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F4-center optical absorption is analyzed theoretically for 12 doped alkali halides, including two with heavy
impurities. The ground state is estimated variationally, including static-lattice distortion. A form of the ion-
size correction of Bartram, Stoneham, and Gash is found to give good qualitative, and some quantitative,
agreement with experimental values of absorption energies and splittings. Details are given of lattice
distortion in the ground state and of the contributions from kinetic, point-ion, and ion-size energies to the

absorption splitting.

I. INTRODUCTION

The F, center that we shall discuss is an F cen-
ter (electron trapped at an anion vacancy) adjacent
to a substitutional impurity cation in an alkali
halide of the NaCl structure. The review by Liity’
remains the definitive work on the experimental
properties of these F, centers. With respect to
optical absorption (Ref. 1, Sec. III A), the role of
the impurity in shifting and splitting the transi-
tion energy relative to that of the ordinary F cen-

ter in the same host crystal is of primary interest.

There have beenprevious theoretical analyses by
several authors,?~® as well as by the present
authors.” This work extends the previous ones
in three respects: (i) by examining a wider
variety of crystals; (ii) by further assessing the
ion-size correction used in describing the elec-
tron-ion interaction; and (iii) by including lattice
relaxation fully.

In Sec. II, the previous theoretical work is
briefly reviewed. In Sec. III, our model and pro-
cedure are outlined and compared with the earlier
work. In Sec. IV, our results are presented, in
comparison with experiment. It is found that the
“standard” form of ion-size correction, namely,
that which has been highly successful for the
F-center absorption process,?® fails entirely for
F,-center absorption, and that two other simple
forms provide qualitative, and some quantitative,
agreement with experiment. In Sec. V our pro-
cedure is discussed critically, and our conclu-
sions are presented.

II. REVIEW OF EARLIER WORK

The earliest theoretical work on F,-center
absorption, done in 1961 by Kojima et al.? for
KCl:Na, was based on a simplified molecular
orbital approach, and demonstrated the credi-

bility of the now-accepted model of this defect.
Later, Smith® performed a pseudopotential analy -
sis for KC1:Na and KCl1:Li, including ion-size
effects for nearest neighbors only, and obtained"
results which were in qualitative agreement with
experiment. In 1969 Evarestov,* using a model
potential out to third neighbors, obtained similar
results for KC1:Na. There followed three works
based on the ion-size correction of Bartramet al,®
which is a pseudopotential method with simplifi-
cations. (i) Weber and Dick® found, using the
self-consistent method of Ref. 8, that the empiri-
cal factor @ =0.53 gave absorption splitting in

the wrong direction (Ref. 5, Table IV, §E, for
the F, center in KC1:Na) and that setting =1
tended to give qualitative agreement with experi-
ment (Ref. 5, Table IX), while at the same time
leading to extensive disagreement with the Mollwo-
Ivey relation for ordinary F-center absorption
(Ref. 5, Fig. 6), a conclusion borne out in Ref, 8
and later by our work,® which, unlike Refs. 5 and
8, included lattice relaxation. Weber and Dick
also found (Ref. 5, Table X) that an ad Zoc modi-
fication of the scheme of Bartram ef al.® led to
more uniform agreement with experiment for F-
and F,-center absorption in KCl. (ii) Alig® used
an ion-size correction very similar to, and partly
derived from, that of Ref. 8, with a variety of
pseudo wave functions, and including lattice
relaxation for the F, center’s six nearest neigh-
bors, one of which is the impurity cation. His
conclusions were very similar to those of Weber
and Dick, namely, that ¢ =0.53 was inappropriate
for F, absorption and that o =1 gave qualitative
agreement with experiment. (iii) Finally, in
1973 the present authors’ attempted to analyze

F, absorption and type-I and type-II emission in
KC1:Na and KC1:Li. In that work the ion-size
correction of Ref. 8 with @ =0.53 was combined
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with the lattice-static method for color centers,0+1
in which lattice relaxation and variational treat-
ment of the psuedo wave function are incorporated
self-consistently. Unfortunately, an error de-
scribed in Sec. III was made in evaluating the
ion-size correction. The result was that, contrary
to Refs. 5, 6, and the present work, @ =0.53 gave
absorption splitting in the correct direction.

