cm 3 + in CaF2 
(111) Plane, 
F= 9152 MHz 
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Fig. VI-5. X-band EPR spectrum of 244Cm: CaF2 as a function of the 
(arbitrary) angle of rotation in the [lllJ plane. The experimental 
points connected by the horizontal dotted line correspond to the 
isotropic f6 resonance. The solid curves running through the re
maining points are theoretical least-squares fits. 
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Table (vr--5) ~·F~w:.th and sixt~'~orde~ 'St~v~~s':'~peratcir equivalent fac
tors calculated, for Cm:3+ usi!ig ihEii V?avefunct,ion given in Appendix I and 
for Gd3+ using the reduced·'matri~ei~me.t;lts ~calculated by Wybourne. 
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Fig. VI-6. X-band EPR spectrum of Cm: CaF2 as a function of the 

(arbitrary) angle of rotation in the [llOJ plane. 
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axes but'different compohents suggests toot two different charge

compensating agents . are present. The angular. variation of each doublet 

.• is given by ECl. (11-39) as 

where for the [lllJ plane the angle 8
i

between the magnetic field and 

each of the complexes is given by the easily-derived relations 

(VI-12) 

and for the [llOJ plane by 

cos 81 = cos(¢ + a) 

cos 8 2 = cos(¢ - a) 

where¢ is the arbitrary angle of rotation of the magnetic. field in the 
. " 1 

plane and a = tan - (1/ .(2); ¢ was taken as zero when the co~ponent of.- . 
~ ~ 
H along [OOlJwas largest. Two sets.of only three lines each, are observed 

in the [110J plane as two .of the sites. ~realwaYI2' degenerate. Note that 

by rotating in the [llOJ .plane~ Ft. can be directed along a cube edge [om], 
a face diagonal [110 J, and a body diagonal [Ill J, a's shown in Fig • (VI -10) . 

The solid curves in Fig. (VI-5) and (vI-'6) represent theoretical 

fits to the data using the above eCluations. The best values of the g

tensor components gil and gl were obtained by a ma~hine ca.;Lculated 

, , 
i 
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least-squares fit.
126 

The va~ues obtained are given in Table VI-4, where 

the two sites are designated arbitrarily as site I and site II. The lines 
-7 

broadened rapidly as the magnetic field became parallel to [111]; the-

line widths associated with site I varying from about 20 gauss at gl to 

about 80 gauss at gil and those of site II from about 20 gaus-s at gl 

until they were too broad to follow. The lines from site II broadened 

more rapidly than did those of site I as evidenced by the absence of 

points at higher fields corresponding to site II in Fig. (II-5). We can 

attribute such broadening to the presence of defects in the CaF2 lattice. 

Unambiguous identification of the species responsible for the 

charge compensation is usually not possible on the basis of EPR measure

ments alone (except when the charge compensating agent itself is para

magnetic, in which case its temperature dependence may be correlated 

with that of the axial spectrmn. )127 The mechanism involving F ions 

shown in Fig. (VI-l) has been well substantiated in rare-earth:CaF2 
systems by investigations of density and lattice constants, by X-ray 

th d d ·· d t· . t 18 Of . th em C F t th me 0 s, an lonlC con uc lVl y.. - course In e : a 2 sys em e 

nu.1'Jlber of possible mechanisms one can think of is greatly increased by 

the effects of a-radiation damage on the lattice. Further work is needed 

to identify the charge-compensating species responsible for the two 

trigonal sites observed in em:CaF2 · 

3. Q-Band Experiments 

Measurements were also carried out on A~ and em-doped CaF2 
crystals (nominal 0.1% concentrations) at Q-Band frequencies (34.5 GHz). 

Of principal interest where the spectra of ions at cubic sites and, 

accordingly, crystals to be studied were first thermally bleached at 

500°C and then quickly mounted in the EPR cavity, which was then bolted 

to the transmission line and placed inside the inner dewar of a double 

dewar systeITl.. The outer dewar contained liquid nitrogen so that the 

contents of the inner dewar quickly cooled to near 77°K. Charge compensa

tion was found to be inhibited at these temperatures and subsequent EPR 

spectra obtained at liquid He temperatures were characteristic of em3+ 
ions at predominatelY,cubic sites. 
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Table' (VI~4) .~SpinHamiltonia:n p~ameters of em :CaF
2
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.. 

er? inCa:F2 S= 1/2 

Cubic Site 

g = 4.492 ± 0.002 

Tr'igonal Site I 

gil = 3.41 ±. 0.02 gl= 6.88 ± 0.02 . 

Trigonal Site II 

gil = 2.60 ± 0.02 gl =5·91 ±, 0.02 
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2+ At X-band the EPR spectra of the r 6 gt10und states of Am and 

em3+ at cubic sites in CaF2 ~ere isotropic to ~ithin the experimental 

uncertainty. At Q-band the corresponding spectra ~ere found to be 

slightly anisotropic due to Zeeman ad.'llixing of the higher lying crystal 

field states. The cubic spectrQ'll of a crystal containing approxi~ately 
243 21~4 --7 

equimolar amounts of A'll and em ~ith H approximately parallel to 
--7 

[001] is shown in Fig. (VI-7). A plot of the g value versus the (arbi-

trary) angle the static field makes in the [110] plane is sho,m in Fig. 

(VI-8). The data were corrected for the small shift between the measUred 

field and that at the sample by making periodic measurements during a run 

of the isotropic Tm
2
+ resonance in a Tm: CaF 2 crystal125 which was placed 

near the sample. These data contain information about the crystal-field 

splittings in the ground manifolds and can be analyzed using the follow

ing Hamiltonian: 

Here gL is the Lande g value of the ground state and the terms in B4 and 

B6 represent the effect of the cubic crystal field on the J = 7/2 manifold. 

