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ABSTRACT

S e A T ST .
The hyperfine interaction between a Pu3 ion in CaF2 and the surrounding

fluorine ligand nuclei has been measured by the electron nuclear double reso-

 nance (endor) method. The interaction can be expressed in terms of a Hamiltonia .

: ‘ N _
As gﬁ*f + Ap(BséIz - S”'T) vhere =z 1s along the bond axis. The parameters fouid
for the nearest néighbor fluorihe nuclei.are As = —13.39 + 0.01 MHz and

A = -0.135 * 0.01 MHz. The absolute signs of A, and Ap were determined by a

double endor experiment. The results show that effects due to coValéncy are

' much more pronounced in this actinide ion than in ions of the lanthanide series.

Measurements of the plutonium (or self) endor are also reported and the ground
e .
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in CeF, with an isotropic ground state is Pu3 (Ac'core, 5f
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' I. INTRODUCTION

The interactions between rare earth ions in cubic symmetry sites in

VCaFE and the surrounding fluorine ligands have been studied extensively by endor

(electron nuclear double resonance) spectfoécoPy.l Interpretations of the experi-

mental results in terms of molecular orbital theory2’3’h have been attempted

although for the most pért only qualitative explanations of the empirical results

have been obtained.

The first di- or trivalehtvibn*ih'the actinide series found in cubic sites
5 5)."’I'he free ion

3+

gfound state for Pu> is a J = 5/2 state which in eightfold cubic;coordination

decomposes -into a I., doublet lying lowest and an excited I'g quartet. The large

T
crystalline field mixes the J = 7/2 excited state into the ground state and the

resulting g valué measured by electron paramagnetic resonance (e.p.r.) enabled
the crystalline field to be est'imated.5 Subsequently the Pu3 hyperfine structure

239Pu

was interpreted oﬁ the basis of a similar model.6 The e.p.r. spectrum of
(i =1/2) cbnsists of two hyperfine lines each characterized by an almost iso-
tropic superhyperfine structure of 9 lines, as shown in Fig. 1. This structure
is inferpreted as being due to interactions of the Pu3+ ion with the eight

- o 3+
nesrest neighbor fluorine ions. In this paper we report our study of the Pu

CaF; system by‘endof téchniques and compare our results with those found pre-

2

vicusly for lanthanide ions in CaFZ. Measurements: of both the fluorine endor and

the plutonium (self) endor are described.
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II. EXPERIMENTAL
__A._‘Aéparatus

All’measurementé vere mede at én e.p.r. frequency of approximately
9.5 GHz usiﬁg'an eﬁdor"spectfometer similar in.éonstrucﬁidn'to thét described
by Davies ana‘Hurfell;Y' An r.f. coil of 1%-turns was mounted' inside  the
cavity and sufrounded the sample. Magnetic field modulatién at a frequency
of 100 KHz was supplied Ey a wir¢,also mounted in the cavity; A Varian E-9
microﬁave spéctrpmétef’was ﬁéed to reéord,the é;p.r. signals. The magnetic
field was prodﬁced By a 12'inch.Varian elecfromégnet with'a_Zg-inch gap and -
measured wifh a;proton MR ganssméfer'wﬁosé‘frequency was monitored_by a fre-
quency counter.' |

The'ehddf signals were.récprded on a ﬁucleaf.Data ND—lBl multi-channel
analyzer ﬁhiCh-waé attached td.the output of the Varian spectroﬁeter via a
voltage to frgquéncy coﬁverter..“Rgdio frequencies covering the range 10 to
. approximﬁtelyﬁllO»MHz:wefe obtained using'a Wiltron modei’6lOB swept frequency .
generator. Digital infprmation from the analyzer adaress scalef‘was used to
generate a ramp'vbltagé to sweep the Wiltron 0scillatof over the frequency rangev
of interest. Sufficient r.f. fpwer in the viciﬁity of 20 MHz to observe the
fluorine endor'signals was '‘produced by an RF Communications model 805 amplifier
capable of deiiVe;ing a maximum of 15 watts into a 50 th load, while an Instru—’
menté for Industfy model 510 wide band amplifier was used to.record the Pu3+
endor signal-Whiéh occurred at about'iOO MHz.

