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An attempt has been made to understand the fine-structure constants of the vacancy-associ-
ated-Mn ' complexes corresponding to spectra III& and III2 observed by &atkins in NaCl and
KCl. The point-charge contributions arising from the mechanisms which were not considered
previously are included in our treatment. The role of overlap and/or covalency effects are
analyzed by calculations. Assuming the lattice distortions in accordance with the available
calculations, the theoretical values of the fine-structure constants are compared with the ex-
perimental values. For speetraIII& andIII2 the DandEvalues are smaller than the experimental
values but they agree in sign if one considers point-charge and overlap effects. The inclusion
of covalency effects brings, in general, the calculated values into better agreement with ex-
periment. Some conclusions have also been drawn regarding the distortion of the lattice in
order to improve the calculated values.

I. INTRODUCTION

Many theoretical and experimental attempts have
been made in alkali halides to understand the inter-
actions between a divalent ion impurity and a va-
cancy. The vacancy has been found to pair off with
the divalent impurity to form vacancy-impurity
pair complexes. It has been established by catkin'8
electron paramagnetic resonance spectra' of Mn ~'-

doped alkali chlorides that two different kinds of
yair complexes can exist in such systems. One
complex is formed when the vacancy is located at
the cation site nearest to the magnetic ion, the
spectra corresponding to which is designated by
III y

The other eompl ex is formed when the bound
vacancy is at the next-nearest cation site relative
to Mna' impurity producing spectra III2. These spec-
tra have been interpreted by Watkins by means of
the theory then available which considered the con-
trlbutlon8 froID the splD-spin mechanism ar181ng
from d-s excitation only and the Watanabe mecha-
nism. The theory was found to give the correct sign
but the results were an order of magnitude too low.
No attempt has yet been made in such systems to
estimate the contributions from overlap and/or
charge transfer effects, though the importance of
these has been emphasized by Watkins. Since now
other mechanisms are known to give dominant con-
tributions, it is of interest to know whether the con-
clusions of %atkins change if one incorporates the
effects of these mechanisms. This has been done
in the present paper. Moreover, the contributions
from overlap effects have also been calculated. The

spectra we have considered in the present paper are
III, a d Irr, ln NaCl a d KC1 crystals.

In Sec. II wepresent the procedure and the cal-
culations for the ground-state splittings of the com-
plexes III, and III& in NaCl and KCl and compare
them with the experimental results. The discussion
is given in Sec. III, where some speculations have
also been made to bring the theoretical results into
line with experiment.

II. PROCEDURE AND RESULTS

The expressions derived in Refs. 2 and 3 may
be used here directly with appropriate changes to
estimate the ground-state splitting parameters D
and E for spectra III, and III&. In the following, we
first consider spectra III, and obtain point-charge
contributions from various mechanisms —Blume-
Orbach (BO), spin-spin (SS) (d-s, d-d, d-g),
Watanabe-with-cubic field (WC), and Orbach-Das-
Sharma (ODS) mechanisms —and overlay contri-
butions in NaCl and KCl. Next we consider spec-
tra III~ and give similar results.

A. Spectra III,

The vacancy-Mn + pair complex which gives
rise to the spectra DI, is shown in Fig. l. Bassinj,
and Fumi4 have estimated the displacements of the
ions for this complex in NaCl and KCl with the im-
purity lons Cd +, Ca +, and Sr . To the knowledge
of the authors, no similar calculations have yet been
reported for the case where the impurity ion is Mn '
In the absence of such data, we assume that the
displacements of the ions when Mn ' is present as
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FIG. 1. Vacancy-Mn ' pair com-
plex corresponding to spectra III&.
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an impurity are not drastically different from those
estimated by Bassani and Fumi. In Fig, 1, $, a
designates the displacements of the anions nearest
to the impurity, and $2a the displacements of the
anions nearest to the vacancy, a being the nearest-
neighbor distance. If we suppose that the crystal
fields at the Mn 'site arise from the point charges
alone, then we have, to the fir st order in the dis-
placements,

Bz= (1/a')((I/2&2) —[(12/25v 5)+ (8/9&3)])2j,

B40 ——(I/4a5)[- (3/4&2) + 100)~+ [(12/25' 5)
—(40/81v 3)](aj,

B', = (v'70 /8a')[- (I/4&2)+ 20$,

+ [(332/3125& 5) + (8/27;~3)])2]