Since both the Zeeman and crystal-field energies turn out to be much 

larger than the hfs energies, the term A :t·t is negligible. The crystal

field energy levels at zero magnetic field in terms of B4 and B6 are 
. --7 

shown in Fig. (VI-2). Here i, m, and n are the direction cosines of H 

relative to the cubic axes of the crystal. Operating ~ith ~ on the states 

17/2, J ), J = 7/2, 5/2, ... -7/2, of the J = 7/2 manifold yields an z z 
8 X 8 matrix ~ith elements in terms of gL' H, B4, B6 and the direction 

cosines. The resulting matrix is shown in Fig. (VI-9). Figure (VI-IO) 
shows the location of the [110] plane with respect to the cubic axes. 

It is easy to see that the equations relating the direction cosines to 

the angle of rotation in the plane are given by 

1 ::: ( ..[2/2) sin ¢ 

m ::: ( ..[2/2) sin c:p (VI-16) 
n = c9s c:p 
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Fig. VI-7. Cubic Q-band EPR spectrum of 243Am , 244Cm:CaF2 with H 
approximately parallel to the [001] axis. Only the 244Cm transition 
and the two inner 243 Am transitions are shown. 
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2+ 
Fig. VI-So Plot of the g values of the ground r6 doublets of Am and 

cm3+ at cubic sites in CaF2 as a function of the angle· of rotation 
in the (110] plane -and corresponding to 33.9 GHz. The solid and 
dotted lines are least-squares fits corresponding to the indicated 
energy splittings between f6 and rS' 
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where ¢ is the angle ·of rotation. The crystal-field matrix elements 

were obtained from t<he tables given by Hutchings. 10 . A computer program 

,vaswritten
12S

which diagonalizedthe 8 x S matrix for various values of 

¢, computed the resulting g values of the lowestdoublet,and compared " 

these with the experimental g values; the process being repeated until a 

set of parameters was found which minimized the square· of the differences 

between the calculated and experimental points. The connection between 

the experimental angle of rotation and that defined by the direction 

cosines in Eq~ (V1-15) can be inferred from the syrrL1'Tletry of the experi-

mental plot. That is, the four maxima in the experimental curves for 

'both A1'Tl
2
+ and em3+ ,reading from left to right in Fig. (VI-S) are seen. 

o . b' 0 
to be separated by 55 , 90 ,and 125 )as measured from the first maxima 

(corresponding to the maximQ1'Tlg Value). Reference to Fig. (VI-IO) shows 

that these angles correspond to those obtained by rotating in the 
. ~ ~ i ~ ~ 

sequence [OOlJ ~. [lllJ ~ [.llOJ ~ [lllJ. Hence the. maxima are easily 
~. -) -+ 

identified as those corresponding to the [OOlJ)' [lllJ <) [llOJ) 
. ~ 

and [ll1:J 

directions, respectively. That the values of the second and 'fourth 

maxima are the same follows from the fact that in cubic symmetry the 

[lllJ and [ll,!J directions are phYSically equivalent. Accordingly, we " 
~ 

have adjusted. the angular scale in Fig. (VI-S) such that ¢ = 0 when H 
~ 

is parallel to [OOlJ. 

It was found that unique values of B4 and B6 could not be deter~ 

mined from this analysis. This indicates that theg value of theT6 , 

state is only sensi ti ve, wi thin the experimental error, to the Zeeman ~' 

, admixing with the first excited cryst,al-field state, the next higher state 

being too far.removed in energy to be appreciably mixed. This can readily 

be seen by noting that if the energy of r6 is taken as zero then the 

energies of the rS and r7 states may be written129 

(VI-l?) 

,.. 
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~here b4 = 60 B4 and b6 = 1260 B6 • It is obvious that in order to solve 

the t~o equations simultaneously for b4 and b6, one must kno~ both 

E(fS) and E(f
7

)· But if the second excited state is too high in energy 

~ith respect to the Zeeman aQ~ixing, the EPR data ~ill contain no informa

tion about its position. Hence ~e are essentially fitting one energy 

level ~ith t~o adjustable parameters, ~ith the result that virtually an 

infinite set of parameters ~ill yield the correct splitting. 

Since the spectra are anisotropic, it is also clear from the 

above remarks that the first excited state must be f S . (If the first 

excited state ~ere the doublet f7' the spectra ~ould be shifted with 

respect to X-band, but isotropic.) The best parameters (in the least

squares sense) ~ere found to be 

E(f A·m
2+) 

S' .I:i.l 

(f . 3+) 4 cm- l , gL (.Arn2+) E S' em = 13· ± o. 5 

1.926 

The solid and dotted curves running through the experimental points in 

Fig. (VI-S) ~ere computed using the above parameters. The agreement is 

seen to be excellent. The Lande g values are also in excellent accord 

~ith the X-band results. We can estimate the position of the f7 state 

b~ assuming that B4 is much larger than B6 • This is a reasonable assump

tion in vie~ of the results found in cubic rare earth:CaF2 systems, i.e.,

B6 is found to be only about 10% of BtS, (e.g., see Fig. VI-12). The 

zero-field energy levels of the J = 7/2 manifold are sho~n for the t~o 

cases B6 = 0 and B6 = 0.1 B4 in Fig. (VI-II). 