The_doubie endor'expefiments describea below were performed by adding
to the output:of the Wiltrén oscillatof a second frequency from a Hewlett Packard

608F signal generator. A Unispec 50 9 duplexer was used to combine the two

aigrnla.
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.B. Measurements

o containing approximately 0.05% 239503% vere

:.éiﬁgiezefystale.of éaF
g}own ae deécribed earlier.8 Cylindrical samples b mm in diameter and L mm
long with e'(;io):piene»ﬁqrmal;to the cyiinder axis werevehclosed in poly-
styreﬁe capSules‘fe prevehf'deLCOntaﬁihation and_mouﬁted in the micfowave
'eavity. A werm gear drive was provided'to rotate the crySfal about the (110)
.axis whieh waé:hofizontal andiparallel to the d.c. magﬁetic field. With this
errangemenﬁ the [iOO],vfllOJ, and [lli] directiqns could be ebtained. When
. necessary, smali eefreCtione in orientétion could be made by rotating the mag-
netic field. The crystal_orientaﬁibns were determined eXperimentally by
observihg'the Syﬁmetrj properties of the enisotrebic fluorine endor signals as
described below. .

Both ﬁhe fluOrine'end Pu3+ endor spectre were obtained by adjusting

the magnetic'field to a maximum of the e;p.r. derivafive,signal and then turning
on the analyZer; 'Repetitive sweeps of the endor frequencies were made until
;ﬁ adeguate signel to noise ratio was obtained. In practice 20 to 50 sweeps
were requifeaat‘The_frequency sweep rate and spectrometer time constant ﬁere
adjusted_to avoid distortion of the ender signals, typical values being

500 KHz/sec and 0.01 sec. After the data was recorded the frequencies swept

by the Wiltron oscillator were measured with a frequency counter.

C. Experimental Results

. The Pu3+ self endor frequencies were isotropic and were fitted to the

following spin_Hemiltonian
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‘ﬁith s!' =.l/2 éhdvi =‘l/2; .The-reéﬁits including the elécﬁrohic g factor
pre&iOuSiy meaguréd5 are showntin Tabie I. The difference between gé.and the
_true nﬁcléar"g:’faétor”will éé-discussed below,_ The Pulendor_linewidthé were
foﬁnd to béxappfoximately SQO KHz which is:an:ofderAbf magnitude broader than
éxpected2 fof.aﬁ'iﬁﬁcmogeneously‘Bréadened e;p.r. line ana.a hyperfine coupling
consfant of only-200 MHz. .This unuéﬁalblinéwidth provided a‘éeriOué limitation
to the acéurgcy'ofbthe spin:Haﬁilﬁbnianvpéréﬁeters.bﬁtained; Similar problems
have béén'encdﬁntéred iﬁrendof studies of Yb3+ in CaF2.9
| The flubrine endor spectrum:consisted of three well separated groups of
lines having'liﬂéwidths:of_aéproximately 56 KHz.  For the magneticbfield of about
SMCO gauss ﬁséd, these_occﬁrred invthe vicinity of 1h_aﬁd 28 MHz and near the
free flﬁorinerfréquency'of 21 MHz. - The endor lines near 14 and 28 MHz can be
‘aﬁtributed to_hypérfine-interaCtions of the Pu' ion_with the firstvshell of 8
neérest neighbof:flﬁorine ions'surrounding it, whilevthe_remaining portion of.
the spectrum fesults from interactiéns with more distant fluorine ions.
The‘iﬁteractiOns_of a‘mggnetic ion with a fluorine ligand have been

described by‘Béséent a,rid_H_a,yes)"L and ofhersg'and;can be represented by the fol-

lowing spin Hamiltonian:'

F

He = [AS + Ap(3§9§.6-1)]sz Iz_+ 3Ap.s1n9‘cos6 SZ I, -eB 0T, (2)

where S'='1/2,*I = 1/2 is the fluorine nuclear spin, gp is the fluorine nuclear

g factor, and - O is the angle between the applied magnetic field and the inter-

nuclear axis. In this Hamilténian AS is a parameter describing the contact .
interaction through the fluorine 1ls and 2s orbitals and A,p is a dipolar term

' which'includes the dipole-dipole interaction Ad =g B gth/R3 between the two

L«
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nuclei as well as interactions with the fluorine p. orbitals. The Hamiltonian

