
PHYSICAL REVIEW B VOLUME 8, NUMBER 6 15 SEPTEMBER 1973

Vibronic Model for the Relaxed Excited State of the E Center. II. Perturbation Analysis

for Weak-Coupling f.imit

Frank S. Ham
General Electric Research and Development Center, Schenectady, New York 12301

U. Grevsmiihl
Department of Theoretical Physics, Oxford University, Oxford, England

(Received 14 March 1973)

A perturbation solution is given for a vibronic model for the rehLxed excited state of the F center, in

the»tmting case of weak electron-phonon coupling. The resulting predictions of the model are

compared with available data on radiative lifetimes, Stark effects, magnetic circular polarization, and

stress-induced polarization of F-band luminescence in ~%~&i halides. It is shown that a consistent

quantitative interpretation of most of these data is possible on this basis if the 2s electronic state lies

below the 2p state in the relaxed cubic configuration by an energy difference which is ~ 0.09 eV for

KC1 and ~ 0.15 eV for KF. The long radiative lifetime should then be attributed predominantly to the

2s state being only weakly coupled to the 2p state by the phonons, rather than to spatial diffuseness

of the 2p state. The model also accounts for the observed ratio of the electric-field-induced change in

the radiative lifetime to the field-induced polarization of the lilmi~escence, for the temperature

dependence of the radiative lifetime and field-induced polarization, and for the absence of any such

temperature dependence in the stress-induced polarization.

I. INTRODUCTION

In the preceding paper (I)~ a general solution was
given for a vibronic model applicable to an inter-
pretation of recent experiments on Stark effects
and other phenomena in the F-band luminescence
of alkali halides. This model comprises nondegen-
erate 2s and 2p electronic states interacting in
cubic symmetry via a triply degenerate odd-parity
I'4 vibrational mode. It was shown there that the
experimental data indicate that this coupling, al-
though very important in determining the proper-
ties of the relaxed excited state of the F center, is
actually rather weak. It was concluded further that
the 2s electronic state must lie about 0. 1 eV below
the 2p state in the relaxed cubic configuration cor-
responding to the equilibrium position of the totally
symmetric modes in the excited electronic state.
The purpose of this paper is to give a direct per-
turbation treatment of the coupling to the I'4 mode
in this situation, for the weak-coupling limit, and
to compare the resulting predictions of the model
with the experimental data.

II. LOW-ENERGY VIBRONIC STATES WITH NO EXTERNAL
PERTURBATION

%e consider the same vibronic model as in I,
except that we take the 2s electronic state to be be-
low the 2p state in the cubic configuration by an
energy difference I E»l appreciably larger than the
vibrational quantum bc', and for convenience we
take the zero of energy to coincide with the 2s
state. Using the same notation as in I, we take
for our unperturbed Hamiltonian

~..= G(q.p. + q,p, + q.p.) (2. 2)

by perturbation theory. %e will assume in partic-
ular that G is sufficiently small so that we have

Eo = G'/2 pup
( -,' I E,~I . This was the condition found

in paper I, Eq. (3.3) [hereafter we use, e.g. ,
Eg. (I3.3)] for the minimum energy of the static
problem to occur for the 2s state in the cubic con-
figuration, and, together with l E»l » 5w, this ap-
pears to be a sufficient condition for the usefulness
of perturbation theory in treating the low-energy
vibronic states.

The unperturbed eigenstates of Xo are given by
the simple product functions 4, „(Q)I 2s) and

4,„„(Q)I p, ) (i = x, y, z) having energies (l + m + n
+-,')h&u and I E,~l + (l+m+n+ z)au&, respectively,
where

C,.„(Q)= E,(q,)E„(q„)E„(q,) . (2. 3)

Here E„(q) is the nth eigenfunction of the one-di-
mensional simple harmonic oscillator.

The perturbed wave function for the vibronic
ground state is then given to first order in G by

~(0) = boeo I
»&+b (e o. I pg+ emol pg++oo I p.&»

(2. 4)
where

G ()I/2 p (g)
~~z

) E p) +Sf) (2. 5)

xo=+-,'I E„l (I —po)+ (2IJ) '[P„'+P'„+P,'
+ p, &u (q, + q„+q )], (2. I)

and we treat the coupling
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and

3 2bp=1- pbbs (2. 6)

gives the normalization correct to order G'. The
energy of this level to order G is therefore given

by

E(o) = @u& —3EQK~(I E,3 I
+h(u)-'. (2. 7)

The probability per unit time that this level will
decay radiatively to the 1s electronic ground state
with emission of a photon of polarization q is found

from Eqs. (2.4) and (I5. 7) to be given to the same
accuracy by

z„(o)= 3„'(p)E,n ~(l E. I
+@~) (2. 6)

The ratio of the radiative lifetime of the vibronic
ground state to that of the 2p electronic state is
accordingly

v„(0)/7„(p) = (I E.o I

+ ff01}3/3Eoh (2. 9)

Under our assumption that we have l E,~l »h~,
the first excited vibronic level above the ground
state is a p-like triplet which in zero order has one
vibrational mode excited while the electronic sys-
tem remains in the 2s state. To first order in G,
the component of this state transforming like x is
given by

w„(I) = co@10012&+c1@QQQIP & + co@3001PB

first for these perturbed electronic states and

energies, we will then treat the vibronic coupling,
Eq. (2. 2), by first-order perturbation theory. The
polarization of the luminescence, the induced
change in lifetime, and ~ther properties may then
be calculated for the resulting vibronic levels.
Expanding these expressions to the appropriate
power of the perturbing field, we thus obtain the
results desired for comparison with the experi-
mental data. We will give this calculation below
for the case of the magnetic circular polarization
of the luminescence, but since the theory is so
simple and straightforward we will merely cite the
results in the other cases with only the briefest
sketch of the derivation.

