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The electronic properties of the F center are considered on the basis of a semicontinuum model. It is
shown that calculated absorption and emission energy levels and strengths agree closely with experimental
values for NaCl, provided that certain reasonable values of parameters are chosen in the calculation. The
resulting excited 2p state from which emission occurs has a very diffuse wave function, its maximum being
at ~4-5 nearest-neighbor distances, while the wave function of the ground state into which emission occurs
remains largely confined to the potential well. This picture of the emitting system is consistent with a number
of other experimental results, notably the emission associated with F 4 centers.

INTRODUCTION

HE purpose of this paper is to examine in detail a

suggestion regarding the nature of the relaxation

of the F center in its excited electronic state, to investi-

gate by means of a model calculation whether such

relaxation can occur, and to relate the implications of
this type of relaxation to experiment.

Although many properties of the F center associated
with optical absorption have been at least semi-
quantitatively understood for some time,' recent data
on F- and F4-center luminescence have not proven
simple to analyze. In particular, the long lifetime for
spontaneous emission*=¢ and the difficulties of fitting
absorption and emission data with simple configuration
coordinate models”™® strongly suggest that lattice
relaxation associated with the large observed Stokes’
shift has a pronounced effect on the electronic states of
the F center. Such an effect may be manifested either
by a modification of the ground and excited states or
by a change in the relative energies of certain excited
states.

The point of view that the nature of electronic states
and/or wave functions may change between absorption
and emission,’? although fairly commonly held at
present, is a relatively new idea. It can be stated sche-
matically in terms of a simple configuration coordinate
diagram, Fig. 1. The F center in its ground “1s” state
(near position A) is excited into state B (“2p”), which
is assumed to be a quasistationary state with an elec-
tronic wave function calculated from the same crystal
potential as that used for state 4. The lattice relaxes,
and emission originates from state C. Since the lattice
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relaxes, the crystal potential changes and the electronic
wave function at C may be quite different from that at
B (although it may be labeled by the same quantum
numbers as that at B). In addition, the ordering of the
excited electronic states may have changed. Emission
now occurs into ground state D, which by similar
reasoning may have an electronic wave function differ-
ent from that at 4. Thus, one speaks of two sets of elec-
tronic wave functions, one set for absorption (4 — B)
and one for emission (C— D). The validity of this
point of view is not obvious. It depends on whether or
not the electron spends enough time in states B and D
for these to be considered stationary states. In the
case of the F center this requirement is apparently
satisfied (in =107 sec, the time for lattice relaxation,
the electron can traverse a number of orbits), but in
other systems it may well not be. Even in the case of
the F center, several treatments of the problem proceed
from the assumption that phonons are emitted simul-
taneously with the optical transition,’*:"! and that from
the point of view of the electron the transitions are
from 4 to C and from C to 4.

To our knowledge only one detailed calculation of the
properties of the F center in emission has been under-
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Fic. 1. Simple config-
uration coordinate dia-
gram. See text for
details.
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taken, that by Wood.’? Wood has set up the emission
problem using a Hartree-Fock approach. His complex
calculations, when completed, should yield a quantita-
tive understanding of the F center in a large number of
crystals. There have been a number of speculations re-
garding the nature of the F-center states after absorp-
tion and subsequent lattice relaxation. Mott and
Gurney® argued that the excited state of a hydrogenic
F center would become less negative in energy after
absorption than before, due to an increase in the effec-
tive dielectric constant associated with the excited
state, whose orbit is inherently larger than that of the
ground state. Such an increase in dielectric constant
would tend to enlarge the orbit still further. Swank and
Brown® pointed out that perhaps the long lifetime of the
F center could be explained if the excited state for
emission had a very diffuse wave function and thus
a small overlap with the ground-state wave function.
They argued that an alternative picture would be pos-
sible if the “2s” state ended up lower in energy than the
2p state, since then emission would be largely forbidden.
Fowler and Dexter® discussed the last proposition and
suggested also that a Jahn-Teller lattice relaxation
could lead to large changes in the symmetries of the
relevant wave functions and a consequent reduction in
transition probability or, in other systems, a very large
increase. In this paper we shall investigate the sugges-
tion of the diffuse excited state.

It is well known that calculations employing a modi-
fied “particle-in-a-box’’ potential yield good absorption
energies and oscillator strengths for the F-center
problem.!=7 The basic feature of this potential is that
it consists of a well of depth Vo (of the order of the
Madelung energy) and radius R (of the order of the
nearest-neighbor distance) and an external region whose
behavior is not important for the absorption problem;
we shall take it to be Coulombic, with an effective di-
electric constant K. The resulting electronic 1s and
2p wave functions in this potential are both rather
compact, with the maxima in the charge distribution
inside the potential well.

