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The temperature dependence of the oscillator strength of a forbidden electronic transition
at an impurity in an insulating solid is calculated, assuming that the transition is induced by
a local linear electron-phonon interaction. The electronic states are allowed to couple, not
merely to one configuration coordinate, but to all the modes of vibration of the imperfect
crystal. The frequencies of these modes and their relative contributions to the oscillator
strength are calculated using Green’s-function techniques. In particular, the 4d" to 4d%s
transition of Ag* in NaCl is considered. A model which represents the host ions as point
charges is shown to be inconsistent with the experimentally determined temperature-depen-
dent oscillator strength. Good agreement with experiment is obtained if one assumes that
the short-range interaction between the Ag* impurity and the host ions is important.

I. INTRODUCTION
Electronic transitions forbidden in a free atom

may occur when the atom is inserted into a crystal.
One mechanism for such a transition is based on
phonon mixing of electronic states. ! Athermaldis-
placement of the atoms near the impurity mixes a
state of similar energy and of symmetry appro-
priate for a dipole transition into the ground or
excited states of the transition. In this paper we
assume that such a mixing can take place through
a local linear electron-phonon interaction. This
simple form of the interaction allows us to calcu-
late the temperature dependence of the oscillator
strength of a forbidden transition. The problem
conveniently divides into three topics which can
be treated independently: (i) the electronic states
of the impurity in a stationary lattice, (i) the
modes of vibration of the imperfect crystal, and
(iii) the electron-phonon interaction.

The first topic will not be considered here.

The electronic states of the impurity in a station-
ary lattice are assumed to be either known or the
same as the states of a free ion,

The second topic will be treated more carefully
than has been done in the past. Kubo and Toyo-
zawa® and Liehr and Ballhausen® have shown that
if phonons of only one frequency w are involved,
the oscillator strength for the transition should
have the form

f = focoth(w/2kT). (1)

We will not represent all the modes of vibration
of an imperfect crystal by one configuration co-
ordinate. Such a simplification is not necessary
since the dynamics of an imperfect crystal can be
solved quite precisely using Green’s functions, *°
Mulazzi et al.® have formulated a wide variety of
electron-phonon problems using Green’s-function
techniques. In order to make a calculation using
such techniques it is necessary to choose a local-
ized model for the defect. This can be done by
studying experiments independent of the linear
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electron-phonon interaction, for example, infrared
absorption.

As for topic (iii), calculations of the electron-
phonon coupling parameters themselves have often
involved the point-ion approximation. In that
model the electronic states localized at the im-
purity are assumed to interact with a point-ion
potential representing the neighboring atoms. If
the electronic states are localized around the im-
purity, however, it does not seem plausible that
the short-range interaction between the impurity
and host ions is small. This paper is in part a
test of the point-ion approximation in electron-
phonon interactions.

Fussginger et al.” have measured the tempera-
ture dependence of the absorption spectra of Ag*-
doped NaCl. Several strongly temperature-depen-
dent absorption bands were observed in the region
of 6.8 to 4.4 eV. The position and temperature
dependence of these bands indicated that they cor-
responded to the parity-forbidden electronic tran-
sition 4d'° to 4d° 5s in free Ag*. They analyzed
their low-temperature data making use of the two
parameters characteristic of a configuration co-
ordinate model, Eq. (1). In this paper their re-
sults are reexamined using the Green’s-function
formulation of the problem. There is only one
independent parameter in this approach, the os-
cillator strength at zero temperature. In addition,
the temperature dependence is not necessarily a
hyperbolic cotangent function.