A. Magnetic Circular Polarization

With a magnetic field H along the z direction,
the electronic state 12s& is of course unaffected,
but the 2p states are split, with I p,) = —(2) '

(I pg
+ilp, )), Ip,&, and Ipg=+(2) 'l (Ipg —ilp, )) having
energies l E,~l +gl. p.&H, l E,~l, and l E,pl —gL, p, gH,
respectively. Treating X,~ in Eq. (2. 2) by per-
turbation theory, we now have for the ground-state
wave function to first order in G,

+(0) = 5000@'oool 2s& + (c100@100+co10@'010)I p+&

+ (cioo@100+co104'010) IPD+ coo14'001 I P2

where

+ C3@(11 lop~& + @1011p.&»

—G(a'/2P, (0)llo

l E,& l
—@co

CQ 1 2(C1+ co+ 2c3)2 2 2

c =(2)"'c =
lE„I+I '

(2. io)

(2. 11)

where

C100=1c010=+ G()f/4il(d) (I E 3I +510 +gl )loH)

Cioo= —3C01Q = —«h/4I1 01) (I E., I
+ I01 r. Il B-ff)

;„=—G(E/2I )'"(I E„l +a )-'. (3.2)

The emission probabilities 1,(0) and I.(0) for light
with left- and right-handed circular polarization,
respectively, along the magnetic field are then
found from Eq. (I5. 7) to be given by

The energy of this level relative to the ground state
is then found to be

5E = E(1)—E(0)

I, (o) = ~„-'(p)(l c'„,
I

'+
I
c'„,

I
'),

I &o&=;-1&p&(l c;„I"I,;„I'&,
(3.3)

=h10(1-2ECIE,ol [E,'3- (n'10)3] 'j . (2. 12)

The ratio E of (v0) to the radiative lifetime r, (1)
of this level is given by Eqs. (2. 11, (I5. 8), and

(2. 9) to be

E = 7, (0)/~„(1)

=0[I+i(IE:I+I~&'(IE:I-h~& '] (2 is)

III. EFFECTS OF EXTERNAL PERTURBATIONS

In treating the effects of external perturbations,
such as electric and magnetic fields and applied
uniaxial stresses, we can in every case of interest
give an exact solution for the 2s and 2p e1.ectronic
states under the effect of the perturbation. Solving

Expanding these results to first order in H, we
obtain for the diamagnetic part of the circular
polarization,

( )
I,(0) —I (0) 2g Il E
I,(0)+I (0) I E,pl +1(0

(3.4}

This expression agrees with the general result ob-
tained in Eq. (I'5. 37), as seen from Eq. (16.4b)
(where i310 was neglected in the energy denomina-
tor). Similarly, we may include the effect of spin-
orbit interaction and of a net spin polarization
(S,& in the excited state by adding + 2X(S,& to the
numerator of Eq. (3.4}, as in Eq. (I5.40). We

thus obtain for the total circular polarization of the
emission from the vibronic ground state in the
weak-coupling limit the result
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I,(o) —I,(o)
I,(o)+I,(o}

3
2 V2eg

I E~ I + Ku

(3.5)

Similarly, for a stress X along [110]we have

eo = ——,'X/(c»- c&o) and e„„=+—,'X/c44. The 2p strain
eigenstates are now Ipy& = (2) ~ (I pg+ I pg),
I p„,&

= (2) '~o(l p,) —
I p,&), and I p,) with energies

+ & V&e& —V3e~, + & Vqeq + V3e~, and —V2eq, respec-
tively. The resulting polarization as viewed along

[001] is given by

( }
I„(O)-I„(0) +2Ve„ (3.7)
Iz(0)+I;(0) I E,~l +I~

where x' denotes polarization along [110]and y'

that along [1TO]. For the polarization as viewed

along [110], we obtain

( )
y (0) —I, (0) + Voe —oVoeo

I~ (0) +I,(0) I E~I +Km&
(3.8}

To investigate the temperature dependence of the
stress-induced polarization, we have made a sim-
ilar calculation of the polarization P(1) that re-
sults for stress applied along [001]if the lumines-
cence originates from the first excited triplet level.
Using the wave function for 4„(1)as given in Eq.
(2. 10), together with the similar expressions for
4', (I) and 4,(1), and modifying the coefficients

cq, co, and co in Eq. (2. 11) to include the strain
splitting of the p states in the energy denominator,
we find

I,(1)—I,(1) + -'Voe

1,(1)+I,(1)
I E, I +I~

The factor u is given by

4+ [(IE,~l +K&u}/(I E~I —Kru)]

4+[(IE ol +kg&)/(IE, ~I -8'&u)]

(3.9)

(3.1o)

so that we have u-1 if 5(d is small compared to

I E,~I . P(l) is then equal to P(0) to a good approx-

~(0)= —(2g p H+ A(Sg)/(I E„l + n ~) . (3. 5)

B. Stress-Induced Linear Polarization

The coupling of the electronic 2p states to stress-
induced strain was given in Eq. (15.41). For an

applied uniaxial stress X along [001]we have

eo =+X/(c» —c&o) with the other strain components
zero. The electronic state I p,) has energy
I E~l —Voeo, while Ipg and Ip„) have I E,~l + ', Voe-o.

The perturbed vibronic ground- state wave function
is then given as in Eq. (2. 4) but with the strain
splitting included in the energy denominator of the
first-order terms. Expanding the resulting polar-
ized emission probabilities, given as in Eq. (2.8),
to first order in V~e~, we obtain for the linear po-
larization

Xg= —Dg F, . (3.11)

To first order in the local field F„ the resulting
perturbation in the ground state wave function (2. 4)
ls

+"(0}= 4'oool 2s& + (dF /I E:I
)4'oool p.&

where d=(2sl D, l p,&. In calculating I, (0) from Eq.
(I5 I), we note .that there is no interference be-
tween the total transition probability resulting

(3.12)

imation, so that the stress-induced polarization
should be independent of temperature even up to
temperatures at which the first excited vibronic
triplet level is appreciably populated. Whether
this temperature independence persists to even
higher temperatures as higher levels become
populated has not been investigated, but presum-
ably it does not persist to temperatures at which
the electronic 2p states are appreciably populated,
aT-)E„t.

The calculation of Eq. (3.9) has ignored any
Boltzmann- factor population difference between
the three states of the triplet, because the strain
splitting of this triplet is reduced by a factor
- (2E+ur/E~~) compared to the splitting of the 2p
electronic state. The additional contribution to
P due to this splitting is smaller than P(l) in Eq.
(3.9) by a factor -(Eel&a/2kTI E,~l }, which is
small under our assumption Ec, & —,'I E,~) at temper-
atures at which the excited level is appreciably
populated.

A similar conclusion for the temperature inde-
pendence of P, with the ratio P(1)/P(0) again
given by the same factor u in Eq. (3. 10), is ob-
tained for [110]stress and also for the magnetic
circular polarization, Eqs. (3.4) and (3. 5).

C. Stark Effects

In the case of a magnetic field or applied stress,
the polarization induced in the luminescence from
the vibronic ground state results from the splitting
of the 2p electronic states, through the change in
the amount by which these states are mixed into
the ground state by the vibronic coupling. On the
other hand, an applied electric field directly mixes
the 2s and 2p electronic states and thus leads to an
induced polarized luminescence from the 2s level
even if the vibronic coupling is negligible. For
simplicity we shall consider only the effect of this
zero-order mixing, while neglecting the change
caused by the field in the vibrational mixing. The
latter would lead to corrections to the polarization
and change in radiative lifetime that are relatively
smaller than what we calculate by a factor
-(E /I E I }.