III. MODEL AND PROCEDURE

Our model has been extensively discussed in
Sec. II of Ref 7, and should be reviewed by the
reader, ignoring the very brief references to
saddle-point and relaxed excited states. Section
II of Ref. 7 is complete and correct: the error
in Ref. 7 was in neglecting the dependence of V
[Ref. 8, Eq. (2.12b)] on lattice distortion (£, u)
in minimizing E with respect to (£, u)|[Ref. 7,
Eq. (14)]. This error has been rectified in the
present work.

The two most extensive previous works on this
subject were by Weber and Dick® and by Alig.®
Our present treatment goes beyond both of these
in determining the ground-state lattice relaxation
fully self-consistently with the variational pseudo
wave function. Weber and Dick apparently did not
include any lattice relaxation, and Alig allowed
for displacements of the six nearest-neighbor
ions only, that for the impurity cation being dis-
tinct from the other five. However, instead of
minimizing the energy with respect to parameters
of the variational pseudo wave function, he used
values obtained in other works. Note that Alig’s
treatment does not allow for the host cation that
is diametrically opposite to the impurity to be
displaced by an amount different from the four
other host nearest neighbors, as it would be, and
as in our treatment it is.

At this point it is worthwhile to summarize the
deficiencies of our model and procedure. First,
lattice-dynamic effects are entirely ignored, as
is the electronic polarizability of the ions.
Second, there are the approximations used in the
ion-size correction: free-ion wave functions,
and the ignoring of the variation of the pseudo
wave function over the ionic diameter. Third, we
assumed instantaneous C,, symmetry of the de-
fect, ignoring the tunneling motion of the impurity
that is detected in KC1:Li," but that apparently
does not occur in KBr:Li.!® Fourth, there is the
simplicity and symmetry of the form of trial
pseudo wave functions, taken spherically sym-
metric in the ground state and antisymmetric in
the excited states, in spite of the average C,,
symmetry of the surrounding lattice, and in all
cases containing only a single variational (local-
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ization) parameter. We shall return to the second
and fourth of these points in Sec. V.

IV. RESULTS
A. Absorption energies

Tables I and II summarize our principal results
on F,-center absorption energies, and include
the available experimental data. Table I gives
the F,,-absorption energies, arising from the ex-
cited state that overlaps a pair of host alkali ions,
and Table Ilgivesthe F,,-F,, splitting, i.e., the en-
ergy difference between F,, absorption and F,,
absorption (where in the latter, the excited state
overlaps the impurity ion). Thus the F,, absorp-
tion is obtained by subtracting the splitting from
the F,,-absorption energy. Certain features of
the experimental data are worth noting, namely,
that (i) the F,, absorption is close to the F-cen-
ter absorption (shown in Table I), following the
Mollwo-Ivey relation, and closer for the larger
impurity, with the exception of KF; (ii) the F,,-
absorption energy increases with impurity cation
size for a given host crystal; (iii) the splittings
are all positive (and all the observed cases have
impurity cations smaller than host cations); and
(iv) the splittings diminish with increasing im-
purity cation size (except in RbCl).

In the theoretical results, three sets of data
are given, according to the value of the para-
meter o of Ref. 8, ¢ =0.53 and @ =1 being ap-
plied to all ions of the crystal in the two cases,
respectively, and o*) signifying a calculation in
which all cations (including the impurity) have
a =1 and all anions have ¢ =0.53. Note in Table
II that the case o =0.53, which is highly success-
ful for F-center absorption,®-? gives splittings
that are very large compared to experiment, but,
worse still, are of the wrong sign, making F,,
absorption, which should be comparable to
ordinary F absorption, much too small. This is
unpleasant, because, following the success of
a =0.53 for F centers,® is was hoped that it
would be useful in analyzing other similar de-
fects, and nothing is closer to F-center absorp-
tion than F,, absorption. If one falls back on the
original form of the theory in Ref. 8, namely, no
empirical correction, then although o =1 is un-
successful in F-center absorption, we see from
Tables I and II that the sign of the splitting is
rectified (as found by Weber and Dick®) in cases
that can be compared with experiment, namely,
in KC1:Na, KCI1:Li, RbCl:Li, and RbBr:K, and
that experimental properties (ii) and (iv) above
are reproduced as well, However, three of the
four splittings are much too large, and all four
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TABLE 1. F,,-absorption energies (eV) of F,-centers and F -center absorption energies
(experiment, eV) in alkali halides. The first three columns are present theoretical results
based on different forms of the ion-size correction of Ref. 8 (see text, Sec. IVA),

