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Theoretical survey of F centers in alkali halides with Nacl structure. I. Absorption
and the ground state*
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The absorption energy and ground state are analyzed for the F center in 16 alkali halides, using a point-ion

lattice with ion-size correction, and including lattice distortion. F-center localization and point-ion model

energies ignoring ion size and lattice distortion depend on nearest-neighbor distances qualitatively as one

would expect.

I. INTRODUCTION

The variation of F-center absorption energy with
host-crystal composition was first formulated em-
pirically by Mollwo' in 1931, and refined by Ivey'
in 1947. The relationship for alkali halides of the
Naca structure is

4E=4E a ",

where a is the nearest-neighbor spacing of ions in
the perfect lattice. Mollwo took n =2, and Ivey
took n = 1.84, both on the basis of experimental
evidence available at the time. In 1967, systema-
tic experimental surveys of F-center absorption
were completed by Buchenauer and Fitchen' and by
Hughes et a/. 4 In both cases, the rexults agreed
well with Ivey's value of n =1.84.

A theoretical survey of F-center absorption and
emission processes in Nacl-type alkali halides has
most recently been published in 1964 by Wood and
Joy. ' In 1968 Bartram, Stoneham and Gash, ' here-
after referred to as BSG, published a further theo-
retical survey of the absorption process. Very re-
cently, Harker' has also surveyed the absorption
process, as well as hyperfine interactions of the
ground state, and orbital g factors and spin-orbit
coupling constants of the excited state, for 20 al-
kali halides (including four cesium halides). The
nature of the model employed in each case is of in-
terest. Wood and Joy' took a crystal lattice of
classical point ions whose nearest neighbors repel
each other by a potential of the form ba ~, where a
is the nearest-neighbor distance, and b and X are
constants (P. = 8). They allowed for small radial
displacements of the ions nearest to the F center,
to second order (harmonic approximation), self-
consistent with F-center wave functions whose ra-
dial dependence was of the form r "e 8" centered on
the vacancy, where P is a variational parameter
and n is an integer. The F-center electron sees a
static lattice of point ions and is orthogonalized to
free-ion outer-shell wave functions of the nearest-
neighbor ions. The Franck-Condon principle was

used, in which lattice readjustment during elec-
tronic transitions is ignored. Most of their results
were for 2s-3P transitions. They obtained agree-
ment with experiment to within 10% for absorption,
and qualitatively correct Stokes shifts.

The principal objective of the BSG paper' w'as to
develop a simple procedure for taking account of
the ion-size effect in color centers. Their model
lattice consisted of static point ions with nearest-
neighbor repulsion of the form ba ", with X=9.
They allowed for radial displacement of the near-
est neighbors to the F center in harmonic approxi-
mation self-consistently. In addition, they included
a polarization correction due to Gourary and Adri-
an, ' taking account of the imperfect screening of
the vacancy by the excess electron, through its ef-
fect in polarizing the ten shells of ions nearest to
the defect. They used variational, vacancy-cen-
tered trial pseudo-wave-functions (hereafter de-
noted PWF) of Gourary-Adrian' type III for the
ground state, and type II for the excited state. The
necessity of orthogonalizing the F-center wave
function to the occupied ion-core orbitals was taken
into account by introducing the optimum pseudopo-
tential for the smoothest PWF (appropriately, for a
variational calculation), approximated by neglec-
ting variation of the PWF over the ion cores and
neglecting overlap of ion-core orbitals on different
ionic sites, a procedure which is closely equivalent
to that of Wood and Joy. ' This led to a relatively
simple form of ion-size term in the Hamiltonian
for the PWF, which involved sets of constants A„
and B„depending only on ion species y, which were
evaluated for free ions by the Hartree-Fock-Slater
method using the Herman-Skillman program. When
the results were applied to F-center absorption in
the alkali halides, it was found that an empirical
correction was required, namely, that A„be multi-
plied by a factor n, whose value @=0.53 was found
by least-squares fit of theory to experiment. The
Franck-Condon principle was applied in analyzing
the absorption process. The theoretical results
agreed well with the experiment in terms of the
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Mollwo-Ivey relationship and the systematic devia-
tions from it.