“can be-diagonalized'to give the following expression for thé fluorine endor

ffequencies;

1/2

v, = [{gfgg.H #'i/é[As #'Af(S‘cosge—l)]}2'+'%-A§ sin ' coégel .b (3)

‘Data for the first and second fluorine shells surrounding the'Pu3f ions were

fit to this expression; the results afé given in Table II. The experimental
data was inadequate to permiﬁ‘a'reliable fit to be made_for the more distant
shells. Table III shows thebeXperimental-and calculated endorvfrequencies for

the nearest neighbbf fluorine ligands.

vEnhancément'of Fluérine Endor Signals
.As diséuSSed previously the nearest heiéﬁbor fluorine endor spectrum
for a magnetic field parallel to ﬁﬁe (100> direction consiéts of two lines,
one situated near 1b MH; and the other neér 28 MHz. A double endor experiment
was performedvin.which.one‘of these.lines was saturated continuously while the
other was measured. An enhancement of approximately a factor of 20 in the
measured transiﬁion waé'produced under these conditions. For an arbitrary
orientaﬁion of the magnetic field the 8 nearest neighbor fluorine ligands are
nqt equivaléht_and a maximumlof L endor iiﬁes can occur near each of the above
frequencies. Since IASI>>|API the total splitting of the nearest neighbor
endor‘lihes is Iess'thaﬁ 1 MHz. It was found that an enﬂancement of approxi-

mately a factor of 20 for all four lines was obtained by saturating any one of

the lines from the opposite group. Figure 2 shows an example of this type of
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enhancement. 1The~eﬁdor lines frdm the next nearest neighbor énd more distant
fluorine shellﬁ élso occur in pai%s:situated symmetriéally about the free
fluorihe freQuency. Né ﬁé&surable enhanCement of these liﬁes was obéerved
~under éiﬁilafvexpefimental”conditioné.3

A:pdséiblé explaﬁatién fdr‘these doublevresonanée results can be obtained
with théfhelpqu Fig. 3. In this figure the four energy'leveis described by the
spin Hamiltonian'(Eq. (1)) are each.spliﬁ into fwo more levels by the fluorine
interaction,vwhich for the sake of clarity is assumed to arise from only one of
the éight.nearest neighbor fluorines. Thus ve and vé represent two adjacent
supefhyperfinéLé.p.f. lines. If v_is saturated a small endor signal can be
observed by sweepihg through the fluorine’tfanéitiohzv_.  If at the same time
the other fluorine tré‘ns'it‘ion,‘v+ ié saturated, the effects of its relatively
long reiaxatiéq:fime are "shoft:cifcﬁitéd".and é new relaxation:path is opened
up thr-ough‘\)+ andithe upsaﬁuratea électrqhic transition vé. This additional
reiaxafién path back to'thé'grouhd state then résults in an enhanced signai.

Enhanééménf_throuéh'fhe above pfocess will.occﬁf oﬁly if the electronic
,transition,'vé is nof_alreadyvsaturated. Ir Ve and vé are coupled diréctly
through cross‘rélaxatiOn, saturation of ve will cause vé to become saturated»
as well and novenhancemenf will be produced. In the case of the nearest neigh;
bor fluorine'endor the eleétronic transitions ve and vé are widely sgparated ih
energy and inifaCt'belong ﬁp different superhyperfine lines in the e.p.r. spec-
trum. As a fesult thére,is neéiigible cross reiaxation between them and a large
"énhancement_can be obtained. “On the other h&nd.the next nearest neighbor
: resongnces occur over a much smaiier range of frequencies. ve and vé'for these

transitions belong to the same superhyperfine e.p.r. line and are presumably
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coupled by’cfosé pelaxation;j Thérefore one would not expect any'énhancement
of the typevfouﬁd for the nearest neighbor fesonancesfand none is found.

In the éase of.thevoff axls resonances theinearest neighbor fluorin:=
transitioné observed for the inequivalent_fluorine sites occur within a f?e—
quency range of 1 MHz. In the sbsence of cross relaxation it would be possible
to enhance the§e resoﬁances one at & time. However, due to their close proximity
and the presence of cross relaxation théreffeét of saturating any one of the
four endor.traﬁsitions isbsufficienf to yrovide a relaxétionbpath for all the
others.