(Bg)' =B4+ (14/5)'I B4,
B2= ((3/2)' /a )((I/2v 2) —[4+ (12/25' 5)

+ (20/27P3) ]],],
B', = (v'10/2a')(( —I/4v 2 ) + 2[2+ (46/625&5) g,] )

where the crystal fields given above are defined in
Ref. 2; the B~~ and B~~are in units of e~/2aso, whereas
B4, B4, (B40), and B~~are in units of e /2ao; a (the
nearest-neighbor distance) is in unit." of ao.

It is interesting to mention that the crystal fields
Bm, (B4), 8'„and B4 are independent of the parame-
ter $, which must be the case since such displace-
ments of the nearest neighbors produce cubic sym-

metry at the impurity site. The (14/5) in the ex-
pression for (B4) has been obtained in the same
manner as described previously. '

For the calculations of the crystal fields we se-
lect the values of the parameters g, and g, appro-
priate to the Sr 'impurity because the displacements
for spectra III2 are available only for Sr ' impurity
and it is more meaningful to compare the results
(for spectraIII, and III2) if they are calculated on
the same basis. The crystal fields are then used
to estimate the splitting parameters D and E for
spectraIII, . The combined results from various
mechanisms are tabulated in Table I for NaCl and
KCl, The comparison of the result for D (spectra
III„NaCl)with the corresponding experimental
value (Table II) shows that they agree in sign, but
the calculated result is about a factor of 7 too low.
The D value estimated by Watkins corresponds to the
contributions from the SS(d -s ) mechanism (the
Watanabe contribution being neglected, since it is
an order of magnitude lower), i. e. , —1.02 (in
units of 10 cm '). Thisvalueagrees in sign but
is about 45 times smaller than the experimental
result. This was essentially the conclusion arrived
at by Watkins. Thus, it is easy to see that the con-
sideration of the other mechanisms (especially the
Bo mechanism) has changed Watkin's calculated re-
sults very significantly beyond the value from the
SS (d s) mechanism. The situation for D in KCl
is similar to this (see Tables I and II). However,
one point is noteworthy: The total D value is lower
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TABLE I. Point-charge and overlap contributions (in

units of 10 cm i) to the ground-state splitting parameters
D and E for spectra III& and III2 in NaC1 and KC1.

Overlap contribution
III( IfI2

Point-charge contribution
Spectra III( III2

Parameter
Cx ystal D E D

NaCl —5. 61
KCl —3.46

D

+6.67
+6.74

—9.57 —3.00 +0.38 + y] 78
—5. 28 —l. 68 +0.99

in KCI than in NaCl since the nearest-neighbor dis-
tance is larger in KCl than in NaCl, while (2 stays
almost the same (0. 081 in KCl and 0. 083 in NaCl),
consequently decreasing the crystal fields in KC1.

As for the parameter E, we mention that its sign
is not known from the experiment since it was not

possible to distinguish whether the vacancy was along
the x or y axis. If one believes that thevacancy lies
on the y axis, one gets a disagreement in sign in this
case. The magnitudes of E are smaller by a factor
of 4 in NaC1 and 8 in KCl compared with the experi-
mental values. The contributions from the SS(d s)
mechanism are +0.1V&&10 ' cm ' in NaC1 and+0. 08
&&10 cm in KCl. The BO contributions (- 9.82
x10 cm in NaCl and —5.40&&10 cm ' in KCl)
completely change the sign and magnitude of the to-
tal contribution to E in both NaCl and KCl. The pa-
rameter E was not estimated by Watkins for our
comparison, probably because the relevant expres-
sions for E were not known.

To estimate the effects of overlay, one needs to
find expressions for D and E for spectra III j similar
to those given in Ref. 3. The nearest neighbors of
the magnetic ion in the case of spectra III, are differ-
ently located than in Ref. 3 (compare Fig. 1 here and

Fig. 1 of Ref. 3). A detailed investigation shows
that the expressions for D and E in Ref. 3 should be
divided by a factor of 2 so that they are applicable
for spectra III,. This is physically clear if one re-
members that D is nonzero when the distance from
Mn2' of the two neighboring ions on the z axis is
different than that of the four ions on the plane per-
pendicular to the axis. In spectra III„only two of
the four neighboring ions on the plane have a differ-
ent distance from the Mn ' (relative to those on the
z axis) and hence the contribution to D in this case
is half of that in Ref. 3. The parameter E, on the
other hand, is nonzero when the four ions on the
plane do not form a perfect square. In the present
case, only two of the four ions contribute to the de-
formation of the square, which explains the factor
of 2 in case of E.