Harker's recent analysis' is very similar to that
of BSG, except that he uses more flexible trial
wave functions, and ignores lattice distortion. In
our view, the use of more flexible PWF's is an im-
portant step forward, and the detailed analysis of
properties other than the optical absorption ener-
gies is also important. We shall not discuss Har-
ker's results further here, except to point out that
he obtains reasonably good agreement with experi-
mental absorption energies, except for LiI.

From the preceding account, it will be evident
that the approaches taken to the problem of F-cen-
ter transitions by Wood and Joy, BSG, and Harker,
have been basically very similar. It has been
pointed out, particularly by Wood and Joy, that this
approach has several deficiencies, namely, the
simplicity of the trial wave functions, the approxi-
mations involved in applying the ion-size correc-
tions, the incomplete treatment of lattice distortion
and ionic polarization, and the neglect of dynamic
lattice effects. In recent years there have been
major developments in the computer analysis of
electronic states in crystals from first principles,
and in the application of the method of lattice sta-
tics to the rigorous analysis of defects in point-po-
larizable-ion models of crystal lattices. The in-
clusion of dynamic lattice effects in the theory of
electronic defects in a consistent way is also now

evidently possible, and an important application
has been made by Ham' in an attempt to analyze
the relaxed excited state of the F center in KC1,
which has been shown by Bogan and Fitchen" to be
a parity mixture induced by the electron-phonon
coupling.

In the present work we have removed one of the
deficiencies listed above; namely, we have inclu-
ded lattice distortion in a fully self-consistent way,
rigorously to second order in small quantities.
Apart from this feature, our approach closely par-
allels that of BSG,' with minor differences which
will be specified in the next section. Basically, we
use very simple trial PWF's, we neglect ionic po-
larizability, we apply the BSG-ion-size correction
with o. =0.53, we use a static lattice, and we apply
the Franck-Condon principle. We also investigate
the effect of using a =1, in order to show the quali-
tative effect of the empirical correction. We em-
phasize that our objective has been to provide com-
parisons between experimental results and the re-
sults which follow from accurate treatment of a
well-defined model, rather than to force agreement
between theory and experiment by ad hoc innova-
tions to the model.

In this paper we analyze the results for absorp-
tion and the ground state, and in a subsequent pa-

per we shall deal with emission and the relaxed ex-
cited state. For absorption, we consider, in Sec.
III, the Mollwo-Ivey relation and systematic devia-
tions from it, and the comparison between theo-
retical and experimental results.

For the ground state, Sec. IV, we examine the rela-
tionship between F-center localization and lattice re-
laxation, and analyze the dependence of various
contributions to the energy on interionic spacing a.
Comparison of our PWF with spin resonance results
will be the subject of a separate investigation. In
Sec. II, we briefly summarize our model and me-
thod.

(2)
where A is the force-constant matrix of the per-
fect lattice, and $ is a column vector containing
the three components of g,„ for all the ions of a
large lattice with periodic boundary conditions.
V~($) is the energy to create the vacancy, for giv-
en distortion field $, where the ions are point
charges with Born-Mayer repulsion given by
Tost,""V~&(r, $) is the inteaction of the F-center
electron with the static point-ion charges, and
from BSG, V» is the ion-size correction, dis-
cussed in more detail in Sec. IVD, and -h'V'/2m
is the electron's kinetic energy. For the ground
state, we use a Gaussian-localized spherically
symmetric trial PWF, normalized

y (r~ y) = (2/2/7f)» 4 e & " (3)

where X is the variational parameter. The ground-
state energy is evaluated as the sum of two terms

(4)

where E,' ' is the expectation value of II neglecting
lattice distortion (i.e. , with $ =0), minimized with
respect to X, giving a zero-order value X"'. Thus

