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The three lowest-lying F-center states for KCl, CaO, and CaF, are calculated within the

framework of five semicontinuum-polaron models and one polarizable-ion model.

The move-

ment of the nearest-neighbor ions to the F center and the F electron are treated in a self-

consistent manner in these models.

Exact solutions to these models for the states involved

in the transitions of optical absorption and emission are obtained numerically. In addition,
the internal Stark effect due to noncubic phonons is estimated. The absorption energy, the emission
energy, and the lifetime of the first excited state are evaluated for the six models. It is
shown that a semicontinuum-polaron model agrees best with the experimental results for KC1
and that the polarizable-ion model gives the best results for CaO and CaF,. In addition, the
semicontinuum-polaron model and the internal Stark effect predict that the relaxed excited
state in KCI consists of a strong mixing of 2p-like and 2s-like states which are spatially

diffuse.

I. INTRODUCTION

The F center in ionic crystals consists of one
electron (the F electron) localized about a vacant
anion site, regardless of the missing anion valence.
Even though the F center is one of the simplest de-
fects which may occur in ionic crystals, calcula-
tions of its energy states have been a challenge to
theoreticians ever since Tibbs first undertook such
calculations for the alkali halides.! Such calcula-
tions are even today unsatisfactory in many cases
when one studies the lifetimes of relaxed excited
states, the phonon structure, and the spatial extents
of the F-electron wave functions.?3 A relaxed state
of the F center | F}¥ ), is one for which the F-elec~
tron state with a given symmetry (denoted by 1) has
existed for a time long enough to allow the lattice
to accommodate itself to the defect. The lowest-
lying relaxed excited state of the F center will be
denoted by I F*). The unrelaxed state | F,) arises
when the electronic state | F) has existed for such
a short time that the lattice has not had sufficient
time to accommodate itself to the new charge den-
sity associated with the F electron.

The study of F centers aids in understanding the
photochromic process in the alkali halides. * A
photochromic material is a medium that can be
erased, addressed, and interrogated by light. The
electron energy states of isoiated impurities.or de-
fects which lie in the band gap of insulators play a
very important role in determining how photochro-
mic materials function. The F-center states treated
in the present calculations are such examples. In
particular, the F center in KCl exhibits photo-
chromic properties. The “erase” photochromic
mechanism depends in part upon the photoexcitation
of the F electron to a high-lying excited state. The
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excited F electron then is ionized into the conduction
band by thermal phonons. A conduction electron
can be trapped by an F center to form an F’ center.
The F' center consists of two electrons localized
about a vacant anion site. The “write” photochromic
mechanism consists of the ionization by light of one
electron in the F' center to form the F center again.
The “read” photochromic mechanism entails the
photoexcitation of the F center to a low-lying ex-
cited state. The lifetimes of the low-lying excited
F-center states play a very important role in de-
termining how well a potential photochromic medium
performs.

Two basic models from which the electronic
structure of the F center may be calculated exist.
These are the semicontinuum (or semicontinuum-
polaron) models (SP) and the Hartree (or Hartree-
Fock) polarizable-ion models (PI). Both classes of
models reduce a many-electron problem to an ef-
fective one-electron (the F electron) problem and
treat the lattice polarization and the F electron in
a self-consistent manner. They differ markedly in
their treatment of the effective interaction between
the F electron and the anion vacancy due to the
ionic polarization. The vacancy may be viewed as
an infinite effective-mass hole having a charge
Z,>0. The SP models contain an approximate ex-
pression for the F-electron-vacancy interaction
which is based upon the Haken theory of Wannier
excitons.>® This interaction thereby allows the
ionic polarization to follow to some extent the mo-
tion of the F electron when the latter is in a large
orbit. The PI models assume that the F-electron
orbit will be small enough so that the ionic polariza-
tion cannot follow the rapid changes in the F-elec-
tron motion.

Some SP and PI models were discussed in previ-
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ous papers™® within the context of variational pro-
cedures employing hydrogenic trial wave functions
for the F electrons.® It was found in Ref. 7 that a
SP model for the F center was most successful for
KCl and NaCl, was successful only for optical ab-
sorption in CaF, SrF,, and BaF,, and gave incon-
clusive results for MgO and CaO. It was demon-
strated also in Ref. 8 that a PI model was rather
successful for CaO, was successful with some qual-
ifications for MgO, and was least successful in the
alkali halides and alkaline-earth fluorides. Success
for the above models was determined by the extent
to which they agree with experimental data. Judg-
ments about the success of a given model for the

F center in the alkaline-earth fluorides are apt to
be inconclusive because the only known experimen-

" tal data treat the absorption of the F center and this
is probably least sensitive to the physical details

of a model. '

Alltheoretical treatments of the F center consider
models with mathematical descriptions which are
by necessity much simpler than those of the real
F center. The above treatments of the F center
use trial or variational wave functions. Thus, they
are approximate solutions to a model problem.
Consequently, two questions arise in such treat-
ments. Namely, how well do the approximate solu-
tions give the exact properties of the model and how
well does the model represent the properties of the
real system? Solving the model exactly answers
best the first question. Comparing the predictions
made by such solutions to the model with the ex-
perimental properties answers the second question.

In this paper, the necessity for asking the first
question is removed. The procedure is to solve
numerically the Hartree-Fock-Slater (HFS) equa-
tions for the F center given by the SP and PI models
which were studied in Refs. 7 and 8. Because varia-
tional wave functions are not employed, the first
question does not arise. The second question does
remain. Namely, how well does the model repre-
sent the real system? The numerically computed
solutions give the exact properties of the model.

If one has confidence that the assumptions contained
in the model are physically reasonable, then com-
paring the predictions made by the model with the
experimental data answers the second question.

The models for the present calculations include
in a classical treatment the ionic polarization of
the nearest-neighbor ions. The symmetry proper-
ties of the F-electron wave function for the initial
and final states of an optical transition are speci-
tied first. The computer finds the minimum value
of the total energy for the F center in its initial
state as a function of the distance 7,0 by which the
nearest-neighbor ions move radially from their
sites in a perfect lattice (ionic polarization). The
nearest-neighbor distance in the perfect lattice is
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7;. The computer then determines the total energy
for the F center in its final state of the optical
transition from the same nearest-neighbor ionic
polarization as that for the initial state. This is in
accordance with the Franck-Condon principle for
ions which behave classically. The distant ions
for SP models may violate to some extent the
Franck-Condon principle.

The three lowest-lying F-center states for some
alkali halides, alkaline-earth oxides, and alkaline-
earth fluorides are studied here within the frame-
work of selected SP and PI models. These models
predict either one of the following orders for the
F-center energy levels: l1s;0), 12p;0), and
12s;0), or I1s;0), 12s;0), and 12p;0). The
total F-center state is designated by the notation
[n;0). The symbol 1 represents the generic quan-
tum numbers of the F-center state and the symbol
o characterizes the crystal potential which the F
electron in state 1 experiences. For example, the
F-center state 12p; o) has an F-electron part which
transforms as a 2p-like electronic wave function
transforms under the cubic point group. The |2s;0)
and |2p ;o) states both lie above the [1s;0) state,
but whether the |2s;0) state lies above or below the
|2p;0) state depends both upon the ionic polariza-
tion of the crystal potential ¢ and the model from
which these states are computed. The relative or-
dering and spacing of the energies for the |2s;0)
and | 2p ;o) states and the spatial extents of these
states appreciably influence the predicted lifetime
of the relaxed excited state of the F center, |F*).

The present calculations do not account for the
Jahn-Teller effect on the 2p-like states. Because
the |2p;0) state is threefold degenerate for the
SP and PI models, the ions neighboring the F center
should move from their perfect lattice sites in such
a manner that the 2p-like F electron experiences a
potential having a symmetry which is lower than the
cubic symmetry of the perfect lattice. That is, the
2p state should be unstable against lower symmetry
distortions of the nn ions.

Swank and Brown!® were the first to measure the
radiative lifetime of the relaxed excited state | F*).
The radiative lifetime of the state | F*) in KCl and
NaCl is about two orders of magnitude greater than
the values which are expected from the respective
experimental oscillator strengths in absorption.
Experimental data on the radiative lifetimes of
I F*) in'"!2 MgO and CaO suggest that they are
comparable to the values expected from the respec-
tive oscillator strengths in absorption. Experi-
mental data on the emission properties of the F
center in CaF,, SrF,, and BaF, have not been re-
ported in the literature.

