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We have reviewed our calculation of the electric-field-induced g-shift parameters for tetragonal Ce''
sites in CaF, presented in an earlier paper, making use of recent spectroscopic data which were not

previously available. Of the three parameters corresponding to the C,„point symmetry of the site, two

now agree very well with the experimental data, but one remains widely in error. This discrepancy
could indicate that the first-excited doublet is closer to the ground state than it is assumed to be in

the present calculation.

The C4„ tetragonal F compensated Ce' center
in CaF~ constitutes one of the simplest systems in
which the linear electric-field effect (LEFE) in
EPR can be studied. The odd crystal field is pri-
marily due to the F ion situated along the [001]
cubic axis (entirely so if distortions of the lattice
are ignored). In an earlier study we measured the
g-shift parameters for this center and attempted
to calculate theoretical values from first princi-
ples. ' It was, however, necessary to make certain
ad hoc assumptions regarding the energy-level
structure of the Ce' ion in CaF~. Since this level
structure has now been determined by optical meth-
ods (see Fig. I) we have revised our calculation.
At the same time we have corrected some errors
present in the original.

For CaF3 the bulk dielectric constant q = 7. 36
and the classical Lorentz field —,"(g+2) E,=3.12
E „where E,= V, /d is the field generated by a
voltage V~p applied to parallel-plate electrodes a
distance d apart. The corresponding Lorentz-field
potential is given by

&VL„=2.21rE„[C',(e, q }-C, '(e, y}]

—3.12rE, C, (8, y),

where the C~(8, y) are the spherical harmonics as
defined in Edmonds, ' and E„,E, are components of
the applied field. The z axis will subsequently be
taken as the C4„axis, i.e. , the axis along which
lies the charge-compensating F interstitial ion.
It is unnecessary to consider applied fields along
the y axis since the LEFE parameter is the same
for E, as for E„.

The change in the crystal-field potential seen by
the Ce' ion when an electric field is applied is due
not only to the bulk polarization of the lattice con-
sidered in Eq. (I), but also to the polarization,
ionic and electronic, of the charge-compensating
F ion. Assuming that the relative displacements
of the F and Ce' ions are the same as those of F
and Ca~' ions in the ideal CaF~ lattice, we can infer
the ionic polarization from the low-frequency and

optical dielectric constants of CaF„ thus obtaining
the induced moment4

p„,=6.4@10 Egyp cm

The electronic polarization can be estimated from
tables given by Tessman, Kahn, and Shockley. '
Allowing for the fact that the Lorentz field is taken
to be the field seen by the ions listed in these ta-
bles [i.e. , reintroducing the factor —,'(@+2)], we

10



4796 A. KIE L AND W. B. MIMS 10

obtain the value p„=2.0x10 "E~, cm ' for the in-
duced electronic moment of the F ion. Summing
both moments we have

Ptot Pion +Pel 8.4 10 E~p cm

A calculation analogous to thefamiliarpoint-charge
calculation can now be used to find the crystal-field
potentials due to the induced dipole p„,. We as-
sume here that the F interstitial and the Ce' ion
are located at a distance of 2. 73 A from each
other at the centers of cubes formed by the F lat-
tice ions. The resulting potentials added to the
Lorentz-field potential' yield the amplitudes

a2= —1.20x10 Eg,

a2" =+1.5x10 E„, (5)

for the total even-field potentials. These ampli-
tudes can now be used to estimate the g-shift pa-
rameters T,„„, T„„and T„,„, which occur in the
LEFE spin Hamiltonian %elec 9 BE]jkEiHg Sk. It
can be shown by perturbation theory that

It can be seen from (2) and (4) that the induced
even field and the equivalent even field are roughly
comparable. Adding them together we obtain

a', =1.59x10 'E„a", =+0.78x10 E„,
aa =1.24x10 E„a&'=+ 0.50x10 E„,

(2)

where the crystal field is written in the form 6V
=g~, a~c~(8, rp). E„E,are in V/cm, andthe a~ in-
clude radial integrals and are expressed in cm '
spectroscopic units. It is sufficient for the present
purposes to restrict consideration to the lowest-
order odd and even harmonics in the induced crys-
tal field.