E,"'= (Q
"'

~
+ Vr, (r, 0)

-h'&'

+ V„~" (r, 0) + Vz(0)
~ 0 "'),

where Q"'=—P(r, X'o'), with X'o' determined from

(5)

gE(o)

ax"'

II. MODEL AND METHOD

The model and method of the present work are
precisely those used in our previous work on the

F„center, "Sec. II. Let r be the F-center elec-
tron's position, and let R,„=R,'„'+ $,„be the posi-
tion of ion z in unit cell l, where $,„ is its small
(harmonic} static displacement from perfect lattice
site R,'„". Then we have the Hamiltonian

h' V'I= — + Vr, (r, $) + V,'~(r, f) + V~(&}+ g & A
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In Eq. (5) we denote the separate terms as follows:

Eo ' = T+ Vz, z+ V,s+ Vs(0),

i.e., a sum of kinetic, point-ion, ion-size, and lat-
tice defect energies, all neglecting lattice distor-
tion. We emphasize that the minimization, Eq. (6),
is complicated by the fact that V,s~ is a functional
in P through the quantity V [see Sec. IVD, Eq. (22)
and (23)]; that is, we have a self-consistent-field
problem. Once we have evaluated E,"' and X"', we

apply a perturbation-iteration procedure to the
Kanzaki method"" to determine ( and a corrected
value of X4 X"' self-consistently. This yields the
term denoted E~ in Eq. (4): the contributions due
to lattice relaxation $, plus corrections to T, Vpg,
and V,s arising from readjustment of X from X"' to
its final self-consistent value. For the final state
of the absorption process. i.e. , the unrelaxed ex-
cited state, the trial PNF is taken to be of the form
P'(r, X)-r cos 8 exp(-X'r'), and the energy E,
=(P' ~H ~P') is minimized only with respect to X,

while $ is held fixed in the distorted configuration
which has been determined for the ground state.

It will be seen that our results do not fully agree
with those previously obtained by Brown and Vail"
for KCl and NaCl, ostensibly using an identical

procedure. The reason is that the present calcula-
tion has been increased in accuracy in two re-
spects, namely, in the self-consistent variational
treatment of V in Vzs [see Eqs. (22)and(23)], and
in a certain sum over ions which occurs in the
perturbation-iteration solution for $.

HI. RESULTS: ABSORPTION

A. Mollwo-Ivey relation

In(hE;) = In(DE&) —n In(a, ),

i=1,2, . . . , 16,
(6)

and ln(n. E,) and n are determined by a least-
squares fit to the data. The results are shown in
Table II, including the coefficient of correlation r,

In Table I we show our theoretical results for E-
center absorption energies in sixteen crystals, for
values @=0.53 and @=1of the BSG empirical pa-
rameter, giving the experimental results and the
theoretical results of BSG, and of Wood and Joy for
comparison, and also the values of interionic spa-
cing a and ionic radii ratios R. In order to survey
the results we first consider a Mollwo-Ivey plot,
Eq. (I), for the five sets of absorption energies
given in Table I. These plots are taken of the form

TABLE I. F-center absorption energies (Ry), present work denoted OV, where n is BSG
empirical factor (Ref. 6). Also nearest-neighbor spacing a (units Bohr radii ap) and ratio R
of negative-to-positive ion radii.

Absorption energies
OV BSG'

Crystal o = Q.53 (y = 1 Expt. o. = 0.53
Wood and

goy c ad

LiF
LiCl
LiBr
LiI
NaF
NaCl
NaBr
NaI
KF
Kcl
KBr
KI
RbF
RBCl
RbBr
RbI

0.404
0.253
0.218
0.192
0.310
0.211
0.188
0.167
0.225
0.173
0.156
Q. 141
0.145
0.147
0.137
0.126

0.630
~ ~ ~

0.144
0.253
0.399
0.202
O. 120
0.175
0.440
0.256
0.176
0.188
0.369
0.256
0.183
0.187

0.378
0.243
0.199
0.240
0.274
0.204
0 ~ 173
0.153~

0.206
0.172
0.153
0.138
0.179
0.149
0.136
0, 126

0.386
0.242
0.208
0.184
0.278
0.201
0.176
0.160
0.202
0.161
0.146
0.135
0.169
0.140
0.128
0.121

