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3) the corrected values for the transition ener-
gies in keV. The uncertainties in the values of
E,b in Table II range from 5 to 10 eV, and are
the same as in Dixit et al. We see now by a com-
parison of the theoretical and experimental val-
ues that the discrepancy is reduced considerably,
the only transitions having any significant dis-
crepancy being the 4f-3d transition in Ba and the
5g-4f transition in Pb.

We have also considered the effect of the finite
size of the nucleus on the vacuum-polarization
corrections: The rather complicated convolution
integral required to do this in configuration space
becomes a trivial multiplicative factor in the mo-
mentum-space integral. Taking the uniform mod-
el for the nuclear shape, we find that the individ-
ual shifts are increased by rather less than 1/p,

giving less than 10 eV from the Uehling term it-
self, and correspondingly smaller corrections
from the higher-order terms. A more realistic
model for the nuclear shape can hardly be ex-
pected to give rise to any significant difference.

An effect of the same magnitude arises if the
vacuum-polarization potential is included in the
Dirac equation itself, rather than treating it per-
turbatively as we have done. The E,h in Table
II is, in fact, calculated by the former method;
the difference between this value and the pertur-
bative value is of the order of 10 eV.

A number of authors" have suggested a possi-
ble anamolous interaction of the muon via a sca-
lar field. The model suggested by Barshay, ' with

a scalar meson of mass around 750 MeV, turns
out to give shifts of less than 1 eV for the states
in which our interest lies; this is because the
large mass implies a very short-range force

which dominantly affects only the S-wave states.
We note that the 4f-3d transition in Ba and the 5g-
4f transition in Pb have almost equal discrepan-
cies of about 70 eV. This enables us to put a
rather good upper limit on the mass m, of the
scalar meson of about 8 MeV. Assuming this
mass, the required coupling constant is 6, =g,&&

xg,»=6X10 '. The final column in Table II
shows the theoretical value, including the effects
of this particle, once again incorporating the ef-
fects of the finite nuclear size. It is remarkable
that the remaining discrepancy is eliminated:
The reader is at liberty to regard this as evi-
dence for a physical particle of mass 8 MeV,
coupling mainly to p. 'p. . It is amusing to specu-
late that if this particle is very weakly coupled to
e 'e, it would escape experimentally detection,
as well as provide a mechanism for the breaking
of LL(,e universality.
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The EPR of Cea+ has been observed in. sites of cubic symmetry for the first time. The
unusually large deviation of the observed g values for Ce" in CaO, SrO, and BaO from
the theoretical value calculated for a pure I', ground state can be attributed mainly to
static crystal-field admixtures.

The electron paramagnetic resonance (EPR)
spectrum of Ce" (4f ' configuration) in cubic sin-

gle crystals has previously been the subject of
numerous investigations. ' ' Until the present

work, however, no EPR spectra have been re-
ported which could be attributed unequivocally to
Ce" in a cubic symmetry site. ' The observation
of the EPR spectrum of Ce" in a site of local cu-
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bic symmetry is of special interest, first, be-
cause of the sizable discrepancy previously found

to exist between the observed and calcu1ated g
values for Ce" in lower symmetry sites; and,
second, because the simplicity of the electronic
configuration and cubic symmetry make the sys-
tem a facile case for calculations of the mecha-
nisms for producing g-value variations.

In particular, observation of the Ce" cubic-
site g-value variations in a series of isomorphic
host materials such as CaQ, SrQ, and BaQ should
serve to distinguish between the following three
mechanisms previously proposed to explain the
discrepancies: (1) admixture of excited states
into the Ce" ground state by the static crystal-
line electric field of the host; (2) similar admix-
ture by the orbit-lattice interaction (i.e., a dy-
namic crystal-field admixture); and (3) reduction
of the ground-state orbital angular momentum by
cova1ent bonding.

We report here the successful production of
Ce" ions in cubic symmetry sites in CaQ and
SrO single crystals and BaO powder. The ob-
served g values were found to differ considerably
from those calculated for the expected pure ground
state of Ce" in these hosts. ' From the size of
this deviation, it is likely that most of the varia-
tion can be attributed to static crystal-field ad-
mixtures.

Single crystals of Ce"-doped CaQ, SrO, and

MgO were grown by an arc-fusion process de-
sc'ribed previously. ' Polycrystalline samples of
Ce"-doped BaQ were also obtained by the same
technique. Chemical analyses verified the pres-
ence of Ce in all four hosts. These crystals have
the NaC1, rock-salt structure, and Ce" ions lo-
cated in cation substitutional sites would have
sixfold cubic (octahedral) coordination. The Ce"
free ion has a '1"», ground state which is separat-
ed from the next excited 'F», state by = 2250
cm '. The next free-ion level is of the order of

50000 cm ' higher. In a cubic crystal field, the
'F„,level splits into a I', doublet and a I', quar-
tet, with the I, lowest in sixfold coordination.
EPR transitions within the pure 1', doublet shouM
have an isotropic g value of —'-,'.

