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The hyperfine interaction between a Pu ' ion in CaF2 and the surrounding fluorine ligand nu-
clei has been measured by the electron-nuclear double-resonance (ENDOR) method. The in-
teraction can be expressed in terms of a Hamiltonian Ap' i+A&(SS,'I, S' -I), where s is along
the bond axis. The parameters found for the nearest-neighbor fluorine nuclei are A~ =-13.39
+0.01 MHz and A&=-0. 135+0.01 MHz. The absolute signs of A, and A& were determined by a
double ENDOR experiment. The results show that effects due to covalency 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-state crystalline-fieM splitting
is shown to be 348+25 cm

I. INTRODUCTION

The interactions bebveen rare-earth ions in
cubic symmetry sites in CaF~ and the surrounding
fluorine ligands have been studied extensively by
ENDOR (electron-nuclear double-resonance) spec-
troscopy. ' Interpretations of the experimental re-
sults in terms of mol. ecular orbital theory have
been attempted, although, for the most part, only
qualitative explanations of the empirical results
have been obtained.

The first di- or trivalent ion in the actinide se-
ries found in cubic sites in CaF& with an isotropic
ground state is Pus' (Ac core, 5f'). The free-ion
ground state for Pu' is a J= —,

' state which, in
eightfold cubic coordination, decomposes into a
I"~ doublet lying l.owest and an excited I", quartet.
The large crystalline field mixes the J= ~~ excited
state into the ground state and the resulting g val-
ue, measured by el.ectron paramagnetic resonance
(EPR), enables the crystalline field to be esti-
mated. ' Subsequently, the Pu" hyperfine structure
was interpreted on the basis of a similar model.
The EPR spectrum of ss Pu (I= -',) consists of two
hyperfine lines, each characterized by an almost
isotropic superhyperfine structure of nine lines,
as shown in Fig. 1. This structure is interpreted
as being due to interactions of the Pu' ion with
the eight nearest-neighbor fluorine ions. In this
paper we report our study of the CaF~: Pu" system
by ENDOR techniques and compare our results
with those found previously for lanthanide ions in

CaF, . Measurements of both the fluorine ENDOR
and the plutonium (self-) ENDOR are described.

II. EXPERIMENTAL

A. Apparatus

All measurements were made at an EPR fre-
quency of approximately 9.5 6Hz using an ENDOR
spectrometer similar in construction to that de-

scribed by Davies and Hurrell. ~ An rf coil of 14
turns was mounted inside the cavity and surrounded
the sampl. e. Magnetic field modulation at a fre-
quency of 100 kHz was supplied by a wire also
mounted in the cavity. A Varian E-9 microwave
spectrometer was used to record the EPR signals.
The magnetic field was produced by a 12-in. Varian
electromagnet with a 28 -in. gap and measured
with a proton NMB gaussmeter whose frequency
was monitored by a frequency counter.

The ENDOR signals were recorded on a Nuclear
Data ND-181 multichannel analyzer which was at-
tached to the output of the Varian spectrometer
via a voltage to frequency converter. Radio fre-
quencies covering the range 10 to approximately
110 MHz were obtained using a Wiltron model 6108
swept frequency generator. Digital information
from the analyzer address sealer was used to gen-
erate a ramp voltage to sweep the Wiltron oscil-
lator over the frequency range of interest. Suf-
ficient rf power in the vicinity of 20 MHz to ob-
serve the fluorine ENDOR signals was produced by
an RF Communications model 805 amplifier capa-
ble of delivering a maximum of 15 W into a 50-
load, while an Instruments for Industry model 510
wide-band amplifier was used to record the Pu '
ENDOR signal which occurred at about 100 MHz.

The double ENDOR experiments described below
were performed by adding to the output of the Wil-
tron oscil.lator a second frequency from a Hewlett
Packard 608F signal generator. A Unispec 50-
duplexer was used to combine the two signal. s.