It ~as stated in the discussion of the X-band results that no 

anisotropy ~as detected in the em3+ and A~2+data. We are no~ in a 

position to sho~ that the result is consistent ~ith the above crystal 

field splittings. De Boer and Van Leishout130 have evaluated the energy 

.. of the f 6 state by assu.~ing gf3H « B4 and B6 = O. Their result to third 

order, converted to a g value, is 

14 1 (560 _ 2S0 cp) 
3f32H2 

g (cp) 
gD 0 

g +!:¥s (VI-IS) ="6 gL + = '4 243 9 1::,2 0 
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Fig .VI-ll. Zero-field energy levels of the J = 7/2 ground states of ' 
Am2+ and Cm3+ at cubic sites in CaF2 corresponding to the indicated 
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2 2 2 2 2 2 
where go = 4.491) ¢ = £ m + n m + n £ and 0 = 3 E (f8 - f 6 ). Refer-

ence to Fig. (VI-8) shows that the largest shift in g value occurs when 
~ 

H is parallel to [lllJ. For this orientation ¢ = 1/3 and from Table 

(VI-l) we obtain HO = 1440 gauss. Using the splitting derived from the 

Q-band data) we calculate 

Lg(em3+) = -0.004 

Thus) since the X-band measurements were made at arbitrary orientations, 

it is reasonable that no anisotropy was detected. However, in view of 

these results, the errors quoted in the X-band section (which were 

d'etermined prior to the Q-band work) might be slightly optimistic. 

In Fig. (VI-12) we have reproduced the Eu
2
+, and Gd3+ cubic 

124 Fl 
splittings in CaF2 as found by Baker, et al., and Low, 7 respec-

tively. The response of the actinide ions to the crystal field is seen 

to be some two to three hundred times 'greater than the response of the 

lanthanides. It seems clear that such a huge difference could only arise 

from differences in the electronic structures of the ,two sets of ions. 

Such differences are quite significant and arise because of intermediate

coupling effects induced by the relatively large spih-orbit coupling 
~~ 

energies of the actinide ions. The spin-orbit perturbation ~ (r) L·S is ' 

diagonal in J, but can mix Land S, so that J remains a good quantQ~ 

number) while Land S do not. For a single electron moving in a spheri

cal potential outside closed shells the spin-orbit coupling parameter is 

given by41 

~(r) = 
1 CU 
2 Cr 

r 

where U is the potential energy of the electron. Since U increases 

with Z (the Z-dependence is complicated due to inner-shell screening) we 

expect ~(r) to increase with increasing atomic mass. As an example, the 
. 3+. 107 ground state elgenvector of Gd has been glven by Wybourne as 
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(VI-19) 

which shows that the ground state is approximately 98% pure 8s7/ 2 • On 

the other hand, the leading terms in the ground state wavefunction of 

th h . em3+. 132 _e eaVler lon are 

+ ••• (VI-20) 

Hence the em3+ ground state is only 79% pure 8s7/ 2 • Furthermore, there 

are a large number of terms with coefficients which are smaller, but 

which nevertheless can be important by virtue of their very number. The 

50-term ~ wavefunction used in this work is given in Appendix I. 

It is i~~ediately obvious from Eq. (VI-20) that the entire 50-

term wavefunction must be used in this calculation since a fourth-order 

crystal field operator will not split any of the first three terms listed 

in (VI-20), nor will there be any nonzero matrix elements between any 

combinations of them. The S state will not split under a crystal field 

of any s~~etry and the P state will not be split by a cubic field. That 

the D state does not split can be seen by noting that Stevens' fourth

order operator equivalent factor can be written133 

(VI-21) 

The last reduced matrix element is that given in Eq. (rr-6) and it can 

be found in Nielson and Koster's tables.
20 

We find for f7 

Since the ~J's of all the leading terms vanish, the contributions from 

the many terms with small coefficients become all-important. Using the 
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. full em3}". wavefunctior?3;2 (Appen~ix I) .obtained' b;.~itting the em: LaC~ 
. ll4 . . '~4 . " .' " 
optical data, . 'Feneuieulle has calculatedf3Jand 'Y

J 
by hand. The 

result is giveninrrable (v.i:-4) .. Similarly, using the values of 

<<I'gllu4
1I<1'g} and' < rgllu6

11 ?JIg) , calctil~ted by,Wybourne
l07

'for ,9d3+, Eq. (VI-21), 

and the equation133. " ~', ! . , . 

y = -640, ,(VI-22) J ..... 

we can also 'calculate 13.:r and 'YJ for 'Gel3+ These', results are also given 

in Table, (VI-4) ~ 

According, to the, electrosta~i:c crystal-field model) B4 can be __ ,', 

written CEq. (VI-la)) 

.;. ; 

Assuming the splitting is mainl:ygoverned by the' f<)Urth~(jrder term and' 

that the shielding 'is the same for the two: ions,' we obtain 
.' . ~ 

B(em3+) I3
J

(em3+) (r 4)~3+ 
'. 4 . 

B
4

(Gd3+) 
= 

.(r 4)Gel3+ 13 (Gd3+) ' ... / 
J 

which should be nearly, equal to the experimental ratio. 

, . 3+ 
E(f S' ,em') 
, .3+' 
E(fS' Gel ) 

l3'.4'~ 227 
0.059' . 

(VI-23 ), 

, " 

,Cr 4) for the free Gel3+' ion has been calculated using Hartree-Fock wave

functions 41 by Freeman and. Watson. 135 They find (r 4); 3+ = 1.52 ,a.u. 
4, :' . Gel, ' 136 

For (r )' 3+ a Hartree-Fock value of 3.69 a.u. has been calculated. ' 
em . . 