The change in the unperturbed Hamiltonian Xo
as a result of an electric field in the z direction
is taken as in Eq. (I5. 12} to be
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from the field-induced term in Eq. (3. 12) and the
vibrationally induced term in Eq. (2. 4), because
of the orthogonality of 4ppp and 4ppg We therefore
have

(d~F 2
1(0)=W (3)l + ), (3.13)

&
I Ekkll (l Ekk} +g(d)'

while I„(0)and I„(0) continue to be given by Eq.
(2.6}. We accordingly have for the induced polar-
ization, to order F~,

I.(o) —I,(o)
=I.(o)+I,(o)

(s. 14)

Finally, to obtain the temperature dependence of
the field-induced polarization, we note that the
change in the wave functions 4', (1), 4'„(1), and
4', (1}of the first excited level is identical with Eq.
(3.12) except for the different vibrational factor
@QQQ @QfQ or 4~. We accordingly find that
[I,(1)—I,(1)]has the same value as [I,(0) —I,(0)].
However, [I,(1)+I,(1)] is not equal to [I,(0)+I,(0)]
because of the lifetime ratio R in Eq. (2. 13), and
we have therefore

P(1)/P(0) = T, (1)/T„(O) = R (s. 2o)

The temperature dependence of the polarization is
given, for temperatures at which only the ground
state and first excited state are significantly pop-
ulated, by

and for the change in radiative lifetime,
P(0) + 3RP(i )e kslkT-

1+SRe~~'k' (s. 2i)

~[T„-'(0)]= T (p)(d'P.'/E,', ) .
Comparing Eqs. (3. 14) and (3.15) and using Eq.
(2.9), we find then the relation

(s. is)

p(o) =- T„'(0)~T„(0) . (s. 16)

This is the same relation obtained by Bogan when
we take his mixing coefficient a-0.

The perturbing field causes a change in energy
AE(0) of the ground state given by

r E(o) = d'P,'/l z„—i (s. iv)

corresponding to the approximations in Eq. (3.12).
Assuming a negligible field-induced shift in the 1s
electronic state, we then expect the field-induced
change of the first moment of the F-band emission
at O'K, for light polarized perpendicular to the
field, to be simply

(~g = (IkE g = EE(0)

This follows since the perturbation in Eq. (3. 12)
does not affect the transition probabilities for the
emission of light polarized in the x or y direction,
which in the approximation of Eq. (2.4) goes en-
tirely to the vibrational level of the 1s state that
has one phonon excited. For light polarized paral-
lel to the field, on the other hand, the perturbation
in Eq. (3. 12) induces a transition to the no-phonon
level of the 1s state. Weighting the transitions to
the no- and one-phonon levels at 0 'K with their
respective probabilities for z polarization, we
obtain to order F, the result

}E 1+5(0k(0)) = —00(0) ( ) k ) k , —1) ~ (3.19)
sp C

Since IkE(0) is negative, and because we have
I E,kl /Eo & 4 under our assumptions of weak cou-
pling, we see that ((33E,) should be positive and larg-
er in magnitude than (rkE,) and (IkEQ, which are
negative.

Using Eq. (3.20), we find therefore that the ratio
P(0}/P(T) should be given by

p(o)/p(r) = M'(r)/M'(0)

where M (T)/M (0) is given by Eq. (16.2) and rep-
resents the temperature variation of the radiative
lifetime.

(3.22)

IV. COMPARISON WITH EXPERIMENT

The evidence was reviewed in 1 (Sec. VI) that
leads us to the conclusion that for the F center in
KCl and other alkali halides the coupling of the 2s
and 2p electronic states via the r4 vibrational
modes cannot be so strong as to place the system
in or near the strong-coupling regime. Arguments
were also given there to show that this coupling is
probably weak. We will now compare the experi-
mental data with the theoretical results we have
obtained in this paper for the weak-coupling model.
These data are most complete for KCl and KF, and
we will devote our discussion below mainly to
these two crystals. As we will see, the weak-
coupling model does appear to account successfully
for most of these data. However, there remain a
number of puzzling points and one major discrep-
ancy, the shift induced by an applied electric field
in the energy of the luminescence band. Whether
these reflect an inadequacy of the weak-coupling
model in representing the actual situation, or per-
haps some experimental difficulties, is not clear.
We will discuss in Sec. V the extent to which we
might hope better to explain the data by including
the Jahn- Teller coupling of the 2p states with the
r', and r5 modes in our treatment, or by extending
the analysis to consider stronger coupling with the
r4 modes than can be handled by the simple pertur-
bation treatment. However, a detailed study of
these latter possibilities is left for future work.

It was already shown in I that if 2s lies below 2p
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-0.19 eV (KF) . (4. 1)

The energy difference l E,~l of the electronic states
in the relaxed cubic configuration is therefore
smaller than the values (4. 1) by one vibrational
quantum, which should lie in the range 0.02-0.04
eV.

There are several alternative ways in which we
may interpret the data to obtain a value for the
strength of the vibronic coupling, and me mill con-
sider these in turn. Vfe begin by postulating that
the principal coupling between the 2s and 2p states
is with a vibrational mode having a frequency near
that of the LO lattice phonon, and we mill use Eq.
(2. 12) together with the observed value for 5E, the
excitation energy of the first excited level above
the vibronic ground state in the relaxed configura-
tion, to estimate the coupling energy E~ from the
ratio 5E/h~. We would expect coupling with the
long-wavelength LO phonons to predominate if the
2s and 2p states are diffuse and if their interaction
occurs primarily via the electric field associated
with these vibrational modes. This estimate of
E~ should be an upper bound, since the LO phonon
has the highest energy of all phonons of the perfect
lattice, and since one expects coupling to phonons
of lower energy to be enhanced by the presence of
the anion vacancy, as McCombie et al. have
shown for the symmetric modes, even when no

truly localized mode occurs.
Accordingly, if we take Neo=1~~0= 26. 8 meV for

KC1 and 40. 2 meV for KF, we have

~
E,~ (

- 0.09 eV (KCl)