It is shown in this paper that the agreement be-
tween the experimental values for the lifetimes of
the state | F*) in KC1 and NaCl and the theoretical
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values given in Refs. 7 and 13 is fortuitous. The
HFS equations for the SP(HF) model of Ref. 7 are
solved here exactly by numerical methods to give
the 1s-, 2p-, and 2s-like wave functions for the F
electron. It is found that because the spatial extents
of the respective initial and final states entering the
transition matrix elements for absorption and for
emission are similar, the predicted lifetime of the
| F*) state in KCl is substantially smaller than the
experimental lifetime. In addition, the energy of
the 12s;0,) state is found for emission to be near
the energy of the 12p;0,) state. The quantity o,
characterizes the crystal potential for emission.
This last result indicates that introducing some
mechanism which leads to a mixing of the |2s;0,)
and |2p;0,) states may account for the long life-
time.

One possible mixing mechanism arises from the
fluctuating internal electric fields of noncubic lon-
gitudinal-optical phonons moving through the F cen-
ter. Because the vibrations associated with such
phonons mix 2s- and 2p-like states, their vibronic
motions near the F center transform as the I'y5
representation of the cubic point group transforms.
They produce under the proper conditions an ef-
fective Stark effect at the F center. Thus, the
noncubic phonons can lead to states which contain
a mixture of |2s;0) and [2p ;o) states. That is,
not only may the spatial extent of the F-electron
wave function change from absorption to emission
but also, its angular character may change as well.
Hence, the exact numerical solutions to the SP(HF)
model and the subsequent necessity to introduce a
mechansim which mixes 12s;0) and 12p;0) states
in order to account for the long radiative lifetime
of | F*) suggest that the |2s;0) state plays an im-
portant role, comparable to that of the 12p ;o)
state, in the emission process of the F center in
some alkali halides.

Even though the lifetime computed from the ap-
proximate solutions is much larger than that com-
puted from the exact solutions to the SP(HF) model
for KCl, it is shown that the approximate and exact
absorption energies agree to within 10% of each
other and to within 15% of the experimental ab-.
sorption energy. The approximate and exact emis-
sion energies are equal and agree to within 3% of
the experimental emission energy.

Because exact solutions to the PI(2) model of
Ref. 8 require excessive amounts of computer time,
a simplified version of the PI(2) model is intro-
duced, namely, the PI(3) model. The F electron
experiences in this PI(3) model only the spherically
symmetric part of that point-ion potential for which
the nearest-neighbor ions move, in an otherwise
perfect lattice, self-consistently to accommodate
themselves to the charge density associated with
the F electron. It is found for CaO that the approx-
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imate PI(2) absorption energy and the exact PI(3)
absorption energy agree to within 3% of each other
and to within 10% of the experimental absorption
energy. The exact PI(3) emission energy for CaO
equals the experimental emission energy and agrees
to within 2% of the approximate PI(2) emission en-
ergy. All lifetimes for CaO agree to within an or-
der of magnitude and are comparable to the life-
time expected from the experimental oscillator
strength in absorption. The absorption energies
computed from the approximate solutions to the
SP(HF) model for CaF, agree to within 17% of each
other and to within 18% of the experimental absorp-
tion energy. The agreement between the PI models
for CaF, is better. The approximate PI(2) absorp-
tion energy for CaF, agrees to within 10% of the
exact PI(3) absorption energy and to within 10% of
the experimental absorption energy. Experimental
emission and lifetime data are not available for
CaF,. Because marginal differences exist between
the approximate and exact solutions to the models
for CaO and CaF,, most of the discussion in the
present paper is devoted to the F center in KCl.

All the models for which exact solutions have been
obtained are summarized, however, in Secs. III and
Iv.

These above results suggest that as the lifetime
and the Stokes shift (the differences between the
absorption and emission energies) become large,
the more suspect the predictions based upon ap-
proximate solutions become and the more important
the roles played by the |2s;0) states become.

Chiarotti et al.'* have reported on the importance
of the |2s;0) states for the quadratic Stark effect
of the F center in KCl. They have interpreted the
effect in terms of a system of two nearly degener-
ate excited states, 2s-like (T'y) and 2p-like (T),
which are mixed by the electric field. They have
found that the energy of the 2s-like state lies 0.004
a.u. (0.11eV)" above the energy of the 2p-like state.

Other researchers also have reported on the im-
portance of the |2s;0) states for the emission pro-
cess of the F center in the alkali halides. The re-
cent experiments of Bogan and Fitchen, !® Kuhnert,!”
and Stiles et al.!® cannot be explained by the dif-
fuse 2p-state methods. ™ '3 The authors of Refs. 16
and 17 have studied the Stark effect on the relaxed ex-
cited state |[F*)of the Fcenter. They have concluded
that the | F*) state has a considerable amount of
|2s;0) character in it. Stiles et al.!® have mea-
sured in several alkali halides, including KCl, the
change in the radiative lifetime induced by an ap-
plied electric field and by increasing the tempera-
ture. These authors have reported that both the
electric field and the temperature effects on the
radiative lifetime are quantitatively consistent with
the mixed-state model proposed by Bogan and
Fitchen, 18 ’
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Some theoretical calculations which include the
|2s ; 0) state have been made concurrently with the
above experimental work. Fowler ef al.,'® Wood
and Opik, ?° and Bennett® all have found that the
|2s ;0) and |2p ;o) states for emission in some al-
kali halides may have energy eigenvalues which are
close together. Wood and Opik® have reported that
as the lattice distorts to accommodate the relaxed
excited state |F*) in KCl, the [2s;0) state crosses
the 12p;0) state and finally has an energy 0.003 a.u.
(0.08 V) lower than the energy of thel2p; o) state.

It is shown in this paper that the exact numerical
solutions to both the SP models of Ref. 7 for KC1
and to.slight modifications of these models all pre-
dict that the |2s;0) and |2p;0) states have ener-
gies which lie very close to one another for the re-
laxed excited state [F*). The |2s;0) state lies for
some models above the |12p;0) state and it lies for
other models below the |2p;0) state. Care must
be exercised whenever the |2s ;0) state and the
12p ; 0) are predicted by these models to have an
energy separation which is less than 0.01 a.u. The
exact solutions to the above models are mathemati-
cally accurate to £+0.1%. However, because some
of the terms appearing in the Hamiltonians which
describe these models are known to a physical ac-
curacy of at best +5%, the relative locations of the
I2s ;0) and |2p;0) states become questionable when-
ever the energy difference between these two states
is less than 0. 01 a, u.

The present calculations are consistent with the
view that the relaxed excited state |F*) of the F
center in KCI consists of nearly degenerate and
strongly mixed |2s ;0) and |2p;0) states. Neither
Fowler et al. ™ nor Wood and Opik® have considered
the mixing of |2s;0) and |2p;0) states in their cal-
culations. The calculations reported here do in-
clude the mixing of the |2s;0) and |2p;0) states
which result from an effective internal electric field
at the F center for emission, In fact, it is found
that among the models examined here for KCI only
one predicts a value for the radiative lifetime which
agrees reasonably well with the experimental value
for the lifetime. This particular model is a slight
modification of the .SP(HF) of Ref. 7 [SP(HF,)],
which originally was developed to reduce the amount
of computer time required to solve the HFS equa-
tions for the SP(HF) model. '

The classical ionic lattice and its role inaccommo-
dating the F electron are reviewed in Sec. II. Sec-
tions III and IV contain the presentations of the six
models for which exact solutions have been obtained
numerically. The theoretical expressions for those
quantities which are measured in the optical ab-
sorption and emission experiments are given in
Sec. V. In Sec. VI, the numerical results for the
six models are tabulated and compared with past
theoretical results and with experiments. Section
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VII contains a statement of the intuitive ideas as-
sociated with the internal Stark effect. The applica-
tion of the internal Stark effect to the SP(HF;) model
of the F center in KCl and the improved value for
the lifetime of the excited state are also presented
in Sec. VII. Section VIII contains a brief summary
of the main concepts developed in the present re-
search, Finally, the notation used to denote the
several models for the F center is listed in the Ap-
pendix.

