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The electric field shifts in the paramagnetic resonance (EPR) for Mn? in SrWO, have been
measured to be 104 and 225 for R, and R,, respectively, in units of Hz per V/ecm., Compari-
son is made with the corresponding results obtained earlier for Mn® in CaWO,. The experi-
mental evidence indicates that the magnitude of the shifts depends on the ease with which the
Mn® ion is displaced by the applied electric field, i.e. , on the looseness of the ion in its sub-
stitutional site. In an earlier study involving the Yb® ion in the same host lattices, it was
found that “jonic-motion” effects of this kind could be explained in terms of new even crystal
field components seen by the displaced ion. In the present case, however, the observed mag-
nitudes were too large to be attributed to the motion-induced crystal field components. The
polarization of the Mn®* ion induced by the applied field appears to be the primary mechanism
giving rise to the electric field EPR shifts; the ease of ionic displacement of the impurity ion
entering into the result insofar as it enhances the magnitude of the electric field is actually
seen at the Mn?* site. This result is especially surprising in view of the fact that in the pre-
vious Yb* study, we found that polarization effects of the larger and better-fitting Yb ion
were, by and large, negligibly small. It is suggested here that the classification of electric
field effects as ionic or electronic is liable to be misleading and that it is more appropriate
to distinguish electric shifts which involve odd-even—state interactions from those which do
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not. In either case, motion of the ions will play an important role.

I. INTRODUCTION

In a recent study® of the electric field g shifts for
Yb% in the series of scheelite lattices CaWO,,
SrwO,, and BaWO,, we found evidence that the
shifts were due primarily to an electric-field-in-
duced motion of the Yb3* ion in their substitutional
sites. This movement was larger than the move-
ment of the cations in the normal scheelite lattice
and was strongly dependent on the ratio between
the size of Yb®* and the size of the ions (Ca%, Sr?*,
and Ba?*) replaced by it. This increased motion of
the substituent ion was due in part to the extra posi-
tive charge of Yb*. The principal reason lay, how-
ever, in the considerable reduction in the short-
range repulsive forces which occurs when a smaller
loose-fitting ion is substituted for a larger ion in
a crystal lattice.

These results have prompted us to reconsider the
interpretation of an earlier set of experiments? in

which the paramagnetic electric shifts of Mn?* in
CaWO, were measured. We have also made new
measurements on the electric shifts of Mn®* in
SrWO, in order to find out whether the same pattern
of behavior would be followed in this case as in the
parallel case of Yb%. Unfortunately we were not
able to extend the comparison to the case of Mn®*
as a substituent for Ba®* because of the dominant
tendency for Mn to form (MnO,)**, (MnO,)* ions in
the BaWO, lattice. This would otherwise have con-
stituted an interesting case since calculations sug-
gest that the Mn®* ion should become unstable and
switch to off-center positions® here.

The spectroscopic interpretations of the para-
magnetic electric shift for Mn?* (an S-state ion) and
for Yb¥ (a Kramers-doublet ground state) are dif-
ferent in detail, but the results confirm our earlier
conclusion that the magnitudes are essentially pro-
portional to the elastic restoring forces which act
on the ions in the different lattices. However, we
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have been forced to modify our earlier view that the
paramagnetic electric effects can, like the dielec-
tric constants, be clearly resolved into electronic
and ionic components.

II. EXPERIMENTAL

The sample of Mn-doped SrWQ, was grown by
Linde Air Products, Inc.? The concentration was
not determined but we estimate it as ~10°° Mn?*
per Sr¥*. Measurements of the electric-field-effect
parameters were made by the electron-spin-echo
method® at a temperature of 4. 2°K. The principal
effect of the applied electric field is to add a term
Hg = E;R,;,S;S, to the spin Hamiltonian of the Mn?*
ion, i.e., to add terms of the “D” and “E” type.
For S, point symmetry Hy reduces to the form