,Using these Values together with. the l3/s given in Table (VI-4)'(an ' 

average of the tW0I3J(Gd3+) values listed in Table (VI-4) was taken) 

'we calculate 

= -t=-.:..::=-+-t='-~+ = 1100 

, , 

" 

" 
" 

• 

~ .~ 

'. 

.-,; 
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Thus, although the electrostatic model fails to give a quantitative 

account of the observed ratio, it does point-up, in a semiquantitative 

way, the importance of the intermediate-coupling mechanism in explaining 

the difference in cubic crystal-field splittings betwe~n em3+ and Gd3+. 

Indeed, in view of the rather large uncertainties in the parameters used 

in the above calculation, as well as the error introduced by neglecting 

shielding effects, and to say nothing of covalent bonding effects, any 

better agreement would have been aL~ost embarrassing. 

We can push the electrostatic analysis one step further by 
3+ 3+·· 25 actually calculating B4(em ) and B4(Gd ) using Eq. (VI-la). Bleaney 

has carried out a similar calculation for Tm
2
+ in CaF2 . Since both 

positive and negative ions in CaF2 are situated. at points of cubic 

sym.~etry, there can be no resultant dipole ,quadrupole or octupole 

induced moments provided all ions have their normal valency. The pres

ence of a trivalent ion will induce some polarization, but the effect on 

the fourth-degree potential will be quite small, on the order of 15%.25 

Bleaney has taken the lattice su.1'JL~ation far enough to get good conver

gence and finds for trivalent ions 

(VI-24) 

when r is expressed in angstroms and 0'4 is set equal to zero. Using 

this equation we calculate 

-1 
cm 

which is to be compared with the experimental values listed in Fig. (VI-:··· 

11), viz: 

-1 cm 

-1 
cm 
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, '( 3+) ° ',;,..4 -1' . d 't 132 ( ( )) b Gd ' . == -1 X 10 cm" compare' 0 Fig. VI-12 ' ,4 ' 

" (3+)' 46" -4 ;..1 b 4 Gd, :=: ,- X 10 cm' , 

In both cases the sign and order 'of magnitude of the 'splitting is 

reproduced. The agreement is better in the em3+ calculation. One could 

attribute this to the fact that 'the em3+ 'Wave function is probably more 

accurate'than the'Gd3+wavefunction. (The Gd3+ wavefunction used by 
107 

Wybourne 'Was obtained by interpolation of ~arameters of other trivalent 

'rare-earth ions since only 15 of the 327 L8J states of the f 7 configura

tion have peen observed in the spectra of gadoliniu.TJlsalts. ;By contrast, 

the em3+ wavefunction 'Was obtained by a direct least-squares fit of a 

, great nu.TJlber' of observed em3+ levels. )115 Using Eq. (VI-la), 'We may 

calculate an (anti)shielding para~eter 0'4:':=: -0.7, for the em3 ion. A, 

theoretical calculation of this parameter 'Would be interesting. In any 
, , 

case, this simple intermediate-coupling mechanism accounts rather 'Well . 
3+ 3+ for the obseirved splittings of em and, to a lesser extent, Gd in 

, . " 3+ 107',' 
. ,For the cas~ of Gd in La (C2H5804)3 ·?H20, Wybourne . points, 

, out that the intermediate coupling mechanism gives rise to a contribution 

. of the 'Wrong sign to b~ (relative to the experimental value), due to the 
" . ,6 ' 

,fact that the stark levels of the, P7/2 state (cf. Eq. (VI-19) are, " 
. 8 ' , 

observed to be oppOsite to those of 8
7

/ 2 ground, state. Apparently,' 

the sign of b~ is determined by another, more i.TJlPor tant , mechanism. Kim 

and Moos137 have recently measured bg for Eu
2

+ in,LaC1
3 

and find it to 

be approximately fifty times larger than that of Gd3+ in LaC~. They 

have attributed this shift to the difference in electronic properties of 

. Eu2+ and Gd3+ j specifically to the shift 'in the energies of the 4f65d 

excited configurations. Accordingly, they haye suggested that Wybourne 

may not have completely accounted for the effects of.configuration inter~ 

action. Furthermore, they show that their results are in accord 'With the 

supposition that configuration interaction and intermediate coupling are 

'-, 



the dominate mechanisms responsible for the observed splittings, It was 

shown in Sec. II.A.2.d. that configuration-interaction effects could be, 

for the most part, cast into the form of a linear shielding factor; in 

this case 0"2' It was also shown that, in general, 0"2 > 0"4 > 0"6' Hence, 

the results of our calculation of b4 (Gd:CaF2 ) is qualitatively consistent 

with the argument of Kim and Moos, in that we would expect configuration 

interaction to have less of an effect on b4, and hence that the inter

mediate-coupling mechanism would tend to dominate in cubic s~~etry, We 

have shown that, at least, the intermediate-coupling mechanism gives the 

correct sign. This qualitative argQ~ent is supported by the observation 

that b4 (Gd3+) ~ b4 (Eu
2
+) as measured in cubic sites in CaF2 (cf. Fig., 

(VI-12)) . 