-0.15 eV (KF) (4. 2)

from Eq. (4. 1). The data of Bogan and Fitchen'
for the temperature dependence of the electric-
field-induced polarization [Eq. (3.21)] and those of
Stiles et al. for the temperatuxe variation of the
radiative lifetime [Eq. (16.2)] give 5E = 18 meV for
KC1 and -17 meV for KF. From the values 0. 67
and 0.42 for the ratio 5E/h&o for KCl and KF, re-
spectively, we obtain from Eq. (2. 12) the estimate

in the cubic configuration the separation l E,~l may
be found in the weak-coupling case from the diamag-
netic part of the circular polarization A~(0} of the
emission induced by a magnetic field. Substituting
the experimental values h~(0)/H= —(9+ 1)x10 8

(H in gauss) for KCl' and h~(0)/H = —(6+ 1)x 10 8

for KF4 into Eq. (3.4), and using go=0. 95+0. 1
for KCl ' and gz,

- 1 for KF (the g value obtained
for the unrelaxed configuration from the circular
dichroism of the optical absorption, which we as-
sume approximates that for the relaxed configura-
tion as well), we obtain the values

~
E,~ ~

+if &u
- 0. 12 eV (KCl)

of the coupling energy,

E -0.014 eV (KCl}

-0.040 eV (KF) (4. 3)

These values are consistent with our conclusion in
I that the coupling to the I"4 modes is weak.

We now use the values (4. 1) and (4. 3) for I E,~l

+Iso and E& to evaluate the radiative lifetime ratio
v„(0)/v, Q) from Eq. (2.9), obtaining

~,(0)/v„(p)-12 (Kcl)
- 7. 5 (KF) (4. 4)

(&~=d F, (4. 6}

This ratio gives the factor by which the radiative
lifetime is enhanced at the lowest temperatures,
relative to that of the 2p state, as a result of the
2s state being below 2p. The values (4.4) agree
weQ with Fowler's estimate '~0 of the enhancement
factor needed to account for the observed lifetime,
which he attributed in an increase in 7,(p) caused
by the 2p state (the initial state for the lumines-
cence transition in his model) becoming spatially
diffuse as a result of lattice relaxation. If the
values (4. 1) and (4. 3) are roughly correct, the
long radiative lifetime of the F center in KCl and
KF must therefore to a large extent be because the
2s state is below 2p and is only weakly coupled to
it by the phonons, as originally suggested by Swank
and Brown, ~ rather than because the dipole matrix
element (lsl D„I 2p„) is strongly reduced in the re-
laxed configuration. A large reduction in this ma-
trix element for the diffuse 2p state indeed was ob-
tained by Fomler in his calculations for NaC1;
however the recent calculations of Wood and Opik'I
show that a reduced matrix element is not a neces-
sary consequence of a large expansion of the 2p
state, because the ls wave function concomitantly
may develop an extended tail in the modified poten-
tial of the relaxed configuration.

An alternative estimate of the lifetime ratio
v„(0}/v„(p} is given by combining Eq. (2. 9) with

Eq. (3. 14) for the electric-field-induced polariza-
tion P(0), so that we have

P(0)=- "3v„0
2v„lp)I E, I

(4. 6)

Bogan and Fitchens have measured P(0) for KCl
and KF (as well as for NaF, NaCl, RbC1, and
CsF}, so that using the values for IE,~I from Eq.
(4. 2) we can evaluate v, (0)/v„Q) once we have de-
termined d F,. This last quantity is given directly
for the unrelaxed configuration in KCl by the mea-
surements of Chiarotti et al. of the change (4~
in the second moment of the F absorption band for
light polarized parallel to the applied field, since
as shown by Henry et al.
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This experimental value presumably provides a
lower bound for the value of d Ff that should be
used in Eq. (4. 5), since the calculations of Wood
and Opik show that the 2s and 2p states should
both become more diffuse in the relaxed configura-
tion. The results of Chiarotti et a/. place the
value of (4@ in the range between 2. 4 x 10 ' eV'
(obtained by integrating over the region of the F
and K bands) and 4. 8x 10 ' eV (obtained from the
region of the F band alone) for an applied field
F=40 kV/cm (where F denotes the applied field,
F, the local field, in our notation). Substituting the
larger of these values for d F, in Eq. (4. 5), to-
gether with Bogan's experimental value' P(0)/F'
= (1.0a 0.3)x 10 6(F in kV/cm ), we obtain

(4. 7)

for KC1. Substituting this result in turn into Eq.
(2. 9), and using K~ = 26. 8 meV and Eq. (4. 1) for
(l E,~l +I~), we obtain a value for the coupling en-
ergy of E~- 1'. 0 meV. This interpretation of the
data would therefore indicate a very much weaker
coupling to the I"4 modes than that given by Eq.
(4.3). However, the value (4. 7) for the lifetime
ratio seems unreasonably large, since it would re-
quire a value v'„Q}-4 nsec in order to be consistent
with the experimental low-temperature lifetime in
KC1, v„(0)= 717+ 15 nsec. We could bring Eq.
(4, 7) into agreement with Eq. (4.4) by increasing
d F, for the relaxed configuration by a factor - 15
compared with the experimental value of Chiarotti
et al. obtained from the absorption data. A large
change in this quantity due to lattice relaxation is
possible, and indeed Wood and Opik~~ did find an
increase by a factor -3 in the dipole matrix element
d from their theoretical wave functions. The cor-
rect value for the lifetime should in any case be
intermediate between Eq. (4.4) and (4. 7), since
the way we obtained Eq. (4. 4) indicates it is a low-
er bound.

The weak-coupling model is certainly consistent
with the fact, already discussed in I (Sec. VI), that
the experimental value for 5E is found not to be
strongly reduced compared to optical-phonon en-
ergies of the crystal. The ratio of 5E to the effec-
tive mode energy 5w is given for weak coupling by
Eq. (2. 12), and we have already used this relation-
ship, together with the assumption $(d-K+«, in ob-
taining the estimates of the coupling energy EG
given by Eq. (4.3). Alternatively, the value Ee- 1
meV corresponding to the value of the lifetime ratio
given by Eq. (4. 7) would indicate that 5E is reduced
below ff&o by only 2-39O. If this were the case, the
effective mode energy in KC1 would have to be close
to that of the TO modes, S~» = 18.5 meV. What-
ever value for Iw we use, we see that the coupling
energy E& for KCl and KF cannot be significantly
larger than the values given by Eq. (4.3) without -2.3 (KF) . (4. 8)

causing 5E to be smaller than what is observed. '6

Another way to estimate v„(0)/r„(p) and Ee from
the Stark-effect data, which does not require having
a value for the dipole matrix element d in the re-
laxed excited state, is to take the ratio of the in-
duced polarization P(0), given by Eq. (4. 5), to
(DER, the induced shift of the F emission for light
polarized perpendicular to the applied electric
fieM, given by Eqs. (3.17) and (3. 18}. Using the
value given by Eq. (4. 2) for l E,~l, Bogan and
Fitchen's value' for P(0), and their result (AEg/
Fm = —(2. 0+0.4) x10 7 eV, we obtaininthis way the
value v(0) /v(p)- 3for KC1. The corresponding
value of this ratio for KF is 5. Both of these re-
sults correspond to values for E~- 0. 06 eV accord-
ing to Eq. (2.9). These results for KF are not
seriously in disagreement with the values given by
Eqs. (4. 3) and (4.4). However, for KC1 this ap-
proach leads to a value for E~ four times larger
than what we have previously argued must be an
upper bound for E~ in view of the observed value
of 5E. This result indicates that Bogan and
Fitchen's value for (AEJ/F for KC1 is some four
times larger than it should be in order to be con-
sistent with the other data on the basis of our weak-
coupling model.