Hg ='Ea[R14(SySt + S:Sy) +R15(S,S, +5,5,)]
+ Ey[— Ry5(S,S, +S,S,) + R14(S,S, +5,8,)]
+E Ry y(S% ~ S2) + Ryy(S,S, +S,5,)] (1)

where E,=E,, E,=E,, and E = E; are electric field
components® along the a, b, and c axes of the
scheelite crystal and where R;;, has been rewritten
in‘the contracted Voigt notation.” As is pointed out
in Ref. 2, the four independent numerical param-
eters can be rewritten as two magnitudes®

R,=(R%,+R%)"% R,= (R} +R3)"? (2a)
and two angles

¢, =arctan(R,;/R,y), ¢,=3arctan(Ry;/Ry) . (2b)

R,, ¢, and R,, ¢, are parameters determined by
applying electric fields parallel to and perpendicu-
lar to the crystal ¢ axis, and are analogous to the
quantities B,, ¢, and B,, ¢, obtained in connection
with the g shifts of a Kramers-doublet ion.! Some
ambiguity in the signs of ¢, and ¢, arises from the
indeterminacy of the sign of the electric field
shift in “inversion image” crystals such as the
scheelites.® For the simpler D,, symmetry, which,
for example, is subtended by the nearest-neighbor
oxygen atoms in the scheelite, ¢, and ¢, are equal
and define the orientation of the D,; twofold axes.
The electric-field-effect parameters for Mn®* in
SrWwoO, and for Mn®* in? CaWO, are shown together

TABLE I. Electric-field-effect parameters for Mn%*
in two scheelite lattices. The CaWO, results are from a
previous publication (Refs. 2 and 10). R,, R, are given
in units of MHz per 10° V/cm of applied field.,

Cawo, Srwo,
R, 5.8 - 10.4
R, 12.6 22.5

| @, 40° 25°

I @yl 3° 8°
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TABLE II. The larger terms appearing in the spin
Hamiltonian of Mn?* in two scheelite lattices. The CaWO,
values are from Hempstead and Bowers (Ref. 11), A, B,
and D are given in MHz units.

Cawo, Srwo,
2 1.99987 1.970 £0.0002
g 1.99980 1,970 +0.0002
A -266.8+0.3 ~271.2£0.2
B - 268.6+0.3 ~270.5%0.9
D —413+1 ~326.6+0.3

in Table I for the purpose of comparison.!® R,, R,
are in units of MHz per 100 kV/cm of applied field.
In order to derive the R;; for Mn*" in StWO, from
the experimental data, it was also necessary to
measure some of the parameters which character-
ize the spin Hamiltonian in the absence of applied
electric fields. These results are shown in Table
II together with the corresponding results for Mn?*
in CaWO, as reported by Hempstead and Bowers.!
The error is (as in Ref. 10) given as three standard
deviations. '

III. INTERPRETATION OF RESULTS
A. Ionic Motion

Before entering into details we should like to
draw attention to the way in which the electric ef-
fects and ionic radii appear to be related in some
of the scheelite crystals which we have examined
(Refs. 1, 2, and present work). The Mn®* ion is a
loose-fitting substitute for Ca?* and Sr®* to much
the same degree that the Yb* ion is a loose-fitting
substitute for Sr?* and Ba®*. We can see this by
taking ratios of ionic radii. According to Pauling,1
we have the ionic radii Ca®:0.99, Sr¥:1.13,
Ba®:1.35, Mn?:0.80, and Yb*:0.94 for which
the relevant ratios are Mn?*/Ca®*: 0. 81,
Mn?*/Sr?*:0.71, and Yb®/Sr? :0. 82,
Yb/Ba?*:0.69. If the magnitudes of the electric
effect give us a measure of the elastic forces, we
should therefore expect these magnitudes to change
in much the same way in proceeding from CaWO,
+Mn to SrtWO, + Mn as they do when we proceed
from SrWO,+Yb to BaWO,+Yb. This is very
roughly the case. The ration (R,)swo,/(R\)cawo, and
the similar ratio for R, are both ~ 1. 8 (Table I).
The corresponding ratios between the values of R,
and R, for Yb* in SrWO, and BaWO, are 2. 3 and
1.7, respectively.! On this basis alone it would in-
deed appear that the ionic restoring forces undergo
a slightly larger change in the Yb case than in the
Mn case—a result which we might anticipate from
the ratios of the ionic radii quoted above.