II. CLASSICAL IONIC LATTICE

The models for the F center presented below
contain the same treatment of the lattice energy
and differ only in their treatment of the contribu-
tion to the F-center energy due to the electronic
and ionic polarizations. Discussions of the total
crystal Hamiltonian and the classical ionic lattice
are given in Secs. II and III of Ref. 7. Because
the results of Secs. II and III of Ref. 7 will be used
here, the contents of those two sections are sum-
marized below.

Using the Born-Oppenheimer approximation,
the one-electron Hamiltonian for the F center is
written as the sum of two terms,

H.(F, R)=HpF, R)+H,(R) . (1)

The expectation value of the operator Hy gives us
the F-electron energy, while the expectation val-
ue of H, which contains no F-electron operators,
gives us the lattice energy of the crystal.

The optical absorption and emission which the
F center may undergo are studied. The F center,
which is originally in its ground state |F§¥; oy),
becomes excited into the unrelaxed state |F;0,).
The unrelaxed state |F;;0p) is assumed to be a
quasistationary state with an electronic wave func-
tion calculated from the same crystal potential as
that for the relaxed ground state |F§;0,). The
lattice then relaxes and thereby the crystal poten-
tial which the F electron experiences changes.
The excited electronic state calculated from the
relaxed crystal potential |F¥;0,) may differ from
the unrelaxed excited state | F; 0,). The F center
then may undergo a transition to the unrelaxed
ground state | Fy; 0,) with an electronic wave func-
tion calculated from the same crystal potential
as that for the relaxed excited state |F¥;0,). A
configuration, coordinate diagram which illustrates
the F-center states discussed above, is presented
in Fig. 1.

It is necessary to compute the change in the
lattice energy due to replacing an anion with an
F-center electron. A vacancy at the anion site
To=0 of charge Z, is created first by adding an
effective charge Z,= Z, at Fo= 0. The fictitious
lattice state, for which no lattice relaxation is
permitted after the creation of the anion vacancy,
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FIG. 1. Configuration coordinate diagram given by
SP(HF;) model for the F center in KCl in which the nn
ions obey the Franck-Condon principle. The quantity
Ep is the total energy of the F center, and o gives the
nn radial motion (ionic polarization); »}=7;(1 ~0), where
7y is the nn distance in the perfect lattice. The points
A, B, E, D, C, Fcorrespond, respectively, to the states
| 1s;00), |2p;00), |2s;0p), |1s;04), 12p;00), and
| 2s;04). The F-electron wave function is 1s-like for
curves AM=A and D-DM; it is 2p-like for curves BM~-B
and CM-C; and it is 2s-like for curves EM-E and F-FM,
The electronic polarization responds for all states to
rapid changes in the F-electron wave function. The
distant ionic polarization is zero for the solid curves
(absorption); it is given in terms of an effective dielec-
tric constant for the dashed curves (emission). The
solid curves are coplanar and lie in a plane parallel to
the Ep—o plane. The dashed curves are coplanar and
lie in a place which is parallel to the Ep— o plane and
which does not coincide necessarily with the plane in
which the solid curves lie.

will serve as the reference energy for the lattice
part of the total F-center Hamiltonian. The change
in the lattice energy AE, (vacancy, distortion)

due to replacing an anion with an F-center electron
is computed in terms of classical ionic lattice
theory. The nearest-neighbor (nn) ions move
radially from 7, to 7{ =7,(1 — 0) in order to ac-
commodate the F-center charge density. The

total F-center charge density p,(T) is given by the
relation,

04(F) = pr(F; 1) + p, () , ()
where the F-electron change density is
pr(F; M) = — ey ()9,(F) ®3)
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and where the charge density of the vacancy is

Pv(.f)=Zvéa(f‘) . (4)

The F-electron wave function is ¥,(¥)= (¥| F,; o),
where the quantity F, denotes the symmetry prop-
erties of the F electron. The wave functions are
normalized to the crystal volume:

[ v ), F) d¥r=1. (5)

The effective vacancy charge is Z,. The 0 function
5%(F) means that the effective vacancy charge Z,
is treated as a point charge. The quantity Zp=-¢
is defined and the magnitude of the electronic
charge is e.

The change in the lattice energy is written as
the sum of many terms. There are many ways to
carry out the summations. The method given by
Eqs. (17) and (18) of Ref. 7 is chosen, i.e., the
lattice energy has the form AE (vacancy, distor-
tion) = AE, + AE, , where AE, is the change in electro-
static energy and AE, isthe change inthe effective
repulsive energy which takes the Pauli exclusion prin-
ciple between the ith- and jth-ion cores into account.
Because the van der Waals terms increase the
formation energy by about 5% and decrease the
distortion by about 4%, and because the F-center-
electronic part of the Hamiltonian is not expected
to be accurate to within 5% of the experimental
results, the van der Waals terms are not included
in the expression for the cohesive energy from
which the lattice energy is computed. In addition,
because the inward distortion compatible with a
compact F center will be excessive if the next-
nearest-neighbor repulsions for the oxides are
neglected, both first- and second-nn repulsive
terms are included in the cohesive energy. The
repulsive energy contribution to the cohesive en-
ergy is expressed by means of ‘the empirically
determined Born-Mayer exponential form. Again,
the reader is referred to Sec. III of Ref. 7 for the
details.

III. SEMICONTINUUM-POLARON MODELS

Five semicontinuum-polaron Hamiltonians char-
acterizing the F center will be developed in this
section. Two of the five SP Hamiltonians have
been studied in Ref. 7, namely, the SP(HF) and
SP(QA) models, where HF and QA mean, respec-
tively, that the optical polarization is computed
according to the continuum Hartree approximation
and according to the quasiadiabatic approximation.
Only variational solutions have been found for these
two models., The predictions computed from the
exact numerical solutions to those models will be
reported in Sec. V. Three modifications of the
SP(HF) and SP(QA) models also will be presented
here. They will be called the SP(HF,), SP(QA,),
and SP(E];) models. Because many of the energy
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terms are common to all of the models, a general
discussion of semicontinuum-polaron models will
be presented first. Then each of the five models

will be given,

The vacancy is viewed in the semicontinuum ap-
proximation as a spherical cavity of radius R (the
Mott-Littleton radius) in a continuous dielectric
medium characterized by the static and high-fre-
quency dielectric constants €, and €., respec-
tively. The expression,

w,=23[1-(1/¢)]/R , (6)

relates the Mott- Littleton radius to the electronic
polarization energy W,. This is the energy re-
quired to move an ion of charge Z, to the surface
of a rigid lattice.

The one-electron Hamiltonian for the F-center
electron is written in the form

*=2 -
Hp= 225"V, G-R)+V, (), (7)
2m v#0 .

where p%/2m is the kinetic energy, V, is the contri-
bution to perfect crystal potential due to the vy, ion
at ﬁ,,, and V, describes the polarization effect. The
Hamiltonian for the region inside the cavity

(< R) has the form

H=p%/2m + Vo+ W, .

The term V, is the spherically symmetric part of
the point-ion crystal potential for the region » <7y:

V0=ZvZF{(aM/71)+[Sl’ Ql; 0'/7’1(1 _0')} . (8)

The quantity @, is the Madelung potential constant
at the anion site, S; is the number of ions on the ith
shell centered about the vacancy, and @, is the
charge on one of the ions in the ith shell. The ener-
gy W, contains many terms which will be discussed
below. Although the spherically symmetric part of
the potential }'v, is used, this procedure is exact
for matrix elements involving 1s-, 2s-, and 2p-
type wave functions which experience potentials
having at least tetrahedral symmetry or higher.
The procedure is not exact for d- or f-type wave
functions. The Hamiltonian outside (> R) the cav-
ity has the form

Hy=@%/2m)+ 25, V,(F —R,)+V,({)
- VO(.f) + st+ st . (9)

The F-electron and vacancy self-energies are de-
noted by V,, and V,,, respectively. The term Vo)
has been added and subtracted in Eq. (9). This
procedure enables us to introduce the effective-
mass approximation for which the terms P/ 2m
+3,V, are replaced with the term p?/2m*. The
quantity » is the bare electron mass and the quanti-
ty m* is the effective electron mass at the bottom
of the conduction band. The effective mass is as-
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sumed to be a scalar. The terms V,(¥)- V,(t) are
written in a form containing a spatially dependent
effective dielectric function €,4,(), which is as-
sumed to be a function of only 7 = |T1,