Let us now consider the possibility, along the lines
suggested by Mott and Gurney and by Swank and
Brown, that after the F center is excited into the 2p
state the lattice relaxes in such a way that the 2p
wave function is modified so as to penetrate into the
lattice before emission with a mean radius several
times that of the 2p function involved in absorption.
The 1s state into which emission will occur, on the other
hand, has a wave function which remains inside the
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potential well, although the energy of the 1s state is
raised considerably with respect to its value for absorp-
tion. Let us examine this suggestion by considering a
semicontinuum model for the F center. We shall
employ numerical values for the parameters applicable
to the NaCl F center, but the conclusions are expected
to be applicable to other F centers as well.

CALCULATION

The semicontinuum model is based on the one-
clectron Hamiltonian for the F center

H= 172/21%+Zy/ RV)+ Vpol(r) , (1)

where the sum is over all lattice sites R, except the
vacancy, Vyert(r—R,) is the perfect-crystal potential
centered at R,, and V,.(r) takes into account all
polarization effects. In the semicontinuum approxima-
tion one may write H in the following way. Inside the
vacancy (for »<R),

H=~p*/2m+V,, (2)

Vperf(r“

where the constant 7, contains a number of terms to be
discussed below. Outside the vacancy

= P2/2m+2v Vpers(t—Ry) = Viert (1) + Vipor (1) 3)
=~ (p*/2m*) — (/K oss).

In Eq. (3) we have added and subtracted Ve(r),
thus removing the prime from the sum over », and
have made an effective-mass approximation by simply
replacing 2%/2m~+3, Vpers(t—R,) by p*/2m*, where
m* is the mass (assumed to be a scalar) at the bottom of
the conduction band. Vyei(r)— Vipert(t) is written in
terms of an effective dielectric constant K.;:(r), as-
sumed to be a function only of |7].

We now use a treatment discussed by Gourary and
Adrian in their review article!® to determine several of
these quantities. This treatment is based on the work of
Simpson' and of Krumhansl and Schwartz.'® The well
depth is given by

Vo= (—an/a)+W—x, 4)

where —a,,/a is the Madelung energy, x is the electron
affinity, and

PETARLWENELY .
2R\ K,/ \K, KR/qM "

Here R is the radius of the cavity, K, and K the high-
frequency and static dielectric constants, and ¢() is the
fraction of the electronic charge outside a sphere of
radius 7;

o(r)= / (s s, ©)

18 B. S. Gourary and F. J. Adrian, in Solid State Physics, edited
by F. Seitz and D. Turnbull (Academic Press Inc., New York,
1960), Vol. 10.
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where ¢ is the wave function of the state from which
absorption or emission takes place. The last term of
Eq. (5) arises from the self-energy of the vacancy with
respect to the ionic polarization. This term is discussed
further in the Appendix. As we see, V, and y must be
evaluated self-consistently.

Ko and ¢ are similarly related. According to
Krumhansl and Schwartz, and Simpson,

—¢? 1 1 ®
:_'”2(_“) / g(s)s~ds,  (7)
Kof’ KO K r

where Ko, K, q(s) have been previously defined. Im-
plicit in Eq. (7) is the assumption that the electron
orbit will not become sufficiently large (or, equivalently,
that the electron will not move so slowly) that the
ionic polarization can follow the electronic motion.
Such an assumption is generally made in F-center
calculations, e.g., those of Huang and Rhys,!' Pekar,%
and Wang.!? It is certainly valid when ¢(s) is computed
for the ground state, since the electron orbit is very
small, and in fact the second term in Eq. (7) is very
small. However, if the electron is in a large-orbit excited
state of the type which we have suggested, ionic
polarization will to some extent follow the motion of the
2p electron and the effective dielectric constant will be
larger than Eq. (7) would yield and will approach the
static value as the orbit becomes very large. A better,
though still approximate, expression for the dielectric
constant may be obtained on the basis of Haken’s
theory® of Wannier excitons.? As shown in the Ap-
pendix, the effective interaction between an electron
and an infinite-mass hole (e.g., a vacancy) due to
polarization is

—62

K v

—e — e

2 1 1 e~vr+ e~2r/a
L), o
Ky r\K K, 2

where v is given by
v=(2m*heo/ B2V ©)

K ogr

and q is the nearest-neighbor distance. In Eq. (9), m*
is the effective electron mass and w is the frequency of
longitudinal optical vibration for the crystal. The term
¢~%/e will be negligible for the values of 7 in which we
are interested (r=4a).