0.337
0.237
0.215

0.256
0.200
0.183

0.206
0.176
0.166

3.80
4.86
5.20
5.68
4.39
5.33
5.65
6.11
5.05
5.95
6.24
6.69
5.32
6.23
6.52
6.95

1.96
2.66
2.88
3.22
1.36
1.85
2.00
2.23
1.00
1.36
1.47
1.65
0.90
1.22
1.32
1.48

Reference 6, Table III, from Ref. 4.
Reference 6, Table III.
Reference 5, Tables II, III, and IV.
From Ref. 13.
C. Kittel, Introduction to Solid StcdePhysics, 3rd ed. (Wiley, New York, 1966), p. 105.
Self-consistency of V Eqs. (22) and (23), could not be achieved.

~ From Ref. 3.



THEORETICAL SURVEY OF F CENTERS IN. . . 3901

TABLE II. Mollwo-Ivey parameters, Eq. (1), and coeffi-
cient of correlation r, for the data of Table I.

OV BSG Wood and

n =0 53 Expt. n =0 53 Joy

04

n 1.99
r -0.707

4.88
1.89

-0.952

3.76 4.54
1.88

-0.955 -0.984

2.13
1.41

-0.988

03

measuring the closeness of fit (~r ~=1 is a perfect
fit). Two simple qualitative facts emerge: (i) the
theoretical results of Wood and Joy agree well with
the experimental absorption energies, but have a
Mollwo-Ivey exponent n which is somewhat smaller
than the experimental value, with a closeness of fit
somewhat better than experiment; and (ii} that the

present calculations, when n = 1 is used, give ab-
sorption energies which are mostly higher than the
experimental values, and a Mollwo-Ivey plot whose
exponent n is somewhat larger and whose close-
ness of fit is much poorer, than those for the ex-
perimental data. Henceforth we shall concentrate
on comparisons among the results of experiment,
BSG, and the present work with n =0.53.

02

0)5

FIG. 1. Mollwo-Ivey plot of calculated transition
energy &E (By) vs nearest-neighbor spacing a (Bohr
radii) on log-log scale. Straight line is least-squares
fit omitting BbF (see Table III).

TABLE III. Mollwo-Ivey parameters, Eq. (1), and
coefficient of correlation r, from data of Table I, omit-
ting the worst point in each ease.

OV
n =0.53 Expt.

BSG
n =0.53

n
5.37
1.94

-0.996

3.79
1.77

-0.989

4.72
1.90

-0.992

B. Deviations from the Mollwo-Ivey relation

The systematic deviation from the Mollwo-Ivey
relation for F-centers in crystals with small val-
ues of R has been discussed by Buchenauer and
Fitchen (Ref. 3, Sec. IVC, Fig. 6), and BSG have
similarly analyzed their own results (Ref. 6, Fig.
2}. Both of these works include CsF, whereas the
present work does not. CsF provides the largest
deviation from the Mollwo-Ivey plot. Nevertheless,
we have analyzed our results, as well as those of
BSG and experiment, in terms of a curve of the
form introduced by BSG [Ref. 6, Eq. (4.22)]:

&E, = &E„[A Bexp(--CR, )], i =1,2, . . . , 16,
(6)

where', 8, and C are constants, R, are given in
Table I, and 4E«are the values of the transition
energies which would occur if they satisfied the

appropriate Mollwo-Ivey relationship exactly. The

actual Mollwo-Ivey plots reveal that in each case,
one point lies well off the curve, namely, LiI in
the experimental results, and RbF in the theoreti-
cal results (BSG and the present work). Accor-
dingly, we have redetermined the Mollwo-Ivey pa-
rameters in Table III, omitting the worst point in
each case. The Mollwo-Ivey plot for our data,
using the results of Tables I and III, is shown in
Fig. 1.