II. FORMULATION

The oscillator strength of a transition from a
ground electronic state with energy E, to an ex-
cited state with energy E, is given by the expression®

Jra= (2m*/3h‘2) (Eb ‘Ea)AUaZ)B ] -I;mBa 1 ’ ’ @)
where

Toaa= | [ & Ex%s@ Fo5(F)X, @) dFad . (3)

The approximations made in deriving this expres-
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sion are discussed in detail by Dexter.® The elec-
tronic wave function, coordinate, initial quantum
number, and final quantum number have been de-
noted by ®, ¥, @, and b, respectively. The vibra-
tional wave function, coordinate, initial quantum
number, and final quantum number are x, 4, o,
and 3. Notice that for this particular electronic
transition we have summed over all final vibra-
tional states and performed a thermal average over
the occupied initial vibrational states. We will as-
sume that the excited electronic state &,,(7) is a
mixture of two free-ion states b0 and b1. The
ground electronic state remains pure:

By () =[1 =A%) ]M2® () + A@) & (F) ,
B, (T) = By (T)
Notice that A(u), the admixture of state bl into b0,

contains all the » dependence in &,, (#). Substitute
Eq. (4) into Eq. (3):

irbaBoz: fq)tl(-f) F‘I’ao (-f) df‘f xbﬁ(ﬁ)A(ﬁ)Xam(ﬁ)dﬁ,
Foopa=(b1]F|a0) B|A|a) . (5)

Here we have made use of the fact that the a0 to
b0 transition is dipole forbidden. If we sum the
square of the matrix element defined by Eq. (5)
over all vibrational states of all normal modes of
the excited electronic state, we obtain

Zs[Frasal *= [ (01 [F|a0)|"Ts (| A% [8) 8] ) .
Using the closure relation this simplifies to
Ta [Frasal?= [01]F]a0) [2a]azala)y. ()

At low temperatures the amplitude of vibration of
the atoms is small and a Taylor expansion of A1)
becomes appropriate. We have already assumed
that the constant term in such an expansion is zero,
that is that 0 and b1 are mixed only by lattice vi-
brations. Quadratic and higher-order terms have
been shown to be important at relatively high tem-
peratures.” However, we will assume the tem-
perature is low enough so that the linear term pre-
dominates,

A@) =27 Allka)u, (k) . 7
ko
The displacement of ion x in the Ith unit cell in the
a direction has been denoted by u, (Ix). Expand

U in terms of the normal modes of the imperfect
crystal,

uolk) = Ty ¥k, d)Q,, (8)
where the amplitude of normal mode d is (978
Using Eqs. (7) and (8), the matrix element in Eq.
(6) can be written
(@]A*Alay=2" 2 A*(ka)A(U'k’a’)

Ika Uk'al

X2 Y*(Ika, d)Y(IU'K'a’, d') {a f Q;‘Qd,|a) . (9)

dd’

4)

The matrix element on the right-hand side of Eq.
(9) is

(| QFQu | @)= 844d2N 4+ 1) 11/ 2w,, (10)

where w,; is the frequency of mode d and N, is the
number of phonons in mode d. If Egs. (10), (9),
and (6) are substituted into Eq. (2) and the indi-
cated thermal average is made, we obtain

foa=(m*/30) (E,~ E,)|(1|F|a0)]|?

X2 2. A*(lka)A(l'k’a’)

ko Vk'o!
Y*(lka, )Y (k' ', d) liw, ] (11)
x [? "y cothizer )],

Using a convenient representation of the 6 func-
tion, the quantity in brackets can be written

7 7 hw
f :; Y*(xa, d)Y(1'k'a’, )6(w - w,) C"th('.z?f) dw,

2 (. Y*(Ika, d)Y(l'k’a’, d)) (_@_)_)
= ’/‘151;1@ o waz i coth SHT dw .
(12)

The quantity in square brackets is the Green’s
function of the imperfect crystal, G(lka, I'k’a’,
w?~14€). Substituting Eq. (12) into Eq. (11) we
have the final result

Fra= @m*/30m) (E, = EQ)| (61| 7] a0) |
x 20 20 AMIka)A(l'k’a’)

ko V'k'a’

X fowl‘ limImG(ka, 'k’ a’, w® - i€)
e 0

x coth(fiw/2kT) dw. (13)

The maximum vibrational frequency of the imper-
fect crystal has been denoted by w;. If there are
no localized modes, w; is just the maximum phonon
frequency of the perfect crystal. w; can be used
as an upper limit of integration since ImG is zero
for all higher frequencies. Remember A(lka) is
the amount of ®, mixed into &,, when atom 7,

is displaced a unit distance in the « direction.