We now turn to the problem of interpreting these
results in more specific terms. The case of Yb®
in the scheelite lattices has already been discussed

2
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in Ref. 1. Tt is shown there that the calculated
electronic effect is too small by an order of magni-
tude or more!® to account for the results, and an
attempt is made to interpret the observed g shifts
in terms of ionic motion. Somewhat better agree-
ment is obtained in this way (although the calculated
values now tend to exceed the measured values).
According to the model considered in Ref. 1, the

g shifts are caused by new even crystal fields

V3, which arise as a result of the ionic displace-
ment #. These even fields mix states in the ground
manifold of Yb%, and the electric effects calculated
in this way do not, therefore, involve the opposite-
parity manifold.!

Since V§ < u=qgE/k (where g is the ionic charge
and % the force'® constant), this model at first sug-
gests that it should be possible to compare force
constants in the various scheelite lattices by com-
paring electric effects. Unfortunately, however,
the situation in the case of the Yb® ion is not quite
as straightforward as we might wish. As we pro-
ceed from one scheelite lattice to a larger one,
the spacing between the Yb* Kramers doublets may
be expected to diminish, and the g tensor of the
ground-state doublet will, as a result, be more
easily influenced by the new crystal field terms
which are introduced by the ionic displacement.
Thus, although the electric effect increases in
proceeding to a larger host lattice, it may increase
nonlinearly. The Mn?* ion is not likely to show
this kind of nonlinearity since the separations of
the *P;,, and °D; ,, levels which are involved in the
perturbation calculations are largely determined
by the Coulomb and exchange fields of the Mn®** ion
and are relatively insensitive to a scaling up or
down of the lattice parameters. It should therefore
afford us a better means of comparing the force
constants—that is, providing we can confirm our
assumption that the electric effects are due to
ionic motion. ’

In order to calculate the ionic effect, we first
need to know the ionic displacement which is caused
by the applied field. This involves estimating the
magnitude of the internal electric field E;;;=0cE,,
which causes the ionic motion and finding values
for the force constants 2 in the expression
u=qE,,+/k. Both ¢ and % would be better described
by second-rank tensors and characterized by param-
eters o,, 0, ky, and &, (for a site of S, symme-
try). We can, however, adopt an approximate iso-
tropic value for o [for example, the value o=3(€ +2)
which appears in the Lorentz formula for the in-
ternal field] and derive an average force constant
k by applying the Born model of repulsive forces.

As shown in Ref. 1, the quantity k,.,,=k(Mn*)/
% (normal divalent cation) depends principally on the
ionic size mismatch Ar =7 (substitutional cation)
—7(normal cation).!” Following the procedure out-
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lined in Ref. 1, we obtain
Bratyo(Mn in CaW0,)=0.4 ,

Prarso(Mn in STWO,)=0. 17 . (3)

Absolute values for k(Mn®*) can be inferred from
(8) by estimating the force constants for Ca in
CaWO, and Sr in SrWO,. This estimate can be ob-
tained directly from the ionic portion of the dielec-
tric constant €(ionic)=€(0) — € (optical) as follows.
If the lattice of Ca®* (or Sr?) jons is assumed to
move relative to a stationary lattice of (WO,)*" ions
in an applied field, then the polarization P =nqu
=€(jonic)E,,, where n is the number of Ca®" ions/
em?®. The displacement u = gE;,,/k=qoE,,,/k.
Hence, eliminating E,,, and #, we have the result
k=nq%c/€(ionic). Inserting the numerical values
n=1.26%10% jons/cm? €(ionic)=5, g=2¢=9.6
%107 esu, and o=4(e +2)=3.67, we thus obtain
k=1.1x10*dyn/cm. An alternative estimate based
on the TO phonon frequency w, via the relationship'®
k= /.szT (u is the reduced mass of the two types of
ion) yields the result £=4%10% dyn/cm (see Ref. 1,
footnote 21). It is not entirely clear how this dis-
crepancy arises. The two estimates can be made
to agree either by setting 0=1 (as implied in the
treatment given in Ref. 18) or, alternatively, by
introducing a local-field correction factor into the
relationship % = pw?. We can, however, avoid this
difficulty, and pass over the question of what value
to assign to k(Ca in CaWOQ,), if we are prepared to
assume that the local-field correction factor o is
the same for the impurity ion Mn®* as for the nor-
mal cations Ca®* and Sr®*. We can then write