In order to display the deviations of our results
from the Mollwo-lvey relation, we plot b, E,/d Ez;.
vs lnR, in Fig. 2, as BSG did, using Table III.
From our Fig. 2 compared to BSG's Fig. 2, we
observe several qualitative differences. First, ig-
noring the four host crystals with the smallest val-
ues of R (and also CsF in BSG), the scatter is
somewhat less in our results than for BSG and ex-
periment. Second, the theoretical points for the
iodides of K, Na, and Li lie systematically above
the rest, unlike the experimental points. Third,
the theoretical deviations of RbF, RbC1, and RbBr
are significantly larger than those from experi-
ment. The latter two comments, relating to the
heaviest cation with light anions, and the heaviest
anion with light cations, suggest inaccuracy in the
ion-size correction. The most extreme deviations,
for LiI experimentally, with which theory and the
Mollwo-Ivey relation disagree, and for RbF theo-
retically, disagreeing with experiment and Mollwo-
Ivey, also point to the ion-size correction as de-
fective.
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FIG. 3. Deviation of calculated results from experi-
ment &E-&Eezpt (Ry) vs nearest-neighbor spacing a
(Bohr radii) with straight-line least-squares fits to
chloride, bromide, and iodide (omitting LiI) series.

FIG. 2. Deviations from Mollwo-Ivey plots &E~ (Table
III) for experimental (x) and calculated (solid circle)
transition energies &E as functions of anion-to-cation
radii ratio &, compared to curves fitted to Eq. (9) (see
Table IG) with minimizing ) r ~. Note break in vertical
axis.

C. Deviations from experiment

In Fig. 3 we show the deviation of theoretical re-
sults from experiment as a function of lattice spa-
cing a. We observe that, apart from LiI and the
four fluorides, there is a small linear downward
trend with a for the remaining halide series. The
plotted lines are least-squares fits. This trend
probably arises from the ion-size correction,

whose parameter e =0.53 was derived by BSG with-
out fully self-consistent lattice relaxation. The
split-up into halide series will be seen to be char-
acteris tic of the ion-size correction.

IV. GROUND STATE

In Table IV our results are presented for the
ground-state energy and the various terms con-
tributing to it [Eq. (4), (5), and (7)l, as well as the
localization parameter A. for the trial PWF, Eq. (3),
and the x component of displacement u, (1,0, 0) of a
nearest-neighbor ion at 100. The data of Table IV
were obtained with the BSG parameter o. =0.53.
Since the results for n = 1 fail to agree with the ex-
perimental absorption energies, we shall not dis-

TABLE IV. +-center ground-state energies Eo calculated with o. =0.53, showing various
contributions fsee Eqs. (4), (5), and (7)); also localization parameter A, (units a ) and nearest-
neighbor displacement N„(units a), with positive displacement outward.

Crystal v~(o) Eo u„(1,0, 0)

LiF
LiCl
LiBr
LiI
NaF
NaCl
NaBr
NaI
KF
KCl
KBr
KI
RbF
RbCl
RbBr
RbI

0.247
0.162
0.138
0.125
0.193
0.137
0.120
0.109
0.134
0.107
0.098
0.091
0.113
0.094
0.086
0.082

0.058
0.0305
0.022
0.020
0.036
0.0225
0.017
0.016

-0.016
0.003
0.003
0.007

-0.049
-0.011
-0.009
-0.001

-0.835
-0.665
-O.618
-0.576
-0.732
-0.609
-0.572
-0.536
-0.622
-0.542
-0.518
-0.491
-0.580
-0.513
—0.491
-0.469

0.797
0.640
0.604
0.549
0.697
0.595
0.561
0.517
0.616
O. 535
0.514
0.481
0.594
0.518
0.494
0.468

—0.0014
-0.0029
-0.0024
-0.0040
—0.0029
—0.0027
-0.0027
-0.0036
-0.0165
-0.0066
—0.0052
-0.0056
-0.0300
-0.0092
-0.0078
-0.0066