Vfe encounter a further discrepancy when we con-
sider the induced shift (AE,) for light polarized
parallel to the applied electric field. According to
Eq. (3. 19) this shift should be to higher energy,
in contrast to the smaller red shift predicted for
(AEg by Eqs. (3. 17) and (3. 18). However, Bogan
and Fitchen found the same red shift for both signs
of polarization in all of the crystals they investi-
gated. This result is in clear disagreement with
the weak- coupling model.

The weak-coupling model predicts a definite
value for the ratio of the electric-field-induced
polarization P(0) to the change in radiative lifetime,
as given by Eq. (3. 16). Because our derivation of
this relation ignored the dependence of the radiative
l.ifetime on the energy of the transition, the data
for the lifetime change should be compensated for
the field induced shift of the emission by defining
M = (v„(E ) ' as in Eq. (I6. 1). The ratio of P(0) to
AM /M then equals + —,

' in the weak-coupling model.
The data of Bogan and Fitchen and Stiles gt al.
for KC1, KF, and NaF as given in Table I are con-
sistent with this relation. We have noted previous-
ly in I that a larger value for this ratio would be
expected for stronger coupling.

The lifetime ratio R for the lowest two vibronic
levels is given by Eq. (2. 13) and our values for
I E,~l in Eq. (4. 2), using K&o as 26. 8 meV for KC1
and 40. 2 meV for KF, to be

R-2. 4 (KC1)
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TABLE I. Electric-field-induced linear polarization
of F-band emission and change in radiative lifetime.

TABLE II. Stress-induced linear polarization of F-
band emission for uniaxial stress X along [001].~

Crystal

Kcl
KF
NaF

~'/M2
[1O-' (kV/cm)-'

6. 0+1.Ob

4, 2+0. 6b

3.0+0.5"

s(o)
[10 (kv/cm) ]

10~3c
8+3
4+1

Crystal

KCl
Rbcl
NaCl
NaF

z/x
[10 (kg/mm ) ]

9.9
11.1
3.9
3.1

'The radiative lifetime v„ is related to M by the rela-
tion M =(7„(E), where E is the energy of the transi-
tion.

"Stiles et al. (Ref. 8).
cBogan. and Fitchen {Ref. 2).

(4E,) —(&E,) = —g Vaeq = —A~X (4. 9)

Equation (4. 9) defines a stress-coupling coeffi-
cient A„ in terms of which we may express Eq.
(3.6) as

P(0)/X = A~/(I E» I + h(o) (4. 10)

Combining the data of Hetrick and Compton~v for
P(0)/X (Table II) with the value of A~ obtained by
Schnatterly~s and Hetrick~ (Table III), we obtain
from E|I. (4. 10) a value (I E»l +Km)-0. 06 eV for
KCl, NaC1, and RbC1. This is only half the value
for (iE» l +$&u) for KCl given in Eq. (4. 1) and ob-
tained from the magnetic circular polarization.
We regard the latter value as the more reliable,

These values may be compared with the observed
ratio -2. 75 found by Stiles et al. for both KC1 and
KF. The difference is probably within the limits
of experimental uncertainty, since Stiles et al.
did not take into account in their analysis the like-
lihood that additional vibronic levels lying above
the first excited level have an even shorter radi-
ative lifetime. We may note that the large experi-
mental value for R again favors the weak-coupling
model, since R presumably becomes smaller than
the values (4. 8) as the coupling strength increases,
approaching unity in the strong-coupling limit as
we have seen in I.

The stress-induced linear polarization of the
F-band luminescence in KCl, NaCl, NaF, and
RbC1 has been measured by Hetrick and Compton, "
for uniaxial stress applied along the [001]and

[110]directions, and found to be consistent with
Egs. (3.6)-(3.8) if we have for the strain-coupling
coefficients Vz» V3-0. We can therefore obtain
an independent estimate of I E,~l +5& from Eq.
(3.6) if we assume that Vz is the same as in the
unrelaxed configuration, for which it may be ob-
tained from the stress-induced change in the first
moment of the F-band absorption. Taking a uni-
axial stress X along [001], we have for the differ-
ence in the first moment change for light polarized
parallel and perpendicular the stress axis,

'These data are taken from the slopes of the lines in
Fig. 1 of the paper by Hetrick and Compton (Ref. 17).

however, because of the likelihood that the value
of A~ that should be used in Eq. (4. 10) may differ
substantially from that measured in absorption
because of the large symmetric-mode relaxation.
A large change in the coupling coefficient accom-
panying the relaxation seems to be the only plau-
sible explanation for Hetrick and Compton's sur-
prising observation that no polarization occurred
with any of their crystals for [110]stress and light
viewed along [001]. The expected polarization in
this case is given by Eq. (3.7), so that V, is evi-
dently zero in the relaxed configuration. This re-
sult contrasts with Schnatterly's absorption mea-
surements, which show that in the unrelaxed con-
figuration the coupling to the shear e,„ is as strong
as that to e~ in all of the crystals measured. For
[110]uniaxial stress and light incident along [001]
the relation analogous to Eq. (4.9) is

(4. 11)(EEL) —(hE„.) = —2 Vqe» = —ASX

where x' denotes [110]and y, [1TO]. The values
of A~ measured by Schnatterly are given in
Table III.

A surprising feature of the data of Hetrick and
Compton ' was the complete absence of any tem-
perature dependence of the induced polarization

Crystal

Kcl

KBr
KI
Nacl
Rbcl

A3
[10 4 eV (kg/mm)

6. 1+0.9
5.9+0. 8
4.4+0. 6b

6. 2+O. 9b

2. 4+0 4b

7 0+1 ob

A~
[3.0 eV {kg/mm2) ~]

S. S+1.2b

8. 0+1.1
6.3+0 9b

9.8+1.4
6. 7 + 1 ob

5. s+o. sb

'The coefficients A& and A5 are defined by Eqs. (4. 9)
and (4. &1) of the text from the stress-induced changes
-'n the first moment of the F-band adsorption.