The F-center calculation is now performed by means
of a variational approach using hydrogenic wave func-
tions

= [/ (T ) (1-an)e,

(10)
= (B52/7\?)re=F" cosl,

where « and @ are variational parameters. In this ap-

proach we do not exactly satisfy the boundary condi-
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tions for continuity of ¥ and ¢/ at r= R, since we neglect
the fact that for > R a wave function is the product
of a hydrogenic function and the conduction-band
function at £=0.22% This will be unimportant if the
calculated wave functions spend most of their time
either inside or outside of the vacancy. It may be not
too important in any case, since the conduction-band
wave function is probably rather flat over most of the
boundary.

Thus, we are interested in minimizing the expectation
values of the Hamiltonian with these wave functions
[Eq. (10)] in the 1s and 2p states. In any state 7, the
quantity to be minimized W; is given by

W= ;| 92/ 2m| ) t-(s| 92/ 2m* [ ¥i)o

;.‘”">D’ (11)

where ¢ means the integration is to be taken over the
inside of the potential well (< R) and o means outside
(r>R). Both V, and Kt (as well as R) depend upon
the initial state of the electron.

We thus find that

a? 1 A
W= —|:6—— (1 ——><—~—I— 324 61‘—{-6)6“]
28 m* 4

t4 —1
—I—Vo‘1—[14(1+t)+7z2+2t3—|——}e—}
4114

+ Vol i— (¢/ chf)<¢f

A et
[roeral——,
2 2 off
where ¢ is equal to 2aR, and

u? 1 ut
Wz,,=—{ 1— (1—-)[~—+2u3+6u2
8R? m* 2

+12(u+1)]8_u}+vo{1 [24(u-+1)+1202

—U

8
[a6+304-6 (ut- 1) — ,
off 12
(13)

+ 4u3+u4]e—} —
24

where # is equal to 26R. Wy, and W, are expressed in
atomic units (1 a.u.=27.2 ¢V). They are measured from
the bottom of the conduction band.

For the absorption problem in NaCl we use a= 5.31a,,
R=5.0a02* Ko=2.31% x=—0.02 a.u V, is then
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#N. F. Mott and M. J. thtleton, Trans. Faraday Soc. 34,
485 (1938).
2% H. Pick, Landolt-Bornstein Tables (Springer-Verlag, Berlin,
1955), Vol. 8, p. 415.
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—0.252 a.u. [plus the small second term of W, Eq.
(5)], and we choose K= K,. The only real unknown
is the effective mass m*, which for reasons to be dis-
cussed later is chosen equal to 0.6m,. Minimization of
Eqgs. (12) and (13) then leads to the following results for
absorption: Wi,=—0.142 a.u., Wy,=—0.039 a.u.,
a=0.56a;"', B=0.42a¢7'. The predicted absorption
energy is 2.80 eV.

After absorption, the lattice relaxes. This relaxation
is expressed in our equations by letting Ko and the
positions of the nearest-neighbor ions change. We
neglect any Jahn-Teller effect, assuming that the
potential remains spherically symmetric. This assump-
tion is probably quite good if the excited state for
emission turns out to have a large orbit. To estimate
the magnitude of K we consider the possibility that
Wp will have & minimum for 8~0.1. The mean radius
of the 2p state is then 5/(28) or 25a,, and for m*=0.5
—1.0, v is in the range 0.035-0.04. In this range of
parameters Eq. (8) tells us that Ko is of the order
4.0-4.5. We shall see later that this choice of K¢ does
in turn yield a minimum in Wy, for 8=0.1.

Itis also assumed that the nearest-neighbor ions move
outward by 109%,. This assumption is discussed below.
Hence R is changed to 5.5¢¢ and the Madelung energy
becomes less negative. The constant part of V, then
becomes —0.156 a.u., and in addition one must con-
sider the second term of W, Eq. (5). Then

Vo=—0.156+ (0.243/AR)[4+ 3u+ w2+ (u*/6) Je—.
(14)

Minimizing Egs. (12) and (13) with m*=0.6m, and
Ko=4.2 yields Wi,=—0.05 au., W,y=—0.0044
a.u., a=0.436a,71, B=0.08¢,7 . The predicted emission
energy is 1.24 eV, and Wy, is —0.12 eV below the
conduction band.