B. Measurements

Single crystals of CaF~ containing approximately
0.05% st Pu" were grown as described earlier. '
Cylindrical samples 4 mm in diameter and 4 mm
long with a (110) plane normal to the cylinder axis
were enclosed in polystyrene capsules to prevent
a contamination and mounted in the microwave
cavity. A worm-gear drive was provided to rotate
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the crystal about the (110) axis which was horizon-
tal and parallel to the dc magnetic field. %'ith
this arrangement the [100], [110], and [111]direc-
tions could be obtained. When necessary', small
corrections in orientation could be made by rotat-
ing the magnetic field. The crystal orientations
were determined experimentally by observing the
symmetry properties of the anisotropic fluorine
ENDOR signals as described below.

Both the fluorine and Pu ' ENDOR speetx'a mere
obtained by adjusting the magnetic field to a max-
imum of the EPR derivative signal and then turning
on the analyzer. Repetitive sweeps of the ENDOR
frequencies mere made until an adequate signal-
to-noise ratio was obtained. In practice, 20-50
sweeps were required. The frequency smeep rate
and spectrometer time constant mere adjusted to
avoid distortion of the ENDOR signals; typical
values were 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 Pu ' self-ENDOR frequencies mere isotropic
and mere fitted to the following spin Hamiltonian:

K=gp, z H ~ S +A.I 'S -g „p,~H' I,
where 8' = ~ and I= ~. The results, including the
electronic g factor previously measured, ~ are
shown in Table I. The difference between g„and
the true nuclear g factor will be discussed below.
In this paper, all nuclear g factors mill be ex-
pressed in units of Bohx magnetons. The Pu
ENDOR linemidths were found to be approximately
500 kHz, which is an order of magnitude broader
than expected for an inhomogeneously broadened
EPR line and a hyperfiae coupling constant of only

2QO MHz. This unusual linewidth provided a serious
limitation to the accuracy of the spin-Hamiltonian
parameters obtained. Similar problems have been
encountered in ENDOR studies of Y13' in CaF3. 9

The fluorine ENDOR spectrum consisted of three
well-separated groups of lines having linemidths

of approximately 50 kHz. For the magnetic field
of about 5200 G used, these occurred in the vicinity
of 14 and 28 MHz and near the free-fluorine fre-
quency of 21 MHz. The ENDOR lines near 14 and

28 MHz can be attributed to hyperfine interactions
of the Pus' ion with the first shell of eight nearest-
neighbor fluorine ions surrounding it, while the

remaining portion of the spectrum results from
1nteractlons with more distant fluorine lons.

The interactions of a magnetic ion with a fluorine
ligand have been described by Bessent and Hayes4

a.nd others and can be represented by the folloming

spin Hamiltonian:

Ãv= [A,+A~ (Scos~8 —1)]8,'IF

+3&~ sin8cos88, I~ g-rIJeII, IF, , (2)

where 8'=2, I =~ is the fluorine nuclear spin, g&
is the fluorine nuclear g factor, and 8 is the angle
between the applied magnetic field and the internu-
clear axis. In this Hamiltonian A, is a parameter
describing the contact interaction through the fluo-
rine 1s and 2s orbitals and A~ is a dipola, r term
which includes the dipole-dipole interaction AD =g p, ~
&&gF p e/

R' between the central ion and the fluorine
nucleus as weQ as interactions with the fluorine P
orbitals. The Hamiltonian can be diagonalized to
give the following expression for the fluorine
ENDOR frequencies:

v, = '~ ~ Fs-'[A, +A~(8tos I —l)j)

1/8
+4 A~sin leos 8

Data for the first and second fluorine shells sur-
rounding the Pu ' ions were fit to this expression;
the results are given in TaMe II. The experimental
data mere inadequate to permit a reliable fit to be
made for the more distant shells. Table III shows
the experimental and calculated ENDOR frequencies
for the nearest-neighbor fluorine ligands.