0.266
0.165
0.144
0.114
0.191
0.143
0.123
0.102
0.096
0.096
0.092
0 ~ 082
0.048
0.079
0.072
0.073

1.108
1.157
i.144
1.193
1.142
1.173
1.168
i.207
1.141
1.174
1.175
1.214
1.132
1.155
1.163
i.197

-0.018
-0.029
—0.027
-0.039
-0.030
-O.029
-0.029
—0.036
-0.075
-0.047
-0.042
—0 ~ 045
-0.102
-0.055
—0.052
-0.048
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008—

ror by about 17'P&&.

Finally we note that, for KCl, Kersten" has de-
duced from experiment a value+ 0.010for u, (1, 0, 0),
opposite in direction to our result.

I

P oo4)

002

B. Zero-order point-ion energy

A very simple picture of the F center would be
to treat the ions as charged points with Born-May-
er repulsion, and neglect lattice relaxation. Then
the energy would be

Ev( =T+ Vr(+ Vz(0). (13)
0 I I

002 005 0 (0

( u„(}0.0) }

0 I5

FIG. 4. Change 1/~{o) -1+ of PWF localization {units
a) vs nearest-neighbor relaxation &„(1,0, 0), with
straight-line least-squares fit, Eq. {12).

We can estimate these three terms as follows.
First, T=3(X(o')'/a' Ry, as in Eq. (10). Second,
the point-ion potential may be taken as roughly hy-
drogenic

cuss this case further, but details of the sort given
in Table IV are available from the authors on re-
quest.

A. Localization and httice distortion

ra Ir —R,~ I

(y(o)
[

[y(o))r
which in Rydbergs is

Vp( ——-4(2/v)' ')("'/a = -3.19(X"'/a).

(14)

(15)

It is possible to see from our results how the E-
center wave function responds to lattice relaxation,
because T in Table IV is evaluated without lattice
distortion (see Sec. II}, whereas X in Table IV is
self-consistent with the lattice distortion. If X"'
is the zero-order (lattice unrelaxed) value of )(,
then

T = 3(X(o))'/a', (10)

in units of a. In Fig. 4, we plot I/)((o) —1/X vs
~u, (100) ~, and we find that a least-squares fit is
given by

1/X") —I/X =0.834 iu„(l, 0, 0) i
—0.001. (12)

Thus, we see that the simple intuitive idea is qual-
itatively correct, but that quantitatively it is in er-

in Rydberg units, with X(o) in units of I/a, and a in
units of the Bohr radius a, . If we compare X and
X"', both seen as functions of lattice spacing a,
then we observe that (i} X and X") are nearly con-
stant ()((o) would be strictly constant in units of a,
without the ion-size correction); (ii) they break up
into halide series; (iii} the scatter of X is less than
that of )("', and (iv) )(&)("' or I/)(& 1/X'o', i.e., the
size of the F center decreases with lattice relaxa-
tion, which from Table IV is seen to be inward in
this model.

Intuitively, we might expect the reduction in E-
center size to be equal to the inward shift of the
nearest neighbors, i.e.,

Third,

V~(0) =c„e'/a —6B(a)e '~"), (16)

where c„is the Madelung constant. Since we do
not have simple formulae for the Born-Mayer pa-
rameters B and p as functions of a, let us neglect
this term for our rough approximation. Then in
rydbergs

( )
2c„3.50
a a (17)

Er(,) = (3.76/a') —(0.073/a) Ry (18)

In Fig. 5 we plot the calculated values of T+ V»
+ V~(0) from Table IV, vs a, and the right-hand
side of Eq. (18) as a dashed line. While there is
qualitative agreement between the rigorously cal-
culated data from Table IV and the rough approxi-
mation, Eq. (18), a least-squares fit to the data is
shown by the solid line in Fig. 6, and is given by