#(Mn in CaWwO,)/«(Ca in CaWwO,)
= Rratio (Mn in CaWoO,)
and derive #(Ca in CaWQ,) from the ionic dielectric
constant €(ionic) as above. In this way we obtain
#(Mn in CaWO,)/E,,,~2X107® cm/V ,
~4.7x107 cm/V .

(4)
#(Mn in SrWO,)/E

app

This gives the displacement # in an applied field
according to a simple isotropic model.

Let us now consider the new even crystal fields
introduced by the displacement and their effect on
the Mn?* spin Hamiltonian. E, will give rise to the
new terms'* Vi2=032C#? and E, to the new terms V3!
=b3C%. New even fields of higher order will also
appear but these will not give rise to terms of the
R;S;S, type (i.e., to new terms of the E and D
type) and can be ignored in interpreting the electric-
field-effect data. The changes in the spin Hamil-
tonian which are induced by the addition of these new
even fields could be calculated from first principles
using the point-charge model. We have not done
this here. Instead, we have tried to eliminate some
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TABLE III. Calculated electric-field-effect parameters
for Mn?" assuming a pure ionic effect, R, and R, are in
units of MHz per 10° V/cm of applied field. The angle
¢4 defines the orientation of the Dy, twofold axis implicit
in the combination of the crystal field terms B$2C3#2(9, ¢).

Cawo, Srwo,
R, 0.13 0.25
R, 0.13 0.25
@1 294 20,4
P Pa Pa

of the errors which arise in point-charge calcula-
tions by a ratio procedure in which the new fields
V§ are related to the crystal field"* V3 =B3IC? which
is responsible for the D term in the absence of ap-
plied electric fields. It is assumed here that any
screening correction x=D/Bg will affect both in the
same way. Thus, if Bg and b§ are crystal field
parameters calculated from the point-charge model,
and D and R are the corresponding parameters in
the spin Hamiltonian, we assume that'® R,/D=V% [b%|/
Bj and R, /D=VZ |b}| /BY. (The factor V£ arises from
the rotation which is implied in the comparison. )

In Ref. 1, Appendix A, we showed that the point-
charge values of any new terms |b%| created by a
displacement u (components #,, =0, £1)are re-
lated to the point-charge value of a previously ex-
isting term BY by the expression

b}?=% C“"I(K, Q)Bg ) (5&)
where
n(K, Q) =(=Y*9[(2K +3) (2K +1) (K +1)]'/2
x( K 1 K+1) (5D)
-Q L @-p)’

The symbol on the right-hand side of (6b) is the 3j
symbol,?® R is the unit cell size ~10.5 A, and « is
a parameter equal to the geometric factor

23,46, 6,)/2,C36,, )

the summation being over the lattice points. Com-
bining Eqs. (4) and (5) with o=~ 0. 6 we obtain
(CawO,):

85| = 3] ~ 4x107° BS [em~1/(V/em)] ,  (6a)
(STWO,):

[02] ~ |b}]| ~9.4x10°B% [em™1/(V/cm)] . (6b)

Taken in conjunction with the previously established
relationships R,/D=vZ [b3|/B), etc., and with the
D values in Table II, Egs. (6) yield the result

(CawO,):

R,=R,=VIx4x10"°x413[MHz/(V/cm)], (7a)
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(SrWO,): _
R,=R,=VZ x9.4x10"°x 326 [MHz/(V/cm)] . (7b)

The results of this calculation are shown in Table
1II1.