Endor enhancements of the above'type have been discussed theoretically
‘by Feher10 anlereedll_ana have been observed recently12 in irradiated single
crysfals of KﬁgAsOL.' In'the.presént»case the enhénced signals were used to

improve the accuracy of the nearest neighbor flouriné endor measurements.

Enhancement of Plutonium Endor Signals

Duriné.thé couféé of measuréments of thevplutonium endbr frequencies
w+.and'w; it Was”found that the amplitude of the signéis increased dramatically
_when_the repetitive-sweep rate'thfough the two lines was increased. In fact
when the time'requiredvto traverse the two lines wés reduced to. about 0.1 sec
an increase'in”intensity of at least a factor of 25 was observed. On the other
hand.rapidvsweeps through 6nly one of the two linés led to no increase in
intensity. The_fact.that a double endor eXperiment in which w _was saturated
continuously did not produce a significant enhancement of the endor transition
at the:frgquehcy Ww_ seems to rule dut the mechanism used to explain the enhance-

ment of the flourine endor signals.
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 Under the}éircumstahéesgit-seems'likely that a'mofe'plausible explana-

tion would involve the rél&tive;transition rates, Wé and Wn of the electronic

and nuclear transitions. A diagram showing the appropriate’énergy levels and ' - E

transition rdfeé is given in Fig. L. We assume that the’éleétronic transition
a~>*b isksaturated ét the migroﬁave frequency Voo As FeheflS'hﬁs pointed outgk
given a sufficiently.lsng nuélear relaxation‘tﬁme it is possible to adiabatically
invert the nuclear spin populatibnbby sweepihg through the resonance at a.fate.
faster than Wl If ve sweep raﬁidly_ﬁhrough both endor trensitions, the net
effect of the exﬁeriment ﬁoulaqbe to alternatély invert the pdpulations of.thé
levels a + o én&ib.+ d associated with w, and w+‘and:£o complete the relaxation
path back to the,ground state'fhrough the unéaturated e.p.r. transition ¢ -+ d.
If the electroﬁﬁc'transition ratéjwe:>$ Wn a large enhancement is expected.
Experimentally, to obtain the.best éignal'fo noise ratio, it‘Was
desirable to s&éepzas7rapidly as.possiblef  Unfortunatély at high sweep rates
a éhift in freQﬁency of the positions of the endor lines was observed. The
origin of this shift»is not undéfstood; it did not result from. the integration
time cdnstantiof'the microvave spectrometer which could bé:ﬁeduced.to 0.003 sec.

" The experimeﬁtaivtechnique'adOPted was to reduce the sveep rate until no shift

was observed befére recbrding the data.
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III. DISCUSSIQN

Plutonium Nuclear g Factor
The nuclear moment of ’Pu has been measured by Faust et al.”  using
atomic beam techniques. They-fQund'un =+0.,200 #* Q.OOh nuclear magnetons which

4 Bdhr‘magnetons. When

corresponds to a g factor of g = (2.18'i.0.0h) x 107
thé Pu>nucléus 18 placed in a solid suéh as CaF2 the méasﬁred nuclear g factor,
gé is fouha tbidiffer from gh by‘an ambunt‘Agﬁ. This psuedo-nuclear g factor
results froﬁ a second ofder'éffecf.ih which érpss terms bétween the electron

oL : : : : > >
Zeeman interaction and the hyperfine coupling give a term proportional to H-I.

Agn can be computed from the perturbation expression15

> > :
. (r1|aT-8r|rErcrl|ep 7.3 1) |
Agn g HI= =2 T ’ (L)
whére W2‘- Wl is the energy separation between the P% ground state and the Fé

excited state.

The matfix elements of Eq. (h) were calculated with the use of inter-
mediate coupled ﬁave functions'éiven by Conway and Rajnak16 and used by them to
interpret the optical spectrum. The 6H ground term of Pﬁ3+ which has an elec-
tfénic configufation of st, is split by the épin orbit coupling into a J = 5/2
grouhd stateFand a J=T/2 first exéited étate. In the alkaline earth fluorides
the érystaliine;field interaction is large enough to cause étrong mixing between '
these two. states. To écc&ﬁnt for this the crystalline field wave functions were

5 o .