1.925 0.273
PI fjtt 1 a2 (19)

The numerical coefficients in Eq. (18) and (19) are
quite different, but the form of dependence on a
predicted by the rough approximation is correct.
We should point out that the data of Table IV are
based on values of X"' which are derived from a
zero-order Hamiltonian which contains V». So,

If we now combine Eqs. (10), (15), and (17), and in
Eq. (10) use the average value X,(o" = 1.12, we obtain
from Eq. (13)
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020
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015—

0 l0—

0 08 Q

FIG. 5. Zero-order point-ion energy EP(, Eq. (13)
(Ry) vs lattice spacing a (Bohr radii), with solid line
least-squares fit, Eq. (19), and dashed-line rough esti-
mate, Eq. (18).

the data plotted in Fig. 5 are not strictly those that
would be calculated from the simple point-ion mod-
el.

C. F center as replacement for the anion

One commonly thinks of the F center as a local-
ized negative charge which replaces a negative ion
in the lattice. To what extent is this replacement
complete? First we note that Vi(0)+ V» gives the
difference in negative potential between the origi-
nal anion and an F center in state P "', ignoring
lattice relaxation and the ion size contribution to
the electron's potential energy. From the data of
of Table IV we conclude (i} that the difference is
very small; (ii) with the exception of three rubidi-
um salts, the I' center has more negative potential
energy than the anion; and (iii} the difference rises
monotonically in halide series, as functions of a.
When the ion-size correction V&e is added to Vi(0)
+ V» we see that (i) for the halide series other
than the fluorides, the deviations from zero are
reduced; and (ii} the halide series are turned
downwards, as functions of a.

V'0' = -3.173/a Ry.

Furthermore, for nearest and second-nearest
neighbors

(25)

U,",,
' = [(c„e'/a) —e'/a] —1.495/a Ry, (26)

U«'&' ——[(-c„e'/a) —(e'/v 2 a)] —-4.909 Ry. (27)

If we combine Eqs. (23) and (25)-(27) with the correct
values of n&„ in Eq. (20), we obtain

V'Oe& = (0.3484/a') [(A &, &+ 0.16272
& &)

+ (I/&r) (-4.6688 &, &
+ 0.28248

& &)].

(28)
For a given halide series, A, i and B& &

are fixed
constants, and A ... and B(., must be regarded as
functions of a, monotonic increasing, as it hap-
pens, from BSG.' Equation (28) is plotted for the
fluorides and iodides, along with the rigorously
calculated values for V« from Table IV, in Fig. 6.
The agreement is quite good.

If V» is plotted as a function of negative-to-posi-
tive ion radii ratio R, the points for different ha-

0 05&~

where A,„and B,„are constants which depend only

on the ionic species ~. Let us seek a simple ap-
proximation to Eq. (20). For the ground state we

have, ignoring lattice distortion, (It) =(t)"', and let
&&"'=&&,",'=1.12, as before. Also, write IR,„I
= IR,"„'I=n&„a, and let us neglect all but the six
nearest neighbors, for which n,„=1, and the 12
second neighbors, for which n&„= W2. Then

I@"'(R&.) I'=(2/&r)"'[(1.12)'/«']e "'"' "'". (23)

In zeroth order, we neglect the contribution of V»
toV, so

(24)

If we fit V~, to LiF of the form a ', then we obtain

D. Ion-size correction

The ion-size correction is given explicitly by
V 0—lS

ci Br

(20) —005—

where

v=(y I v„+V„ I y)/(y I y) (21)
I

5 6 7

and

U&s —Z V& «&, &&') i
1'Pt

(22)

FIG. 6. Ion-size correction. Vis (Ry) vs lattice spacing
a (Bohr radii) shoveling halide series (solid lines for
chlorides and bromides), and zero-order estimate,
Eq. (28), as dashed lines for fluorides and iodides.
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lides lie on curves which are segments of a single
curve, i.e.,

V~8, „=A -Be -D„, (29)

with different vertical displacements D„ for dif-
ferent halide series h. The fit of the calculated
values to Eq. (29) is very good, having a rms de-
viation of 1.3 x 10 '. We have been able to show
that Eqs. (28) and (29) are consistent, but the lat-
ter is much more accurate, though deduced em-
pirically.