By comparing Tables I and III we see that the
calculated ratios R(Mn in StWO,)/R(Mn in CaWO,)
~1.9 are in very good agreement with experiment.
Since these ratios arise from our treatment of the
restoring force acting on impurity ions, we assume
that this part of the analysis is substantially cor-
rect. The calculated values of R itself are, how-
ever, ~100 times too small. Even if the crystal
field screening effect for the new forms 5% and for
the previously existing term B§ differ, rendering
our assumption R,/D~b%/BY incorrect, it is diffi-
cult to see how such a large discrepancy could
arise. We are therefore forced to abandon our in-
terpretation of the electric effect for Mn in the schee-
lites interms of new even-field components and return
to the possibility that odd-field polarization of the
Mn?* ion (i.e., the “electronic effect”) is involved. We
do this in spite of the observation that ionic vadii
play an important part in determining the electric
shifts. As we shall see, ionic motion effects can
enhance the electronic polarization induced by an
externally applied field. We first, however, sum-
marize the calculation of the electironic effect for
Mn** as given in detail in Ref. 2.

B. Electronic Effect

The electronic contribution to the electric effects

_ in Mn®* can arise in two ways, both involving high-

order perturbations (see Fig. 1). One kind of per-
turbation (perturbation A) is related to that which

is used to calculate the D term. An equivalent even
field® formed from the product of the laboratory
applied field and the odd crystal field terms V§z
mixes the *P;,, and *D;,, excited states in the d°
manifold, and the effect is transmitted to the ground
state via spin-orbit coupling. The E, 44— E,y,, €ner-
gy denominator appears only once in the computa-
tion of the equivalent even field.?? In the second
kind of perturbation (perturbation B), spin-orbit
coupling mixes states in the d* odd manifold, the
effect being transmitted to the ground state via the
laboratory applied field and via the odd crystal
field terms V32, The E 4 — Eoy,, energy denomina-
tor appears twice here, but the resulting electric
effect is not necessarily negligible since the per-
turbation itself is of a lower order. The matrix
elements involved in these two perturbations are
indicated on the diagrams in Fig. 1.

Calculations of the electric effect via perturba-
tion A are described in Ref. 2. The result, as-
suming the Lorentz value %(e + 2) for the internal-
field correction factor o, is R,(Mn in CaWoO,)
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=R,(Mn in CaWO,)=0. 6 MHz per 10° V/cm of ap-
plied field. A similar calculation for the case of
Mn in SrWO, gives 0.43 MHz per 10° V/cm, the
reduction in the case following from the generally
smaller value of the crystal field components in
the more spacious SrWO, lattice. (This is also
evidenced by the smaller value of D for Mn® in
SrwO0,.) Calculations via perturbation B were not
attemped in Ref. 2 since a detailed knowledge of
the structure of the d*» manifold, needed in order
to calculate matrix elements 3 and 4 in Fig. 1(b),
was not available. (A closure method involving
integration over the whole d* manifold can be used
in perturbation A, thus avoiding this difficulty. )
Perturbation B could conceivably be as large as
perturbation A, and the values for the electronic
effect calculated via perturbation A only should
therefore be regarded as lower limits.

C. Ionic Motion and the Local-Field Correction Factor

In earlier calculations little attention was paid
to the relationship between the applied electric
field and the field seen by the ion, 0E,,, It seemed
to us that inaccuracies arising from crystal field
calculations would outweigh inaccuracies in esti-
mating 0. It was also supposed that any resulting
error would cancel out when comparisons were
made between ijons in the same or in similar lat-
tices. These rough assumptions can lead, however,
to conclusions which are qualitatively wrong. A
comparatively trivial illustration of this is the as-
sumption of the isotropy of o which leads to the
prediction (as in Sec. III B above) that the electronic
effects R, and R, will be the same. More serious,
however, is the assumption that o will be the same
for an impurity ion as for the normal unsubstituted
cation. We now attempt to illustrate the manner in
which ¢ may be enhanced for a “loose ion” and the
way in which it will vary according to the ionic re-
storing forces. Let us break down the internal
field into components by writing