It would be interesting in this regard to study the EPR spectra 

of em3+ and A~2+ in La(C2H5S04)3'9H20 at Q-band or higher frequencies, 

PresQ~ably one would be able to detect enough Zeeman aQ~ixing to learn 

. something about the relative splittings. em3+ resonances in LES at x-
. 122 61 

band have been reported by Abraham, Judd and Wickman. In his thesis, 

Wickman also described a six-line spectrQ~ centered about the 244em3+ 
line which he was unable to identify. In light of the A~:CaF2 results, 

it appears that these lines were due to radiation-reduced A~3+ (Am was 

probably present as an impurity in the em sample.) Since intermediate

coupling effects are much more pronounced and, in view of the sL~ilarity 

between the splittings observed in CaF2 , one might expect the splittings 

in LES to be quite similar. In any case, the results could be compared 

with the EU2+-Gd3+:LaC1
3 

results, where the large difference between the 

splittings (a factor of 50) has been a~tributed by Kim and Moos137 to 

electrostatically-correlated configuration interaction. 
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APPENDIX A 

Full em3+ ~avefunctionl15,133 used in the calculation of 4th and 

6th-order operator equivalent factors. The states are classified accord-
20 

ing to the system described by Nielson and Koster, ~hich consists of 

listing the multiplicity (2£+1) follo~ed by the letter representation of 

the orbital angular momentum (L). Because more than one multiplet of a 

given Land 8 may occur for f7, an additional label is included ~hen 
needed. Belo~ each collliill1 of terms are listed the corresponding coef

ficients in the ~avefunction. The symbol E( - )nm follo~ing the coef- '. ' ' 

ficient gives the po~er of 10 ~hich multiplies the coefficient. A minus 

, sign preceeding nm indicates a negative power. For example, the coef-
4 

ficient corresponding to the term Dl, 0.96250390E-Ol, is read 

0.96250390 x 10-1 . 

88 6p 6D 6F 

4Dl 4D2 4D3 4D4 

4F2 4F3 4F4 4F5 

4G4 4G5 4G6 4G7 

4H4 4H5 2Fl 2F2 

2F6 2F7 2F8 ' 2F9 

2G3 2G4 2G5 206 

2GIO 

0.89131788E-00 0.41405755E-00 ";0.89956833E-Ol o .19274098E-Ol 

0·96250390E-Ol 0.42341465E-02 0.19863299E":01 -0.19542731E-Ol 

0.67320934E-02 0.86718184E-03 -0.3971946lE-Ol -0.49747569E-02 

0.12300474E-02 -0.25733835E-02 0.46871516E-02 -0. 99220328E-02 

-0.10693208E-02 0.12806589E-02 -0.13320292E-Ol 0.46983038E-02 

-0.32006086E-Ol 0.17883137E-Ol -0.91576526E-03 -0.17524060E-02 

-0. 19497024E-03 -0.12872315E-02 o .89277695E-03 0.32481319E-02 

-0. 79163568E-02 



... ~ 
';, ,l", " .. ~i 

" 
:'...' 

" ", 

6G . ' , " 

" 

4D5 ." . 

" 

, ',~" 

4G1 

4H1 ! 

" .' 
2F3 

'. 

2F10 
, 

2G7 

-:0. 7759149lE-02 

-0.27431505E~03 

-0.68751.495E-Q2 , 

0.79940452E-03 
,'. ,,;' 

-0.19336250E-02 

-.0. 72670904E-02' " 

,'-0. 72593254E-03 . .. 

'.,.' ' 

" 

'". " , 

.j ,< " c'·", ' 

.: ," \ 

" . I 

'o' ,_ ~. ". \ • 

.' :~' ,.... \ ", .' ,~:' .- • 1 

'; 

'. ... 

,",' 

... ' 

, 

" 

.. 
~. ; 

6H' .'. > 

4D6 
4G2: . , 

. 4H2 .< 

2F4· 

"" . 2Gl 

2GB' 

" ·'·'0.26654229E~02 

, ~. ' , 

':-:. 0.i080535lE-00 

'·0 .17639687E:-02 . 

-0. 4742421lE-02 

b ~82038531K .. 03 

. 0.33868999E-02 

o . 28938631E-03 . . . 
'.:',.:' I~~' ' r-

. ; j 

'I... •• 

. ',' 

. , 

i ' 

. 6r 

4F1 

4G3 

,4H3 

2F5 

2G2 

2G9 . 

,~. 

;:.' 

, -0..24 702699E-02 : 

0> O. 36665753E-02 

,0 ~ 156193 73E:"02 
I, 

-0.41739857E-02 .:. 

,0 ~ 11199520E-01 

0.9013 4600E-02 . 

" O. 70814443E-02 
.:' ., .. ' 

.... "1 

,.f" , 

.. .~ 



-' 

-146-

FOOTNOTES AND REFERENCES 

1. E. U. Condon and G. H. Shortley, The Theory of Atomic Spectra, 

Cambridge Univ. Press, Cambridge, England (1935). 

2. G: Racah, Phys. Rev. 76, 1353 (1943). 

3· Ibid., 63, 367 (1943). 

4. Ibid., 62, 438 (1942). 

5. B. R. Judd, Operator Techniques in Atomic Spectroscopy, McGraw-Hill, 

New York (1963). 

6. B. G. Wybourne, Spectroscopic Properties of Rare Earths, 

Interscience Publishers, New York (1965). 

7. H. A. Bethe, Ann. der Physik 2, 133 (1929). 

8. J.BlokandD. A.ShirleY, Phys. Rev. 143, (1),278 (1966). 

9. W. Low, Paramagnetic Resonance in Solids, Academic Press, New York 

(1960) . 

10. M. T. Hutchings, Solid State Phys. 16, 227 (1964). 

11. K. W. H.Stevens, Proc. Phys. Soc. (London) A65, 209 (1952). 

12. R. J. Elliott and K. Stevens, Proc. Roy. Soc. (London) A219, 387 

(1953) . 