The odd components a', (8, y) C,'(8, y) contribute
to the LEFE by mixing the 4f manifold of Ce" with
other manifolds of opposite parity. The resulting
higher-order perturbations are treated by finding
an "equivalent even field" 5 V«F which, once de-
rived, can be used in the same way as the even
components a~ Cz'(8, o) in calculations involving
only the ground manifold of states. e The crystal-
field parameters for this equivalent even field are
given by

where 5V, =a'C'(8, q), 5V„=a' C,'(8, V )+a-, ' C( 8q),

cm '

5' ~ 0 WuuuuuA tpg

5d
MANIFOL D

2 K
a'„(E) = — Q (- I)'Aura', /EE Fs (3)

tlg Ky Q

where E„ is the mean separation between the
ground state and the opposite-parity manifold, the
A~~ are parameters belonging to the odd portion of
the normal crystal field (i.e. , the crystal field
which is present before the electric field is applied),
q«~ is a numerical factor of the order of unity, and
the term adjacent to this is the Wigner 3j symbol.
For the present purpose we consider mixing be-
tween the 4f manifold and the 5d manifold only (Fig.
1). We shall also take only the first term in the
odd field due to the F ion. This requires an esti-
mate for the amplitude A, in the normal crystal
field. A point-charge calculation gives the value
A', =7790 cm"'. The remaining parameters are
E =43340 cm ' and gEE~=1. 17 and yield the equiv-
alent-even-field parameters

2440
2307
2192

579

, eg

J= 7/2

4f
MANIFQLP

J= /2

az(E) = —2.4xlO ~ E„
a"(E) =+1.Ox10 E„,

the units being the same as in Eq. (2).

(4) FIG. 1. Levels of the tetragonal Ce3' center in CaF&
derived from spectroscopic data (Ref. 2). The mean value
E~ of the interval between the ground state and the 5d
manifold is 43340 cm ~.
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TABLE I. g values and the parameters 8&& for Ce ' in
tetragonal sites in CaF2. The B&& denote shifts in g~ as
defined in Ref. 7. They are given in units of 10 (V/
cm) '. The calculated values are based on the assump-
tion that the ground doublet has the form 0.91212, + 2)
+ 0. 410 I 2, + 2). The state-mixing parameters are ob-
tained by making a best fit to the experimental g values.

Expt

C ale

3. 038
+0. 003

3. 13

1.396
+ 0. 002

1.43

B33

68
+10

—19

(E, =110 cm '),

where the values a =0.912, b =0.410 give a best fit
to the experimental ground-state g values. Sub-
stituting in Eqs. (7) we thus obtain the results T,„„
= —6.6x10 (V/cm) ", T„,=13.6xl0 (V/cm) ',
T„„=—l. 4 x10 (V/cm) ', T„,„=42.4 10 (V/
cm) '. lt will be noticed that T„„,wT, . This is
a consequence of the representation chosen in Eqs.
(7), i.e. , a representation in terms of magnetic
eigenstates quantized with respect to the C,„axis.
This representation is not in any way unique but
merely happens to be the most convenient one to
use here. (It also yields a symmetric g matrix.
A representation giving the result T„„,= T„,„would
do so at the price of rendering the g matrix asym-
metric. )

Experimental measurements of the electric-field-
induced frequency shifts do not lead directly to the
g-shift parameters T,» but give shifts in a matrix
A, ~

which describe' the quantity g'. Since it is not
possible to separate out T„„,and T„,„from these
measurements, we shall make the comparison be-
tween theory and experiment in terms of theg -shift.
parameters B;, In the case of C4„point symmetry
there are three such parameters related to the g-
shift parameters by the equations

B33 2gII ~ggg p

(6)
15 g& xcx gII xmas

From the T,» calculated above and from the ex-
perimental g values we obtain the h',