Schnatterly (Ref. 18): data at 80'K.
Hetrick (Ref. 19): data at 7'K.

TABLE III. Stress-coupling coefficients for the 2p
electronic states in the unrelaxed configuration, obtained
from stress-induced linear dichroism data in F-band
adsorption. a
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between 20 and 140'K, for all of the crystals stud-
ied. This result would be consistent with the
weak-coupling model if we had I E,~l »Scu, as we
have seen in Sec. III8, since the ratio P(1}/P(0)
=g is then unity. For the values I E,~l =0.09 eV,
S(d=26. 8 meV, which we have taken to be appro-
priate to KC1, we obtain a=1.39, a result which
would lead us to expect an increase in polarization
by - 15% as the temperature is raised to 140'K.
No such change was observed by Hetrick and
Compton, "although this is close to their limit of
experimental uncertainty. On the basis of the
weak-coupling model, it therefore appears that
their results require that I E,~l be no smaller than
-0.10 eV for any of the crystals in Table II.

In contrast to the temperature independence of
the stress-induced polarization, Bogan and
Fitchen found the polarization induced by an
electric field to be strongly dependent on temper-
ature. This result and the general form of the
variation found by Bogan and Fitchen are also
consistent with the weak-coupling model, as shown

by Etl. (3.21). Indeed, this model predicts [Eq.
(3.22)] that the temperature dependence of the
polarization as given by P(0)/P(T} should be iden-
tical with that of the radiative lifetime as given by
hP(T)/M (0), at least at temperatures low enough
so that only the vibronic ground state and first
excited state are appreciably populated. This re-
lation is satisfied at least approximately by the
data of Bogan and Fitchen for the polarization and
that of Stiles et al. for the radiative lifetime.
The lifetime data gave values for 5E for KC1 (18
meV) and KF (17 meV), in good agreement with
those obtained from the polarization measurements
(18 and 16 meV, respectively), although some dis-
crepancy was found for NaF (17 vs 12 meV).

To data there has been no successful determina-
tion of the paramagnetic component b~ of the mag-
netic circular polarization of the emission for KC1
or KF, interesting as such data would be, because
of the difficulty in producing a net spin polarization
(S,) in the excited state ~' How. ever, such mea-
surements have recently been made by Baldacchini
and Mollenauer~o for KBr and KI, although no
Stark-effect data exist as yet for these crystals.
Baldacchini and Mollenauer have also obtained
the diamagnetic component I a, (0}l /H= (16.3a 1.7)
x 10 8 for KBr and (18.5 + 1.2) x 10 8 for KI at
l. 7 'K, although the sign of b,,(0) was not estab-
lished. Assuming that Eg. (3.4) is applicable also
for KBr and KI and that the sign of a, (0) is nega-
tive, and taking gJ.- 1,"we obtain from these re-
sults the values

(l E,~l +are)- 0. 07 eV (KBr)

-0.06 eV (KI)

This result for KI is consistent with the finding of

[ A) -0.6 meV (4. 13)

for both KBr and KI. This result contrasts with
the values of the spin-orbit parameter A = —15 meV
for KBr and A. = —26 meV for KI in the unrelaxed
configuration as determined from the magnetic
circular dichroism of the absorption. ~ One would
expect some reduction in I Al as a result of a more
diffuse 2p wave function in the relaxed configura-
tion, but the very strong reduction indicated by
Eq. (4. 13) is surprising, particularly when con-
txasted with Smith's result~ that X as calculated
from theoretical wave functions for RbC1 is only a
factor - 5 smaller in the 3p state than in 2p. Al-
ternatively, if X in the relaxed configuration is not
really as small as indicated by Eq. (4. 13), one
would apparently have to conclude that the spin po-
larization P' in the excited state is not as large as
calculated by Baldacchini and Mollenauer. 0 The
question of possible Jahn- Teller effects in these
data is discussed in Sec. V.

V. SUMMARY AND DISCUSSION

We have shown that the weak-coupling model is
able to account quantitatively for most of the
available experimental data for KC1 and KF, if the
2s electronic state is about 0. 1 eV below 2p in the
relaxed configuration. There is, however, one
major discrepancy which we have been unable to
explain, in the shift induced in the energy of the
emission by an applied electric field. Moreover,
agreement with the model appears a little forced
when we try to fit simultaneously all the various
data. It is therefore tempting to speculate that
such agreement with the weak-coupling model as
we have obtained is fortuitous and that a better ex-
planation of the data could be obtained if we in-
cluded in our treatment the Jahn- Teller coupling
of the 2p states to the I ~ and I'5 modes, or if we
extended our perturbation analysis to consider
somewhat stronger coupling with the F4 modes.
The possibility that the separation E,~ is smaller
than we have assumed must also be considered,

Park and Faust~ that strong optical absorption
from the relaxed excited state (the 2s state in our
model) occurs to another state lying not more than
0. 1 eV higher in energy, which we would identify
on the basis of Eq. (4. 12) with the 2p state. Bald-
acchini and Mollenauer's datal for the paramag-
netic component of the emission from the vibronic
ground state gave the results I a~(0)l = 1.27x 10~
for KBr and 2. 16x10 for IG, corresponding to
spin polarization P' = 2(S,) in the excited state of
0. 14 and 0.21, respectively. Combining these re-
sults with the values for i E,~ I +if&a from Eq. (4. 12),
and substituting these in Et(. (3. 5), we obtain for
the spin-orbit parameter X of the 2p states in the
relaxed configuration the result
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since our perturbation results will not be accurate
if l E~l should be less than -4E~, if the condition
I E,~l »5+ is not satisfied, or if 2p should lie be-
low 2s. These cases can be investigated in the
range of intermediate coupling by setting up the
matrix equation for the exact energies of the vi-
bronic states using as a basis the unperturbed
eigenstates of Eq. (2. 3), and obtaining numerical
solutions. Such calculations should certainly be
made in the course of further investigation of this
problem. However, the chances of improving the
agreement with the data in this way are limited, as
the following discussion shows.