Enhancement of Fluorine ENDOR Signals

As discussed previously the nearest-neighbor
fluorine ENDOR spectrum for a magnetic fieM par-
allel to the [100]direction consists of two lines,
one situated near 14 MHz and the other near 28
MHz. A double ENDOR experiment mas performed
in which one of these lines was saturated continu-
ously while the other was measured. An enhance-
ment of approximately a factor of 20 in the mea-
sured transition mas produced under these condi-
tions. For an arbitrary orientation of the magnetic
field the eight nearest-neighbor fluorine ligands axe
not equivalent and a maximum of four ENDOR lines
can occur near each of the above frequencies. Since
l&, l » l&&l the total splitting of the nearest-neigh-
bor ENDOR lines is less than 1 MHz. It was found

TABLE I. Spin-Hamiltonian parameters of Pu3' in
CaF2.

g =1.297+ 0.002
A =200.45+ 0.1 MHz
g„'= (0.81+0.05) x10 ~ Bohr magnetons"
g„=(2.18+0.04) x10 4 Bohr magnetonsc

~He ference 5.
Calculated using Eq. (7).

CHeference 14.
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1 lo gauss
TABLE III.- Experimental and calculated nearest-neigh-

bor fluorine ENDOR frequencies.

Magnetic-field
orientation cos28

Freq calc Freq obs Magnetic
(MHz) (MHz) field

t100]
27. 536
14.584
27. 975

14.191
27.447

'

14.634
27. 890

14.168
27. 540
14.597
27. 980

14.183
27.441
14.616
27. 887

5202. 5
5202. 5
5312.1
5312.1

5197.3
5197.3
5308.0
5308.'0

FIG. 1. EPH derivative spectrum of Pu ' in CaF2.
For the frequency of 9.5 GHz used, the resonance occurs
at a magnetic field of approximately 5200 G. The general
appearance of the spectrum, which is shown here for an
unoriented sample, is independent of the direction of the
external magnetic Geld.

that an enhancement of approximately a factor of.
20 for all fom lines was obtained by saturating any
one of the lines from the opposite group. Figure
2 shows an example of this type of enhancement.
The ENDQR lines from the next-nearest neighbor
and more distant fluorine shells also occur in pairs
situated symmetrically about the free-fluorine fre-
quency. No measurable enhancement of these lines
was observed under similar experimental condi-
tions.

A possible explanation for these double-resonance
results can be obtained with the help of Fig. 3. In
this figure, the four energy levels described by the
spin Hamiitonian [Eq. (1)] are each spiit into two
more levels by the fluorine interaction, which for
the sake of clarity is assumed to arise from only
one of the eight nearest-neighbor fluorines. Thus,
v, and v,

' represent two adjacent superhyperfine
EPH lines. If v, is saturated, a small ENDOR sig-
nal can be observed by sweeping through the fluo-
rine transition v . If at the same time the other
fluorine transition v, is saturated, the effects of
its relatively long relaxation time are "short cir-
cuited" and a new relaxation path is opened up
through v, and the unsaturated electronic transition
v,'. This additional relaxation path back to the
ground state then results in an enhanced signal.

Enhancement through the above process will occur

14.057
27. 582
14.500
28.025

14.004
27. 665
14.457
28. 118

14.184
27.485
14.637
27. 938

14.057
27. 579
14.487
28. 025

14.010
27. 666
14.449
28. 113

14.177
27.473
14.626
27. 916

5197.3
5197.3
5308.0
5308.0

5201.2
5201.2
5314.3
5314.3

5201.2
5201.2
5314.2
5314.2

(a)

V gV
V
V

v
V
V g
V V

V

V

V
V

only if the elect;ronic transition v, is not already
saturated. If v, and v, are coupled directly through
cross relaxation, saturation of v, will cause v, to
become saturated as well and no enhancement will
be produced, In the case of the nearest-neighbor

TABLE II. Fluorine hyperfine parameters.

A., (MHz)
obs

A~ (MHz)
obs

A.~ (MHz)
calc

fr equ enc Y ( MH z)

1 —13.391+0.01 —0. 135+ 0.Ol + 3.68
2 —0.59 +0.02 + 0. 16 + 0.02 + 0.53

Absolute signs of these quantities are not establ, ished.

FIG. 2. Nearest-neighbor lower-frequency fluorine
ENDOR spectrum near the t110] direction with (a) en-
hancement at 27.902 MHz (average of 10 sweeps) arid
(b) no enhancement (average of 20 sweeps).
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gle crystals of KHBAsQ4. In the present case the
enhanced signals were used to improve the accuracy
of the nearest-neighbor fluorine ENDOR measure-
ments.