13. R. J. Elliott and K.Stevens, proc. Roy. Soc. (London) A218; 553 

(1953). 

14. 

,15· 

16. 

J. M. Baker and B. Bleaney, Proc. Roy. Soc. (London) A245, 156 (1958). 

R. Orbach, Proc. Roy. Soc. (London) A264, 458 (1961). 

B. R. Judd, Proc. Roy. Soc. (London) A227, 552 (1954). 

17. J. P. Elliott, B. R. Judd and W. A. Runciman, Proc. Roy. Soc. 

(London) A240, 509 (1957). 



-147-

18. M. J. Weber and R. W .. Biering, Phys .. Rev~ 134, (6A), 1942 (1964). 

19. M. Rotenburg, H. Bivins, M. Metropolis and J. K. Wooten, The 3-j 

and 6-j Symbols, TechnOlogy:Press, Cambridge, Mass. (i959). 

20. C: w. Nelson and G. F. Koster, Spectroscopic Coefficients for 

pn, dn , fn Condifurations, M. 1. T. Press,Cambridge, Mass. (1959). 

21. G~ Burns, J. Chern. Phys.42, (1), 377 (i965). - . 

22. C. A. Hutchinson and E. Y. Wong, J. Chern. Phys. 29, 754 (1958). 

23. G. Burns, Phys. Rev. 128, 212 (1962). 

24. M. T. Hutchings andD. K. Ray, Proc. Phys.·Soc. (London) 81, 663 

25.' B .Bleaney, Proc.' Roy. Soc . (London) A227, 289 (1964). 

26. K. Rajnak and B. G. Wybourne, J.Chem. Phys. 41, (2), 565 (1964). 

27. B. R. Judd, Proc .. Roy. Soc. (L0D:don) A241, 414 (1957). 

28. K .. A~.Satten, J. Cherri.Phys~ 27, 286 (1957). 

29. C. J. Lenander andE. Y. Wong, J. Chern. Phys. 38 (11);.2750 (1963). 

30. A. J. Freernan and R. E. Watson, Phys. Rev .. 127, 2058.(1962). 

31. 'A. J. Freeman and R. E. Watson, Phys. Rev. 139, A1606 (1965). 

32. D. K. Ray, Proc. Phys. Soc. (London) 82,47 (1963).· 

33. w. F. Krupke and J. B. Gruber, j. Chern.Phys. 46, (2), 542 (1967). 

34. B. Bleaney, Proc. Roy, Soc. (London) A227, 289 (1964).' 

. 35 .. J. C. Eisenstein, J. Chern. Phys.39, 2128 (1963). 

'36. 11?id .,39, 2134 (1963) . 

. 37. M. T. Hutchings and D. K. Ray, Proc.Phys. Soc. (London) 81, 522 

(1963). 

38. C. J. Ballhausen, Ligand Field Theory, McGraw-Hill, New York (1962): 

. t 

I 
·f 



J' 

"I, • 

,.148-

. 
39. J. D. Axe arid,G.Burns, Phys.Rev; 152, (1),331 (1966). ,-
40. C. K. 'J~rgensen, R. Pappa+ardo andH. Schmidtke, J. Che~. Phys. 39, 

1422, (1963). 

41.M: Tinkham, Group Theory and Quantum Mechanics, McGra~-Hil1, New 

York (1964)., 

42. B. R. Judd and, I. L:i,ndgren, Phys. Rev. 122,1802 (1961). 

43. E. Fermi,Z. Phys. 60,' 320 (1930); 

44. P. G. H.Sandars, G. K.Woodgate, Proc. Roy. Soc. (London) A257, . 

269 (1960). 

45. R. E. Watson and A. J. Freeman, Phys. Rev. 123" (6) (1961). 

46. A. Bohr and V.F~ Weisskopf, Phys.Rev. 77, 94 (1950). 

47. A. Bohr, Phys. Rev. 81, 331 (1951). 

,48. J. Eisinger and V. Jaccarino, Rev. Mod. Phys. 30. 530 (1958). 

49. H. Kopfermann, Kernmomente, Akademishe Verlangsgesellschaft, LeipZig, 

(1940) . 

50. E. Zavoisky, J. Phys. USSR 2, 211~ 245 (1945). 

51. M. H. L. Pryce, Phys. Rev. 80, 1107 (1950). 

52 .. H. A. Kramers, Proc. Acad. Sci. Arnst. 33, 959 (1930). 

53. M. H. L. Pryce, Phys. Rev. Lett. ~) (8), 375 (1959) . 

54. B. Bleaney, Quantum Electronics, L' Columbia Univ. Press (1964). 

55. J. Blok and D. A. Shirley, Phys. Rev. 143, (I), 278 (1966). 

56. R. M. Sternheimer, Phys. Rev. 95, 737 (1954). 

57.R. J. Blin-Stoyle and M. A. Grace, :LnHandbuch der Physik, edited by 

S. F1ugge (Springer-V~rlagBerlin; 1957) Vol. 42, p. 555. 

58. D. A. Shirley,Ann. Rev. Nuc. Sci. 16, 89 (1966). 



" 

59; C. Jeffries, Ann. Rev. Nuc. Sci. 14, (1) (1964)., 

60. C. P. Poole, Electron Spin Resonance: A Comprehensive Treatise on 

Experimental Technique, Interscience Publishers, New York (1967). 

61. H: H. Wickman, UCRL - 11538 (1964). 

62. E. R. Andrew, Nuclear Magnetic Resonance, Cambridge Univ. Press, 

New York (1955). 