The squared dipole matrix element between 1s and
2p states [Eq. (10)] is given by

[2) 2= (32*/T)[o®6° (6+6a)?/ (a+B)"] - (15)

It is found that, for the values calculated above for a
and B, the oscillator strength!# for absorption is
~1.0 and

[ (&) Zemis/ | ()| %aps=0.13.

We thus see that the excited-state wave function for
emission is much more diffuse than that for absorption,
while the ground-state wave function changes only
slightly. Our choice of K is reasonably self-consistent

27 As is well known, the oscillator strength f may be calculated
either in terms of dipole or gradient matrix elements. If the wave
functions are eigenfunctions of the Hamiltonian, the results
should be equal. In each case, however, an “effective’” mass
appears. This mass should in our case be between the band mass
m* and m., since the electron spends some time in the vacancy,
where m*=m,, and some time in the dielectric, where m*=0.6m,.
We find that if we calculate the oscillator strength both by dipole
and gradient methods, and equate the results, the “effective”
mass turns out to be 0.8 and f=1.0. These results, while not par-
ticularly reliable, are nonetheless reasonable.
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with the resulting value of 3, and the violation of the
boundary condition at =R is unimportant, since the
excited-state wave function is very diffuse and the
ground state is still rather compact. The squared dipole
matrix element for emission is considerably smaller
than that for absorption. The principal reason for this
difference is the relatively small overlap between the
excited- and ground-state wave functions for emission
as compared with that for absorption.

We have evaluated the energies and matrix elements
for a number of other values of Vy, Ke¢s, and m*, and
the tendency for the 2p state to stabilize in a large
orbit while the 1s state remains confined to the well
seems fairly strong. Making V, less negative, Kets
larger, and m* smaller all have the effect of pushing
out the 2p and 1s wave functions. The region of these
parameters (in NaCl) for which large-orbit 2p states
result is roughly m*<0.7m,, Keot:23, Vo —0.20 a.u.

There exists the possibility that the 1s state would
also have a large orbit. For this to occur ¥, would have
to become very small, of the order of —0.07 a.u., in
which case a would be 0.3a¢~! and Wy,—0.5 eV. Under
such circumstances it is possible that the dipole matrix
elements for emission would actually become larger
than those for absorption.?

DISCUSSION

Our model calculation has shown that in some ranges
of parameters the F center relaxes into a large-orbit
excited state, while the ground state into which emission
occurs remains confined to the potential well. The im-
portant parameters are R, the radius of the well after
relaxation, m*, and K.ss. Although these have been
chosen in the above illustration to yield good agreement
with experimental results, we believe that the values
chosen are, in fact, reasonable.

The determination of K.s; has already been dis-
cussed in some detail. Its validity rests upon the
validity of Haken’s theory® as extended in the Ap-
pendix. Even if the details of the theory are faulty,
however, the result seems reasonable, as illustrated by
the following simple argument. Assume that when the
electron is at a radius greater than v~ it “sees” the
static dielectric constant, and when it is at a radius less
than v~ it “sees” the high-frequency dielectric constant.
For m*=0.6m,, v equals 26a,. For a 8 of 0.08, 609, of
the electronic charge is outside this radius, 409, inside.
Writing an average Ko¢; as 0.6K+4-0.4K,, we find that
K.:s is 4.3, in excellent agreement with the value
found by using Haken’s theory in detail.

There is not very much evidence regarding
conduction-band effective masses in the alkali halides.
Ahrenkiel® has measured mobilities of conduction
electrons in several alkali halides and his data, together
with various mobility theories, yield effective band

28 R. Ahrenkiel, thesis, University of Illinois, 1963 (unpub-
lished).
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masses of ~0.3 to 0.6, and polaron masses of ~0.5 to
0.9 in KBr. Calculations of the lowest conduction
band of NaCl have led to estimates of effective masses
ranging from ~0.4 to ~0.9.2-% Phillips, in attempting
to construct energy bands from uv absorption and
reflectivity spectra, assumes an effective mass of 1 in
constructing the lowest conduction band for all alkali
halides.

If one assumes that the excitons in® NaCl are
Wannier-like?! with a series limit at 8.8 eV, the exciton
binding energy G is 0.8 eV and the reduced exciton
mass is given by u=0.8Km,./13.6. For NaCl this
yields a u of 0.3m,; m* is probably somewhat larger,
0.4 or 0.5m,. Such a procedure is probably not very
trustworthy, however.