Enhancement of I /ntonjggnF E+Do+ Signals

I I

2 2

I I

2 2

I

2

FIG. 3. Spin-Hamiltonian energy levels. The four
energy levels of Eq. (1) are each split into two by the
fluorine interaction Eq. (3). The labeling of the states
and the identification of the transitions between them
correspond to the text {Sec. III).

fluorine ENDOR, the electronic transitions v, and

v, are widely separated in energy and, in fact, be-
long to different superhyperfine lines in the EPR
spectrum. As a result, there is negligible cross
relaxation between them and a large enhancement
ean be obtained. Qn the other hand, the next-near-
est-neighbor resonances occur over a much smaller
range of frequencies. v, and v,

' for these transi-
tions belong to the same superhyperfine EPB line
and are presumably coupled by cross relaxation,
Therefore, one mould not expect any enhancement
of the type found for the nearest-neighbor reso-
nances and none is found.

In the case of the off-axis resonances, the near-
est-neighbor fluox ine transitions observed for the
inequivalent fluorine sites occur within a frequency
range of 1 MHz. In the absence of cross relaxation
it would be possible to enhance these resonances
one at a time. Homever, owing to their close prox-
imity and the presence of cross relaxation, the ef-
fect of saturating any one of the four ENDOR tran-
sitions is sufficient to provide a relaxation path
for all the others.

ENDOR enhancements of the above type have

been discussed theoretically by Feher' and Freed"
and have been observed recently'~ in irradiated sin-

During the course of measurements of the plu-
tonium ENDOR frequencies , and ~, it mas found
that the amplitude of the signals increased dramat-
ically when the repetitive sweep rate through the
tmo lines was increased. In fact, when the time
required to traverse the two lines was reduced to
about 0. 1 sec, an increase in intensity of at least
a factor of 25 mas observed. Qn the other hand,

rapid sweeps through only one of the two lines led
to no increase in intensity. The fact that a double
ENDOR experiment in mhich +, was saturated con-
tinuously did not produce a significant enhancement
of the ENDQB transition at the frequency . seems
to rule out the mechanism used to explain the en-
hancement of the fluorine ENDOR signals.

Under the circumstances, it seems likely that a
more plausible explanation mould involve the rela-
tive transition rates 8', and W„of the electronic
and nuclear transitions. A diagram showing the
apyropriate energy levels and transition rates is
given in Fig. 4. %e assume that the populations
of the levels a and 5 are approximately equalized
by saturation of the electronic transition at the
microwave frequency v~ However, a population
diffex ence due to the electronic Boltzmann factor
will be maintained between the levels c and d if
the transition rate 8;» 8'„. As Feher'3 has pointed
out, given a sufficiently long nuclear relaxation
time it is possible to adiabatically invert the nu-
clear-spin population by sweeping through the reso-
nance at a rate faster than 8'„. Such a ra,pid pas-
sage through &, mould produce a large ENDOR sig-
nal on the first sweep, but repeated passages mouM

saturate a-c and result in the same population for
a, b, and c and a weak average signal. Level d
would still have a larger population than a, b, or
c because of the electronic Boltzmann factox'but
would be isolated from 6 owing to the long nuclear
relaxation time. This "bottleneck" in the relaxa-
tion path can, homever, be short circuited by a
subsequent inverting passage through , thereby
completing the relaxation cycle. The net effect of
the experiment mould then be to alternately invert
the populations of the levels a-c and b-d associated
with , and and to complete the relaxation path
back to the ground state through the unsaturated
EPB transition c-d. If S",» 8'„«sweep rate, a
large enhancement is expected.