63. A. George and D. Teaney, Rev. Sci. Inst. 31,997 (1960). 

64. G. Feher, Bell Sys. Tech. J. 36; 449·(1957). 

65. J. P~'Gordon,Rev. Sci. ·Inst. 32, 658 (196l)~ 

66. Present address: Lanthanide - Actinide Group, Nucl. Chem. Dept.," 

Lawrence Radiation Laboratory, Berkeley, California.' 
- . . . 

67. D. C. Stockbarger, J •. Opt. Soc. Am. 39, 731 (1949). 

68. Pure optical quality CaF2 single-crystal cylinders (3/16"·dia. 1'" 

long) of known orientation were obtained from Optovac, Inc., North 

Brookfield, Mass. 

·q9. W . Easley, N. Edelstein, M. P. Klein,D. A. Shirley and H. H. Wickman, 

Phys~ Rev. 141:, (3), 1132 (1966). 

70. R. Pettersson, T. Vanngard, Arkiv. Kemi 17, 249 (1961). 

71. H. M. McConnell, J. Chem. Phys.25, 709' (1956). 

72. S. Akerstrom, Arkiv. Kemi 14, 403 (1959). 

73. W. Ewband, W. Nierenberg,H •. Shugart and H. Silsbee, Phys. Rev., 110, 

595 (1958). 

74., P. B. Sogo and C. D.Jeffries, Phys. Rev. 93, 174 (1954). 

75. M. G. Mayer and J. H. D. Jensen, Elementary Theory of Nuclear Shell 

Structure, John Wiley and Sons, Inc., New York (1955). 



-150-

76. M. H. Brennan and A. M. Bernstein, Phys. Rev. 120, 927 (1960). 

77. E. G. Funk and M. L. Wiedenbeck, Phys. Rev. 112, (4), 1247 (1958). 

78. E. Brun and H. H. Staub, Helv. Phys. Acta 26, 821 (1953). 

79.D: A. Shirley and G. A. Westenbarger, Phys. Rev. 138, A161 (1965). 

80. S. G. Scbmelling, V. J. Ehlers and H. A. Shugart, Phys. Rev. 154, 

81. I. Lindgren, in Perturbed Angular Correlations, edited by E. Karlsson, 

E. Matthias and K. Siegbahn (North-Holland Publishing Co., Amsterdam, 

82. Present address: Low Temperature Group, Nucl. Chem. Dept., Lawrence 

Radiation Laboratory, Berkeley, California. 

83. c. E. Johnson, J. F. Schooley and D. A.Shirley, Phys. Rev. 120, 

(6),2108 (1960). 

84. c. A. Lovejoy and D. A.Shirley, Nucl. Phys. 30,452 (1962). 

85. J. M. Baker and B. Bleaney, Proc. Roy. Soc. (London) A245, 156 (1958). 

86. J. Blok, UCRL-16279· (1965). 

87. J. Blok, D. A. Shirley and N. J. Stone, Phys. Rev. 143, 78 (1966). 

88. H. E. Gove and A. R. Rutledge, Chalk River Report CRP-755 (1958). 

89. M. Nakamura and R. Lapierre, UCRL-11494. (1965). 

90. D. A. Shirley, UCRL-11865 (1965). 

91. The author is indebted to Dr. M. Michel for performing the mass spec. 

158 analysis of the Tb sample. 

92. H. Postma and W. J. Huiskamp, Proceedings of the VII Int. Conf. on 

Low Temp. Phys., edited by Graham and Hallett (Univ. of Toronto Press, 



C' ' 

. ' 

~ ,~-

• ,-;'r.· 

, , 

93· 

" ... 

. .' ~ 
.. '~ 

r \' 

.. -1 ~ 

, ... , ' '- ..... 

" \" 

, '~~,~51~,,: ;,' ,:,' 
"'4 

, , 

.. '''' , .' . , . , .' , ,,: ~ ,. ~: .:' . ... - .. .... ~: .: 
" , 

" ' 
•. 1 04 

~- '.' i' 

Ca be zas," I :.'Lindgren 'and H. M8.rru~ > Pbys. ,Rev: 122 ~ 1796 (1961) • 
• (. : ~f':"" .. \.' ,: . 

,,,.' 94: c. M.Leder~r,.'J.:M.'Hollander and J;.:PerJJna.n;Tableof Isotopes, 

Sixth EditiCln': (JO~,Wileyand Sons, Inc.', New York, "1967) 0' 

. '/~;":" 

95." The autboris:'indebted to Dr. J. M. Baker or' the Clarendon Laboratory" 

Oxford University,foi': suggestihgthe origin of tbe satellite structure. 
! 

96. 'J. M. 'Baker,a~d A~E~ Mau;Can. J. Pbys. 45,403 (1967): 
..... , 

97· D. R. Fit~water.and R'~ E., Rundle, Zeit. fur Krist., -Bd. 112;" s. 362' " 

(1959)'. 
'. " 

, >,' .. ,', " 

, , 

,,', .' 

~' .' . .'. 
98. J. M.·Ba~e~~j.:"R~)Cb.adwicb~G~' Garton and ,J., P,. Hurrell, Proc.Roy.<';\. 

Soc. (London) A286, 352 (i965)" ' ' 
. ;'--'.,' 

99. ' S. ,G. Nilss(mand:~l.,·Dans:ke, Videnskab. ,Belskab. Ms.,t.' ->Fys~ Medd'" : 
. , . ',. ,~. .-r . ~'.< '. '. \; 

. '29, No. 16 (~955) .:,:,', ' ;' ~ ... 