We will assume that the electron-phonon inter-
action is local. Therefore, only nearest neighbors
to the impurity will be allowed to have nonzero
A’s. The space defined by the displacement coor-
dinates of the impurity and its nearest neighbors
will hereafter be called the defect space. 1t is
convenient that we need only those elements of the
Green’s -function matrix in the defect space, be-
cause the submatrix G, corresponding to the space
of the defect can be written in terms of similar
submatrices of the Green’s function of the perfect
crystal £ and the defect matrix 5.

Go=(1-g6)"g . (14)

The defect matrix has nonzero elements only in
the space of the defect. These elements indicate
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the changes in masses and force constants neces-
sary to define the imperfection. More specifically,
the dynamical matrix of an imperfect crystal is
obtained by adding the defect matrix to the dynami-
cal matrix of the perfect crystal. 3

III. CALCULATION

There exist several absorption bands in NaCl:Ag
that seem to correspond to parity-forbidden
transitions between the 4d'° and 4d° 5s configura-
tions of Ag®. Their oscillator strength shows a
strong temperature dependence, indicating they
are phonon induced. Equation (13) should be ap-
plicable to such a transition with some modifica-
tion. The modification is necessary since 4d°
5p states are probably mixed into both the excited
and ground states of the transition. In this case
the oscillator strength can be written

Foa=(2m*/30m) (E, = E,) 2= 25 Cllka)CH(1'x’'a’)
lka M''a’

x fowL 1513101 ImG(lka, 'k’ a’, w? —i€)

x coth(7iw/2kT) dw, (15)

where

Clka)= X [Ay(ika) (5p,|rs|5s)

71,72,78

+Ag(lka) (5pn | 7,2]4d8)]

where A, determines the amount of 4d°5p mixed
into the ground state and A, determines the
amount of 4d°5p mixed into the excited state. The
sum is over all partners y of the appropriate rep-
resentation.

The space of the defect is defined by 21 coor-
dinates, the degrees of freedom of the impurity
and its nearest neighbors. This number can be
considerably decreased if a transformation is
made from atomic displacement coordinates u ,(Ix)
to symmetry coordinates S(m). We will not write
out the transformation explicitly since formally
it requires only a change of notation from Ika to
m in Eq. (15). Many of the A(m) and C(m) will
be zero through symmetry considerations.

Only symmetry coordinates that transform like
TI'y; and Ty will mix the 4d%5p states into the
ground and excited states of the transition. The
T'ps symmetry coordinates correspond to the dis-
placements of the four nearest-neighbor atoms
perpendicular to the line joining them to the im-
purity. A typical I'p; symmetry coordinate is
shown in Fig. 1. It is plausible that such sym-
metry coordinates will have relatively small cou-
pling to the electronic states of the impurity be-
cause of the noncentral character of the linear in-
teraction. In fact, we will assume that only the
p-like I';s symmetry coordinates contribute ap-
preciably to the phonon-induced absorption. There

are three p-like symmetry coordinates (Fig. 1)
each of which is threefold degenerate. Since there
is some arbitrariness in defining the symmetry
coordinates, we will define them to have particular
signficance to electron-phonon models. Symmetry
coordinate 3 is the only one which will have a non-
zero C for the point-ion model. Symmetry coor-
dinate 2 will be the most important if short-range
forces predominate in the electron-phonon cou-
pling. Symmetry coordinate 1 will be important
only in models where long-range forces play an
important role in the coupling.

Since we do not calculate the various C’s in Eq.
(15) explicitly, we must treat them as free param-
eters., It is, therefore, advantageous to work with
a system where only one symmetry coordinate con-
tributes to the electron-phonon coupling. The
single C canthenbe determined from the oscillator
strength at zero temperature. We have already
indicated the appropriate single symmetry coor-
dinate for two models.