written as

. lr;i)_='cps¢|J = 5/2, r;-> - sing|J = 7/2, r;' ) | (5)
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and
Ll _:l . _ o ; . _ L4t
Irg? = cos|J = 5/2, Tg(1) ) - sind|d = 7/2, Tg (1))

+
7

: CaF, was obtained from a prévious analysis

etc. have been defined previously.5 The miXing para-

5

‘where the wave functions T

3+

meter ¢ = =15.1° for Pu of the

velectronic g ‘factor. The calculafion was performed using the‘methods already

described in Béféi 5 and 6. The final result obtained is

bg, =&y - M e o (6)

The experimental nuclear g factor, gé can be obtained from the pliu-

tonium endor data by fitting it to the spin‘Hamiltonian (1), If we define the

, and w_as Aw, Eq. (1) can be

difference in"the-plutonium endor frequencies, &
solved exactly to yield
2

A
2Rg -~ Aw

gn - f 28 {Aw + ) o (7)

where B = udH/h.: Depending on the labeling of the states cdnnecting w, and w_,.

Aw can be either positive or negative”thus yielding two possible values for g;.

In principle it should be possible. to distinguish between these two values by
simultaneously analyzing the endor data from both e.p.r. transitions since they -

occur at different magnetic fields. However because of the broad endor lines

-

the limited accuracy of the data made this impossible. The two values of g;
' , ' 101
obtained are given in Table IV together with the corresponding FT - F8 energy

- separation predicted by Eq. (6).
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Edelstein gﬁ_g;,s fromzan analysis of the e.p.r. data of P>t have
estimated the energy splitting Wé - W, to be in'the.range 250-300 cm L. By

cOmparison with Table IV we. therefore make the choice that Aw is positive giving

= (0. 81 0 05) x 1o’h'Bohr:magnetons and W =»3h8 + 25 Cm—l. The

2.'—
labellng of the Spln Hamlltonian energy levels deflned by this choice of w,

and w_ 1is shown in Fig. 3 to be discussed below.

Fluorlne Endor

Whlle the magnitudes and relative. 81gns of the two fluorine hyperflne
parameters As and'Ap can be obtalned'by fitting the endor data to Eg. (3), the
data is insufficieni to detérmine the absolute signs of these quantities. In
order to meashféithese signs a douﬁle endor ekperiment was‘performed. The two
peaks corresponding to the Pu3 endor were recorded while simultaneously
saturatlng either the upper or the lower frequency nearest- nelghbor fluorlne
tran31tlon w1th‘a‘second751gnal gene;ator operating at a flxed frequency. Tt
was found thgt_saturaﬁing the_upper flupfine transition enhanced the upper
.plutqniumvendqr peak and reduced the intensity of the lower plutonium peak,
while saturating the lower fluorine fransition producgd‘fhe opposite effect.

Expefiments of . this t&pe ﬁaVe'béen described by Cook and Whiffen® | who
eXamined theiéhangés producéd in the relative populations‘of the magnetic levels
under these céﬁditions. They showed that simultaneous endor transitions between
states connéc£ed'by the same electronic spin quantum number reduced each others

intensity while transitions between states with different electronic spins

enhanced each other.
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Tﬁis gffecﬁ is illustrated fof the present case in Fig; 3. If the e.p.f.
transition,‘ve is saturatéd? endor transitions canbe ébserved_with equal inteh—
sity at the two plutonium»frequencies w, ahd w;. If in addition the fluorine
traqsition v+tis_sgtuféted, aécqrding to the arguments of Cook17 thé population
différehce betﬁéén:fhg étafeé connected by w_ will be reduéed while thatvbetwéen
the statés connected by Q; will be increased. ‘ThuS‘r;f. irradiation at fre-
quehcy w; will be .more effectiVé in:reducing'tﬁe saturation 6f Ve and will pro-
duqe a larger.endor sighal. Of course, if .the other fluorine t?ansition, v
is saturated thé.opposife effect will be»produéed.“

Gi#en thévnegative signévofjtheveléctronic bg vélges and hyperfine
parameter'A6 dﬁd the choice of the effécti#eknuclear é vélué discussed above,
it is a simple m;tter fo ¢stabliéh the’ordéring of the magnetic levels déter-..
mined by Eq. (1); Then with_the addifidnal information provided by the d;uble
endof exﬁeriment iﬁ’folloﬁs'fhat ) coﬁsiéfént'piéturé of all the levels één be
obtained only if Asvand Ap a?e béth chosén'negative.