" 
, 100., C. Gallagber and,S. Moszkowski, Phys. Rev~, 111, (5), 1282 (i958).-

- ~., --
,10L, ' Present' add+ess:' NUCto" Cbern." Dept • ,Lawrence Radiation Laboratory ,,': . 

, ' ' t'~ " 
.' . ~ .... '.·r. ,.: .. ~. 

Berkeley, 'California.: '. " ' .':" .. 

102." d.T.'~ Seaborg a~d' A. R:Fritsch,. SCi.' Am. 208, .68(1960)., 
'.' ' 

103. D. S. McClureand'Z. Kiss,J! Chern Pby~. 39,3251"(1963). 
'., . ~ 

104. F. K. Fong and J. Chern.,Pbys. 41, '2291 (1964). ' .- ,".-.' , . "'~ 

, ' , 

105.'Z. Kiss and P. N.,Yocum; J. Che~~ Pby~.41, 1511 (1964). <; " '~" .... , .. . ' 
.' / 

106.: J. J ~'. Katz and" G·. T. Seaborg, The, Chemistry of' the,'Actinide .Elem~nts,' .' 

Meu:then ,and Co. ,Ltd~"London, (1957). 
. ,.", 

,107. B.' G . Wybourne,. Pbys. Rev. '1,48, (1), 317 (1966). ' ',' 

K. Lea, M"Le~'Sk a~d VI ~ iWolf; Phys.' Chem~Solids23" '1381 (1962).:,';:;-':':', /' '''; :. 
." .... . '. -.,: . , " 

N; Edelstein, W., Easley and R. McLaugbl,in, J. Cbern. :Phys .44" (8) ,"",: ." 
: ! 

'.' 
.r •. _! " '109· 

"'" . 
.... ( • I,' 1 ~. .J ' 

3130 (1966). , , 
> ",' 

ro-' . 

. ~ ~-

j, ~ 

-, .... 



. , 

-152-

110. N. Edelstein, W. Easley and R. McLaughlin" 

UCRL-17183. 

111. M. Fred and F. S • Tomkins, J. opt,. Soc. Arn..74, 1076 (1957). 

112. B. Bleaney, Proc. Phys.,Soc. (London) 73, 939 (1959)'. 

113. R. Marrus, W. A. Nierenberg and J. Winocurj Phys. Rev. 120, 1429 

(1960). 

114. J. B. Gruber, W.R. Cochran, J. G. Conway,and'A •. J~'.Nicol; J. Chem. 

Phys. 45, (5), 1423 (1966). 

115. ,I. Fidone and K. W. H., Stevens, Proc. Phys. Soc. (London) 73, 116 

(1959) . 

116. M. Inoue, Phys. Rev. Lett. 11, (5), 196 (1963)~ 

117. Y. Bordarier, B. R. Judd and M. Klapish, Proc. Roy. Soc. (London) 

289, 81 (1965). 

118. L. Armstrong and R.Marrus, Phys.Rev. 144, (3), 994 (1966). 

119. K. Krebs and R. Winkler, Zeit. fur Phys. 160, 320 (1960). 

120. T. Manning, M.' Fred and F. Tomkins, Phys. Rev. 102, 1108 (1956). 
, ,-

121. R. E. Watson and A. J. Freeman, in Chapter 2 of Hyperfine Interactions, 

edited by A. J. Freeman and R. B. Frankel (Academic Press, New York,1967). 

122. M. Abraham, B.' R. Judd and H. H; Wickman, Phys.Rev. 130, (2), 611 

.' .. 
123. P. Sanders and G. Woodgate, Proc. Roy. Soc. (London) A247, 141 

, , (1958). 

124. J. Baker, B. Bleaney and W. Hayes, Proc. Roy. Soc. (London) A247, ,. 

, 141 (1958). 

125. E. Sabisky and C. Anderson, Phys. Rev. 148, (1), 195 (1966). 



'. 

" , "" . ':.; 
.' t .'.j .. ': ... 

" 

'~153...; -, ~. .,; .... 
... ,.. . 
. , ..... :. 

f' 

.~. > 

126. The least squares program was written by Miss Penelope Collom. 

127.W. Hayes and J ~ W. Twidell; Froc .PhYs. S~c. (London') 79, 1295 

128. The program was written by Miss Ruth Hinkins~' 

129. M. Abraham,E .. Lee and R. Weeks, J. Phys. Chem~,qolids.26;, 1249 

, . 

, ,... • I .~., < 

130. 
... ' - . ~ ~, .. 

J. De Boer and R. VanLieshout~ Physica XYv, no~5 ~ 6, 569(1949);;' 

131. ,W. Low, Phys. Rev.' 109, ('2), 265, (1958) • 

132. 
t ~ " 

J. G. Conway" Lawrence Radi~tion Laboratory, private communication:. " " (, 
, '.'. "'.-

133. 
I, ' 

J. P. Elliott,B. R. Judd and, W. A. Runciman, Froc. Roy. Soc. 

(London) A240, 509(1957). j " 

134., Serge Feneuieulle, Physics Department, University of' Paris~ 
, . .' . '. 

1350' ,A. Freeman and R ~ Watson, Phys.; Rev. '127, 2058(1962). 

136., Dr • Michael Wilson, Argonne Nat1. Lab., private communication. 

137. B. F. Kim and H. W. Moos ,Physics Dept., Johns Hopkins Univ. J ' 

private communication (to be published in The Physical Review). 

" , " 

" ' 

", 

.' .-
'. 'I > .' 

. ,. ~ 

" :". 

, " .. 

. . 

" -. ~ . 

.~ ,'.# ~: • 

. .... " 

• J , 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

8. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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