V. SUMMARY AND CONCLUSION

The absorption energy and ground-state proper-
ties have been evaluated for the F center in 16 al-
kali halides in the point-ion model with ion-size
correction, including lattice distortion. The re-
sults for absorption, Fig. 3, agreed well with ex-
periment, and deviated slightly and systematical-
ly, except for LiI and the four fluorides. The re-
lationship between F-center localization and near-
est-neighbor relaxation Fig. 4, was qualitatively
as expected, as were the point-ion results for
ground-state energy as a function of lattice spacing

a, without ion-size correction or lattice distortion
(Fig. 5}. A simple formula, Eq. (28), was derived
for the ion-size correction V,s as a function of a,
which was found to be reasonably accurate for the
separate halide series, and a very accurate em-
pirical formula, Eq. (29), was deduced for V» as a
function of ionic radii ratio R.

This work is a survey of the results which are
provided by rigorous treatment of a rather simple
model. Particularly in the detailed comparison
with experiment, Sec. III, it demonstrates the need
for improvement of the model (ion-size correc-
tion, polarizable ions), and increased accuracy
(flexibility} in the trial wave function.

ACKNOWLEDGMENTS

The authors are grateful to Dr. A. B. Lidiard and
Dr. A. M. Stoneham of the Theoretical Physics
Division, Harwell, England, for their hospitality
and encouragement during visits which we made to
Harwell. Financial support from the National Re-
search Council of Canada, the Research Board of
the University of Manitoba, and from Harwell is
gratefully acknowledged.

*A preliminary report of this work was presented at
the NATO Advanced Study Institute on Defects and
theix Structure in Nonmetallic Solids, at Exeter,
England, 25 August-5 September 1975.

~Present address: Dept. of Physics, Ahmadu Bello
University, Zaria, Nigeria.

'E. Mollwo, Nachr. Ges. Wiss. Goettingen Math. Phys.
E'1. Fachgruppe 1, 97 (1931).

2H. F. Ivey, Phys. Bev. 72, 341 (1947).
3C. J. Buchenauer and D. B. Fitchen, Phys. Rev. 167,

846 (1968).
4A. E. Hughes, D. Pooley, and W. A. Runciman, Report

No. AEBE-R.5604, AERE Harwell (1967), (unpublished).
R. F. Wood and H. F. Joy, Phys. Rev. 136, A451 (1964).

6R. H. Bartram, A. M. Stoneham, and P. Gash, Phys.
Rev. 176, 1014 (1968).

~A. H. Harker, J. Phys. C 9, 2273 (1976).
B. S. Gourary and F. J. Adrian, Phys. Rev. 105, 1180

(1957); and Solid State Physics, edited by F. Seitz and
D. Turnbull (Academic, New York, 1960), Vol. 10,
p. 128.
F. S. Ham, Phys. Rev. B 8, 2926 (1973).
L. D. Bogan and D. B. Fitchen, Phys. Bev. B 1, 4122
(1970).
C. K. Ong and J. M. Vail, Phys. Rev. B 8, 1636 (1973).
M. P. Tosi, J. Res. Natl. Bur. Stand. (U.S.) 287, 2
(1967), Table 2.

~3M. P. Tosi, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic, New York, 1964), Vol. 16,
Table VIII, Column 2, p. 48.
A. M. Stoneham and R. H. Bartram, Phys. Rev. B 2,
3403 (1970).

~5J. M. Vail, Phys. Status Solidi B 44, 443 (1971).
B.J. Brown and J. M. Vail, Phys. Status Solidi 40,
737 (1970); B 49, K33 (1972).

TR. Kersten, Solid State Commun. 8, 167 (1970).