If we denote the one important symmetry coor-
dinate by I, Eq. (15) can be written

AT)=B fo choth(I'Zw/ZkT)lirfll ImG,(w? —i€)dw . (16)

B is independent of both frequency and temperature.
In the low-temperature limit, Eq. (16) becomes

AT)~fo=B fo‘“ ling ImG,(w? —i€) dw . an

In the high-temperature limit of small 7w /2kT,
Eq. (16) becomes
AT) =~ BERRT/I) [** lim ImG (0 —i€)/w] dw,

€~ 0
or, using Eq. (17),

A1)~ —2—"’%91( ﬂ wL[leifgl InG (w? - i€)/w] dw/

w

L
[lim ImG(w? - i€)] dw). (18)
0 e~0

=t

{
f
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FIG. 1. Symmetry coordinates. T'y; (1) is important
only for long-range models., Only T'y5 (3) contributes to
a point-ion model. T'5 (2) is the most important in an ex-
tended-ion model.
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Notice that at high temperatures f(T) approaches
asymptotically a straight line through the origin.
The oscillator strength would have the same high-
temperature behavior if we had assumed coupling
to one mode of vibration with frequency weer. At
high temperatures Eq. (1) becomes

F(T) = fo2RT/ 1w gy « (19)

Although we see from Eq. (16) that f(7) will not be
a hyperbolic cotangent of temperature, such an as-
sumption is often made in fitting experimental data.
The effective frequency is used as a parameter in
the fitting procedure. If the data clearly shows a
high-temperature asymptote, then wg, is unam-
biguously defined in terms of the slope of the as-
ymptote. It is useful to obtain an expression for

the experimental parameter wg, in terms of Green’s

functions. A comparison of the high-temperature
result of the exact calculation, Eq. (18), with the
high-temperature result for the one-mode approxi-
mation, Eq. (19), shows that

Weps = fowL lin(']x ImG (w? - ie) dw/
.

e [133? ImG,(w? - i€)/w] dw . (20)

The final part of this paper will be a calculation of
Weey UsSing Eq. (20) for two different models and a

comparison of the results with experiment for the

system NaCl:Ag.

The Green’s functions of the imperfect crystal
can be found using Eq. (14). In order to use this
equation we must have perfect crystal Green’s
functions and parameters for a realistic lattice
defect model. The perfect crystal Green’s func-
tions have been calculated using shell model of
NaCl. The defect-model parameters have been
determined by fitting infrared absorption data. o
In this model the mass and nearest-neighbor force
constant of the Ag* impurity were changed. The
technique and model are discussed in Ref. 9,
which also discusses refinements to this model.
The force constant was decreased by approximately
50% in order to fit the infrared resonance at a
frequency of 1X 10" rad/sec. The inversion of
the complex matrix indicated in Eq. (14) and the
integrations indicated in Eq. (20) were performed
numerically on a computer.

Equation (20) was derived assuming only one of
the three p-like symmetry coordinates is impor-
tant in inducing a transition. We have evaluated
the effective frequency for the point-ion symmetry
coordinate and for the extended-ion symmetry
coordinate. Two very different numbers were ob-
tained. The point-ion w.e; was found to be 2. 22
x10' rad/sec. The extended-ion wey was found
to be 1.25x%10' rad/sec.

It would be of interest to know how closely the
calculated temperature-dependent oscillator

strength follows a hyperbolic cotangent curve. We
have, therefore, calculated the ratio of Eqs. (16)
and (1) for the extended-ion model,
B Sfocoth(iw,gs/2RT) 1)
TBJgL lim ImG,(w? - i€) coth(w/2kT) dw ’

P

R

where B is evaluated using Eq. (17). Clearly this
ratio should be equal to one at zero temperature
and at very high temperature. For the intermedi-
ate region, R is shown in Fig. 2. Apparently f(T)
will deviate from a hyperbolic cotangent function
by only 2% for the extended-ion model. This
would be an unobservable effect in even a carefully
performed experiment.