Vo(@) = VoF)=Vey F)2[ZZ,/€0elrr]. (10)

The potential V,_, (r) represents the effective
interaction between the F electron and an infinite
mass hole (a vacancy) of charge Z, due to the ionic
polarizations. When the F electron is in a compact
state (small orbit) or moves very rapidly, then one
expects that €,,~ €,. Also, when the F electron is
in a diffuse state (large orbit) or moves so slowly
that the ionic polarization can follow to some extent
the electronic motion, one expects that €.~ €,.
Hence, the potential Vi_, (») acts as an interpola-
tion between the two extreme cases. Fowler!? has
extended Haken’s theory® to obtain an approximate
formfor Vi_,(r). Becausethe F center in systems for
which the vacancy has an effective charge Z,=-Z,
greater than +e (e.g., the oxides) also will be dis-
cussed, the above theories have been generalized
mathematically? to treat the case of a mobile elec-
tron of charge Zr in the presence of ionic polariza-

tions. The results are
Ve== @} /r)Ed - "), (11)
V== (2%/2(e2 - &), (12)
and

Vi) = (Z,Zg/7){€d + (5 - €2)
X[1- e +e?'n)]}.  (13)

Here, .v = (2m*w,/%)!/? and w, is the frequency of the
longitudinal-optical phonon for the crystal.

Expression (13) is valid only for the large values
of 7,

Z%/r)(ed - €5') < hiw, . (14)

However, Feynman?® has shown that expression (13)
is in a fact a qualitative interpolation between large
and small 7 and is quantitatively correct up to or-
der [(1/7)+const] in the 7 - 0 limit:

UmVey(r)=(ZzZ /7€)
r=0

-ZpZ (€2 - €M (w/2)+(1/r)]. (15)

The negative self-energy terms outside the cavity
are equivalent to positive self-energy terms inside
the cavity and a change in the zero of energy, name-
ly, '

f;rzdrfdﬂ Id),, ’Z(Vs,,+ Vss)

=Egg— fOR'rzd'rfdﬂlzl)n'z(stJr Vs.f) . (16)

The change in the zero of energy from which the

energy is measured is Egg=V,,+ V. This change

is a constant and hence it is of no consequence.
The several terms contained in the second term
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W of the well depth, V, + W, are given now. Let form
us write _JH (HF) for 7 <R
HF(HF)"{H> (HF) for7>R, (21)
Wo==xX+Win+Wop , ‘
where x is the energy at the bottom of the conduc- where
tion band relative to the vacuum, where W,,, is the H (HF)=0%/2m + Vo= x + Wype + W, (HF) (22)
self-energy of the vacancy and F electron due to ion- and
ic polarizations, and where W, is the potential en- H,=p%/2m* + Ver) . (23)

ergy due to electronic polarizations. The self-en-
ergy due to ionic polarization becomes

Wine=— (Vso+ Vsl) .

The location of the conduction band enters be-
cause the operator p?/m +3,V, has the vacuum as
the zero of energy and the operator p?/2m* has the
bottom of the conduction band as the zero of energy.
The self-energy of the F electron due to the optical
polarization is not included explicitly because the
quantity x contains this term whenever experimen-
tally determined values for x are used.

Two expressions exist for the potential energy of
the F electron due to the optical polarization when
the F electron is in the cavity; the quasiadiabatic
approximation? gives

Wopt(QA)=~ (1~ €2)[Z,~ (e/2))(Z#/R)

and the continuum Hartree approximation gives
Wopt(HF) =~ (1~ €2)(Z p/R)

x(Z,~e-ZsR [ qt)2at],

amn

(18)

(19)
where

at)= [ [9,[*d% . (20)
The adiabatic approximation allows the core dipoles
to follow to some extent the motion of the F elec-
tron when the lattice is in the cavity; while the con-
tinuum Hartree approximation asserts that the core
dipoles do not follow the F electron and that they
point towards the mean position of the F electron
when it is in the cavity.

The F electron experiences in the above theory
a constant potential inside the cavity., More re-
fined treatments are expected to lead to spatially
dependent potentials for distances less than the nn
distance. But the functional dependence of the con-
stant well depth potential upon the F-electron wave
function changes among the several approaches to
the F center. Hence, any conclusions which obtain
from any of these treatments of the F center are
subject to the validity of a constant potential inside
the cavity.

The five models which have been examined by
numerical methods are given below.

A. SP(HF)

The SP(HF) Hamiltonian from which both the ab-
sorption and emission states are computed has the

B. SP(QA)

The SP(QA) Hamiltonian from which both the ab-
sorption and emission states are computed has the
form

_(H/(QA) forv<R
HF(QA)“{H> for ¥ >R , (24)
where
H(QA)=DY/2m + Vo= X+ Wing + Wt (QA) ,  (25)

and where H, is given by Eq. (23).
C. SP(HF,)

The remaining models are modifications of the
SCP(HF) and SCP(QA) models. The motivation for
developing these modifications arises in part from
the need to reduce the computer time. But more
importantly they arise from the necessity to treat
the distant ionic polarizations for emission more
realistically. Also, the SP(HF) and SP(QA) models
cannot explain the Stark-effect experiments on F
centers in KCl.

Use of the interaction Vp_,(7) and its associated
self-energy term W,,,, as they stand, may lead to
subtle difficulties in the calculations for some F-
center states. This interaction states that the ionic
polarization of the lattice changes as the spatial ex-
tent of the F-electron wave function changes. The
cases for which Z,=+e are examined first. The
F-electron wave function, ¥(»)=(r|F§; 0,), for the
relaxed ground state is most likely very well con-
fined to the vacancy (spatially compact). The major
contribution to the F-electron energy then comes
from the term H, for the inside of the cavity and the
term Vp_,(7) in H, plays only a minor role. Hence,
because the screening of the vacancy by a compact
F-electron wave function beyond the nn ions is near-
ly complete, the terms Vy_, () and W,,, may be set
equal to zero. The effects of the ionic polarization
and the nn ions are included, however, in the term
Vo. Therefore, if the distant ionic polarization is
assumed to be zero in the state |F¥; o,), then in
accordance with the Franck-Condon principle it also
should be zero in the final state of an optical-ab-
sorption transition, |F,; 0,). If the Franck-Condon
principle were slightly violated during absorption,
then small contributions from Vg _,(#) and W,,,
would have to be considered. However, the forms
given by Egs. (11)—(13) and the value of » used here
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would lead to large ionic polarizations. It is not
likely that large ionic polarizations develop during
an optical-absorption process to even a diffuse ex-
cited state.?® Therefore, in both the SP(HF;) and
SP(QA;) models, for which Z,=+e, the distant ionic
polarization is zero for all states involved in the
absorption process. )
There does not appear to be any completely satis-
factory way to treat the distant ionic polarization
for the F-center states involved in emission. 2°
Many models predict that the initial relaxed excited
state of the emission process is spatially diffuse.
These same models give conflicting results as to
whether the final unrelaxed state in emission is
compact or diffuse. Fowler' has suggested thdt
an effective dielectric constant €,,, having a value
between the high frequency €, and static €, limits,
can characterize reasonably well the distant ionic
polarization for the states involved in emission.
As the spatial extent of the F-electron state in-
creases, the effective dielectric constant €4,
approaches €,. The importance of H, also increases
as the F-electron wave function becomes more dif-
fuse. Under the above circumstance, the interac-
tion potential is approximated when Z, = +e by

Vev ()= (Z,Zp /€y 7) for >R . (26)

Fowler'® and Wood and Opik®® cite ways to determine
€419 approximately. The following method is used
here. The effective-mass theory probably gives
fairly accurate values for the energies of those re-
laxed excited states which lie near the conduction
band. The energies of shallow hydrogeniclike
states is given by

E -E,=—(m*/n® €%, )(0.5 a.u.) , (27)

where E, is the energy of the bottom of the conduc-
tion band. Setting n=2 for an excited state and

E - E, equal to the experimental value for the ther-
mal ionization energy of the excited state gives by
Eq. (27) an estimate for €,,. The final state of an
emission process is assumed to obey strictly the
Franck-Condon principle for the distant ionic polar-
ization. The ionic polarization of the nn ions is
treated explicitly in the term V.