Crystal @=0.53 a=1 af#) Expt. F center
KF:Na 2.962 2.80
KF:LI see eeoe eee 2.893

KCl1:Rb 2.87 3.63 3.19 ces 2.34
KCl1;:Na 1.90 3.28 2.93 2.35°

KCl1:Li 1.42 3.05 2.76 2.25b

KBI‘ZRb oo 2.53 3.46 soe 2.08
KBr:Na cee 2.68 2.07P

KBr:Li 1.40 c 2.50 2.00°

RbCIZK eve 3.40 3.47 e 2.03
RbCl:Na 1.15 see 2.58 2.09P

RbCl:Li 0.73 2.46 1.91 1.95P

RbBrK 1.69 2.42 2.53 1.85P 1.85
RbBr:Na 1.16 2.20 2.03 ces

RbBr:Li cee .o 2.09 1.78°

RbI:Li coo 1.6249 1.71

2L. F. Mollenauer, B. A. Hatch, D. H. Olson, and H. J. Guggenheim, Phys. Rev. B 12, 731

(1975).
bF, Lity, Ref. 1.
¢No convergence.

4H. Ohkura, Prog. Theor. Phys. (Kyoto) Suppl. 46, 11 (1970).

TABLE II. F,-center absorption energy splitting (eV)
in alkali halides. The first three columns are present
theoretical results based on different forms of the ion-
size correction of Ref. 8 (see Sec. IVA).

Crystal =053  a=1 a(®) Expt.
KF:Na ese e coe 0_313
KF:Li ces cee cee 0.552
KCl:Rb 0.45 -0.24  —0.11

KCl:Na —-0.65 0.76 0.27 0.23"
KCl:Li —-0.95 0.84 0.29 0.27b
KBr:Rb -0.16 —0.10

KBr:Na oo see 0.22 0.17"
KBr:Li —0.76 c 0.24 0.18°
RbCl:K 0.25 0.06

RbCl:Na  —1.05 cee 0.22 0.24 "
RbCl1:Li -1.26 0.88 0.24 0.23°
RbBrK —0.37 0.16 0.05 0.18°
RbBr:Na —-0.87 0.58 0.18 coe

RbBr:Li oes .ee 0.19 0.21%
RbI:Li see eee see 0.14¢

2L. F. Mollenauer, B. A. Hatch, D. H, Olson, and
H. J. Guggenheim, Phys.Rev. B 12, 731 (1975).

bF. Liity, Ref. 1.

¢No convergence.

dH. Ohkura, Prog. Theor. Phys. (Kyoto) Suppl. 46, 11
(1970).

F,,-absorption energies are too high. The final
column of theoretical results, a(*), is motivated
by the idea that @ =1 may be appropriate for the
highly localized cations, but that ¢ =0.53 (or
some similar number <1) is needed to com-
pensate for the pseudo wave function’s variation
over the anions, which is otherwise neglected

in Ref. 8. The result, (Tables I and II) is that
the splittings become quite satisfactory in three
out of the four cases and in four others, namely,
KBr:Na, KBr:Li, RbCl:Na, and RbBr:Li, re-
maining correct in sign, and also the F, energies
are improved over the @ =1 case, though they are
still high with one exception: RbCl:Li. To
summarize at this point, we conclude that the
form of ion-size correction identified by a¢*
provides good qualitative, and some quantitative,
agreement with experimental F,-center absorp-
tion. It would be interesting to know how well
this applied to F-center absorption, and whether
F- and F,-absorption results collectively would
be improved by a similar scheme (i.e., different
a’s for cations and anions, not necessarily 1 and
0.53, respectively).