It was not possible to-obtain the signs of the fluorine hyperfine paré—
meters for the second shell of fluorine ligands by the atove technique since
no enhancemenf.éould be observéd..

The flﬁ9fine endor spectra_of several lanthanide series ions in_CaF2

2,4,18 For the purposes of comparison, values

have been measured in recent years.
of the nearéét_neigﬁbor fluorine hyperfine parameters, A_ and Ap for some of these
ions are shbwn in Table V alOng'with the present data. From an inspectibn of

the table it'is_aﬁparent that several significant differénces exist between the

3+

interactions df the actinide Pu~ with the fluorine ligards and the interactions

of typical members of the lanﬁhanide series. The large value for the isotropic
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contribution, As to the fluorine hyperfineyinteraction indicates that the effects

of covelency in Pu3- are much more pronounced than in the lanthanides. The

exteﬁSive covaienthveriap is also maﬁifested in the large différence Ap - AD
between the dbserved.dipélar inﬁeraction and the interaction expected from point
dipoléé. The boint di?olaf term AD = gf gFBn/R3 is‘calculated on the assumption
that the hosﬁ crystai latticevparameters are unchanged by the introducfion of

the paramagnetic ibh. While somé disforfionvis expected it is unlikely that it
could account for more than a sﬁali fraction of the difference Ap - AD.

As mentiohed in the introduction; the large value for the isdtropic.con—
tribution, AS aﬁd the fortuitous heér canceliation~of the terms contributing to .
Ab leads to a trénsferred.hyperfine (sﬁperhyberfine) structure in the e.p.r.
spectrum which i§ wéil resolved for all orientations of the éxternal magnetic
field. A reéélﬁed superhyperfine structure was also observed for_example'in_

03, 3t . ‘Nd3+.19 These resulté

5 but not in the cdrresponding'ion hf3,

suggest an incréasevin the covalency of the bondihg of 5f -electrons over the

corresponding 4f electrons of the lanthanides.

In ordef to calculate As and’AP'it'is necessary to construct molecular
orbitals from the electronic wavefunctions of the'impurity ion and the ligands.

Such a calculation for Pu'3+ has not been performed at present. However the

endor spectrum of Bt for which A and Ap - A, are also negative has been dis-

cussed by Baker aﬁd_Hurrell.2 ,Using the calculated results of Freeman and -

watson2o for the isoelectronic ion Gd3+

they obtained the value A_ = -8.2 MHz
which although a factor of 4 too large has the correct sign.  According to

Freeman and Wetson's theory,?l to explain the signs of the transferred hyperfine
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parameters it is necessary to consider not only the overlaﬁ,of the hf electrons
but also the effects of polarization of the 5s and 5p.sﬁells. Presﬁmably a
somewhat similar éituatibn is present in the case of st, Pu3+ and would have
to bé céﬁsideredaih a‘detailed.analysis 6f the fluoriné.hyperfine interaétion.

: bBefore cqncluding.this sectioﬁ it shéuld,be pointed out that the effééts
of covalency greiStill Quité ;pparent;in the secoﬁd shell of fiuorine ligahds
as can be seen from Table ii. Thisvis'in contrast to fhe-resu;tsz’h for the
various‘lanthénide iohs in which'the second shelliinteractioné can be very

nearly rebresentéd»by pointvdipoles.'

hi
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IV, SUMMARY

We ha&eimeasured-fhe fluoriﬁe hypérfineiparaméters AS anq Ap for the
first and éecoﬁd sﬁéllifiuorihe liéands of Pu3+ in CaF,. The reéults show that
effects due to covaléncy-are mﬁéh more prdﬁounced in this‘actinide ion than in
ions of the lanthahidé seriéé. The"signs-of'As andiAp for the first shell of
fluorine ligandsvhave been1determined by means.of’a double endorvexperiment and
are found to be‘neéative;v This infofmation shouid be usefil in future calcula-
tions of the bonding parameters. |

The péﬁedo nuclear g factOr,'g; was determined from measurements of
the plutonium en§or signalé. A calculation was performed which related g; to
the true nuclear g factorkmeasurédvpreviously and provided a verification of
earlier estimateé of the.energy separation of the FY and T8 cr&stal field energy

levels.
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I. Spin Hamiltonian parameters of Pu