The above discussions on the polarizations for
absorption and emission when Z, = +e are extended
now to the cases for which Z, > 2e, e.g., the oxides.
The effective vacancy charge is considered to be
composed of an uncompensated charge (Z, —e) and
of a charge +e which is essentially compensated by
a compact F-electron wave function. The poten-
tials arising from the ionic and electronic polariza-
tions induced by the uncompensated charge (Z, —e)
are the same for all states and are, respectively,
for »> R,

Vi.uc('r): [ZF(Zv "e)/'r] (651 "E':I) (28)
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and
Veouo®)=[2r(Z, —e)/€qs 7] . (29)

The potential arising from the ionic polarization
induced by the partially compensated charge +¢ de-
pends upon the state. It is zero for absorption
states and it is approximated for emission states
by

Violems,»)=(Zpe/r)(egy —€i), (30)

where 7 >R, The electronic polarization induced
by the partially compensated charge +e gives a po-
tential for » >R,

Vo, r)=(Zpe/e. 7). (31)

Observe that the terms V, ,, and V, ,. are zero for
the alkali halides.
The above potentials are used now to state the

Hamiltonian for the SP(HF;) model. The SP(HF,)
Hamiltonian is given by the following relations:

H.(HF,) for v<R

H,(HF,) for »>R, (32)

HF(HFl) = {

where for those states involved in an absorption
process

H (HF,)=p2/2m + Vo = X + W,y (HF)
and
H>(HF1) = ﬁz/zm* + Vi. uc('r) + Ve, uc('r) + Ve.c('r) ] (34)

(33)

and where for states involved in an emission pro-
cess

H,(HF,) =p2/2m + Vo = X + W,y HF (35)
and
Hy(HF))=p%/2m* + V; 1 o(#) + V, 4 )
+V,, @) +V; (ems,7) . (36)

The self-energies associated with the uncompen-
sated charge are included in the lattice energy
HL(ﬁ) and hence does not appear in the above ex-
pressions.

D. SP(QA,)

The SP(QA;) Hamiltonians for the absorption and
emission states are, except for one term, the same
as those for the SCP(HF,;) Hamiltonians. The one
exception is that the term W,,, (HF) in Egs. (33)
and (35) is replaced by the term W,,,(QA).

E. SP(EI,)

The SP(EI;) model incorporates the forms for the
ionic and electronic polarizations suggested by
Toyozawa?® and Haken and Schottky?® in their works
on Wannier excitons. In addition to the potentials
and self-energies for the ionic polarizations
[Vep(#), Vg, and V; Egs. (11), (12), and (13)],
functionally similar forms are introduced to replace
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the potentials for electronic polarizations, i.e.,
the terms V, (7) and W,;;. The polarization poten-
tial due to the distortion of the electronic orbitals
is given by?’

Up v () =(Zr2Z,/7) {1+(e"t-1)
X[1-%( " +e=")]}, (37)
where p,=p, = R~!. The associated self-energy is
Uopt=1§ [(Zs /R) +(Z§-/R)](e;1 -1).

Applying the same assumptions for the absorption
and emission states as those for the SP(HF,) and
SP(QA,) models gives the following Hamiltonian
for the SP(E,) model:

nteny-{ B or 7 < @0
where for absorption processes,

H (EL)=02/2m+ Vo—X + Uy (39)
and

Hy (EL) =D %/2m* + Vo (r) + Up_y(#), (40)
and where for emission processes,

H(EL) =D %/ 2m + Vo= X + Wing + Uppe (41)
and

H, (EL)=p2%/2m*+V, . (#)+ V, .(ems, )  (42)

+Upy (7).

The value for X used in Eqs. (39) and (41) should
not include the self-energy of the F electron due
to the optical polarization.

IV. POLARIZABLE-ION MODELS

The exact solutions to the PI(2) model of Ref. 8
require excessive amounts of computer time. A
simplified version of this model [PI(3) model] is
presented here.

The kinetic-energy operator is simply p ¢/o2m.
iThe ions are considered as point charges Z,.
The F-electron—point-ion interaction is written
then in the form

- ZV
Hy(¥,0)=2¢ 2’ 2%, (43)
veo IL—T,1
where the prime means that the y=0 site is ex-
cluded from the summation, and ¥, is the location
of the vth ion. The Madelung constant is defined
by

ay=7yHy(0,0)Z;,

where 7, is the nn distance (anion-cation) for the
NaCl structure and is the lattice constant (cation-
cation) for the CaF, structure.

Because the F-electron wave functions shall be
limited to 1s-, 2s-, and 2p-like functions, it is
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necessary to consider only the spherically sym-
metric part of Hy(t, 0).® The spherically symme-
tric part of H,(¥, o) is denoted by V,,,(T, o). The
point ions are distributed on shells centered at

the anion vacancy. The radius of shell # is de-
noted by 7, , the number of ions on shell n by S,,
and the charge of the vth ion on shell n by @,=2Z2,.
The spherically symmetric part of the crystal po-
tential V, (T, 0) is expressed in terms of the above
notation, namely,

Vo for 0<7<7y
Vo = [(51@1/7) - (51Q,/7)]2, Zp

Ve (T, 0) =
an (T, 0) for 7] <r<r,

Vo +(D,/7) for v, <¥<#ny

where for n 2> 2,

$,@
Vo=Vo=2,Zp (12
nTU0 T eEE < 7{ i=2 7
and
n
Dy =2,2¢ 24 5:Q; -
The term [S,@,0/7,(1 - 0)] in V, represents the
total ionic polarization potential arising from the
first shell and includes the effects of both the point
charge Z, and the F electron. Because practical
congiderations limit the number of shells which are
treated explicitly, the first 21 shells are considered
in our computations. The Coulomb potential

Ven")=(Z,Zp /7) for r>v,,

is used for distances beyond the 21st shell.
The Hamiltonian for the PI(3) model then becomes
simply

2/om + V, for » <7

Hy (p)={ P
B2/2m+ Ve (¥,0) for r>7{.

V. ABSORPTION AND EMISSION

The initial state of an optical transition is a re-
laxed state |F¥; 0;). The total F-center energy
Er(ny; 0)=(F¥; o|Hy|F¥; 0) is minimized with
respect to the nn ionic polarization ¢ to obtain the
energy of the initial state E; =E,(n;; o). The value
0, is that value of ¢ for which E,(1;; o) attains its
minimum value. The F center then undergoes an
optical transition to the state |F;;0;), which is
assumed to be a quasistationary state with an elec-
tronic wave function calculated for the same distor-
tion o; as that for the initial state |F¥;o0,;). This
is a statement of the Franck-Condon principle.

The distortion o represents the ionic displacement
of the nn ions due to both the F electron and the
effective vacancy charge Z,. The total energy of
the final state is E; =E,(1;;0;). The optical-
absorption energy is denoted by
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E{f (abs)=E7' (nf;O‘i)—ET(m;U?), (44)
and the optical-emission energy is denoted by

E; (ems)=E,, (77¢5°'§)“E1'(71f;°'$)- (45)

Each term on the right-hand side of Eqs. (44) and
(45) is a negative number. Also, the ionic displace-
ment for absorption ¢} in Eq. (44) differs from the
ionic displacement for emission ¢§ in Eq. (45).

The expectation value of a given power of the
radial coordinate # gives us information on the spa-
tial extent of the F-electron wave function. The
first and third powers of 7 are chosen to indicate
the spatial extent, namely,

7(;m;0)=77" [ Ry ()" R, (r) dn v dy; (46)

where R, () is the radial part of y,(7)and n=1 or
n=3.

A bound state is considered compact for values
of 7(1;m;0) 5.1 and diffuse for values of #(1, 7, o)
2 3. For values between 1 and 3 the decision is
rather subjective. The ratio 7, (n;0)=[7(3;n;0)/
727(1; m; 0)] also indicates to what extent the radial
functions have extended tails. Values of 7, <1 in-
dicate compact states and values of 7, >1 indicate
diffuse states. The author has chosen to present
the wave-function data in this manner and not to
present many numerical tables of the wave func-
tions as functions of the radial coordinate.