IV. DISCUSSION

The temperature dependence of the oscillator
strength for the 44 to 4d°5stransition in NaCl:Ag
has been measured by Fussginger et al.” They
have observed that the curve does not asymptoti-
cally approach a straight line through the origin.
They have attributed this high-temperature effect
to two-phonon processes. Because of this com-
plication, it was necessary for them to obtain an
effective frequency for one-phonon processes from
low-temperature data. Such a procedure is mean-
ingful only if f(T) closely approximates a hyper-
bolic cotangent function. The results shown in
Fig. 2 indicate that the procedure was valid and
that the effective frequency they obtained can be
compared with our calculations.

Several frequencies relevant to this discussion
are

Wess (eXperiment) 1.24x10" rad/sec

Wyes (Observed infrared

resonance peak) 0. 97x10" rad/sec
1.25x10" rad/sec

2.22x10" rad/sec

wess (extended-ion model)

Weee (POint-ion medel)

102 .

© 101 4

.00 1 !
50 100 150

TEMPERATURE (°K)

FIG. 2. Deviation of the calculated oscillator strength
from a hyperbolic cotangent. R is defined by Eq. (20).
An extended-ion model is assumed.
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Fussginger et al.” compared their experimental
value of Wy, 1.24X10" rad/sec, withthe observed
frequency of the infrared resonance absorption
0.97x10" rad/sec. This certainly is a logical
comparison since the modes of vibration contribut-
ing to the infrared resonance have large atomic

4225

displacement amplitudes in the vicinity of the im-
purity. Our calculation shows that a point-ion
model will not give an wg, in this general frequency
region. A calculation consistent with an extended-
ion model gives an w,, of 1.25x10" rad/sec, in
good agreement with the experimental value.
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The thermally activated processes occurring in the dark after room-temperature F-light
bleaching of x- or Y-irradiated NaCl have been investigated. It has been shown that, near
room temperature, the concentration of free-anion vacancies decays exponentially with time.
The kinetics of the process has been studied by putting the crystal in the dark for a variable
time after bleaching and then subjecting it to a short illumination or irradiation pulse which
detects the disappearance of the vacancies. It has been observed that the decay in vacancy
concentration is closely associated with a decrease in the F’-band intensity and withincreases
in the F- and M-band intensities. The experimental information has led to the conclusion that
vacancies become trapped at F’ centers according to a first-order reaction, giving rise to
F and M centers through the mechanisms F’+anion vacancy — 2F, and F’ +anion vacancy — M,
respectively. The activation energy for the trapping process has been found to be E=0.48
+0.06 eV. These phenomena also occur after an x or Y irradiation, and are shown to provide
a coherent picture of the previously reported anomalous coloring behavior appearing at the

start of a new irradiation period.
I. INTRODUCTION

It has been shown recently that a thermally acti-
vated process takes place in the dark after x or y
irradiation of NaCl.!™® This process is responsible
for the occurrence of anomalous regions of F color-
ing upon resumption of the irradiation.® It was at-
tributed to the elimination of anion vacancies which
remained free at the end of the prior irradiation.
The decay in vacancy concentration follows first-
order kinetics and was supposed to proceed via
trapping at some lattice defects. Although the ki-
netic parameters for the decay, preexponential fac-
tor and activation energy were determined, it was
not possible to elucidate the physical nature of the
process and identify the defects responsible for the
trapping of vacancies.

It is conceivable that the above process could also
take place after effective F-light bleaching of the
irradiated crystal with the advantage that the num-
ber of free-anion vacancies might be higher. More-
over, in this case, the kinetics of the various color
centers can be more conveniently investigated in
order to try to identify the physical nature of the
processes. It is worth noting that although a cer-
tain amount of information is available on the evo-
lution of a few color centers after bleaching and
irradiation in a variety of alkali halides*'* a com-
prehensive investigation of the simultaneous be-
havior of all prominent centers (F, F', M, and
V)** in the dark is lacking for NaCl.

The purpose of this paper is to show the existence
of a thermally activated process, after F-light
bleaching, whose kinetic behavior is similar to that