Some further details of our results will now be
discussed. Note that in Tables I and II results
are given for two F, centers with impurities
larger than the host cations, namely, KC1:Rb and
KBr:Rb. In these two cases the predicted split-
tings (with @ =1 or a‘*)) are negative, which is
plausible, and the F,, absorption follows the trend



established by Li and Na impurities. Experi-
mental evidence for one of these centers is found
in a paper by Ohkura and Mori,** where they
identify the F, center in KC1:Rb, but do not give
its absorption spectrum.

As in our previous work (Ref. 7, Sec. IIIE),
wherever an entry appears in Tables I and II,
there is available not only the data given, but the
various contributions to the ground-state energy
from kinetic (T), point-ion (V,, ), ion size (V ),
and lattice defect [V, (0)] energies ignoring har-
monic lattice distortion, plus the total energy E,
associated with harmonic lattice distortion and
self-consistent readjustment of the trial pseudo
wave function. Also the kinetic (T*), point-ion
(Vi;), ion-size (Vi), and lattice defect (V}) en-
ergies of the excited states (with the lattice in the
configuration of the ground state) are available.
These data enable us to identify the contributions
of T*, Vi, and V& to the absorption splitting.
This is done in Table III for the seven crystals for
which the af*) form of ion-size correction is
most successful in comparison with experiment.
Qualitatively, one finds that the ion-size and
kinetic energies are both lower for the F,, state
than for the F,, state by about 0.7 and 0.5 eV,
respectively, because the impurity is small and
relaxes outward by more than the other nearest
neighbors, while the point-ion interaction with
the excess electron is higher in the F,; than in
the F,, state, coming to within 0.2-0.3 eV of
canceling the other two terms. We conclude that
the lattice distortion plays a large role, along
with the ion-size effect, in determining the F,
absorption splitting.

In addition to the above data, values of the
wave-function parameters, denoted a, (=1, 2, 3)
in Eqgs. (5)—(7) of Ref. 7, are available, as well
as self-consistent nearest-neighbor displacements
in the ground state, to be discussed below.

The situation, which is evident in Table II, that
the F,-absorption splitting changes sign some-

TABLE I Contributions__(eV) to F 4 -center absorp-
tion splitting from kinetic (T'?!), point-ion (V}y), and ion-
size (V) energies.

Crystal T1 Ve VL Total
KCI:Li 0.62 -1.10 0.78 0.29
KCl1:Na 0.47 -0.75 © 0.54 0.27
KBr:Li 0.57 -1.01 0.68 0.24
KBr:Na 041 -0.64 0.45 0.22
RbCI1:Li 0.60 -1.10 0.75 0.24
RbCl:Na 0.49 -0.88 0.61 0.22
RbBr:Li 0.59 -1.14 0.74 0.19
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where between @ =0.53 and @ =1 has been ex-
amined in some detail. It is found that there is a
region, which for KC1:Na includes ¢ =0.75, 0.80,
and 0.85, where self-consistency in determining
V [Ref. 8, Eq. (2.12b)] in the ion-size correction
is not obtainable for the F,, state, which overlaps
the impurity. This suggests a complicated analy-
tical dependence of energy on o that we shall not
follow up because we believe that ad hoc assign-
ment of various values for ¢ is of limited value.

B. Ground-state lattice distortion

The displacements as calculated in units of
nearest-neighbor spacing for the F, center’s six
nearest neighbors in the @‘*) form of ion-size
correction are given in Table IV. The coordinate
axes are those shown in Fig. 1(a) of Ref. 7, where
the impurity cation lies on the positive y axis
at 010. Of the five nearest-neighbor host cations,
four are equivalent to 100 and the fifth is 010.
The components of a displacement U are denoted
(,,u,,u,). The qualitative features of Table IV
are essentially what one might expect: (i) that
small impurities relax outward along the y axis,
u,(010)>0, by amounts that decrease as their
sizes increase, and that large impurities (Rb in
KCl1 and KBr) relax inward; (ii) that with the
smallest impurity, Li, the diametrically opposite
host cations shifts outward in the negative y direc-
tion, #,(010)<0, but with heavier impurities it
shifts inward by larger amounts for larger impuri-
ties (note, however, that this effect may be a
response to the spherical symmetry adopted for
the ground-state trial pseudo wave function);