Experimentally, to obtain the best signal-to-noise
ratio, it mas desirable to sweep as rapidly as pos-
sible. Unfortunately, at high sweep rates a shift
in frequency of the positions of the ENDOR lines
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I'2' 2'

FIG. 4. Spin-Hamilto-
nian energy levels corre-
sponding to Eq. (1). The
EPH transitions g b and
c d are identified by
their corresponding fre-
quencies p,', and the
ENDOR, transitions are de-
noted by &, and & . 8',
and 8'„are the electronic
and nuclear transition

. rates.

written ass

IF', ) =cosgI J'=-,', 1 &)- sin/IS=+, I', ')

1 8)=cosp IJ'= —'„1'8(1))—sin/IS= a 18 (1))

(5)

where the wave functions I'7, etc. , have been pre-
viously defined. ' The mixing parameter Q= - 15.1'
for CaF2. Pu" was obtained from a previous analy-
sis~ of the electronic g factor. The calculation mas
performed using the methods already described in
Refs. 5 and 6. The final result obtained is

I{—v —)2 2

mas observed. The origin of this shift is not under-
stood; it did not result from the integration time
constant of the microwave spectrometer which
could be reduced to 0.003 sec. The experimental
technique adopted was to reduce the sweep rate
until no shift was observed before recording the
data.

III. DISCUSSION

A. Plutonium Nuclear g Factor

The nuclear moment of Pu has been measured
by Faust et al. using atomic beam techniques.
They found p,„=+0. 200+ 0. 004 nuclear magnetons
which corresponds to ag factor of g„=(2.18+0.04)
x10 4 Bohr magnetons. When the Pu nucleus is
placed in a solid such as CaF2, the measured nu-
cleax' g factox' g~ 1s found to differ fx'om g~ by an
amount &g„. This pseudonuclear g factor results
from a second-order effect in which cross terms
between the electron Zeeman interaction and the
hyperfine coupling give a term proportional to
8 I . ~g„can be computed from the perturbation
expression'5

(r,'I&1 s'I1', &&r', Ig p,,H s' Il', &

2 «

(4)
mhere 8'2- 8'« is the energy separation between the
1 «~ ground state and the I'«8 excited state.

The matrix elements of Eq. (4) were calculated
with the use of intermediate coupled wave functions
given by Conway and Rajnak 6 and used by them to
interpret the optical spectrum. The 6II ground
texm of Pu3', which has an electxonic configuration
of 5f, is split by the spin-orbit coupling into a
~= ~ groi«nd state and a J =+2 first excited state. In
the alkaline-earth fluorides, the crystalline-field
interaction is large enough to cause strong mixing
between these two states. In order to account for
this, the crystalline-field wave functions mere

0. 0477
~gyf A go= g g2 «

The experimental nuclear g factor g„can be ob-
tained from the plutonium ENDOR data by fitting
it to the spin Hamiltonian (1). If we define the dif-
ference in the plutonium ENDOR frequencies m, and
&o as b, &o, Eq. (1) can be solved exactly to yield

p
A2

g„'= ——4m+ y

2a 20.g - 4v

B. Fluorine ENDOR

While the magnitudes and relative signs of the
two fluorine hyperfine parameters A, and A~ can be
obtained by fitting the ENDOR data to Eq. (8), the

TABLE IV. Pseudonuclear g factor for different
choices of Dco.

Sign of AM

positive
negative

g„' (Bohr nag. ) 8'2 —8'& (cd ~)

(o. Sj.~o. o5} xylo-4 348~25
(2.o5+o. o2) xylo 4 377o + xvoo

where n = psH/h. Depending on the labeling of the
states connecting +, and ~, d ~ can be either
positive or negative, thus yielding tmo possible val-
ues for g„'. In principle, it should be possible to
distinguish between these two values by simulta-
neously, analyzing the ENDOR data from both EPR
transitions since they occur at different magnetic
fields. However, because of the broad ENDOR
lines the limited accuracy of the data made this im-
possible. The tmo values of g„' obtained are given
in Table IV together with the corresponding
1'~~- I'8 energy separation predicted by Eq. (8).

Edelstein et al. ' from an analysis of the EPR data
of Pu~ have estimated the energy splitting 5'2- S'«

to be in the range 250-300 cm «. By comparison
with Table IV me therefore make the choice that
6&u is positive, giving g„' = (0. 81a 0. 05)x 10 Bohr
magnetons and 5'2- 8'«=348+25 cm '. The label-
ing of the spin-Hamiltonian energy levels, defined
by this choice of ~, and ~, is shown in Fig. 3 to
be discussed below.
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TABLE V. Nearest-neighbor fluorine hyperfine pa-
rameters for ions in CaF2.