The lifetime of the relaxed excited state |F¥;0,)
is proportional to the ratio of the square of the
dipole matrix elements for absorption and for emis-
sion. An estimate for the radiative lifetime is
given by’

T=Tp %107 sec,
where
- | (F1;00]2 | Fy ; 00)ans|® .

. 3 2 (47)
| (Fo; 01|z | FT; 01)ems|

Only dipole radiation is considered in the above
estimate for the radiative lifetime. There are, of
course, other processes which may compete with
the dipole-radiation decay. These are nonradiative
decay (high-temperature thermal ionization) of the
excited state and tunneling to the conduction band.
Hence, the present treatment of F-center models
are least subject to criticism for low temperatures.

VI. RESULTS

In this section, the results of the preceding
models are reported and are compared with the
past results from Refs. 7 and 8. The presentation
includes the predictions of the above six models
for KCl, CaO, and CaF,. The Born-Mayer em-
pirical form [Eq. (15) of Ref. 7]for the repulsive
energy terms is used. Table I contains the values
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of the input data for the six models.

The 1s;0), !2s;0), and [2p;0) F-center states
for the six preceding models have been determined ex-
actly by numerical methods. The absorption energy,
the emission energy, andthe lifetime of the relaxed

[2p; 0,) state are given in Tables II-IV for each
model and for KCl, CaO, and CaF,. Comparisons
with the variational methods of Refs. 7 and 8 are
given also in these tables. The presence of the
|2s;0) state is neglected in the calculations for
Tables II-1IV.

Among the absorption energy, the emission
energy, and the lifetime, the lifetime is most sen-
sitive to the details of a given model. If the life-
time is known, it should be given more weight for
a decision on a model’s worth than the less-model-
sensitive absorption and emission energies.

The theoretical estimates for the lifetimes are
computed from Eq. (47) by setting

|F§;00 = |15;00), |Fy;00) = |2p;00),
|F¥;00) = 205 04)s |Foi00) = |1s;04) .

The results are quoted in Table II. Table II for
KCl1 shows that none of the exact solutions explain
the long lifetime, although the SP(HF) and SP(HF)
exact) models agree reasonably well with the ex-
perimental absorption and emission energies. The
SP(HF,) model agrees best among the exact-solu-
tion models and its lifetime is a factor of 3 too
small,

Decisions as to which model in Table III is best
for CaO and as to which model in Table IV is best
for CaF, are less certain than the decision for
KCl. Present experimental data lead one to con-
clude that the exact solutions to the PI(3) models
for CaO and CaF, agree best with experiment and
have the greatest promise for additional improve-
ment. The exact solutions to all the SP models
predict very large Stoke’s shifts for CaO and
CaF,. Such results are questionable. This state-
ment about SP models for F centers in CaO is con-
sistent with the remarks of caution, given in Sec.
IV of Ref. 7, on applying SP models to CaO.

Tables V-VII contain, respectively, more de-
tailed results predicted by the SP(HF,) model for
KCl and by the PI(3) models for CaO and CaF,.
Observe that the |1s;0,) state is usually the only
state which has a compact F-electron wave func-
tion and that the |2p;0,) and |2s.:0,) states lie
close together in the SP(HF,) model for KCl1 in
emission. These observations agree with those
of Refs. 16 and 18.

VII. INTERNAL STARK EFFECT IN KCl

It is shown in this section that a mechanism
which sufficiently mixes the 12p; 0y) and 12s; 07)
states can account for the long lifetime of the re-
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TABLE I. Input data for F-center models. The Pauling
factor for the ith and jth ions is B;;. The ionic radius of
the cation is p, and of the anion is p_. The quantity p is
the stiffness factor in the empirical Born-Mayer exponen-
tial form which characterizes the repulsive energy be-
tween the ith and jth ions. The Madelung potential con-
stant at the anion site is @, . The high-frequency, low-
frequency, and effective dielectric constants are €., €,
and €,,, respectively. The longitudinal optical phonon
frequency w;'is expressed in units of 10'% radsec™!. The
Mott-Littleton radius R is given by R=7;(1~dyg). The
quantity 7; is the nn distance (anion-cation) for the NaCl
structure and is the lattice constant (cation-cation) for the
CaF, structure. The series coefficients C,;, C¢, and Cg
appear in the expansion in powers of the lattice distortion
o for the change in electrostatic energy E; which occurs
when a cation moves in the background of a perfect point-
ion lattice potential, namely, E=— (6/71)(C,o*+Ceo®+Cyd).
The energy at the bottom of the conduction band relative
to an electron at rest infinitely far from the F center is X.
The quantity m is the bare electron mass and the quantity
m* is the effective mass at the bottom of the conduction
band. The quantities B,,, B,., B.., 0y, €2 €5, €oy, dpgr,, and
m*/m are dimensionless. All other quantities are ex-
pressed in terms of atomic units (1 a.u. =27.2 eV for
energy and 0.529 x10"8cm for length).
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TABLE II. Predictions of the exact solutions and
approximate solutions to SP and PI models for KC1.
The absorption energy is E(abs) and the emission energy
is E(ems). An estimate for the theoretical lifetime of
the relaxed |2p; o) state is Tgx10""sec and the experi-
mental lifetime of the state | F*) is Tx(expt) X107 sec.
The presence of the 2s-like state is neglected in the
theoretical results of this table. The notation “exact”
refers to the exact numerical solutions to a model and
the notation “approx.” refers to the approximate vari-
ational solutions given in Refs. 7 or 8 to a model. If
the notation “exact” or “approx” does not appear in a
model designator, then the predictions of the model are
based upon the exact numerical solutions to that model.
The energies are in atomic units.

KC1
Model E(abs) E(ems) TR
Experiment 0. 0852 0.0462 5,712
SP(HF,) 0.109 0.045 1.90
SP(HF, exact) 0.111 0.045 1.09
SP(HF, approx) 0.102 0.045 8.39
SP(QA)) 0.083 0,023 0.76
SP(QA, exact) 0.066 0.026 0.41
SP(EL) 0.046 0.015 0.38
PI(2, approx)  0.086 0.074 0.87
PI(3) 0,078 0,072 0.92

RCI Ca0 _ CaF,
B 1.25 1.50 1.50
B.. 1.00 1.00 1,125
B.. 0.75 0.50 0.75
Ps 2.77% 2.21° 2,21°
o. 3.002 2.55° 1.98°
P 0.6372 0.629° 0.5469
oy 1.748 1.748 4,071
el 0.469° 0.305° 0.4891
pt 0.214° 0.085° 0.149,
€dy 0.258 0.200 0. 250
W, 3.95° 13.07° 1,38°
dig 0.1408 0.1208 0.0744
7 5.932 4.54° 10.32°
c, 3.579" 3.579" 1.865
Cq 0.9895" 0.9895" e
Cq 2,942" 2.9428 ces
X —-0.022 k k
m*/m 0.6! k k

*M. P. Tosi, in Solid State Physics, editedby F, Seitzand
D. Turnbull (Academic, New York, 1964), Vol. XVI, p. 52.

®M. L. Huggins and Y. Sakamoto, J. Phys. Soc.
(Japan) 12, 241 (1957.

°G. C. Benson and E. Dempsey, Proc. Roy. Soc.
(London) A266, 344 (1962).

dA. D. Franklin (private communication).

®M. Born and K. Huang, Dynamical Theory of Crystal
Lattices (Oxford U. P., Oxford, England, 1954), p. 85,
Table 17.

'W. Kaiser et al., Phys. Rev. 127, 1950 (1962).

¢F. K. du Pré, J. Chem. Phys. 18, 379 (1950).

A, Scholz, Phys. Status Solidi 7, 973 (1964).

!H. S. Bennett, J. Res. Natl, Bur. Std. 72A, 471 (1968).

T. Timusk and W. Martienssen, Phys. Rev. 128,
1656 (1962).

¥The value of X is assumed to be 0.04 a. u. for CaO
and CaFy; the value of m*/m is assumed to be 1.0 for
CaO and 0.6 for CaF,,

W, B. Fowler, Phys. Rev. 135, A1725 (1964).