&
shown in Ta-

g~ =, is the Lande g for the lowest J=-,' manifold
of Ce' states, g* are the states of the ground dou-
blet, g, are the remaining J=-,'states, and E,- are
the energy separations. (State mixing between the
J=-,' and J =~~ manifolds can also occur, of course,
and will result in small modifications to the values
calculated above. ) The three 4=-', doublets can be
expanded in the form

g' = a
~

—,', ~ -',) + 5
~

-';, ~ —,') (ground state),

ble I.
Comparison of the theoretical and experimental

values in Table I indicates that two parameters
agree surprisingly well but the third is wrong by
a factor of 10. There are, of course, many places
in the calculation where approximations have been
made which could lead to discrepancies. Taking
the difference between the ionic radii' of Ce' and
Ca ' into account, one might, for instance, reduce
the estimate for the relative displacement of the
F interstitial and the Ce ' ion, making it somewhat
less than the relative displacement of Ca~' and F
ions inferred from the dielectric constant. The
force on Ce ' due to the electric field is, on the
other hand, larger than the force on Ca~'. If these
two effects are allowed for by postulating a net
~: 1 increase in the relative displacement there
will be an n: 1 increase in p„, and, since p„ is
small, an increase = &: 1 in P„, also. The crys-
tal-field parameters a~ will be increased by the
same factor, but the effect on the a', would be sev-
eral times smaller since these parameters are
largely determined by the long-range Lorentz field.
The total even-field perturbations in Eqs. (5) will
approximately be changed to aoz = —(2. 4 —1.2 o)
x10 5 E, and a~" = + (0. 5+ 1.0 o) x 10 5 E„. The final
values for B31 B33 are then proportional to a~, and
the final value for B„is proportional to az'. Clear-
ly, however, there is no reasonable choice of a
which would give a significantly better fit to the
results.

Other assumptions which might be reviewed con-
cern the exclusion of the A3 harmonic in the odd
field and of the harmonics a3' in the induced field from
the calculation of the equivalent-even-field ampli-
tudes az'(E). Estimates show that the contributions
due to these harmonics are an order of magnitude
smaller than the main contribution considered here,
partly because the amplitudes vary as a higher
power of the radial distance and partly because the
long-range Lorentz field no longer enters. Con-
sideration of mixing between the J-- —,.' and J =~ man-
ifolds is also unlikely to affect the result signifi-
cantly, at least not in comparison with possible
errors in the ad koc assumptions which are made
in estimating the crystal fields. The question re-
mains, therefore, as to the primary origin of the
large discrepancy between the theoretical and ex-
perimental values for B,s.

It is conceivable here that the error may arise
from the use of the point-charge model without
corrections for screening, and without any attempt
to introduce covalency effects. The relevant cor-
rections can be considerable as shown by Burns, 10

and it is perhaps surprising in view of this that
such good agreement is obtained for two of the
three coefficients. An alternative possibility is
that there is an appreciable error in the value as-
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sumed for the energy of the first excited state. Ac-
cording to Ref. 2 this level was not observed direct-
ly in fluorescence, as was the 579-cm ' level, but
was inferred via calculations involving the other
4f levels, the only direct experimental evidence
being that it must lie above 50 cm '. The coef-
ficients B», B» are not affected by the position of
this level but B» depends strongly on it. A value
of 65 cm ' would bring about agreement between
our calculated and experimental values. It would
of course be unreasonable to attribute the entire
discrepancy to this one cause, " in view of the

weaknesses inherent in the crystal-field model that
we have used, but there is at least some indepen-
dent evidence supporting our calculated conclusion
that the B» parameter is exceptionally sensitive to
changes in the lattice constant such as might be ex-
pected to alter the level spacings. For the corre-
sponding tetragonal Ce ' site in BaF~, B» is = 6&&

larger than in CaF~, whereas B3j and B» are less
than twice as large. Unfortunately, no optical data
exist for the BaFz. Ce system so we cannot at pres-
ent make a detailed comparison with the CaF2: Ce
case.
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