Our choice of AR=0.1R is somewhat arbitrary.
Since what is important is the relative distortion be-
tween ground- and excited-state configurations, we
begin by considering the former. Kojima® calculates
an tnward motion of the nearest neighbors of 7.49, for
the LiF ground state, and Feuchtwang? argues that
electron nuclear double resonance data support this.
Wood and Korringa,'” on the other hand, calculate an
outward displacement (for LiCl) of 19,.

For the large-orbit excited state, the nearest neigh-
bors should approach the positions which they would
assume if there were no electron at the vacancy. Ac-
cording to Mott and Littleton,? removal of a Cl~ ion
from NaCl causes the nearest-neighbor Nat ions to
move outward =~7-89,, while Kristofel® calculates
for the same situation in KCl the nearest neighbors
move outward 12.59%,. Our assumption of a net outward
motion of 109, between ground- and excited-state
configurations then seems reasonable.

It would thus seem that the values of the parameters
K.s5, m*, and AR are reasonably consistent with what is
known about NaCl. Furthermore, since the effective-
mass method becomes exact in the limit of large orbit,
we feel that the approach used to calculate the F-
center excited state probably is valid. This method of
calculation, although somewhat crude, is nevertheless
an attractive one since polarization effects can be
treated in a natural way. One would not expect, for
example, that a simple point-ion or Hartree-Fock
calculation would yield results such as those obtained
here, since polarization effects are commonly ignored
in the point-ion or Hartree-Fock approach (however,
Kojima® has included these effects in the absorption
problem).

» S, R. Tibbs, Trans. Faraday Soc. 35, 1471 (1939).

% Z. Ya. Evseev and K. B. Tolpygo, Fiz. Tverd. Tela 4, 3644
(1962) [English transl.: Soviet Phys.—Solid State 4, 2665 (1963)].
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transl.: Soviet Phys.—Solid State 5, 1705 (1964)7].
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3 T. Kojima, J. Phys. Soc. Japan 12, 918 (1957).

3T, E. Feuchtwang, Phys. Rev. 126, 1616 (1962).
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We should point out that earlier calculations in-
volving continuum or semicontinuum methods did not
yield the key result of the present work, namely, that
the relaxed excited state is characterized by a large-
orbit wave function. The essential difference between
these earlier calculations and ours in this respect lies
in the determination of Ks;. As we have pointed out,
Simpson' and Krumhansl and Schwartz's used Eq. (7)
to determine K.¢s. Huang and Rhys,'! Pekar,® and
Wang® utilized a more elegant formalism, quantizing
the phonon field, but all of these treatments involve the
assumption that the ionic polarization does not follow
the motion of the electron, but that it responds only to
the average electronic “charge distribution.” A discus-
sion of the Pekar approach which illustrates its close
resemblance in this respect to the earlier Simpson treat-
ment is given in Ref. 18.

These approaches all underestimate the interaction
of the electron with the lattice polarization, at least
for a large-orbit state. If one evaluates the matrix
element of our 2p function [Eq. (10)] with respect to
the interaction term [Eq. (7)], where ¢(s) is determined
also from ys,, one finds that the relative contribution
of polarization terms is independent of the 2p damping
parameter 8 (in the limiting case in which the vacancy
may be neglected). The interaction energy (for any
value of 8) is the same as would have been obtained by
using a constant Kei; given by (Ket) 1= (Ko)™
+0.27[(K)1— (Ko)~']. This result clearly does #not
approach (K)™ as @ becomes very small. For NaCl,
Kss would be 2.76, a value not large enough to yield
the large-orbit excited state.

The modified Haken theory [Eq. (8)] takes into ac-
count the fact that for diffuse states the lattice polari-
zation may to some extent follow the motion of the
electron. It yields a value of K¢ generally larger than
one would obtain from Eq. (7) or its equivalent, a value
which approaches K as 8 becomes small.

[Note added in proof: In a recent paper Buimistrov?3%
has presented a continuum calculation for an F center
in AgBr. He has discussed the limitations of theories
which allow the lattice to interact only with the average
charge distribution of the trapped electron and has
performed a calculation (using a method developed by
himself and Pekar3’) in which this restriction is re-
moved. There results a large-orbit F-center ground state
in AgBr. This seems reasonable in view of the fact that
the effective polaron mass in AgBr is 0.27m, and the
static dielectric constant is 13.1.]