Eqn=E pp+ E,,1 + E,,2 + El’s s

where E, is the internal field at the cation site due
to the polarization of the surrounding lattice, and
E,, and E, are the fields which are seen by the
cation as a result of its own individual electronic
polarization and motion, respectively. E,, gives
rise to a shielding (or antishielding) factor which
would probably be small for the case considered,
and would, in any case, be the same for Mn? in
both lattices. The last term is approximately given
by Epg= 2mqu/R®, where R is the anion to cation
spacing, q=2e is the ionic charge, u is the dis-
placement of the impurity cation, and m is a nu-
merical factor 31 obtained by summing over near-
by lattice points. If we take R~4 A and substitute
the expressions for u given in Eq. (4), we find that
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PARITY PARITY
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4 .
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INTERNAL \
FIELD(V,) \\
FRY
(a) (b)

FIG. 1. Schematic representation of odd-field inter-
actions for Mn? in scheelites. In (a) the combined effect
of the odd-crystal-field matrix element (3’) and the ma-
trix element for the applied electric field (3’’) are repre-
sented by (3), the matrix element for the equivalent even
field (EEF) (Ref, 21), In computing the EPR parameter
D according to this scheme, the axial crystal field Vg
replaces the EEF (3). Similarly, in the case of ionic
movement, the resulting V9§ replaces the EEF. The
spin-orbit interactions (1), (2), and (4) are identical in
each case, leading to the same parameter (Ref. 22)

X =D/Bj). In (b) a different perturbation scheme for the
electronic effect is depicted. This case requires a more
detailed summation over odd states. There is no equiva-
lent to (b) for the existing axial field V.

E,y~ 4mE,,, for Mn in CaWO, and E, 9. 5mE,,
for Mn in SrWO,. In the unsubstituted lattice,

Ey, =1.6mE,, [see Eq. (3)]. It should be noted
that although the field component E,, cannot be a
major factor determining the ionic motion itself
(unless the ion is unstable), it is quite well able to
polarize the electron charge cloud and thus enhance
the electronic effect. The above argument suggests
that the estimates of the electronic effect given in Ta-
ble IVshould beincreased by a factor ~ 2.5 in the case
of Mn in CaWO, and by a factor ~ 6 in the case of Mn

in SrWQ,, thus causing the electronic effect for

Mn in Sr'WO, to be ~1. 7 times as large aselectronic
effects for Mn in CaWQ, instead of ~ 0.7 times the
CaWO, result as suggested at the end of Sec. IIIB.
An appropriately revised set of calculated values
for the electronic effects are shown in Table IV.
The ratio between the coefficients R(Mn in SrWO,)
and R(Mn in CaWO,) agrees with the experiments,
but, as was pointed out in Sec. IIIA, this merely
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TABLE IV, Calculated electric-field-effect parameters
for Mn®* assuming electronic polarization of the Mn®* ion
and taking ionic motion into account in estimating the in-
ternal electric field. R, and R, are in units of MHz per
10° V/em of applied field. The equivalent even-field
method (perturbation A) has been used. The angle ¢,
defines the orientation of the D,; twofold axes implicit in
the combination of the crystal field terms V%, as in
Table III.

Cawo, Srwo,
R, 1.5 2.6
R, 1.5 2.6 .
o 2¢, 2¢,
b o bq

confirms the approximate validity of our treatment
of the restoring-force problem. - The absolute mag-
nitudes are now, on the average, within a factor of
~ 6 of the experimental values. This discrepancy
could arise either from our ignoring perturbation
B in calculating the electronic effect or from nu-
merous simplifications which have been made in
the theory. The result is, however, much closer
than the result calculated by considering only the
new even-field terms due to ionic displacements.

We conclude, therefore, that the electric effect
for Mn?* in the scheelite lattices is predominantly
electronic in origin, but that ionic motion must be
considered in order to obtain the proper local-field
correction factor. In view of this result it seems
that the distinction between ionic and electronic ef-
fects should be abandoned and should be replaced
by a distinction between (i) an even-state electric
effect which is independent of odd-state mixing and
which can only arise from ionic motion, and (ii) an
effect due to odd-state mixing which may also de-
pend on the degree of ionic motion.