8J. J. Makhan, in Solid State Physics, edited by
F. Seitz and D. Turnbull (Academic, New York, 1966),
Vol. VIII Suppl., Tables 3.2a, 8.1, and 8.5.

laxed excited state | F*) in KCl. One possible
mixing mechanism arises from the fluctuating in-
ternal electric fields of noncubic longitudinal-op-
tical phonons moving through the F center. These
fluctuating fields produce under the proper condi-
tions an effective electric field at the F center.

If a given F-center state exists for a long enough
time compared to the period of the noncubic phonon,
then the F electron in such a state responds adia-
batically and experiences a nonzero electric field
(internal Stark effect). The exact nature of this
mechanism is difficult at present to determine.

TABLE III. Predictions of the exact and approximate
solutions to SP and PI models for CaO. The notation is
the same as that for Table II.

Model E(abs) E(ems) TR
Experiment 0.134% 0.121% b
PI(3) 0.124 0.121 0.98
PI(2, approx) 0.127 0.119 ~0.90
SP(HE;) 0.170 0.008 0.05
SP(HF, exact) 0.075 0.011 0.03
SP(QA)) 0.137 0.009 0.08
SP(QA, exact) 0.013 0.012 0.83
SP(EI,) 0.041 0.016 0.41

4J. C. Kemp et al., Phys. Rev. 171, 1024 (1968);
B. D. Evans et al., Phys. Letters 27A, 506 (1968).
bExperimeni:al values have not been reported.
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TABLE 1IV. Predictions of the exact and approximate
solutions to SP and PI models for CaF,. The notation
is the same as that for Table II.

Model E(abs) E(ems) TR
Experiment 0.1212 b b
PI(3) 0.131 0.113 0.87
PI(2, approx) 0.142 0.125 0.86
SP(HFy) 0.169 0.022 0.48
SP(HF, exact) 0,103 0.027 0.05
SP(HF, approx) 0.120 ve se
SP(QA)) 0.129 0.016 0.26
SP(QA, exact) 0.76 0.020 0.10
SP(EL) 0,072 0.013 0.20

ap, Feltham and I. Anders, Phys. Status Solidi 10,
203 (1965), Table 3.
bExperimental values have not been reported.

Additional research is required in order to have
a better understanding of such mechanisms.

It shall be asserted in this paper that as the
lifetime of a state increases the internal Stark ef-
fect due to noncubic phonons becomes more im-
portant. This is the case for the F center in KCI.
Because the unrelaxed excited states have rela-
tively short lifetimes compared to the relaxed
excited states in KCl, the internal Stark effect is
negligible for the F-center states associated with
absorption. In addition, because the spacings
among the energies for the 1s-, 2p-, and 2s-like
states are greater in absorption than they are in
emission, the Stark effect is substantially less
for absorption than it is for emission. The in-
ternal Stark effect is considered then only for the
F-center states associated with the emission pro-
cess.

Let us assume that the noncubic longitudinal-op-
tical phonons produce in the z direction an effec- .
tive nonzero electric field over a volume com-
parable to the spatial extent of the F-electron
wave function for the state | F*). That is, the
internal electric field is E,,,(e)= E,2 for emission.
Whenever E # 0, then the degeneracy among the
12p,;01),12p,;00), and |2p,; 0y) states is re-
moved. The state |2p,; 0;) then has an energy
which differs from the energy of the remaining
degenerate pair of states |12p,;0y) and 12p,; o01).

The internal Stark effect is computed now for
the subset of states 12p,; 0y) and |2s; 01). The
F center in the presence of the internal field is
described by the Hamiltonian?’

Hy=Hp-eEz. (48)

The following notation is introduced for conve-
nience:
€n=ET(n;01), 6"=€"—€2’z’

D, =(M;01]2|2b,501), €=(655/2eEDyy),
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where D,;> 0. Solving the secular equations for
the Hamiltonian, Eq. (48), gives the admixed
states | F*;0,) and | F*; 0y) and their respective
energies E, and E_, namely,

| F%;00)=M|2p,; 00) +N|2s;00),

49
|F*;00)=N|2p,;00) —=M|2s;01), (49)
E .= 3(€gs+ €3,) + €E Ly,
. (50)
E_= §(€ZS+ €2p) —eEsDzs ,
where .
M2=415(1+e2)12] (51)
and
NE=3[1+(1+€?)12], (52)

The top signs refer to the case in which €>0 and
the bottom signs refer to the case in which €<0.
The presence of the |1s; ¢0y) state and other
states lying above the |2p; 0,) and |2s;0,) states
has not been taken into account in deriving Eqgs.
(49) and (50). These equations therefore are valid
physically only when |55 <l€55l< l€g,, 1, 18551 <18,l,
| Dygl<| Dyl , and | D,1<| Dygl. All models studied,
except the PI(3) model, satisfy these inequalities.
Nonetheless, a computer program was written to
compute the Stark effect for the subset of states
I1s;01), 12p,;01), and |2s;07). The numerical
results quoted at the end of this section are those
given by the more refined computer treatment.

TABLE V. Low-lying states for the F center in KCl
which are predicted by the exact numerical solutions to
the SP(HF;) model. The initial state is the relaxed
| n;0) state and the value of ¢ remains the same for the
other states. The total energy of the state | n;0) is Ep.
The spatial extent quantities (1) =#(1;n;0), »(3)=7(3;n;0),
and 7, = (n;0) are dimensionless. The energies are ex-
pressed in terms of atomic units (1 a.u. =27.2 eV).

State 1s 2p 2s
Initial relaxed state has 7=1s and 0=0(,=0.006

Ep -0.165 -0.054 —-0.016
r(1) - 0.700 38.5 3.10
7(3) 0.595 224 44.3
Ve 0.821 58.2 14.3

Initial relaxed state has 7=2p and 0=0,=—0.100

Ep -0.090 —0.045 —0.044
7(1) 1.03 5.45 6.86
7(3) 2.75 271 481

Ve 2.66 49.9 70.1

Initial relaxed state has 71=2s and 0=~0.096

Er -0.059 —0.056
(1) vee 2.61 3.77
7(3) s 61.2 77.8
7, 23.5 20.6
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TABLE VI. Low-lying states for the F center in CaO
which are predicted by the exact numerical solutions to
the PI(3) model. The notation in this table is the same
as the notation given in Table V.

State ls 2p 2s
Initial relaxed state has 7 =1s and 0=0(=~0.058
Ep —-0.678 -0.554 —-0.392
7(1) 0.711 0.870 1.60
7(3) 0.520 0.856 6,11
Ve 0.732 0.984 3.81

Initial relaxed state has n=2p and 0=0;=-0.068

Ep -0.677 -0.555 ~0.407
7(1) 0.718 0.882 1.69
7(3) 0.538 0.902 6,76
(A 0.749 1.02 4.00
Initial relaxed state has n=2s and 0=-0,119

Ep cee -0.521 —0.446
7(1) 1.00 1.91
7(3) v 1.49 8.68
A cee 1.49 4.54

Except for the PI(3) model, very little 1s character
appears in the low-lying excited states and very
little 2p character and 2s character appear in the
final state for emission | Fy;0,). The analytic
solutions to the secular equations for the subset
of states I1s;0y), 12p,;01), and 12s;0,) are not
presented because they are very lengthy and be-
cause Eqs. (49) and (50) contain the important
physical consequences of the internal Stark effect.

The dipole-radiation matrix element for emis-
sion from the | F*;0,) state to the unrelaxed
ground state | Fy; 0;)~ | 1s; 0y) becomes

(Fo; 01| 2| F*; 00y~ NDy,. (53)

Replacing the matrix element for emission in Eq.
(47) with Eq. (53) gives an expression for the life-
time of the state | F*;0,), Tgr(€) due to the ad-
mixture of 2p- and 2s-like states by the internal
field E,,

TSR(€)=N-ZTR. (54)

The physical statements contained in Eq. (54) are

displayed more readily by expanding in powers of

€, when € is small, and in powers of 1//€|, when
€ is large. The respective expansions are as fol-
lows:

[7sr(€)/TR]~2 - 26+ 26" -

for |e| <1, (55)
[rsr(€)/Tr]~ 1+ (4€3)™ = (BeH 14 -

for e>0and e>1, (56)
[7sr(€)/Tr]~ 4€3+3 = (4€?) 4 ...

for €< 0 and |e|> 1. (57)
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Equations (55) to (57) predict three physical
consequences. Namely, when €> 0 (i.e., the 2p
state lies lower than the 2s state), the predicted
lifetime Tgz(€) increases slowly from 73 to 275
as the electric field E, increases from 0to .
Also, when €<0 (i, e., the 2s state lies lower than
the 2p state), the predicted lifetime Tgx(€), de-
creases first rapidly from ~ and then approaches
slowly the value 273 as the electric field E in-
creases from 0to ©. And when €=0 (the 2p state
and the 2s state are degenerate), the predicted
lifetime is 27, and is independent of the electric
field. In summary then, the above three state-
ments indicate that precise measurements of the
lifetime as a function of an applied electric field
can be used to determine the relative locations of
the 2p- and 2s-like states. Stiles et al. have made
such measurements. '* They find that the 2s-like
state lies 0. 0006 a.u. below the 2p-like state.
This corresponds to a negative and small value
for € and to strong mixing of the 2p- and 2s-like
states.