COMPARISON WITH EXPERIMENT

With our choice of parameters, good agreement is
obtained with absorption and emission data for the

352 V. M. Buimistrov, Fiz. Tverd. Tela 5, 3264 (1963) [English
transl. : Soviet Phys.—Solid State 5, 2387 (1964)7].

8b V. M. Buimistrov and S. I. Pekar, Zh. Eksperim. i Teor.
Fiz. 32, 1193 (1957) [English transl.: Soviet Phys.—JETP 5,
970 (1957)7.
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NaCl F center. The calculated absorption energy is
2.80 eV and the emission energy is 1.24 eV, as compared
with the experimental values at 77°K of3¢ 2.7 and 1.08
eV.3:38 According to the calculation, the excited state
after relaxation is 0.12 eV below the conduction band,
as compared with Swank and Brown’s experimental
value of 0.07 eV.5 Our calculated ratio of [(2)|%ps to
[{(2)|2emis is 7.5. In order to compare this with experi-
ment we consider Eq. (19) of Ref. 9, which in our
case reduces to

w232 Eni [{2)|2aps 3
W(Emi)n(Erm) Ern® |(2)]%omis
(16)

2ok B li&ff (Emk):r
geff (Ekm)

—1
Tkm

In Eq. (16), m represents the ground state and % the
excited level, 2, is the absorption cross section,
71w ! the reciprocal decay time, and e is the effective
field at the absorption or emission center; it is to be
evaluated at the peak energy of absorption (E,.:) or
emission (Epn), as is the index of refraction #. Using
Silsbee’s experimental value® of 0.91X10716 cm? eV
for the F-center absorption cross section in NaCl, and
observed energies and dielectric constants, we find that

5eff(Emk):|2 !<Z> ] L
Eett (Em) |<Z> ‘ 2 emis

‘rkm=8.95><10‘8|: sec  (17)

for NaCl. 8.+ for emission will be somewhat smaller
than that for absorption®% (if the excited state in emis-
sion is diffuse), so that the squared effective-field ratio
will be 2. Using this value and the calculated value
for the squared dipole-matrix-element ratio, it is found
that 75134X 1078 sec, in agreement with Swank and
Brown’s observed value of 100X 1078 sec.

There are a number of other experimental results
which seem at least qualitatively consistent with our
result. These include the absence of an Ivey law for
emission and the fact that the emission energy varies
more rapidly with temperature than the absorption
energy.” Both of these observations are consistent
with the picture of a system with one state (the excited
state) whose energy is insensitive to variations in lattice
parameter, and one state (the ground state) whose
energy is sensitive to variations in the lattice parameter.
In the case of absorption, of course, both states are
strongly dependent on lattice parameter and weakly
dependent on anything else (such as dielectric constant).

The observed effective frequency for lattice vibration
associated with emission is ~1.5 times that for absorp-
tion,” and is thus closer to the longitudinal optical

36 . Mollwo, Z. Physik 85, 56 (1933).
37P. J. Botden, C. Z. van Doorn, and Y. Haven, Philips Res.
Rept. 9, 469 (1934).
(1385 (6:) Z. van Doorn and Y. Haven, Philips Res. Rept. 11, 479
956).
# R. H. Silsbee, Phys. Rev. 103, 1675 (1956).
O R. F. Guertin and F. Stern, Phys. Rev. 134, A427 (1964).
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frequency. This is consistent with the picture of a large-
orbit state, which should interact to some extent with
the optical modes.

In connection with the lattice interaction problem,
certain aspects of the emission situation may differ even
qualitatively from the absorption problem. With a very
diffuse excited state and a very compact ground state,
one would expect that the excited-state energy level
would not be strongly affected by localized vibrations
which would affect the ground state significantly, while
the converse would be true with respect to the normal
optical vibrations of the lattice. If the localized and
optical modes were largely uncoupled one would have
the ground- and excited-state energies varying inde-
pendently, whereas in the usual configuration co-
ordinate picture these energies are correlated since both
states are affected by the same vibrational mode. Thus,
not only would it be improper to attempt to describe
absorption and emission data with one configuration
coordinate, it would be improper to attempt to describe
emission data alone on the basis of only one configura-
tion coordinate.

Data on F4-center emission furnish more persuasive
arguments for the picture suggested here. It is ob-
served® that for a number of F, centers the emission
lifetimes are within 109, of those of the F center, the
emission energies are slightly lower than for the F
center, and the bandwidths are about the same.
Spinolo and Brown® have discussed these results and
have pointed out that it is difficult to explain them on
the basis of either Fowler and Dexter’s suggestion that
the Jahn-Teller effect changes the symmetries of the
wave functions, or Swank and Brown’s® suggestion that
the ““2s”’ state is important in emission. These results do
seem consistent with the present considerations, how-
ever, as Spinolo and Brown point out. Assuming that
the F, center is not too badly distorted, the large-
orbit excited state should be about the same as for the
F center. The localized ground state would also not
change greatly, although its energy would change
slightly due to the local perturbation.