The various overlap integrals' useful for SS and
spin-orbit interactions are calculated for NaC1 and
KCI using a general expression for the n function.
For the calculation of these integrals, we have used
Watson's wave function' for the 3d electrons of Mn '

and Clementi's wave functions" for the 3s and 3p
electrons of chlorine ions, and followed the proce-
dure given in Ref. 3. The other parameter is f»
(Cl ), the spin-orbit coupling constant for 3p elec-
trons of Cl, which is calculated to be 242 cm '.
The overlap contributions to D and E are listed in
Table I for both NaCl and KCl.

Comparison of Tables I and II shows that the over-
lap effects are able to explain the spectra. Illq (espec-
ially E) in NaCl and KCl. The signs of the overlap
D values are not the same as the experimental val-
ues, and they are very low, even lower than the

point-charge contributions. The calculated overlap
E values are of correct sign but are low in both

NaCl and KCl.

B. Spectra III,

TABLE II. Experimental values (in units of 10 cm )
of D and E as determined by %atkins.

Spectra

Parameter
Crystal

NaCI
KCl

—45. 0
—66. 0

40. 7
41. 0

III2

43. 67
58. 0

The vacancy-Mn ' pair complex associated with
spectra III2 is depicted in Fig. 2. The displacements
of the surrounding ions, shown in the figure, are in
accordance with the calculations of a similar pair
by Tosi and Airoldi where a Sr + next-nearest ca-
tionvacancy complex has been considered. The dis-
placement of the anion between the impurity and the
vacancy is taken to be ga. The other ions nearest
to the impurity are displaced by $,a towards the im-
purity site, and the remaining ions nearest to the
vacancy by $2a away from the vacancy. The crystal
fields at the Mn ' ion required in this case are

B~= (I/a')(- 1/4 —6(q —$,)

+[fp+(36/2545)]$2] ~

(B4)' = (1/a')(- 1/16+ 10(q —$,)

+ [zzq+ (243/625&5)

+ (77/3125' 5)]$2] ~

where again B, is in units of e /2 ao, and (B,) is in
units of e'/2a, '; a is in units of ao. Because of the
symmetry, the crystal fields which contribute to E
are absent in this case.

Using the parameters $„$2,and g given in Ref. 6,
we now calculate B~~ and (B4) and hence the splitting
yarameters D which are listed in Table I for both
NaCl and KCl. These values are of the wrong sign
and an order of magnitude smaller than the corre-
sponding experimental values (see Table II).
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FIG. 2. Vacancy-Mn pair com-
plex corresponding to spectra III&.
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We next consider overlay effects in this case. Since
only one of the two ions nearest to Mn~' on the z axis
is differently spaced than the nearest ions on the
plane perpendicular to the z axis, one mustdivide
the expressions of Ref. 3 by a factor of 2. The
various overlap integrals for KCl and NaCl are
again estimated using the general expression for the
n function as explained in Ref. 3. From these, one
may now estimate the D values which are shown in
Table I. The overlap D values are of the correct
sign and about six and eight times smaller than the
experimental values for NaCl and KC1, respectively.

III. DISCUSSION

Using the appropriate lattice distortion parameters
as calculated in Refs. 4 and 6, we have analyzed
the fine-structure parameters D and E for spectra
III& and III& in NaC1 and KCl, both from the point-
charge and overlap models. The total values for
the spectra in NaCl and KCl agree in sign but are
about an order of magnitude too small. Thus, if
we wish to get a good agreement with the experi-
ment, we should increase the magnitudes of D and
E. There are two effects which we have not yet
included in our treatment. One is the effect of the
induced dipoles on the lattice and the other, the
effect of the charge transfer covalency. In the fol-
lowing, we explain how our results are changed by
these effects.