The X-band EPR spectra observed for Ce" in
CaO, SrQ, and BaO consisted of a single iso-
tropic line, which was seen at temperatures up
to =100 K for CaQ and SrQ. This detection of
the EPR spectra of Ce" at such elevated temper-
atures is very unusual for a non-S-state rare-
earth ion. Temperatures below V'7 K were re-
quired for observation of the Ce" spectrum in
BaO. No resonance signals were observed for
Ce-doped MgO, although as noted previously, Ce
was detected by spectroscopic analysis. It is be-
lieved that Ce was not incorporated in MgQ in the
trivalent state. Lower-symmetry EPR spectra
due to Ce" were also detected in CaQ and SrQ,
but their low intensity and small g values made
the analysis difficult. In the single-crystal sam-
ples, the cubic-site EPR linewidth varied with
magnetic field orientation, being narrowest (= f

G at 4.2 K) with H II [100] and broadest (= 50 G at
4.2 K) with H ll [111]. This linewidth variation is
exactly opposite to that found for Co" and Fe"
and for the rare-earth ions Dy", Tm", and Yb"
in the oxides where the narrowest lines occurred
for H ll [111] 8 ~ xo ~ xz

The observed cubic-site g values are given in
column 1 of Table I. It is obvious from this table
that the g values differ considerably from each
other and from the expected absolute value of '-, .
In the absence of measured crystal-field strengths
for these crystals, it is impossible to identify
positively the cause of these deviations. Howev-
er, the large magnitude of the deviation from
jgl='-,' tends to eliminate the orbit-lattice inter-
action and covalent bonding as the dominant pro-
cesses. Birgeneau" has shown for Ce" in rare-
earth ethylsulfates that much of the reduction of

TABLE I. Ce ' EPH and crystal-field parameters for CaO, SrO, and BaO.

(deg) ~ (6) /~ (4)

Point-charge model
~ (4)

0
{cm-') ~ (6)yg (4)

Alternate model
~ 4

0

{cm ')

CaO

SrO

BaO

0.7968+ 0.0008

0.8948 + 0.0005

0.9340 + 0.0007

14.68
29.88
12.98
28.28
12.29
27.49

0.066

0.057
0.057
0.050

4950
18 100
4 200

11400
3850

10 600

0.1

0.1

0.1

5 750
15210

5 050
13700
4 760

13130
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the observed g values from the calculated values
can be explained by the simultaneous action of
the Zeeman and orbit-lattice interactions. In
this fashion he was able to explain reductions of
the g values of the order of =10%. Similarly,
Inoue, "who first suggested the orbit-lattice in-
teraction as a cause of g-value variations, found
this mechanism to cause a deviation of 0.1% in
the g value of Tm" in CaF, and 1.7% in the g
value of Ho'+in CaF,. However, for Ce" in the
oxides, our observed deviation of g from the cal-
culated value is much larger (35-44%) and, thus,
it is not likely that the orbit-lattice interactions
is the dominant mechanism. The effect of cova-
lent bonding on the observed g value is frequent-
ly expressed by means of an orbital reduction
factor k. For the specific case of the I", ground
state of Ce", the g value varies with k as

g = —'-,'+', (1 —k).

A value of 1 —k in the range 0.26-0.33 is required
to explain our observed g values in the oxides.
Such values of 1-k are 2 orders of magnitude
larger than those calculated for Tm" in CaF, "
and almost 1 order of magnitude greater than
that proposed to explain the EPR spectrum of

I
+ ) = cos(t/ I J= —,', I', '& —sing I J= -'„r,'&, (2)

where

I J 5 r 4) ( 1)1/2! p 5) ( 5)1/2!~ 8)

I J=-'„r,'&=- -,'W3! ~ -,')+-,' I~-,'&,

and y represents the degree of admixture. The
I', states shown above are given in terms of
i+I~) basis states. The ground-state g value is
given by

Yb" in Cao." Covalent bonding, therefore, can-
not be considered as the dominant factor in the g-
value variations of Ce" in the oxides. It should
be emphasized, however, that the corrections
produced by these two mechanisms (covalency
and orbit-lattice interactions) are in the right
direction (i.e., towards smaller g values).