D. Comparison with Result Obtained for Yb3*

These conclusions seem at first to be in conflict
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with those which we reached in considering the case
of the Yb* ion. There the even-state ionic-motion
effect was found to give the best interpretation.
Here, on the other hand, we find it necessary to
invoke odd-state mixing, in spite of the fact that
the two situations have many features in common.
The reason probably lies in the very different situ-
ation in regard to the Yb®* and Mn®* ground states.
Yb® has three other Kramers-doublet states nearby
separated by an interval ~100 cm™, and is relatively
sensitive to even fields. Mn* is an S-state ion and
is only influenced by even fields in high-order per-
turbation. Effects due to the mixing of the odd-
state manifold are thus at less of a disadvantage for
Mn?* than for Yb®*. It is interesting to note that

the ratios of parallel and perpendicular electric
shifts, which would have been impossible to explain
in a consistent manner if the even-state “ionic
motion” effect were predominant for both ions, be-
come more intelligible when the effects are assigned
to a different origin. In Yb%* the experimental
evidence indicated that the force constant %, was
greater than 2,, a conclusion which seemed rea-
sonable since motion along the ¢ axis in the schee-
lites is restricted by two closely spaced oxygen
atoms (see Fig. 2 of Ref. 1). If the ratio R,/R,

~ 2, which is observed for Mn**, were to be ex-
plained in like manner, it would suggest that on the
contrary k, >k,. The difficulty is partly resolved,
however, if we remember that when the ion is
moved along the ¢ axis toward the closely spaced
oxygen the polarizing field E,, will be larger than

it would be for an equivalent motion in the ab plane.
According to our view, this component E,, will be
the most important single factor determining the
internal field E,,, which polarizes the Mn®* ion.

The component E,,, which results from the motion
of the impurity ion, cannot, however, contribute

to the field causing this ion motion and does not
therefore, lead to any enhancement of the “even-
state effect” which is dominant in the case of Yb®*.
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this generalization. The ratio of ionic radii Yb¥/Ca®

is 0.95. The R, coefficient for Yb* in CaWO, is much

smaller than any of the other electric shift parameters

observed in this series of experiments and is within a

factor of 2 of the value calculated for the electronic effect.
UThe crystal field terms V@ are often expressed as

A2 Y6, @), where Y 3(9, @) are the conventional nor-

malized spherical harmonics. In recent years, many

papers on this subject use the related harmonic

(6, ) =[(2K +1)/4n1/2 ¥ 3(6, @),
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V@=B3C6, ¢)=[4n/(2K +1)]/2 A% CR(6, ).
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throughout this paper.
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For lattice-directed trajectories, the Fourier spectrum of the interaction between an ener-
getic (2 10°eV) B particle and the lattice atoms is different from the Fourier spectrum of the
interaction with randomly distributed target atoms by significant terms of frequencies near

(sv/2a).

Here s is an integer, v is the velocity of the B particle parallel to the low-index

crystallographic direction, and 2a is the interatomic spacing in this low-index direction in
the reference frame of the 8 particle. It is suggested that these frequencies will dominate
the brehmsstrahlung spectrum of an energetic 8 particle traversing a single crystal in a lat-

tice-directed trajectory.
perturbation theory.

I[. INTRODUCTION

During the last decade, appreciable interest has
been focused on the lattice-directed trajectories
of energetic positive! ~* and negative®~® particles.
In a lattice-directed trajectory, the direction of
motion of the projectile particle is aligned with
the lattice atoms in a simple crystallographic di-
rection. Therefore, the Fourier spectrum of the
interaction between the lattice atoms and the pro-
jectile particle will contain significant terms of
frequencies around integral multiples of the in-
teraction frequency. These terms have to be con-
sidered in the derivation of the transition prob-

This effect is considered in terms of the quantal time-dependent
Its magnitude is estimated using the classical theory of radiation.

abilities between the various quantum states of the
energetic projectile particle. 8-1® If we consider
the projectile particle free except for the periodic
perturbation of the interaction with the lattice
atoms, we can apply quantal time-dependent per-
turbation theory to obtain these transition prob-
abilities. As is well known, !! we will obtain a
strongly increased transition probability to states
which differ in energy from the initial state by an
amount shy, where s is an integer, & is Planck’s
constant, and ¥ is the frequency of the interaction.
For channelled or blocked heavy ions, these
energies shy will be of the same order of magnitude
as the energy differences between electronic ex-