Ion

Eu2'~

Tm
Yb +

Pll

A, @eH~)

—2..23 +:0.01
2'. 584 "+.0'. 01
1.67 +0.05

—13.391 +0.01

Ap (MHz)

4.01 +0.01
12.283 +0.01
17.57 +0.05

—0. 135+0.01

A~ (MHz)

5.6
9.8
9.8
3.68

~Reference 2.
"Reference 4.
'Reference 18.

data are insufficient to determine the absolute signs
of these quantities. In order to measure these
signs a double ENDOR experiment was performed.
The two peaks corresponding to the Pu3'ENDOR
were recorded while simultaneously saturating
either the upper or the low'er frequency nearest-
neighbor fluorine transition with a second signal
generator operating at a fixed frequency. It was
found that saturating the upper fluorine transition
enhanced the upper plutonium ENDOR peak and re-
duced the intensity of the lower plutonium peak,
while saturating the lower fluorine transition pro-
duced the opposite effect.

Experiments of this type have been described by
Cook and Whiffen' who examined the changes pro-
duced in the relative populations of the magnetic
levels under these conditions. They showed that
simultaneous ENDOR transitions between states
connected by the same electronic-spin quantum
number reduced each other's intensity while transi-
tions between states with different electronic spins
enhanced each other.

This effect is illustrated for the present case in
Fig. 3. If the EPR transition v', is saturated,
ENDOR transitions can be obse'reed with equal in-
tensity at the two plutonium frequencies or, and or .
If, in addition, the fluorine transition v, is satu-
rated, according to the arguments of Cook, the
population difference between the states connected
by or will be reduced while that between the states
connected by or, will be increased. Thus, rf ir-
radiation at frequency or, will be-more effective in
reducing the saturation of v, and will produce a
larger ENDOR signal. Of course, if the other
fluorine transition v is saturated the opposite ef-
fect will be produced.

Given the negative signs of the electronic g value'
and hyperfine parameter A and the choice of the
effective nuclear g value discussed above, it is a
simple matter to establish the ordering of the mag-
netic levels determined by Eq. (1). Then with the
additional information provided by the double
ENDOR experi'ment it follows that a consistent pic-
ture of all the levels can be obtained only if A, and

A~ are both. chosen negative.

It was not possible to obtain the signs of the
fluorine hyperfine parameters for the second shell
of fluorine ligands by the above technique since no
enhancement could be observed.

The fluorine ENDOR spectra of several lanthanide
series ions in CaF~ have been measured in recent
years. ~'4'8 For the purposes of comparison, values
of the nearest-neighbor fluorine hyperfine param-
eters A, and A& for some of these ions are shown
in Table V along with the present data. From an
inspection of Table V it is apparent that several
significant differences exist between the interac-
tions of the actinide Pu ' with the fluorine ligands
and the interactions of typical members of the
Lanthanide series. The large value for the iso-
tropic contribution A, to the fluorine hyperfine in-
teraction indicates that the effects of covalency in
Pu" are much more pronounced than in the lanth-
anides. The extensive covalent overlap is also
manifested in the large difference A~ -AD between
the observed dipolar interaction and the interaction
expected from point dipoles. The point dipolar
term AD=gpsgriLs/Rs is calculated on the assump-
tion that the host crystal-lattice parameters are
unchanged by the introduction of the paramagnetic
ion. While some distortion is expected, it is un-

likely that it could account for more than a small
fraction of the difference A~ -AD.

As mentioned in the introduction, the large value
for the isotropic contribution A, and the fortuitous
near cancellation of the terms contributing to A~
lead to a transferred hyperfine (superhyperfine)
structure in the EPR spectrum which is well re-
solved for all orientations of the external magnetic
field. A resolved superhyperfine structure was
also observed, for example, in 5f', U' in CaFz,
but not in the corresponding ion 4f', Nd"." These
results suggest an increase in the covalency of the
bonding of 5f electrons over the corresponding 4f
electrons of the lanthanides.