(iii) that the nearest neighbors equivalent to 100
in the plane perpendicular to the defect’s y axis

. TABLE IV. Calculated nearest-neighbor displacements
u in the F 4-center ground state (units: host-nearest-
neighbor spacing). Impurity cation is at 010 before
relaxation,

Crystal =z, (010)  u, (010) %, (100)  u, (100)
KCl:Li 0.08 -0.008  -0.05 0.009
KCl:Na 0.05 0.001  —0.04 0.009
KCL:Rb —-0.04 0.02 -0.004 0.002
KBr:Li 0.07 —-0.007  —0.005 0.008
KBr:Na 0.04 0.003  —0.04 0.007
KBr:Rb  —0.04 0.03 -0.005 0.003
RbCl:Li 0.11 ~0.02 -0.04  —0.01
RbC1:Na 0.07 0.003  —0.05 0.01
RbCIK 0.02 0.02 -0.03 0.01
RbBr:Li 0.10 -0.01 -0.06 0.003
RbBr:Na 0.06 0.005  —0.05 0.01

RbBrK 0.02 0.02 -0.03 0.01




7108 CHONG KIM ONG AND JOHN M. VAIL 18

relax inward, »,(100)<0, by amounts comparable
to those of nearest neighbors in a similar model
of the F center (Ref. 9, Table IV), and also,
with ohe exception, shift slightly in the positive
y direction, ,(100)>0, toward the impurity;
and (iv) that the relaxation of the impurity is
generally greater than that of the other nearest
neighbors. Alig’s results for lattice distortion
(Ref. 6, Table II) were obtained on the basis of
a much-less-thorough treatment, and are con-
_siderably different, showing F-center and F,-
center host nearest-neighbor cations relaxing
outward, 0,<0 (note that his sign convention is
different from ours), and with outward shifts,
5,<0, of the impurity larger than we obtain, no
doubt partly because his procedure ignores
relaxation of more distant ions, which is in-
cluded in our lattice-statics treatment. Although
our procedure is much more thorough and con-
sistent that Alig’s, it is known that the calculated
small distortions around F-type center ground
states are very sensitive to details of the model,
and so we would not assume all qualitative de-
tails of Table IV to be valid predictions for as-
yet unmeasured real distortions.

V. DISCUSSION AND CONCLUSION

At the end of Sec. III we listed some deficiencies
of our model and procedure. One of these had to
do with the form of the ion-size correction. We
have seen that o‘*) (@ =0.53 for anions, o =1 for
cations) is a form that gives moderately good
agreement with experiment, except that F,, en-
ergies are about 0.5 eV too high. It is not known
whether such a prescription can unify F- and

F,-center absorption results to provide good
agreement with experiment, but it is known that
Bartram et al.® tried a number of alternatives
before determining that o =0.53 was best for the
F-center, and that subsequent work of Gash!®
failed to produce any superior simple alterna-
tive. Thus it appears that a form of ion-size cor-
rection as simple as that of Ref. 8 cannot be
relied upon to apply to a variety of states in a
variety of color centers. An alternative form of
ion-size procedure is required. Another defi-
ciency of our method is the use of trial pseudo
wave functions of symmetry higher than that of
the surrounding lattice defect. This is a defi-
ciency that could be removed, narrowing the
range of model features responsible for the re-
maining discrepancy between theory and experi-
ment. Some work has been done on this problem,
and will be submitted for publication.

In conclusion, we have carried out extensive
calculations of F,-center absorption energies,
using a well-defined consistent model, which has
reproduced the main qualitative features of the
experimental results, as well as giving quantita-
tive agreement on absorption splitting. The work
enables one to clearly assess the ion-size cor-
rection used, and provides plausible details of
ground-state lattice distortion, illustrating its
role along with the ion-size effect in determining
the splitting.
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