The effect of the induced dipoles can be incorporated
into the crystal fields simply by increasing or de-
creasing slightly the values of the displacement di-
poles $„$~,and g. Since the values of the induced

dipoles are not known in our cases, it is difficult to
assess directly the importance of this effect. Thus,
it is appropriate to investigate the possibility of im-
proving our results by changing slightly the values
of the displacement parameters. First, let us con-
sider spectra III,. In the point-charge model the
BO contributions are dominant and, therefore, to
change the magnitudes of D and E, the crystal
fields (B4)' and B4 should be changed. This can be
affected by changing the value of $&. It can be seen
that D is insensitive to changes in )„while E can
be decreased if $3 is decreased. As for the over-
lap contributions, the nonlocal spin-spin and local
spin-orbit contributions are dominant. The D pa-
rameter can be improved by decreasing $„since
D is approximately proportional to the difference
of the squares of the overlaps of the magnetic ion
with the two Cl ions, one located on the z axis and
the other on the plane perpendicular to this axis.
Such a decrease in $& will, however, not improve
E, since E depends on the cosine of the angle be-
tween the lines joining the magnetic site to the two
Cl sites on the plane perpendicular to the z axis.
A more important point, however, is that the charge-
charge transfer covalency improves E but not D.
If the covalency parameters are close to the corre-
sponding overlap parameters, ' E can be improved
by almost a factor of 2, thereby bringing E close to
the experiment.

We now analyze critically the parameter D in spec-
tra III&. If the displacement (z is varied to improve
the point-charge results, one observes that one can-
not reverse the sign of D (even by changing the sign
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of $z). The increase in magnitude of q also does
not improve the results. For instance, if g is
doubled, the SS cont'ribution changes from+2. 31
x10-'cm ' to +4&&10 cm ' andthe BOcontribution
further increases in magnitude from its value —5. 34
&&10~ cm ' without changing the sign of the com-
bined result. However, improvement can be ob-
tained by decreasing the magnitude of g or prefer-
ably changing its sign. Keeping the same order of
magnitude, ' but taking the opposite sign of g makes
the SS and BO contributions, respectively, —2 and
+ 5 (in units of 10 'cm '), which give a net positive
value to D.

On the other hand, it can be seen that by increas-
ing g one can improve the overlap contributions.
The introduction of covalency parameters' (if they
lie close to the corresponding overlap parameters)
can further improve the results by almost a factor
of 2.

Thus, a reasonable agreement can be obtained
if one changes the magnitude of $2 in spectra III&

and changes the sign of g in spectra III~. The change
in the value of $2 in III& is expected if one considers,
on physical grounds, the effect of induced dipoles.
Moreover, we have taken the distortion parameters
appropriate to Sr '-vacancy complexes which may
be quite different in our case. Regarding the change
in g, it has been argued by Tosi and Airoldi' that
the parameter g may suffer a large error because
of the uncertainties of the repulsive interaction at
short distances.

There is one more important point which must be
mentioned. It is regarding the off-center displace-
ment of the impurity ion. This possibility has not
been considered in Refs. 4 and 6 for the calculations
of the distortion parameters. Since the considerable
difference between the association energies for Cd '
and Ca ' in NaCl has not been explained, it is im-
portant to investigate such a displacement and its
influence on the other distortion parameters. The
displacement of the impurity ion (especially for spec-
tra III,)towa. rds the vacancy is expected because the
impurity ion is a positive center and the vacancy is
effectively a negative center. This displacement
is consistent with the experiment' where D and E
are nonzero for spectra III

& and E is zero for III&.
Our results change only slightly if the displacement
of the magnetic ion is taken into account. The maxi-
mum changes in fine-structure constants are 0. 3
and 3 (in units of 10 4 cm ') if the displacement is
0. 01a and 0. 1a, respectively. Though this change
is small in our case, it may be important for the
calculations in Refs. 4 and 6 to improve the asso-
ciation energies and may indirectly affect the values
of the parameters $2 and q which are useful for our
calculations.

Therefore, in order to explain quantitatively the
observed fine-structure constants, a first-princi-
ples calculation' of the distortion parameters is
really needed for vacancy-associated Mna+ com-
plexes —one in which the magnetic ion is allowed
to shift from the lattice site.
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