The exact results from each of the six models
contained in Secs. III and IV are used to compute
the internal Stark effect for the F center in KCI.
The subset of states consisting of the three states
I1s;00), 12p;01), and |2s;0,) for each model
is included in these computations. Among the six
models studied, the SP(HF;) model for KCl yields
a lifetime which is in best agreement with the ex-
perimental lifetime. When the internal electric
field E, is 10" V/m (€~ 0. 25) then the theoretical
lifetime 75 is 3.1X 10”7 sec. The experimental
lifetime is 5.7%10"" sec. The value of €~ 0. 25
also corresponds to a strong mixing of the 2p- and

TABLE VII. Low-lying states for the F center in CaF,
which are predicted by the exact solutions to the PI(3)
model. The notation in this table is the same as the
notation given in Table V.,

State 1s 2p 2s
Initial relaxed state has n=1s and 0=0,=0.037

Eq -0.276 —0.145 -0.036
7(1) 0.701 0.897 2.05
7(3) 0.516 1.02 11.8
Vg 0.736 1.13 5.75
Initial relaxed state has 7=2p and 0=0;=-0.008
Ep -0.267 —-0.154 -0.090
7(1) 0.751 1.02 2.17
7(3) 0.652 1.66 13.8
Y 0.868 1.62 6.34

Initial relaxed state has n=2s and 0=-0.070

Ep tet -0.143 -0.120
¥(1) tee 1.48 2.29
7(3) 5.19 16.6
Ve 3.51 7.26
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2s-like states.
for €~ 0. 25 are

In particular, the admixed states

| F.;01)~~0.788| 2p; 01) +0.615| 25 01),

| Fo;00)~+0.615|2p;0,) +0.788|2s; 07) .

The shifts of the energy eigenvalues from E,(2p; oy)
to w. and from E5(2s;0y) to w, are less than both
the mathematical accuracy and the physical ac-
curacy of the model, i.e., |1En(2p;0y) —w.l<0.001
a.u. and |Ez(2s; 0y) =w,/<0.001 a.u. The unper-
turbed level separation is about 0. 001 a.u.

The five remaining models all predict lifetimes
which are less than 10°" sec, even when the inter-
nal Stark effect is taken into account for electric
fields as large as 10'° V/m. Intrinsic fields in
ionic crystals are of the order of 10'° V/m. Fields
larger than this would lead to catastrophic break-
down. Also, the electric fields used to determine
dielectric constants and polarizabilities are usually
about 10° V/m. Displacing the nn ion at #,£ to
(7, +2)# and the nn ion at — 7,2 to (- 7, +2)% pro-
duces an electric field at the origin equal to 10"
V/m when z/7,~1.7x10°*, This dimensionless
distortion is much less than the dimensionless
distortion o, = ~ 0. 100 for emission.

Hence, the SP(HF,) model and the assumed in-
ternal Stark effect describe the relaxed excited
state of the F center in KCl reasonably well. The
only disagreement with recent experiments is the
relative locations of the 2p- and 2s-like unper-
turbed states. This one point of disagreement is
marginal, however, because the theoretical 2p-
and 2s-level separation is comparable to the math-
ematical accuracy to which the model has been
solved.

VIII. CONCLUSIONS

Tke three lowest-lying F-center states for KCl,
Ca0, and CaF, have been calculated within the
framework of five SP models and one PI model.
The exact solutions to the HFS equations for these
six models have been obtained numerically. Both
the initial and final states for the transitions of op-
tical absorption and emission have been determined.

The SP(HF,) model is the most successful model
for the F center in KCl. When the internal Stark
effect is computed from the unperturbed states
I1s; o), [2p; o), and |2s; o) predicted by this model,
the agreement between theory and experiment is
acceptable. Both theory and experiment suggest
that the emission process for the F center in KC1
can be interpreted in terms of a relaxed excited
state which contains a strong mixture of 2p- and
2s-like unperturbed states. The recent experi-
ments'® 18 are most consistent with the view that
the 2s-like state lies close to and lower than the
2p-like state during the emission process. The
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present solutions, which are physically accurate to
at most +5% and mathematically accurate to +0.1%,
predict that the 2p-like state lies close to and lower
than the 2s-like state during the emission process.
The relative locations of the 2p- and 2s-like states
should be considered with caution. An improvement
in either the physical or mathematical accuracy of
the SP(HF,) could easily yield a 2s state being close
to but lower than the 2p state. The important fea-
ture is the change in the angular character of the
excited F-electron wave function which occurs when
the lattice distorts to accommodate the excited F
center.

The SP models for CaO and CaF, predict exces-
sive Stoke’s shifts which are not observed for CaO
and which are not expected intuitively for CaF,.

The PI(3) model is rather successful for the emis-
sion process in CaO. It also explains the absorp-
tion process in CaF, reasonably well.

Each of the SP models and the PI models has had
its successes and failures in explaining the observed
properties of the F center in ionic crystals. How-
ever, one model which successfully treats all F
centers in such classes of crystals as KCl, Cd0O,
and CaF, still remains to be constructed.
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APPENDIX: LIST OF NOTATIONS FOR
THE F-CENTER MODELS

A summary of the essential features of each
model is given below.

SP(HF, approx): the semicontinuum-polaron
model, hydrogenic trial wave functions; continuum
Hartree approximation for the optical polarization,
Eq. (19); Hamiltonian, Eq. (21), is used for both
the absorption and emission states.

SP(HF, exact): the semicontinuum-polaron
model; exact numerical solutions; continuum Har-
tree approximation for the optical polarization,
Eq. (19); Hamiltonian, Eq. (21), is used for both
the absorption and emission states.

SP(HF,): the semicontinuum-polaron model;
exact numerical solutions; continuum Hartree
approximation for the optical polarization, Eq.(19);
Hamiltonian, Eqgs. (33) and (34), for absorption
states; Hamiltonian, Eqgs. (35) and (30) for emis-
sion states.

SP(QA, approx): same model as the SP(HF,
approx.) model except that the quasiadiabatic ap-
proximation for the optical polarization, Eq. (18),
is used.

SP(QA, exact): same model as the SP(HF, exact)
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model except that the quasiadiabatic approximation
for the optical polarization, Eq. (18), is used.

SP(QA,): same model as the SP(HF,) model ex-
cept that the quasiadiabatic approximation for the
optical polarization, Eq. (18), is used.

SP(EL): the semicontinuum-polaron model; ex-
act numerical solutions; the Toyazawa?® and Haken
and Schottky?® expressions for the electronic polar-
ization, Eq. (37), and the ionic polarization, Eq.
(13); Hamiltonian, Egs. (39) and (40) for absorption
states; Hamiltonian, Eqs. (41) and (42), for emis-
sion states.

PI(2, approx): the Hartree-Fock polarizable-
ion model; hydrodegenic trial wave functions;
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point-ion potential; evaluation of the polarization
potential according to the first-order Mott-Littleton
procedure?; the polarization potential which arises
from the dipoles induced on the first two shells
(n=1and n =2) is treated rigorously and only the
spherically symmetric part of the polarization
which arises from all the other dipoles on shells

n > 3 is considered; Franck-Condon principle is
satisfied for all optical transitions.

PI(3): the polarizable-ion model; exact numer-
ical solutions; point-ion potential; only the ionic
polarization of the nearest neighbors is considered;
Franck-Condon principle is satisfied for all optical
transitions.
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