We believe that the ‘“anomalous” case reported by
Gramm?* is also consistent with our picture. Gramm
finds that the KCl:Li F4 center has a lifetime shorter
than predicted by absorption strengths, has an emission
energy of only 0.46 eV and a bandwidth of only 0.045
eV,2 as contrasted with the KCl F center’s low-
temperature width of 0.248 eV.” The position of the
maximum of the emission band is almost independent of
temperature in a range from 20 to 204°K,* and emission
appears to be associated with an excited-state wave
function whose dipole lies along the vacancy-Lit+
axis.®?

We suggest that for this case there is so much local

4 G. Gramm, Phys. Letters 8, 157 (1964).
4 B. Fritz and F. Liity, Z. Physik (to be published).
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distortion® that the 1s wave function does not remain
localized after lattice relaxation but becomes diffuse
along with the 2p wave function. This can lead to
larger dipole matrix elements for emission than for
absorption,? and a small transition energy. This picture
is also consistent with the temperature independence of
the emission-band peak. The narrow bandwidth may
perhaps also be understood. Huang and Rhys" calcu-
lated the absorption bandwidth of the F center due to
interactions with optical modes. They found that, using
Simpson’s F-center wave functions,* the predicted
width was 2-3 times smaller than that observed.
Although several interpretations of their results are
possible, one of the more obvious is that Huang and
Rhys calculated correctly the interaction with optical
modes, that it is indeed small, and that in the absorption
problem there are quasilocalized acoustic modes which
are much more important. If this be the case, we argue
that KCI:Li in the relaxed excited state may be a
system in which both states, being diffuse, do interact
with optical modes, that the Huang-Rhys result applies
to this system, and that the narrow width is therefore
understandable. The apparent absence of polarized
emission in most F,4 centers, and its apparent presence
in KCl:Li,2 seems qualitatively consistent with the
picture of a diffuse excited state whose degeneracy is
substantially removed only in the case of a large
asymmetric perturbation such as that characteristic
of KCI:Li.

There are a number of other properties of the F
center which should be investigated in terms of our
model. These include questions regarding the formation
and destruction of color centers, concentration quench-
ing of F-center luminescence, phonon scattering asso-
ciated with F centers, and the effect of electric* and
magnetic fields on the excited F center.

SUMMARY AND CONCLUSIONS

We have examined the suggestion that the excited
F center relaxes in such a way that the 2p state before
emission is very diffuse, while the 1s state remains
rather compact. It has been shown that, given certain
reasonable choices of parameters, this suggestion is
borne out in a model calculation. Finally, we have
argued that a number of experimental observations
regarding F- and F 4-center emission seem to be consist-
ent with this theory. Although these points are not
conclusive, they are persuasive, and we feel that our
theory is a good working hypothesis upon which to
base further investigations.

4 Mieher has found, using electron nuclear double resonance
techniques, that there is a large lattice distortion associated with
the KCl:Li F4 center in its ground state [Robert Lee Mieher,
Phys. Rev. Letters 8, 362 (1962)7].

“4R. N. Euwema and R. Smoluchowski, Phys. Rev. 133,
A1724 (1964).
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APPENDIX

According to Haken,? the interaction between elec-
tron and hole via ionic polarization may be expressed
as

1
H1='2'Zk I'Yklz{

eik-r

(282 ) 2my¥) + Tico
eik' r

+ fc.c.p+Hs.e.,
(722 2ms*) + oo

(A1)

where k is the phonon wave vector, w the longitudinal
optical frequency, 7 the electron-hole separation, and
my* and m* are the effective masses of the two particles.
c.c. stands for complex conjugate.

|vk|?is given by

|| *= (he)?(47/ VE) (e/w) ,
where V is the crystal volume and a/#% is given by
a/u= (/2hw)(1/€*) ,
1/e¥=1/K,—1/K.

(A2)

(A3)
where

H, .. represents the self-energies of the electron and of
the hole with respect to the lattice polarization.

According to Haken, the part of H associated with
m1¥, where m.* is of the order of m,, or smaller, is
given by

Hi(m*)=(&/2r)(1/ ") (1—e*")— (¢'v/2¢¥), (A4)

where v is defined in Eq. (9). We now evaluate the part
of Hy associated with my*, letting my*—o to repre-
sent an immobile vacancy.