3+

1n»CaF2

1.297 + 0.002%
200,45 + 0.1 MHz

(0.81 t 0.05). X'lo-h_ Bohr magnetons

(2.18 + 0.0k) x lO-h Bohr magnetonsb

1,

UCRL~20k41k
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Table II. Fluorine Hyperfine Parameters-

Shell A_(MHz) A, (iz) - Ap(MHz)
(obs.) v (obs .) (calc.) : G
1 - -13.391 % 0.01  -0.135 + 0.01 +3.68 o
2 - -0.59 *o0.02% ¥0.16 * 0.02% | +40.53

#The absolute signs of these quantities are not established.

%
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Teble III. Experimental and Calculated Nearest Neighbor
: : Fluorine Endor Frequencies :

Freq; calc. Freq. obs. Magnetic

Magnetic field cos29
orientation . . : (MHZ ) _ (MHz) field
a o [100] B VE o 1k.1bk ; 14.168 5202.5
27.536 27.5k40 - 5202.5
1k4.584 14.597  5312.1
. 27.975 27.980 - 5312.1
[110} o 1h.a91 14,183 5197.3
| | 27.447 2 27.4k1 5197.3
‘lh.63h, 14.616 5308.0
- 27.890 27.887 © 5308.0
[110] . 2/3 1k.057 14.057 ©5197.3
| | 27.582 27.579 5197.3
14,500 1h.b87 ~ 5308.0
28.025 - 28.025 5308.0
'[111]‘ B y.006 - 1k.010 5201.2
27.665 27.666 - © s5001.2
1h.h57 © 1k.4hg 531k4.3
- : o | | 28.118 | 28.113 531L.3
’ .1/9 1&.18h 14.177 5201.2
27.&85 27.473 : 5201.2
1k4.637 14 .626 531k4.2

27.938 , 27}916'1 7 531h.2
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Table IV. Psuedo Nuclear g-factor for different choices of Aw

sign of Aw’ : g;(Bohr mag.) | ':-W2~W1(cm-l)
positive -~ (0.81 £ 0.05) x 107 . - 348 + 25
negative . (2.05 * 0.02) ><_10‘h - 3770 £ 1700

¥

]
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Table V.

;2I- R ,_ UCRL-20L1L

- -

Neérest'Neighbor Fluorine Hyperfine Parameters.for Ions in CaF2
Ion A (MHz) APLMHZ) . - Ap(MHz)
248 '
-2.23 £ 0.01 : 4,01 + 0.01 5.6
2+b S v .
2.584 + 0.01 12.283 + 0.01 : 9.8
3+C - ) 7 -
- 1.6T7 % 0.05 17.57 + 0.05 : 9.8
3+  -13.391 # 0.01 - -0.135 £ 0.01 3.68
®Ref. 2.
bRef. 4.

CRer. 18.
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' FIGURE CAPTIONS .

Pig. l.' e.p;r;:dérivative speqtrum of Pu3+ in CaFe, vThe.general appearance éf
| the sPeétrum,_which isvSﬁbwﬂ heie'for an unoriented éample, is independehtv cj
~of the diréction'of thé.extefnal mégnetic fiéld. - |

Fig. é. Néérest neighborylp#er fféqueﬁéy fluorine endor spectrum ﬁear the (110)

direéfidh,(a, with.éﬁhancement at 27.902 MHz (a&eragé of 10 sweeps) (b) no
enhancemenf (éverage ofiéQ sweeps) . |

Fig. 3. Spin Hémiltonian_energy levels. The four énergy levels of Eq. (1) are
véach sélit into two by'fhenfluoriﬁe interaction Eq. (3). The labeling of

the states and the'idéntificatiqn.of the transitions between thembcorrespond
to the text (Sec. III). |

Fig. L. Spinfﬁémiitonian energy levels corre3ponding_tQ_Eq. (1). The e.p.r.

transitioﬁs’a 4 b anavc »,d’areyidentified by their corresponding fre-
Quencies,‘ﬁekénd v; ahd:tﬁe'endor transitions are dénéted by w+'andlw_.

' We and Wn are the electronic and nuclear transition rates.

i
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EPR spectrum
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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