Strong evidence that the coupling energy E~ can-
not be larger for KCl and KF than the values given
by Eq. (4. 3) is the fact, already discussed, that
the excitation energy 5E is not strongly reduced
compared to optical-phonon energies of the crystal.
Supporting this conclusion is the large value - 2. 75
found for the lifetime ratio R, which will approach
unity for stronger coupling as the mixing of 2s and

2p in the vibronic states becomes more nearly
equal. Also supporting weak coupling is the fact
that the lifetime change in an applied electric field,
as given by bM /M in Table I, is about two-thirds
as large as the induced polarization P(0), since a
smaller lifetime change will result if the 2s and
2p states are more fully mixed by the vibronic
coupling, as discussed in I. This estimate of E~
is of course consistent with the conclusion from I
(Table I) that we must have 2s below 2p and

Eg & 4 I E pl, in order to have a nondegenerate
ground state.

In assessing the accuracy of our estimate for
I E,~l as obtained from the diamagnetic part of the
circular polarization of the emission, we should
recall that Eq. (3.4) is but a special case of the
general result given by Eq. (I6. 37), which is valid
for any coupling strength for which the vibronic
ground state is an s-like type-I state. The energy
denominator which we have taken to be (I E»l +her)
in Eq. (4. 1) is therefore in the general case
E» —E,(0), the average energy difference between
the ground state and the type-II states that have
matrix elements of orbital angular momentum with
the ground state. We recall, however, that the
type-II states are completely unaffected by the
vibronic coupling to the I'4 modes and that they
therefore coincide with vibrational levels of the
unperturbed 2p electronic states. The ground-
state energy E,(0), on the other hand, is depressed
by the coupling in proportion to E~. The energy
difference E„—E,(0) therefore lies between its
weak-coupling value l E,~l +S~ and its strong-
coupling limit 2E~ (valid only if we have both
Eo» I E,~l and Eo»h&o}. Taking the value for Eo
given by Eq. (4. 3) as an upper bound for the cou-
pling strength, we see from these considerations

that, in order to account for a value of Ezz- E,(0)
as large as given by Kq. (4. 1), we must have
I E,~l

~ 0. 1 eV for KCl and KF. This interpretation
of the diamagnetic part of the circular polarization
is therefore not compatible with a value for I E ~l
smaller than this (unless of course we should have

g~ substantially smaller than unity for the diffuse
2p state in the relaxed configuration).

The possibility of important effects of the Jahn-
Teller coupling to the I"3 and I"5 modes would seem
at first sight large, since our estimates of the
Jahn- Teller energies (E»)~ and (E»)r for KCI in

[(E»)E—0.07 eV, and 0. 04 eV & (EJT}r—0. 06 eV]
indicated these were larger than the values we
have now obtained for the coupling energy E~ to
the I'4 modes. Nevertheless, it seems clear that
we can rule out the possibility that the Jahn- Teller
coupling is strong enough to bring the energy mini-
mum of the Jahn- Teller-distorted 2P states below
that of the 2s state, since it follows from Table I
of I that the vibronic ground state should then be
degenerate. We can similarly rule out the possi-
bility that the ground state is one of a number of
closely spaced tunneling levels of the "s-p mixed
type" (Table I of I) resulting from strong coupling
both to the I'4 modes and to the I"3 or Fs modes.
Either of these situations should cause the polar-
ization of the emission produced by an applied
electric field, magnetic field, or stress to be
strongly temperature dependent at low tempera-
tures, contrary to observation. We are left then
with the likelihood that the Jahn- Teller coupling
significantly affects the 2p states, but that the
minimum in the adiabatic energy surfaces for
these states remains above the energy of the 2s
state in the cubic configuration, as in Fig. 1. In
other words, we have the situation described in
Table I of I by the conditions E,~& 0, (Ezr)~& l E,~l,
(E»}r & [ E,~l, Eo & -',

I E,~l . We recall that this is
the only situation in which the ground state is non-
degenerate.

Nevertheless, we believe that appreciable Jahn-
Teller coupling of the 2p states in this situation
will not greatly change the results obtained in
Sec. IV by neglecting this coupling, as long as the
Jahn- Teller energy [the larger of (EzT)z and

(E»}r]is appreciably smaller than I E,~i, as in
Fig. 1. The 2s state in this situation is not direct-
ly affected at all by the coupling to I 3 and I"5
modes, so that this coupling affects the vibronic
ground state only through the 2p states which are
mixed with 2s by the I'4 coupling or by an applied
electric field. However, from Fig. 1 it is clear
that mixing of the 2p states into the lowest vibra-
tional state of 2s occurs only near Q= 0, where
this state has appreciable amplitude, and that the
average separation of the 2s and 2p energy sur-
faces in this region is the cubic energy difference
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In our treatment we have taken the vibronic cou-

pling to be with a single I'4 mode. If this coupling
is with the long- wavelength longitudinal- optical
phonons, as seems likely for diffuse 2s and 2P
states, this is a good approximation since we can
form a linear combination of these modes, all
having roughly the same frequency, such that the
coupling is only with this effective mode. Alter-
natively, if the coupling is with a number of modes
of different frequencies, the results of our simple
perturbation treatment in Secs. II and III need only
be modified by summing the effects of the various
modes. In the latter case, if the coupling were
stronger so that perturbation theory could not be
used, a good approximation could be obtained using
a single suitably averaged I'4 mode chosen in the
manner described recently by O' Brien.

It was shown in I that one can obtain a simple
general expression [Eq. (I5.43)] for the change 5g
in the g factor of the excited state resulting from
the vibronic mixing of the 2s and 2p states. For
our weak-coupling model this result becomes

, r, (p} Vz,
&„(0) l E,~l +lf(u

(5. 1)

TABLE IV. Experimental values of electron g factors
in the ground state and relaxed excited state of the I'
center.

Crystal
Relaxed excited state 1g ground state

MP R' SW

NaC1
KF
Kcl
KBr
KI
RbBr
RbI

1.976 + 0. 001
1.862+0. 002
1.627+0. 002

1.973
1.993
1.981
1.873
1.630
1.845
1.634

l. 997
1.996
1.995
1.982
1.964
1.967
1.949

L. F. Mollenauer and S. Pan (Ref. 27).
"Y, Ruedin {Ref. 29).
cH Seidel and H. C. Wolf (Ref. 30).

so that 6g should be positive since A is presumably
negative as in the unrelaxed configuration. The g
factor in the relaxed excited state has recently been
determined for KC1, KBr, and KI by Mollenauer
and co-workers, ' using a method of optical de-
tection of spin resonance, and for these crystals
and a number of others by a different method by
Ruedin. " These results are given in Table IV,
from which it is seen that in all cases the observed
g shift is negative. Moreover, if we calculate 6g
for KC1 and KF using the values for I E,~I +I~ and

v„(0}/r„(p) given by Eqs. (4. 1) and (4. 4) and the
values found for A. in the unrelaxed configuration '

(- 5. 0 and —3.2 meV for KC1 and KF, respectively),
we obtain 5g-+0. 0046 for KCl and 5g-+0. 0020 for
KF. The results for 5g, which ought to yield an

upper bound for the vibronic g shift since I ) I

should be smaller for the more diffuse 2p wave
function in the relaxed configuration, are thus con-
siderably smaller in magnitude than the experimen-
tal shift, in addition to having the opposite sign.
We conclude that the dominant component of the
experimental g shift must have another origin
having nothing to do with the vibronic coupling.