2w ¢ 1 ) &
}I[(’Ww*):—‘— _Zk —*{elk‘r+6-lk'r}— (AS)
V 2¢* k2

e*a

We convert (1/V) > xinto (1/(27)3) S d%, and inte-
grate to k=m/a, where ¢ is the nearest-neighbor
separation. Then

e 1 rr7le giny e
Hi(ms*)=—— —dp——
265 wr J _snja n e*a

(A6)

For r/a>1, Hi(ms*) — €2/26*r—e2/e*a, while for 7/a
small Hr(ms*) — 0. This behavior is reasonable. For
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small 7, Hr(ms*) goes to zero, the self-energy of the
vacancy being canceled, while as r— o« the only
energy is the vacancy-lattice self-energy.

To continue in the spirit of Haken we fit H (m.*)
to an exponential such that it behaves properly for
large and small 7, the result being

Hi(mo*)~ (&/26*r)[1— e 21a]— (¢/e*a) . (A7)

The exponential fit is not too good for 7S e but in the
region of interest is sufficiently accurate.

The last terms in Egs. (A4) and (A7) are the self-
energies of the electron and vacancy due to the polariza-
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tion of the lattice. These negative terms outside the
potential well are equivalent to a change in the zero
of energy inside, and in fact these terms derived from
polaron theory are analogous to the last term in W,
Eq. (5). Thus to be perfectly consistent one should,
when using the Haken dielectric constant, replace the
last term in W by the quantity (¢%/€*)[ (v/2)+ (1/a)].
This we have not done. For the large-orbit state the
terms in question are approximately equal, since v/2
<1/a and e?/e*a~e?/e*R. However, in treating a
smaller-radius excited state one should use the Haken
self-energy.
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The independent-oscillator model fails to predict the dielectric behavior of the high-dielectric-constant
materials BaTiO3, SrTiOs, and KTaOj3 in certain infrared-frequency regions near the three infrared-active
modes. A more general classical model is proposed with mode coupling. The model has one additional param-
eter for each pair of modes that are coupled, and gives decreased (or increased) dielectric loss in certain
regions between the modes, compared with the independent oscillator model. Very satisfactory fits to re-
flectivity data for the above materials are obtained using the coupled-mode theory. In a mechanical analog
of the model, the coupling element may be either a spring or a dashpot, since the two cases are shown to be
equivalent. For the above materials, however, there is a physically interesting simplification in the spring-
coupling form, since two of the otherwise arbitrary parameters are zero. The result suggests that the damp-
ing is best viewed as applying to the total polarization rather than to the individual normal modes.

INTRODUCTION

N an insulating crystal with more than one infrared
active mode, the reflectivity in the restraklen region

is often quite well reproduced by a formula involving
the sum of contributions from independent classical
oscillators.! There are notable exceptions, however.
The high dielectric constant materials BaTiOj;, SrTiOs,
and KTaO;z provide a striking example. In fitting
independent classical oscillator expressions one is
immediately faced with compromises when choosing
the damping constants for some modes. For example,
near 21-u wavelength in the case of SrTiOs, the reflectiv-
ity shows a dip to a value of less than 19,. The low
damping indicated by this dip is inconsistent with the
large damping nearby.? Figure 1 shows SrTiOj; reflectiv-

* Work supported in part by the National Science Foundation.

(I;W). G. Spitzer and D. A. Kleinman, Phys. Rev. 121, 1324
61).

2 In general, such dips occur at the frequency where ¢, the real

part of the dielectric constant, is passing through the value ¢'=1

ity data and the best over-all classical oscillator fit.?
The fit can be improved near 21 u by decreasing the
damping constant of the highest frequency mode. This
effect is shown in the figure—there is an improved fit
near the minimum but a poorer fit elsewhere. The fit
can also be improved by decreasing the damping
constant of the lowest frequency mode. Again there is
improvement only over a small wavelength interval.
Similarly, the rather square reflectivity shoulder extend-
ing from 22 to 26 p cannot be reproduced at all by the
classical oscillator formula without choices of damping
constants which spoil the fit elsewhere.

There are two separate difficulties involved in
attempting to go beyond the classical independent
oscillator model. One problem is to correctly describe

on the high-frequency side of a mode. If ¢’, the imaginary part
of the dielectric constant, is zero here, the reflectivity will dip to
zero. The dip then provides a sensitive measure of ¢’ which, in
turn, depends directly on v, the damping constant.

#W. G. Spitzer, R. C. Miller, D. A. Kleinman, and L. E.
Howarth, Phys. Rev. 126, 1710 (1962).