In order to calculate A, and A~ it is necessary to
construct molecular orbitals from the electronic
wave functions of the impurity ion and the ligands.
Such a calculation for Pu" has not been performed
at present. However, the ENDOR spectrum of
Eu~', for which A, and A~ —A~ are also negative,
has been discussed by Baker and Hurrell. ~ Using
the calculated results of Freeman and Watson for
the isoelectronic ion Gd ' they obtained the value

A, = —8. 2 MHz which, although a factor of 4 too
large, has the correct sign. According to Watson
and Freeman's theory, ~' in order to explain the
signs of the transferred hyperfine parameters itis
necessary to consider not onlythe overlap of the 4f
electrons but also the effects of polarization of the
5s and 5P shells. Presumably, a somewhat similar
situation is present in the case of 5f', Pu" and
would have to be considered in a detailed analysis
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of the fluorine hyperfine interaction.
Before concluding this section, it shouM be

pointed out that the effects of covalency are still
quite apparent in the second shell of fluorine li-.
gands, as can be seen from Table II. This is in
contrast to the results~'4 for the various lanthanide

ions in which the second shell interactions can be

very nearly represented by point dipoles.

IV. SUMMARY

%e have measured the fluorine-hyperfine param-
eters A, and A~ for the first and second shell
fluorine ligands of Pus' in GaFq. The results show
that effects due to covalency are much more pro-

nouned in this actinide ion than in iong of the lan-
thanide series. The signs of A, and A~ for the
first shell of fluorine ligands have been determined
by means of a double ENDOR experiment and are
found to be negative. This information should be
useful in future calculation of the bonding param-
eters.

The pseudonuclear g factor g„' was determined
from measux ements of the plutonium. ENDOR sig-
nals. A calculation was performed which related
g„' to the true nuclear g factor measured previously
and provided a verification of earliex estimates of
the energy separation of the 1"7 and I'& crystal-field
energy levels.

~Work performed under the auspices of the U. S.Atomic
Energy Commission.

'A. Abragam and B. Bleaney, E/ection Paramagnetic
Be80nQnce Of Tt'cssitiog Ions (Oxford U. P. , Oxford, Eng-
land, 19VO), Chap. 4.

2J. M. Baker and J. P. Hurrell, Proc. Phys. Soc.
(London) 82, 742 (1963).

3J. D. Axe and G. Burns, Phys. Rev. 152, 331 (1966).
4B. G. Bessent and W. Hayes, Proc. Boy. Soc. (Lon-

don) A285, 430 (1965).
5N. Edelstein, H. F. Mollet, W. C. Easley, and B.

J. Mehlhorn, J. Chem. Phys. 51, 3281 (1969).6¹Edelstein and R. Mehlhorn, Phys. Rev. B 2, 1225
(1970).

7E. R. navies and J. P. Hurrell, J. Sci. Instr. 1, 84V

(1968).
¹ Edelstein and W. Easley, J. Chem. Phys. 48,

2110 (1968).
9J. M. Baker, W. B. J. Blake, and G. M. Copland,

Proc. Roy. Soc. (London) A309 119 (1969).
'OG. Feher, Physica 24, 80*(1958).

' J. H. Freed, J. Chem. Phys. 50, 2271 (1969).'2¹S. Dalai and C. A. McDovrell, Chem. Phys. Let-
ters 6, 617 (1970).

'36. Feher, Phys. Bev. 114, 1219 (1959).
~4J. Faust, B. Marrus, and W. A. Nierenberg, Phys.

Letters 16, 71 (1965).
~5J. M.' Baker and B, Bleaney, Proc.' Boy. Soc. (Lon-

don) A24S, 156 0.958).
6J. G. Conway and K. Bajnak, J. Chem. Phys. 44,

348 (1966). .

YB. J. Cook and D. H. Whiffen, . Proc. Phys. Soc.
(London) 84, 845 (1964),

' U. Banon and James S. Hyde, Phys. Bev. 141, 259
(1966).

'SB. Bleaney, P. M. Llewellyn, and D. A. Jones,
Proc. Phys. Soc. B69, 858 (1956).

2~A. J. Freeman and B. E. Watson, Phys'. Rev. Let-
ters 6, 277 (1961).

2 R. E. Watson and A. J. Freeman, Phys. Bev. 156,
251 (i.96V).