There is of course a significant negative g shift
in the 1s ground state (Table IV). 'o This has been
explained by Adrian ' as resulting from the spatial
variation of the 1s F-center wave function near the
neighboring ions due to the orthogonality require-
ment to their p core states. The spin-orbit inter-
action due to the nuclear potential of these ions
couples the F-center wave function to excited
states, thereby causing a negative g shift. The
same mechanism should operate in the excited 2s
state as well, and we attribute the negative shift
observed in the relaxed excited state to this cause.
The fact that this shift is so much larger than in
the 1s ground state indicates that, while the
strength of the spin-orbit interaction in the vicinity
of the neighboring iona should be weaker because
the 2s state is more diffuse than ls, the excitation
energy of the excited states coupled by this inter-
action must be very much smaller for the 2s state.
(Adrian'~ and Schmid~~ took this energy for the Is
state to be approximately the E-band energy,
which is 2. 3 eV for KCl). This argument indicates
that the spin-orbit interaction cannot also be very
much smaller for the 2s state than for 1s, and it
therefore serves to cast further doubt on the ac-
curacy of the very strongly reduced value of l Xl

for the 2p state of KI inferred in Eq. (4. 13).
Recently Mollenauer and Baldacchini ' have pro-

posed an interpretation for the optically detected
electron-nuclear-double-resonance (ENDOR) spec-
trum of KI and KBr in the relaxed excited state,
in terms of the radial distribution expected for a
pure 2p wave function with no 2s admixture. This
interpretation contrasts with the picture of the ex-
cited state developed by the present analysis, al-
though a direct conflict is perhaps avoided because
the Stark-effect data do not yet exist for KI and
KBr, and it is these data for KC1 and KF that pro-
vide much of the evidence that the 2s state is below
2p. Nevertheless, the low-temperature radiative
lifetime in KI and KBr is even longer than in KC1
and KF (3.2 p, sec for KI, ~ 1.1 p,sec for KBr, u

717 nsec for KCI, ' and 380 nsec for KF 8), and it
would be surprising if this were not an indication
that the order of the states was the same and the
vibronic coupling weak in all four crystals. More-
over, the observation that the excited-state g
factor in KI is isotropic is itself evidence that the
vibronic ground state has no orbital degeneracy.
Mollenauer and Baldacchini have suggested that a



2956 F. 8. HAM AND U. GREVSMUHL

suitable nondegenerate state comprising equal ad-
mixtures only of the 2p orbitals }2pg, 12pg, and

12p,) may result from a dynamic treatment of the
vibronic coupling. However, in our analysis of
this problem in I for the general case, the 2p ad-
mixture into the nondegenerate type-I s-like ground
state was only 50% in the strong-coupling limit,
whereas for weaker coupling such a state is pre-
dominantly 2s. The only situation in which the
ground state is made up predominantly from the
2p states is when 2p is below 2s (E,~ & 0) and the
vibronic coupling to the I'4 modes is weak, but the
ground state is then triply degenerate (a type-I
p-like state). If this were the case we might ex-
pect to find a true dynamic Jahn- Teller effect~~

for an orbital triplet state, as a result of the cou-
pling to I'~ and 1",modes, but the degeneracy of the
ground state then remains. This degeneracy would
of course be lifted in part by the spin-orbit inter-
action, itself reduced by the Jahn- Teller coupling,
but with X negative the J= —,

' state should be below
J=-,'. In any case, the observed g factors show no
resemblance to the values expected for such states.
Alternatively, if the Jahn- Teller coupling is strong
enough we would expect to see a static Jahn- Teller
effect at sufficiently low temperature, but the res-
onance spectrum should then be the superposition
of anisotropic spectra for the several axially dis-
torted states. An isotropic spectrum could result
in this case if sufficiently rapid thermally induced
electronic transitions occur between the different
distorted states, but such a "motionally averaged"
spectrum would certainly be replaced by the aniso-
tropic one as these transitions are slowed by going
to low temperatures. The observation of the iso-
tropic spectrum at 1.6 'K therefore appears to be
conclusive proof that the vibronic ground state is a
simple nondegeneMte state with none of these com-
plications, and from all the other evidence me
would then expect it to have a radial distribution
compatible with a predominantly 2s state. Moll-
enauer and Baldacchini's conclusion that this dis-
tribution as inferred from the ENDOR data is con-
sistent with a 2p state but not with 2s is thus very
puzzling. It would clearly be desirable to recon-
sider this conclusion using more accurately cal-
culated wave functions such as those of Wood and
Opik, and also to carry through for KI and KBr
the various experiments on Stark effects, stress-
induced polarization, etc. , that could further test
the possible degeneracy of the ground state of the
relaxed excited state.

We have remarked previously that the interpre-
tation of the Stark-effect data based on Bogan's
adiabatic model has overestimated the strength of
the vibronic coupling. According to the present
theory the reciprocal of the lifetime ratio
v„(0)/v, (p) gives the fractional mixing of the 2p

r, (r) = v„(0)coth(N(u/2k T) (5.2)

and that such a behavior would be expected for a
forbidden 2s to 1s transition made allowed by cou-
pling to an odd-parity phonon of energy 5co. This
suggestion is fully consistent with the model used
in this paper, if the coupling is sufficiently weak
so that the excitation energy 6E in Eq. (2. 12) is
not appreciably smaller than S~«l E,~ I . When
this latter condition is satisfied the lifetime ratio
R given by Eq. (2. 13) is equal simply to f, and

Eq. (5. 2) then agrees with the expression for the
lifetime [Eq. (I6.2)] used by Stiles et al. ' to the
accuracy of neglecting terms of order e
Equation (I6.2) and the related Eq. (3.21) for the
field-induced polarization mere indeed obtained by
assuming that higher levels were not significantly
populated, and this neglect is probably responsible
for the difficulty in fitting these equations to the
data of Stiles et al. at the higher temperatures.
The weak-coupling model developed in this paper
may therefore be regarded as an extension of this
suggestion by Tomura et al.
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