In contrast to the complexity of the preceeding
two mechanisms, it is relatively easy to calcu-
late the value of the static crystalline electric
field necessary to explain the observed g values.
A cubic crystal field of moderate strength will
admix the ground I', doublet with the I', doublet
of the next excited 'I'», manifold. The resulting
state will have the form

g = 2(+ IL~+ 2S~I+) = —'-,' cos2y + 1261W3siny coscp+ 24 sin2y, (3)

where the pure Russell-Saunders coupling values have been used for the Lande g factors. With the as-
sumption that the measured g values are negative, Eq. (3) can be solved to give two possible values of
cp for each measured g value. These values of y are listed in column 2 of Table I. Although it is im-
possible on the basis of the g value alone to distinguish between the two values of y, they can be relat-
ed to the cubic-crystal-field parameters. The cubic-crystal-field Hamiltonian is given by the expres-
sion"

I/ B (4)[C (4) (5)1/2(C (4) yC (4))]+B (8)[C (8) (7)1/2(C (8)+C (8))]

[written here in the form ususally employed in the tensor-operator approach to crystal-field theory,
where C,( i =2(2k+1) '"Y,' with Y»4 the appropriate spherical harmonic function]. It can then be shown
that

2(J=-,', r„lV.IJ=-,', I,)tan2 (5)

where E, , is the splitting of the levels produced
by the spin-orbit interaction (=2250 cm '). Upon
evaluation of the matrix elements, Eq. (5) be-
comes a relation between y and the crystal-field
parameters B, ' and B, ' . At this point some
relationship between B, ' and B, ' must be as-
sumed. The point-charge model, considering
only nearest-neighbor ions, can be used to give
a rough estimate of the ratio of B, ' to B, ' .

(6) 3 (r6)
B8( i 14R' (r')' (6)

where the R is the separation between the impur-
ity and the coordinating ions, and (r") is the mean
nth power of the 4f electron radius. " If the va, l-
ues of Wakim et al. 18 for (r") and the value of R
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FIG. 1. Energy levels of Ce + in CaO. The simple
point-charge model predicts a ratio of Bo(6&/Bo(4) =0.066.
With this assumption the energy levels are shown for
the two possible choices for 80 &.

TABLE II. Observed crystal-field splitting for the
+5h and +7h states of Ce + in various host crystals.

J=—5
2

(cm &)

J 7
2

(cm &)

LaCl, '
LaF b

CeF b

CeES ~

YGaG

110.0

94.5
402

238.5
684.5
690
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appropriate to the unperturbed crystal lattice are
substituted in Eq. (6), the B,(')/B, (') values
shown in column 3 of Table I result. This rela-
tion and Eq. (5) can then be used to solve for
80 ' and B, ' . The value of B0 ' resulting from
each value of y is shown in column 4 of Table I.
A better value of Bc ' /B, ' is probably that ob-
tained from experimental determinations of this
quantity for other rare-earth ions in the oxides.
For Er" in MgQ, CaQ, and SrQ and for Nd" in
CaQ, "" the experimentally determined ratio
B, ' /B, ' is larger than that computed from the
simple point-charge model by a factor of approxi-
mately 1.5-2.0. Therefore, a ratio of B, ' /B, ')
= 0.1 is probably a more accurate estimate for
all the oxide hosts. The values of B0 ' resulting
from the latter ratio are shown in the last col-
umn of Table I (i.e., the alternate model). For
either value of cp, the crystal-field splittings
computed from these parameters are anomalous-

ly large. Figure 1 shows the computed splittings
of Ce" in CaQ using both choices of 80 ' and the

B, ' /B, ' ratio given by the point-charge model.
The splittings calculated for each J manifold can
be compared to the splittings observed previous-
ly in other hosts and given in Table II. From in-
spection of Table II it is clear that the smaller
value of 80 ' shown in Fig. 1 is the more likely
of the two choices for CaQ and, hence, is prob-
ably the more acceptable choice for all three
hosts. However, even the smaller values of 8, '
represent large splittings, and not all of the g-
value variation may result from static crystal-
field effects. A combination of all three of the
mechanisms previously noted represents the
most likely explanation for our results.
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We derive a nonlinear integral equation, which has three-body correlations built in it,
for the Fourier transform of the polarization charge around a positron in an electron
liquid. The calculated annihilation rate of the positron in the entire metallic density
range, besides being in very good agreement with experiment, merges smoothly into
the mean positronium lifetime for larger density, To illustrate the large nonlinear ef-
fects, the polarization charge around a fixed proton for a density r~=2 has also been
calculated.

The first successful theory of positron annihila-
tion in metals with density x, &4 is due to Ka-
hana, ' who realized the importance of nonlinear-
ity and used the "ladder" approximation to treat

the problem. Although the theory was later im-
proved upon by Carbotte, ' there was no essential
difference between the two theories as regards
the values of annihilation rates A, . Later Crowell,
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FIG. 1. Positron annihilation rate & versus r~ calculated from Eq. {5); other theoretical results of Kahana (Ref.
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results of Weisberg and Berko (Ref. 4).
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